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Abstract: This study aimed to examine the physical and mental Quality of Life (QoL) trajectories in
prostate cancer (PCa) patients participating in the Pros-IT CNR study. QoL was assessed using the
Physical (PCS) and Mental Component Score (MCS) of Short-Form Health Survey upon diagnosis and
two years later. Growth mixture models were applied on 1158 patients and 3 trajectories over time
were identified for MCS: 75% of patients had constantly high scores, 13% had permanently low scores
and 12% starting with low scores had a recovery; the predictors that differentiated the trajectories
were age, comorbidities, a family history of PCa, and the bowel, urinary and sexual functional scores
at diagnosis. In the physical domain, 2 trajectories were defined: 85% of patients had constantly
high scores, while 15% started with low scores and had a further slight decrease. Two years after
diagnosis, the psychological and physical status was moderately compromised in more than 10% of
PCa patients. For mental health, the trajectory analysis suggested that following the compromised
patients at diagnosis until treatment could allow identification of those more vulnerable, for which a
level 2 intervention with support from a non-oncology team supervised by a clinical psychologist
could be of help.

Keywords: prostate cancer; health related quality of life; SF-12; growth mixture model

1. Introduction

Prostate cancer (PCa) is one of the leading cancers diagnosed in adult males worldwide,
with an estimated incidence of 1,436,000 new cases and an age-standardized incidence rate
of 49.9 per 100,000 person-years [1]. Even if the stage of cancer detection with an early
diagnosis is important for most cancer survival, for PCa, considering the extremely high one-
and five-year survival rates, the stage of detection could be less important [2]. Cutting-edge
diagnostic tools and treatments have improved numerous patients’ quality of life (QoL).
However, it is well established that PCa patients may show early signs of psychological
distress (e.g., anxiety, depression) in addition to physical problems [3,4]. PCa diagnosis
represents a stressful life event that, together with treatment, can significantly impact the
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patient’s psycho-emotional status and QoL. Although medium to long-term physical and
mental QoL trajectories seem to differ and to be relatively stable in many patients [4],
depression, anxiety, signs of post-traumatic stress disorder, pain, sexual problems, difficulty
in urinating, along with other disturbances or symptoms, have frequently been reported
during the initial and later stages of the disease [5]. Indeed, for non-metastatic PCa patients,
anxiety and depression appear to be at their highest levels during the pre-treatment phase.
Men reported significantly less anxiety, better mental health and feeling of depression
following the initial phase of the treatment [6,7], with treatment decision-making having
an impact on patients QoL [8].As the psychological well-being of PCa patients is critically
important, and adjustment to the disease is positively related to QoL levels [9–11], more
knowledge about the possible trajectories and evolution of both physical and psychological
states in patients facing PCa is needed. However, when evaluating longitudinal data, the
heterogeneity in QoL trajectories among patients within a population may be masked
by analyses based on mean effects; the growth mixture models (GMM) approach could
be interesting since it assesses the existence of different trajectories within a population
when grouping variables are not known a priori [12,13]. For this reason, the current work
described the physical and mental QoL trajectories in Italian male adults diagnosed with
non-metastatic PCa to determine who could benefit from personalised care support tools
enabling the best possible clinical and personal outcomes [14]. Patients participating in the
Pros-IT CNR study and monitored over two years after diagnosis were considered and
data examined using the GMMs approach; socio-demographic and clinical variables were
analysed with treatment patterns as potential predictors of the trajectories.

2. Materials and Methods

2.1. Participants

The design of the Pros-IT CNR project has been described in detail elsewhere [15]. It
is a longitudinal, observational study aiming to monitor QoL in a sample of Italian patients
diagnosed with biopsy-verified prostate cancer, beginning in September 2014. Ninety-seven
Urology, Radiation Oncology and Medical Oncology facilities in Italy were involved in
the project, and 1705 treatment-naïve patients were enrolled. A baseline assessment at the
time of diagnosis and evaluations 6, 12, 24, 36, 48, and 60 months later were foreseen by
protocol [16]. The data collected during the baseline assessment included demographic
and anamnestic information, the initially formulated diagnosis, the cancer stage, the risk
factors, comorbidities, and health-related QoL scores. Data regarding the cancer treatments
and patients’ QoL scores were collected at each follow-up examination.

The Ethics Committee of the coordinating centre (Sant’Anna Hospital, Como, Italy;
register number 45/2014) and all the hospitals or health care facilities involved in the project
approved the study protocol. The study was carried out according to the Declaration of
Helsinki principles, and all of the participants signed informed consent forms.

2.2. Outcome Variables

The patients’ general QoL was assessed using the Italian version of the Short-Form
Health Survey (SF-12 Standard v1 scale) [17], which is composed of two summary measures:
the Physical Component Score (PCS) and the Mental Component Score (MCS). The SF-12
is a widely recognised, reliable, and valid measure of health-related QoL commonly used
in multicenter trials. Indeed, Gandek et al. showed that “for large group comparisons
and longitudinal monitoring, the differences in measurement reliability of the SF-12 and
SF-36 are less important”. In fact, in a study such as this one, which focuses on “measuring
overall physical and mental health outcomes rather than an eight-scale profile, the SF-
12 may be advantageous” [18]. The score on each domain and the total score of each
patient were computed using the algorithms suggested by Apolone et al. [17]. The possible
range of scores on each section is between 0 and 100, with 100 indicating the best self-
perceived health.
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2.3. Predictor Variables

The patients’ socio-demographic variables at diagnosis, their clinical variables, includ-
ing comorbidities, the Gleason score, the clinical T-score, the prostate-specific antigen (PSA)
level at diagnosis, as well as their PCa treatments, and their urinary, bowel, and sexual QoL
at the time of diagnosis were considered as predictors.

The PCa treatments carried out up to the 24-month follow-up assessment were classi-
fied as follows:

1. Active surveillance (AS). The patients who did not remain in the group up to the
24-month follow-up were excluded;

2. Nerve-sparing radical prostatectomy (NSRP);
3. Non-nerve sparing exclusive radical prostatectomy (NNSRP);
4. Exclusive radiotherapy (RT);
5. Radiotherapy plus androgen deprivation therapy (RT plus ADT, not considering

patients on ADT after radiotherapy for cancer recurrence).

Patients treated with adjuvant radiotherapy, adjuvant ADT after prostatectomy, or
brachytherapy were not included in our analyses. The same applied to the patients who
dropped out of active surveillance (Figure 1).

Figure 1. Flow Diagram of the Pros-IT patients.
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The University of California Los Angeles-Prostate Cancer Index (Italian UCLA-PCI) [19,20]
was used to evaluate urinary (UF), bowel (BF) and sexual (SF) function.

2.4. External Comparison

The MCS-12 and PCS-12 score distributions of the participants in the Pros-IT CNR
project were graphically and statistically compared with those of an extensive survey
conducted at the beginning of 2000 by the Italian Institute of Statistics (ISTAT) of the
general Italian population and the oncologic group that also used the SF-12 questionnaire.
The survey was carried out on a sample of 140,000 citizens; for the comparisons, we selected
(i) the group of cancer patients (n = 598) and (ii) the group of male citizens within the same
age range as the patients enrolled in Pros-IT (n = 14,291).

Raw data from that investigation were not available; statistical information regarding
the distribution of the PCS and the MCS values were retrieved from the literature [17].
Mean values and the standard deviation were used to generate the data distribution.

2.5. Statistical Analysis

The data of the participants who underwent one or more of the follow-up assessments
were analysed; missing values were not imputed. Summary statistics are expressed as
means ± standard deviation (SD) or median and (Quartile 1 (Q1), Quartile 3 (Q3)) for
quantitative variables and frequency percentages for categorical variables.

GMMs were applied to identify trajectories within the Pros-IT CNR population. When
individuals are expected to experience different changes over time both in terms of strength
and direction, a simple mean based trajectory could mask differences; modelling techniques
considering heterogeneity in change over time could be preferred [21], and GMMs are
statistical techniques that have been used to describe group differences in changes over
time, estimating an average growth curve for each identified class, calculating intercept,
slope and growth parameter variance by maximizing the log-likelihood function [12]. For
each individual, the probability of belonging to each identified class is estimated on the
bases of observed data, and participants are assigned to the group with the higher posterior
probability, considering also the possible contribution of covariates [22]. SAS Proc Traj was
used to identify the subgroups of participants with similar QoL trajectories [23,24], and the
following steps were considered:

• the optimal number of groups was identified by fitting several models ranging from
single to 5-group models;

• the shape of the trajectories was identified considering polynomials of varying degrees
for each group, starting with a cubic specification, and then dropping non-significant
polynomial terms;

• The model fit statistics (Bayesian Information Criterion (BIC)), the value of group mem-
bership probability and the average posterior probability (entropy) were considered
to identify the best model:

� the magnitude of the difference in the BIC (2ΔBIC > 10) was used to choose
between less or more complex models.

� the analysis aimed to identify groups including at least 5% of the population;
� the average posterior probability of membership was ascertained for each

group; values greater than 0.7 indicate adequate internal reliability.

Chi-square or Kruskal-Wallis tests were then applied to evaluate unadjusted differ-
ences between the trajectory groups identified. Multinomial logistic regression models
were used to evaluate the variables associated with the trajectory groups. Age at diagnosis,
education, marital status, living arrangements, family history of prostate cancer, comor-
bidities, diabetes, body mass index (BMI), the PSA at diagnosis, the Gleason score, the
clinical T-Stage, UF, BF, and SF at diagnosis (highest quartile vs lower quartile according
to the distribution in the sample), and the PCa treatments were considered independent
variables. Models were also adjusted for the time between the end of PCa treatment and
the last follow-up assessment the patient underwent.

4
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Additional GMM and logistic models were defined stratifying age according to its
median value (<70 vs. ≥70 years).

A t-test was performed to compare the MCS-12 and PCS-12 scores with the
ISTAT population.

All the statistical analyses were performed using SAS software version 9.4 (SAS
Institute, Cary, NC, USA).

3. Results

Patients (n = 1705) were enrolled in the Pros-IT CNR study, and their characteristics
at diagnosis have been described in detail elsewhere [16]. Data regarding the PCa treat-
ments the patients underwent, excluding participants with distant metastasis at diagnosis
(n = 32), were available for 1158 patients and included NSRP (n = 311), NNSRP (n = 187),
RT (n = 334), RT plus ADT (n = 252) and AS (n = 74) (Figure 1).

Patients undergoing other treatments (n = 379 patients) were not considered in the
present report. One thousand thirty-three participants (89%) underwent the 12-month
follow-up assessment, and 804 (69%) underwent the 24-month one. Table 1 presents the
characteristics at diagnosis of the patients included in the analyses; patients treated with RT
and RT plus ADT were older, had more comorbidities and had higher-risk disease features
in comparison with those treated with NSRP, NNSRP or AS.

Regarding the following analysis, we differentiated between:

• a statistically significant difference (p < 0.05);
• a minimal clinically important difference (MCID) in the mental or physical domain,

i.e., how much of a difference in scores would result in some change in clinical
management that is to be considered clinically meaningful [25]. Empirical findings
from distribution based methods studies showed a tendency to converge to the 1

2 SD
criteria as a meaningful moderate difference [26,27]. In the following analysis, we
considered the conservative estimate approach by Sloan and colleagues for a minimum
clinical important difference (MCID = 1 SD) from the patient’s perspectives [28,29].
This large effect size considers differences that overcome the limitations due to any
subjective (the patient) and objective (the questionnaire) bias or error.

Table 1. Characteristics at the time of diagnosis of the Pros-IT population considered.

Overall
(n = 1158)

Nerve-
Sparing

Exclusive
Prostatectomy

(n = 311)

Non-
Nerve-Sparing

Exclusive
Prostatectomy

(n = 187)

Exclusive
Radiotherapy

(n = 334)

Radiotherapy
and Androgen

Deprivation
(n = 252)

Active
Surveillance

(n = 74)

p-
Value §

Age at diagnosis, years,
mean ± SD 68.8 ± 7.4 63.2 ± 6.8 66.9 ± 6.1 72.8 ± 5.2 72.5 ± 5.9 66.9 ± 6.5 <0.0001

Education > lower
secondary school, n (%) 562 (49.2) 178 (57.6) 100 (53.8) 144 (43.6) 97 (39.8) 43 (58.1) <0.0001

BMI ≥ 30 kg/m2, n (%) 177 (15.6) 34 (11.1) 29 (15.5) 56 (17.1) 50 (21.0) 8 (10.8) 0.0179
Current smoker, n (%) 166 (14.6) 48 (15.8) 35 (18.9) 43 (13.2) 29 (11.7) 11 (15.3) 0.2554

Diabetes mellitus, n (%) 172 (14.9) 23 (7.4) 28 (15.0) 57 (17.2) 59 (23.4) 5 (6.8) <0.0001
3 + moderate/severe
comorbidities *, n (%) 174 (15.0) 32 (10.3) 22 (11.8) 59 (17.7) 50 (19.9) 11 (14.9) 0.0089

Family history of prostate
cancer, n (%) 187 (16.3) 71 (23.1) 32 (17.5) 39 (11.7) 37 (15.0) 8 (10.8) 0.0015

T staging at diagnosis, n (%)
T1
T2

T3 or T4

557 (50.2)
445 (40.1)
107 (9.7)

200 (65.6)
102 (33.4)

3 (1.0)

97 (55.4)
72 (41.2)
6 (3.4)

131 (41.6)
150 (47.6)
34 (10.8)

63 (25.9)
116 (47.8)
64 (26.3)

66 (93.0)
5 (7.0)
0 (0.0)

<0.0001
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Table 1. Cont.

Overall
(n = 1158)

Nerve-
Sparing

Exclusive
Prostatectomy

(n = 311)

Non-
Nerve-Sparing

Exclusive
Prostatectomy

(n = 187)

Exclusive
Radiotherapy

(n = 334)

Radiotherapy
and Androgen

Deprivation
(n = 252)

Active
Surveillance

(n = 74)

p-
Value §

Gleason score at diagnosis,
n (%)
≤6

3 + 4
4 + 3
≥8

535 (46.6)
279 (24.3)
157 (13.7)
177 (15.4)

186 (60.0)
78 (25.2)
27 (8.7)
19 (6.1)

76 (40.9)
49 (26.3)
36 (19.4)
25 (13.4)

155 (47.1)
86 (26.1)
47 (14.3)
41 (12.5)

48 (19.1)
65 (25.9)
46 (18.3)
92 (36.7)

70 (98.6)
1 (1.4)
1 (1.4)
0 (0.0)

<0.0001

PSA at diagnosis, ng/mL,
median (Q1, Q3) 7 (5.1, 10) 6.3 (5, 8.7) 6.9 (5.1, 10) 7 (5.1, 9.9) 8.9 (6.3, 14.3) 6.2 (4.9, 7.7) <0.0001

D’Amico risk class, n (%)
Low

Intermediate
High

303 (26.7)
494 (43.5)
338 (29.8)

120 (39.1)
152 (49.5)
35 (11.4)

43 (23.6)
97 (53.3)
42 (23.1)

70 (21.4)
146 (44.7)
111 (33.9)

10 (4.0)
89 (35.7)

150 (60.3)

60 (85.7)
10 (14.3)
0 (0.0)

<0.0001

UCLA PCI UF, mean ± SD 93.7 ± 15.1 96.5 ± 10.7 94.2 ± 15.0 91.9 ± 17.1 92.4 ± 16.5 93.8 ± 15.0 0.0006
UCLA PCI UB, mean ± SD 89.1 ± 22.7 92.8 ± 20.0 92.3 ± 19.5 86.2 ± 24.5 84.7 ± 25.8 92.5 ± 17.0 <0.0001
UCLA PCI BF, mean ± SD 93.6 ± 13.4 96.1 ± 9.3 94.3 ± 12.9 91.7 ± 15.4 91.8 ± 15.0 94.5 ± 12.6 0.0004
UCLA PCI BB, mean ± SD 93.7 ± 17.6 92.3 ± 12.9 94.6 ± 16.0 92.9 ± 18.4 90.4 ± 22.7 95.9 ± 14.4 0.0100
UCLA PCI SF, mean ± SD 50.2 ± 31.7 66.6 ± 27.0 56.4 ± 29.2 37.9 ± 30.3 37.9 ± 29.2 61.1 ± 30.2 <0.0001
UCLA PCI SB, mean ± SD 63.9 ± 34.8 71.8 ± 32.2 61.7 ± 35.1 58.7 ± 36.5 58.8 ± 34.8 75.7 ± 27.2 <0.0001

SF-12 PCS, mean ± SD 51.9 ± 7.2 53.7 ± 5.7 52.6 ± 6.7 50.8 ± 7.8 50.2 ± 8.3 52.7 ± 6.1 <0.0001
SF-12 MCS, mean ± SD 49.5 ± 9.7 49.3 ± 9.4 47.9 ± 10.0 50.2 ± 9.7 49.2 ± 9.9 50.9 ± 9.2 0.0300

SD: Standard Deviation; BMI: Body Mass Index; Q1: Quartile 1; Q3: Quartile 3. SF-12: Short-Form Health
Survey; PCS: Physical Component Subscale; MCS: Mental Component Subscale. UCLA: University of California
Los Angeles-Prostate Cancer Index; UF: Urinary Function; UB: Urinary Bother; BF: Bowel Function; BB: Bowel
Bother; SF: Sexual Function; SB: Sexual Bother. Scores ranges from 0 to 100, with higher scores representing
better quality of life in relation to functions or symptoms. * Based on Cumulative Illness Rating Scale (CIRS);
§ p-value from Chi-square or Fisher exact tests for categorical variables, generalised linear model after testing for
homoschedasticity (Levene test) or Kruskal-Wallis test for continuous variables.

3.1. MCS Analysis
3.1.1. MCS at Diagnosis

At diagnosis, the mean MCS baseline value for the whole population was 49.3 with a
SD of 9.4, which is the MCID for the mental status (Table S1).

While the average value in the patients undergoing AS (50.9 ± 9.2) was significantly
higher than that of those undergoing NNSRP (47.9 ± 10), it was not clinically relevant.
This finding will be examined at greater length in the discussion. Since no significant
differences were found between AS vs. NSRP, RT or RT plus ADT (49.3 ± 9.4, 50.2 ± 9.7,
49.2 ± 9.9, respectively), the patients had similar mental statuses at the onset before they
underwent different cancer treatments. In terms of age, if we consider the median age
of our population as a threshold, the mean MCS value in the patients < 70 years old was
49.0 ± 9.6 vs. 49.9 ± 9.8 in those aged ≥70 years (p = 0.0282).

3.1.2. MCS over Time

The mean MCS values rose during the first 6 months after diagnosis; they also rose
during the following 6 months and then fell between the next 12-month and the 24-month
follow-up assessments (Figure 2).

Three trajectories for the MCS scores over the 24-month period analysed were identi-
fied (Figure 2; Table S2). We report in this section the baseline intercept mean coefficient
(BIM), i.e., the baseline mean score according to the trajectory group, the trajectory score at
2-years of follow-up (2yrFU), the posterior group membership probability (GrMemb), i.e.,
the likelihood for all the patients within the group to be described by that trajectory

• The “reference group” (Trajectory Group 3 (75% of the patients with GrMemb = 0.97)):
the patients in this group showed constantly high scores throughout the 24-month
follow-up period. BIM was 53.9, 2yrFU was 51.4.
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• The “recovering group” (Trajectory Group 2 (12% of the patients with GrMemb = 0.87)):
this group of patients started with low scores at diagnosis, then presented higher val-
ues at the 6-month follow-up, which they maintained until the end of the assessment.
The difference between the baseline mean value for trajectory 2 members (34.3) and
the total population mean value (49.3) exceeded the MCID. The mental health im-
provement exceeded the MCID in the first six-month follow-up, and then trajectory
2 members had normal range of values for the following follow-up time (Figure 2,
black line).

• The “permanently low score group” (Trajectory Group 1 (13% of the patients with
GrMemb = 0.92)): this group of patients started with low scores. The scores first
fell to an even lower level and then surged upwards. BIM was 39.2, the nadir was
34.2, and the 2yrFU was 44.1. The difference with the total population mean value
at the baseline exceeded the MCID. In contrast with the group 2 trajectory, the more
considerable discrepancy was recorded at 6 months (34.2), where the average value
for the population was 51.0.

Figure 2. The mean MCS scores across the timeline of the 4 evaluations for the Pros-IT participants.

The predictors that significantly differentiated the MCS trajectories, evaluated using
multinomial logistic regression analysis and considering Trajectory Group 3 (constantly
high group) as a reference, were: age at diagnosis, comorbidities, a family history of
prostate cancer, and the UF, BF, and SF scores at diagnosis (Table 2).

With respect to the constantly high group (Trajectory Group 3), patients in the “re-
covering group” (Trajectory Group 2) were younger at diagnosis and had higher levels
of comorbidity. At diagnosis, high comorbidity levels were also significantly associated
with Trajectory Group 1 membership (“permanently low score group”). A family history of
prostate cancer was also significantly related to both Trajectory 2 and 1 memberships. The
UF, BF and SF scores at diagnosis in the lower quartile (i.e., worst self-perceived functions)
were associated with Trajectory 3 (“reference group”) with respect to Trajectory 2 (“recover-
ing group”) membership. The lower quartile of UF and BF score was also associated with
Trajectory 3 with respect to Trajectory 1 (“permanently low score group”) membership.

A sub-analysis of the three MCS trajectories of the patients older and younger than 70
is included in the Supplementary Materials.
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Table 2. Predictors of the trajectory class membership for the Mental Composite Score (MCS).

MCS SF-12
Trajectory 2 vs. 3 Trajectory 1 vs. 3

OR (95% CI) p-Value OR (95% CI) p-Value

Age at diagnosis (years) 0.94 (0.91, 0.97) 0.0003 0.98 (0.95, 1.01) 0.2278
Education > lower secondary school 1.13 (0.76, 1.68) 0.5417 1.34 (0.89, 2.00) 0.1605
Marital status, married vs widowed,

divorced or never married 1.39 (0.51, 3.80) 0.5257 1.12 (0.44–2.82) 0.8157

Living arrangement, with other vs alone 1.68 (0.52–5.46) 0.3908 1.84 (0.64–5.28) 0.2563
BMI ≥ 30 kg/m2 0.82 (0.68, 1.19) 0.1784 1.04 (0.79, 1.38) 0.9759
Diabetes mellitus 0.88 (0.61, 1.10) 0.5628 1.00 (0.61, 1.70) 0.9580

Family history of prostate cancer 1.87 (1.17, 2.99) 0.0092 1.70 (1.03, 2.82) 0.0392
3 + moderate/severe comorbidities * 1.90 (1.16, 3.11) 0.0112 1.86 (1.15, 3.02) 0.0114

Current smoker 0.84 (0.48, 1.46) 0.5327 1.27 (0.74, 2.17) 0.3865
D’Amico risk class, high vs.

intermediate/low 1.58 (1.00, 2.49) 0.0501 0.95 (0.59, 1.51) 0.8207

Prostate cancer treatments
NNSRP vs. NSRP 1.23 (0.70, 2.14) 0.4757 1.13 (0.55, 2.32) 0.7350

RT vs. NSRP 0.69 (0.37, 1.27) 0.2331 1.58 (0.82, 3.02) 0.1716
RT plus ADT vs. NSRP 0.62 (0.30, 1.28) 0.1927 1.83 (0.88, 3.84) 0.1082

AS vs. NSRP 0.86 (0.35, 2.10) 0.7435 1.84 (0.78, 4.35) 0.1648
Distance between the end of treatment and

follow-up assessment, days 1.01 (0.97, 1.05) 0.5037 1.05 (0.92, 1.10) 0.7563

UF at diagnosis §, highest quartile vs. lower 1 0.55 (0.35, 0.85) 0.0075 0.52 (0.34,0.79) 0.0024
BF at diagnosis §, highest quartile vs. lower 2 0.43 (0.29, 0.65) <0.0001 0.36 (0.24, 0.54) <0.0001
SF at diagnosis §, highest quartile vs. lower 3 0.48 (0.29, 0.80) 0.0051 0.77 (0.45, 1.32) 0.3369

NSRP: Nerve-Sparing Exclusive Radical Prostatectomy; NNSRP: Non Nerve-Sparing Exclusive Radical Prostatec-
tomy; RT: exclusive Radiotherapy; RT plus ADT: Radiotherapy and Androgen Deprivation Therapy; AS: Active
Surveillance; UF: Urinary Function; BF: Bowel Function; SF: Sexual Function; * Based on Cumulative Illness Rating
Scale (CIRS); § Based on University of California Los Angeles—Prostate Cancer Index (UCLA-PCI). 1 UF = 100 vs.
<100; 2 BF = 100 vs. <100; 3 SF ≥ 80 vs. <80.

3.2. PCS Analysis
3.2.1. PCS at Diagnosis

At diagnosis, the mean PCS value was 51.9 with a SD of 7.2 (Table 1). The mean score
at diagnosis in the patients undergoing AS (52.7 ± 6.1) was significantly higher than that
in the patients undergoing RT or RT plus ADT (50.8 ± 7.8 and 50.2 ± 8.3, respectively;
Table 1). There were no significant differences between NNSRP and NSRP (53.7 ± 5.7,
52.6 ± 6.7, respectively).

3.2.2. PCS over Time

Mean PCS values in the overall population were substantially flat over the 24 months
analysed (Figure 3).

Two trajectories for the PCS scores in the Pros-IT participants were identified (Figure 3;
Table S3):

• The “reference group” (Trajectory Group 2 (85% of the patients with GrMemb = 0.98)):
this group of patients showed constantly high scores throughout the 24-month follow-
up, with a BIM of 53.2, a 2yrFU of 52.6;

• The “decreasing group” (Trajectory Group 1 (15% of the patients with GrMemb = 0.92)):
this group of patients started with low physical scores at diagnosis (BIM = 42.9). The
scores fell to an even lower level at the 6-month follow-up, and they continued to
decrease until the 24-month follow-up assessment (2yrFU = 37.7). The difference be-
tween the baseline mean value for this trajectory group and the overall mean exceeded
the MCID. The decline with time increased the distance in PCS for these patients and
the trajectory Group 2.
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Figure 3. The PCS SF-12 scores across the timeline of the 4 evaluations for the Pros-IT participants.

The patient characteristics significantly associated with the PCS trajectories are out-
lined in Table 3.

Table 3. Predictors of the trajectory class membership for the Physical Composite Score (PCS).

Class 2 vs. 1

PCS SF-12 OR (95% CI) p-Value

Age at diagnosis (years) 1.02 (0.97, 1.07) 0.4128
Education > lower secondary school 0.99 (0.60, 1.65) 0.9752

Marital status, married vs widowed, divorced or
never married 1.02 (0.32, 3.30) 0.9691

Living arrangement, with other vs alone 1.23 (0.33, 4.64) 0.7632
BMI ≥ 30 kg/m2 0.97 (0.67, 1.40) 0.8644

Diabetes mellitus, n (%) 1.99 (1.11, 3.59) 0.0214
Family history of prostate cancer 1.02 (0.52, 2.03) 0.9466

3 + moderate/severe comorbidities * 1.23 (0.67, 2.26) 0.5144
Current smoker, n (%) 1.35 (0.65, 2.82) 0.4193

D’Amico risk class, high 0.70 (0.40, 1.23) 0.2142
Prostate cancer treatments

NNSRP vs. NSRP 1.05 (0.35, 3.15) 0.9327
ER vs. NSRP 3.01 (1.24, 7.30) 0.0150

RT plus ADT vs. NSRP 3.56 (1.18, 10.7) 0.0246
AS vs. NSRP 1.19 (0.24, 5.96) 0.8342

Distance between the end of treatment and
follow-up assessment, days 1.06 (0.98, 1.13) 0.6156

UF at diagnosis §, highest quartile vs. lower 1 0.55 (0.33, 0.94) 0.0284
BF at diagnosis §, highest quartile vs. lower 2 0.47 (0.28, 0.78) 0.0032
SF at diagnosis §, highest quartile vs. lower 3 0.47 (0.21, 1.07) 0.0727

NSRP: Nerve-Sparing Exclusive Radical Prostatectomy; NNSRP: Non Nerve-Sparing Exclusive Radical Prostatec-
tomy; RT: exclusive Radiotherapy; RT plus ADT: Radiotherapy and Androgen Deprivation Therapy; AS: Active
Surveillance; UF: Urinary Function; BF: Bowel Function; SF: Sexual Function. * Based on Cumulative Illness Rating
Scale (CIRS); § Based on University of California Los Angeles—Prostate Cancer Index (UCLA-PCI). 1 UF = 100 vs.
<100; 2 BF = 100 vs. <100; 3 SF ≥ 80 vs. <80.

The “decreasing group” was associated with high levels of diabetes. Moreover, lower
quartile scores at diagnosis for UF and BF were significantly associated with the “decreasing
group” membership. A borderline significant protective effect was also found for SF. This
finding suggests that patients included in the Trajectory 2 Group had a compromised health
condition. RT and RT plus ADT prostate cancer treatments, as opposed to NSRP, were
significantly associated with the “decreasing group” trajectory membership.
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A sub-analysis of the PCS trajectories younger and older than 70 is included in the
Supplementary Materials.

3.3. Health Status Comparison with the Italian Population Collected by the ISTAT

The current study compared the PCS and MCS distributions in the Pros-IT study
participants with those reported by the ISTAT. Particularly, the PCS and MCS in the men
in the same age groups as those in the Pros-IT participants and in the group (male and
female) with cancer were analysed. We generated the ISTAT distribution from the mean
and standard deviation values included in the report and considered an asymmetrical
normal distribution (toward the left tail). The distributions shown are thus not exact and
have only a graphical meaning. Tables in Supplementary Materials (Tables S4 and S6) and
the p-value coming from the t-test of the distributions have statistical meaning. Finally, we
compared the impact of comorbidities on the PCS and MCS in the two studies.

3.3.1. Age Groups in the Men (Tables S4 and S5)

The ISTAT investigation presented the MCS and PCS in 6 age range divided by gender.
We compared the Pros-IT distributions (855 patients) with the values obtained from the
ISTAT male participants (14,291 citizens). Figure 4a,c show the distributions and analysis
for MCS and PCS, respectively.

Figure 4. (a) Distribution of MCS scores of the Pros-IT and ISTAT populations according to age
groups; (b) Distribution of MCS scores in trajectories for Pros-IT participants and of the ISTAT cancer
patients; (c) Distribution of PCS scores of the Pros-IT and ISTAT populations according to age groups;
(d) Distribution of PCS scores in trajectories for Pros-IT participants and of the ISTAT cancer patients.
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A t-test was used to compare the distributions according to the statistical values
reported in Table S4. A significant difference (p-value < 0.001) was found for both domains
in the 65–74 and 75+ year ranges. For PCS, a significant p-value was also found in the
55–64 year-old group.

In both plots Figure 4c,d the ochre distribution depicts the 1st trajectory group; the
powder blue one represents the 2nd trajectory group and the green one represents the 3rd
trajectory group (defined only with regard to the MCS analysis); the red one represents the
scores of the ISTAT population.

3.3.2. Cancer Pathology (Tables S6 and S7)

The ISTAT analysis showed the distribution of the mental and physical scales in
individuals with several diseases, including cancer pathology. These data were used to
compare the global health condition of the prostate cancer patient in Italy (represented by
Pros-IT cohort, 684 patients) instead of the state of cancer patients (any cancer, characterised
by the ISTAT subgroup of 598 citizens) (Figure 4b,d show the distributions and analysis for
MCS and PCS).

To facilitate the comparison, we examined the average distribution overtime for the
Pros-IT participants (the average distribution of the MCS/PCS at the five time-points) of
the trajectory groups defined by our analysis, i.e., 3 groups for MCS and 2 for PCS.

We can infer from the comparison of the statistics in Table S6 that the mental condition
of the Pros-IT patients was superior (p-value < 0.001 for the t-test comparing the distri-
butions) to that of cancer patients in 87% of the cases. Only patients in Trajectory Group
1 (13% of the Pros-IT population) had a comparable mental state. As far as the PCS was
concerned, the Pros-IT prostate cancer patients showed a significantly better average score
for both trajectories (p-value < 0.001).

3.3.3. Impact of Other Diseases on the MCS and PCS (Tables S8 and S9)

Apolone and colleagues showed (reported here in Table S9) the relationship between
PCS/MCS classes and the average number of comorbidities. The same table designed for
the Pros-IT study (Table S8) confirmed a similar inverse correlation with comorbidities for
PCS and MCS. Our findings indicated that the Pros-IT participants in the highest deciles
had a mean of less than one comorbidity, while those in the first deciles had a mean of two
or more diseases. This was true for both the PCS and MCS.

4. Discussion

The current study investigates the physical and mental QoL trajectories in Italian male
adults diagnosed with PCa, who have been monitored for more than two years. In general,
participants had a good QoL status, although some findings require further consideration.

For the mental domain, a large percentage of patients (trajectory 3) showed good
mental health throughout the 24-month follow-up period. At the time of diagnosis, a limited
number of patients (trajectory 1 and 2) experienced a clinically meaningful difference
from the average value for the Pros-IT cohort. The evolution of these patients showed
two different patterns with time. Twelve per cent of patients started with low mental
health at the time of diagnosis but recovered 6 months after the event, suggesting that
discomfort was likely generated by the cancer event and the uncertainties on the care
path for these patients. Indeed, it can be hypothesised that after the patient has come to
terms with the diagnosis [30] and has reached an agreement with health care professionals
about treatment [10], he perceives less stress and, as a result, shows lower anxiety and
better coping strategies (i.e., the constantly changing cognitive and behavioural efforts to
manage specific external and/or internal demands) [6,31–33]. Most acute prevalences of
depression, anxiety and psychological distress seem to occur before and after the conclusion
of treatment, with possible negative impacts on QoL [7].

Another small percentage of patients (13%) showed low mental health at baseline,
but they also did not manifest an improvement over time. In fact, in the core phases of
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the treatment, they experienced a further decrease in their mental health. Unlike patients
in trajectory 2, they could have a limited array of resources to cope with the disease. It is
worth noting that half of these patients (around 1/20 patients) were also included in the
PCS trajectory 1. Thus, a discrepancy with the average population at two years could be
explained by the impact of physical health on mental conditions.

As far as the participants’ mental health was concerned, our results showed no clin-
ical differences between the various treatments groups at the time of enrolment. Some
predictors of mental health trajectories (younger men with 2 or less moderate/severe co-
morbidities, no familiarity with PCa, and good mental health at the time of enrolment)
were more likely to maintain stable mental health throughout the follow-up period. As
previous studies have highlighted, age at diagnosis [34] and comorbidities [35] are critical
predicting factors conditioning the path of mental health.

Regarding physical health, the patients with lower scores embarked on their path
with a compromised health condition reflected by diabetes mellitus and worse urinary and
bowel function. A significant p-value was also found for RT and RT plus ADT as opposed
to NSRP in Trajectories 1 and 2. It is worth noting that the two trajectories started out
with an important difference in the baseline value. Patients treated with surgery had a
better health condition (see Table 1 for further details) and were able to face the treatment
modality. On the contrary, patients who underwent RT and RT plus ADT worsened with
time, but it is not clear if this could be associated with the divergent ways with which the
more physically impaired group faced the treatment. The best clinical approach has to be
selected for these patients to limit the discrepancy after treatment.

Several studies analysed the longitudinal evolution of physical and mental condition
in PCa patients, averaging the scores according to the received treatment. Punnen et al. [36]
reported similar trend; in particular, mental health remained stable over time with little
difference across treatments while the adjusted physical function had a decline at 2 years,
but no differences were highlighted between surgical and non-surgical treatments. Hoof-
man et al. performed a similar analysis dividing by PCa with favorable and unfavorable
risk disease [37]; none of the treatment groups reported a clinically meaningful decline
in physical function, emotional well-being, or energy and fatigue scores. In line with
our scores, they confirmed that baseline physical functions were highest for men who
underwent prostatectomy and lowest for those who underwent radiotherapy. Again, in the
Protect study, no significant differences among the treatment groups in the physical and
mental health sub-scores of the SF-12 scale were found [38]. Similar results at 2 years were
reported by a multicentric Spanish trial using the SF-36 scale [39].

Considering factors associated with worse trajectories, a systematic review conducted
by Vissers et al. found that cancer patients with diabetes had lower physical functioning
and vitality [40]. Another study further demonstrated that cancer patients with diabetes
had significantly lower levels of physical function and mental health over time compared
to those without diabetes [41], and this result was partially confirmed in PCa patients [42],
in accordance with our results. Reeve and colleagues evaluated longitudinally the impact
of comorbidities evaluated with the Index of Coexistent Diseases on QoL, and they found a
significant impact on physical component but no effect on the mental status [43], in contrast
with our findings which was supported, instead, by Chambers et al. [4].

4.1. Comparison with ISTAT Study

Finally, we compared our findings with those of the ISTAT’s survey focusing on the
health state of the Italian population. For patients under 65, there was considerable overlap
between the MCS distributions in the ISTAT (in the patients without cancer) and Pros-IT
population. As far as the physical domain was concerned, the overlap in distribution
was restricted to the group of patients under 55; for the other groups, the physical health
condition of the current Italian prostate cancer patient was better than that of the average
population 20 years ago. Concerning cancer (all types) patients investigated by the ISTAT
study, the patients in Trajectory 1 showed better physical and mental scores. Given its
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favourable prognosis, the low impact of treatments’ side effects (compared to others), the
lack of chemotherapy, and a longer life expectancy, non-metastatic PCa patients seems to
have a more negligible effect on mental and physical health than other malignancies [17].
This distance is much more evident if we compare patients with the absence of any other
comorbidities. Indeed, both the analysed cohorts have highlighted how the presence of
two or more comorbidities can reduce the mental and physical score by 20 to 30 points
(see also Table in Supplementary Materials). Although the ISTAT analysis is out of date,
recent studies [38,44,45] proved that physical and mental components of health in low-
intermediate risk PCa are very similar to those reported by the general population.

4.2. Study Limitations

The current study has some limitations. First, since the participating centres were
involved voluntarily, a selection bias cannot be excluded. Second, just as for all observa-
tional studies, it may be susceptible to confounders. Third, the information on patients
experiencing supportive care during follow-up was not included in the data collection.
Moreover, data on patients’ income and social networks, that might have affected QoL,
were not considered and thus not available for analysis. Fifth, there was considerable vari-
ability in the times between the diagnosis and the onset of each treatment type; the models
were anyway adjusted considering the temporal distance between the end of treatment and
the follow-up assessment. Furthermore, different combinations of RT and ADT in terms
of starting time and duration is another unmeasured confounding factor for our study.
Finally, even if SF-12 has been proved to be responsive to positive change in patients with
improved general health and performed well in distinguishing between patients who had
improvement in general health and those with worsened general health, caution should
be used to evaluate positive change in SF-12 since they could be too responsive to detect
“noise” and not clinically significant differences [46]; however, in our analyses on SF-12
changes over time, we did not consider only statistically significant differences, but also
MCID, which represent the differences that should be considered as clinically meaningful.

5. Conclusions

The study indicates that the vast majority of PCa patients, excluding those with distant
metastasis at diagnosis and those treated with chemotherapy or ADT, appear to find
a good psychological state once they have come to terms with the diagnosis and have
begun their course of treatment. No clinical differences in mental and physical health
were found in the various treatments groups at the time of enrolment. Age, diabetes,
number of comorbidities, family history of PCa and bowel/urinary dysfunctions were
the patient/clinical factors most influencing the probability of deviating from the high
mental and physical health. The trajectory analysis in the two years after the cancer
diagnosis highlighted the importance of assessing mental health, coping strategies and
psychological and interpersonal resources at PCa diagnosis to identify patients who may
benefit from personalised support. At diagnosis, patients with impaired mental health
(1 over 4) could take advantage of different level of intervention. For patients with transient
distress (trajectory 1 in our study), information leaflets or discussions with peers (other PCa
patients) and cancer specialist staff could reduce the baseline gap with patients in stable
mental condition. For patients with persistent mild distress, the decision making and the
treatment itself could not be sufficient to restore a good mental state and level 2 intervention
(mild care) with support from a non-oncology team supervised by a clinical psychologist
could be of help to reduce differences at two years from diagnosis. The analysis suggested
that following these patients between the diagnosis and the treatment could allow for
discriminating between those with a good array of resources (trajectory 2) and those more
vulnerable (trajectory 1).
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/curroncol29110651/s1, Figure S1: The MCS (m) and PCS (p)
scores of the Pros-IT patients with color density distribution; Table S1: Responses to the 12-Item Short
Form Survey (SF-12) by the Pros-IT patients at the time of diagnosis (n (%)); Table S2: Characteristics at
the time of diagnosis of the Pros-IT patients classified according to the three trajectories identified by
the Mental Component Score (MCS) of the Short-Form Health Survey (SF-12); Table S3: Characteristics
at the time of diagnosis of the Pros-IT patients classified according to the two trajectories identified
by the Physical Component Score (PCS) of the Short-Form Health Survey (SF-12); Table S4: Mean
and standard deviation by age group for MCS-12 and PCS-12 in Pros-IT and ISTAT studies; Table S5:
Quartiles divided by age groups for PCS and MCS SF-12 distributions in Pros-IT and ISTAT studies;
Table S6: Mean and standard deviation among oncologic Italian citizens (ISTAT) and among Pros-IT
patients in trajectory groups identified for MCS-12 and PCS-12; Table S7: Quartiles for MCS and PCS
SF-12 distributions for Pros-IT patients in each trajectory groups identified and for oncologic Italian
citizens (ISTAT); Table S8: The number of comorbidities (mean and standard deviation (SD)) in the
Pros-IT population according to the PCS and MCS deciles; Table S9: The number of comorbidities
(mean and standard deviation (SD)) in the ISTAT population according to the PCS and MCS deciles.
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Abstract: Objective: To analyze the perioperative outcomes of neoadjuvant hormone therapy (NHT)
before laparoscopic and robot-assisted surgery for localized high-risk prostate cancer in a Chinese
cohort. Methods: The clinical data of 385 patients with localized high-risk prostate cancer who
underwent radical prostatectomy (RP) in our hospital from January 2019 to June 2021 were ana-
lyzed retrospectively, including 168 patients with preoperative NHT and 217 patients with simple
surgery. Clinical characteristics were compared in the above two groups, the laparoscopic RP (LRP)
cohort (n = 234) and the robot-assisted laparoscopic radical prostatectomy (RALP) cohort (n = 151),
respectively. Results: In the overall cohort, compared with the control group, the NHT group had a
shorter operative time, less blood loss, a lower positive surgical margin rate, and a higher proportion
of Gleason score (GS) downgrading after the operation (p < 0.05). However, there was no signifi-
cant difference in hospitalization time, biochemical recurrence, urine leakage, urinary continence,
or prostate-specific antigen (PSA) progression-free survival (p > 0.05). In the LRP cohort, it was
found that the NHT group also had shorter operative time, less blood loss, lower positive surgical
margin rate, a higher proportion of GS downgrading after the operation, and faster recovery of
urinary control than the control group (p < 0.05). There was no marked difference in hospitalization
time, biochemical recurrence, urinary leakage, or PSA progression-free survival. However, in the
RALP cohort, the NHT group had a significant difference in the GS downgrading after the operation
compared with the control group (p < 0.05). In the overall cohort, multiple analyses showed that
initial PSA level, GS at biopsy, clinical T stage, lymph node invasion, use of NHT, and surgical
methods were significantly associated with positive surgical margin (p < 0.05) while NHT did not
account for biochemical recurrence (p > 0.05). Conclusions: NHT can lower the difficulty of surgery,
reduce positive surgical margin rate, and help recovery in short-term urinary control in patients
with high-risk prostate cancer after LRP. However, we do not have evidence on the benefit of NHT
in high-risk PCa patients treated with RALP. For these patients, surgery can be performed as early
as possible.

Keywords: prostate cancer; neoadjuvant hormone therapy; laparoscopic radical prostatectomy;
robot-assisted radical prostatectomy

1. Introduction

Prostate cancer has the highest incidence and ranks second place in mortality among
male cancers [1]. Due to the absence of early symptoms and sufficient prostate-specific
antigen (PSA) screening, approximately 70% of patients in China are initially diagnosed
with high-risk or even advanced prostate cancer [2,3]. Although each guideline differs
slightly, comprehensive treatments are usually recommended, including surgery, radiation
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therapy, or new endocrine therapeutic drugs [4]. With the advantage of excellent control
of local primary tumors, availability of accurate pathological staging, and the following
guidance for adjuvant therapy, radical prostatectomy (RP) becomes one of the most effective
treatments for low- and intermediate-risk prostate cancer and the main option for localized
high-risk prostate cancer [5]. The European Association of Urology guidelines and the
National Comprehensive Cancer Network guidelines also suggest that surgery should
be one of the comprehensive treatments for high-risk prostate cancer [4]. However, in
high-risk prostate cancer, pathologic findings reveal a relatively high proportion of positive
surgical margins, suggesting that surgery may not be curative and therefore adjuvant
therapy is necessary [6]. However, the clinical findings of neoadjuvant hormone therapy
(NHT) before radical prostatectomy are inconsistent among various studies. Some studies
have found that neoadjuvant hormone therapy prior to RP helps reduce the incidence of
positive surgical margins and lymph node infiltration [7,8], but others have suggested that
neoadjuvant hormone therapy prior to RP does not have a significant survival benefit for
patients, including overall survival and disease-free survival [9], and therefore preoperative
neoadjuvant therapy is not specifically recommended by current guidelines for patients
with high-risk prostate cancer.

Currently, robotic-assisted radical prostatectomy (RALP) has become the main modal-
ity in prostate cancer surgery [10], and it has been reported that more than 85% of RP
procedures in the United States are RALP [11]. Robotic-assisted systems have significant
advantages over laparoscopic radical surgery in terms of improved ergonomics, a three-
dimensional magnified view, and tremor filtration, with lower rates of urinary incontinence
and biochemical recurrence [12]. However, the survival benefit of robotic-assisted radical
surgery for patients with high-risk prostate cancer is not clear, especially in some patients
who have undergone neoadjuvant hormonal therapy [13]. Our study retrospectively ana-
lyzed the perioperative outcomes of NHT in patients with high-risk prostate cancer and
explored the benefits of NHT for patients with two different surgical approaches, RALP
and LRP.

2. Materials and Methods

2.1. Patients and Treatments

The clinical data of 385 patients with localized high-risk prostate cancer treated in
the second hospital of Tianjin Medical University from January 2019 to June 2021 were
collected. Inclusion criteria: (1) localized high-risk prostate cancer diagnosed by pathology
and imaging; (2) NHT cohort: NHT > 3 months; (3) LRP or RALP. Exclusion criteria:
(1) incomplete relative data; (2) patients with metastatic lesions. High-risk prostate cancer
was defined as clinical stage T3-4 and/or PSA > 20 ng/mL and/or Gleason score (GS) 8–10.

NHT includes oral administration of bicalutamide 50 mg once a day plus goserelin
3.6 mg or leuprorelin 3.75 mg subcutaneously or triptorelin 3.75 mg intramuscularly once a
month. LRP or RALP were carried out by the same group of urologists.

All included cases underwent preoperative pelvic magnetic resonance imaging (MRI),
thoracoabdominal CT and bone scan (ECT) to determine TNM staging (2017, AJCC). Patho-
logical histological classification was performed using the Gleason scoring system (2016,
WHO) for prostate cancer. All patients with adverse pathology received routine adjuvant
hormone therapy ± external beam radiotherapy after surgery. Regular postoperative
inpatient or outpatient reviews were performed regularly, with PSA every 1–3 months
and ultrasound, MRI, and bone scan every 6–12 months, with a follow-up period of
12–36 months and a median follow-up of 25 months.

2.2. Perioperative Outcomes

The perioperative outcomes were observed and recorded, including operation time,
intraoperative bleeding, postoperative urinary leakage, rate of positive surgical margin, GS
downgrading, length of hospital stay, recovery of urinary control, biochemical recurrence,
and PSA progression-free survival. Biochemical recurrence was determined using the
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European Urological (EAU) criteria of two consecutive serum PSA levels > 0.2 ng/mL.
Progression-free survival was defined as time from prostatectomy to biochemical recurrence.

2.3. Statistical Analysis

SPSS for Windows (Version 25.0) was used to conduct a statistical analysis of the data.
The Kolmogorov–Smirnov test was used to judge the normal distribution of measurement
data. The measurement data with normal distribution were expressed as mean ± standard
deviation. Otherwise, the median ± interquartile range was used. The enumeration data
were expressed as the number of cases and corresponding percentages. t-test or analysis of
variance was used for component comparison of measurement data, and chi-square test or
Fisher exact test were used for comparison between count data groups. Graphpad prism
was used to analyze the PSA progression-free survival. Univariate and multiple logistic
regression analyses were used to determine risk factors for positive surgical margins and
biochemical recurrence. p < 0.05 was considered statistically significant.

3. Results

3.1. Comparison of General Clinical Characteristics and Perioperative Characteristics between the
NHT and Control Group in the Overall Cohort

A total of 385 patients with localized high-risk prostate cancer were included in the
overall cohort, including 234 cases treated with LRP and 151 cases treated with RALP. In
the LRP cohort, 100 cases received NHT before operation and 134 cases were treated only
by operation. In the RALP cohort, 68 cases received NHT before operation and 83 cases
received simple surgical treatment.

In the overall cohort, there was no difference between the NHT group (168 patients)
and the control group (217 patients) in age, BMI, PSA, prostate volume, Gleason score, T
stage, or surgical methods (p > 0.05, Table 1). Compared with the control group, the NHT
group had significantly shorter operative time, less blood loss, a lower positive surgical
margin rate (28.6% vs. 38.3%), and a higher proportion of GS downgrading after the
operation (24.4% vs. 13.8%), while there was no statistical significance in leakage rate
(6% vs. 7.4%), biochemical recurrence rate (22.6% vs. 25.8%), or recovery time of urinary
control (Table 2). No significant difference was found in PSA progression-free survival
between the two groups (Table 2).

Table 1. Comparison of general clinical characteristics between the NHT and control groups in the
overall cohort.

NHT Group
(n = 168)

Control Group
(n = 217)

p-Value

Age (year-old) 67 ± 9 68 ± 9 0.100
BMI (kg/m2) 22.45 ± 3.14 23.05 ± 2.92 0.057
Volume (mL) 39.33 ± 22.97 38.02 ± 24.53 0.261

Initial PSA (ng/mL) 23 ± 23.84 20 ± 12.26 0.075
GS at biopsy 0.917

GS = 7 8 (4.8%) 8 (3.6%)
GS = 8 89 (53%) 118 (54.4%)
GS = 9 53 (31.5%) 65 (30%)
GS = 10 18 (10.7%) 26 (12%)

Initial T stage 0.705
cT3 158 (94%) 206 (94.9%)
cT4 10 (6%) 11 (5.1%)

Lymph node invasion 0.560
N0 127 (75.6%) 158 (72.8%)
NX 41 (24.4%) 59 (27.2%)

surgical method 0.657
LRP 100 (59.5%) 134 (61.8%)
RRP 68 (40.5%) 83 (38.2%)
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Table 2. Comparison of postoperative clinical characteristics between the NHT and control groups in
overall cohort.

NHT Group
(n = 168)

Control Group
(n = 217)

p-Value

Operative time (minutes) 108.99 ± 22.74 118.55 ± 24.71 0.007
Blood loss (mL) 110.76 ± 45.67 138.20 ± 48.17 <0.001
Urine leakage 10 (6%) 16 (7.4%) 0.582

Positive surgical margin 48 (28.6%) 83 (38.3%) 0.02
GS decreased after operation 41 (24.4%) 30 (13.8%) 0.008

Hospitalization (days) 7 ± 2 7 ± 2 0.086
Follow up time (months) 24 ± 7 25 ± 5 0.48

urinary continence 0.06
<1 month 101 (60.1%) 97 (44.7%)
1–3 month 50 (29.8%) 98 (45.2%)
>3 month 17 (10.1%) 22 (10.1%)

BCR 38 (22.6%) 56 (25.8%) 0.47
PSA progression free survival (months) 23.5 ± 7 24 ± 5 0.152

3.2. Comparison of Postoperative Clinical Characteristics between the NHT and Control Groups in
the LRP Cohort

In the LRP cohort, the same statistically significant trend was observed in the NHT
group, including shorter operative time, less blood loss, lower positive surgical margin
rate (34.00% vs. 49.3%), a higher proportion of GS decreasing after the operation (25.0%
vs. 13.4%), and shorter recovery time of urinary control (p < 0.05, Table 3). There is no
statistical significance in biochemical recurrence rate (24% vs. 29.9%), the leakage rate (7.0%
vs. 9.0%) (p = 0.26, Table 3), or PSA progression-free survival (p = 0.153, Table 3).

Table 3. Comparison of postoperative clinical characteristics between the NHT and control groups in
the LRP cohort.

NHT Group
(n = 100)

Control Group
(n = 134)

p-Value

Operative time (minutes) 114 ± 29 128 ± 31 <0.001
Blood loss (mL) 112.65 ± 68.77 151.5 ± 33.8 <0.001
Urine leakage 7 (7%) 12 (9%) 0.26

Positive surgical margin 34 (34%) 66 (49.3%) 0.588
GS decreased after operation 25 (25%) 18 (13.4%) 0.024

Hospitalization (days) 7 ± 1 7 ± 1 0.957
Follow up time (months) 24 ± 8 25 ± 4 0.056

urinary continence 0.02
<1 month 58 (58%) 53 (39.6%)
1–3 month 34 (34%) 65 (48.5%)
>3 month 8 (8%) 16 (11.9%)

BCR 24 (24%) 40 (29.9%) 0.321
PSA progression free survival (months) 23 ± 8 24 ± 5 0.153

3.3. Comparison of Postoperative Clinical Characteristics between the NHT and Control Groups in
the RALP Cohort

In the RALP cohort, rather than the marked difference in the proportion of GS down-
grading (p < 0.05, Table 4), other perioperative outcomes including operative time, blood
loss, positive surgical margin rate, urinary control, biochemical recurrence rate, and PSA
progression-free survival were not significantly different between NHT group and control
group (p > 0.05, Table 4).
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Table 4. Comparison of postoperative clinical characteristics between the NHT and control groups in
RALP cohort.

NHT Group
(n = 68)

Control Group
(n = 83)

p-Value

Operative time (minutes) 98.25 ± 18.6 100.5 ± 21.06 0.583
Blood loss (mL) 109.6 ± 19.62 105.15 ± 24.4 0.279
Urine leakage 3 (4.4%) 12 (4.8%) 0.906

Positive surgical margin 14 (20.6%) 17 (20.5%) 0.987
GS decreased after operation 20 (29.4%) 12 (14.5%) 0.025

Hospitalization (days) 5 ± 2 6 ± 2 0.208
Follow up time (months) 24 ± 6 25 ± 6 0.542

urinary continence 0.079
<1 month 43 (63.3%) 44 (53%)
1–3 month 16 (23.5%) 33 (39.8%)
>3 month 9 (13.2%) 6 (7.2%)

BCR 14 (20.6%) 16 (19.3%) 0.84
PSA progression free survival (months) 24 ± 6 24 ± 6 0.592

3.4. Univariate and Multiple Logistic Regression Analysis of Positive Surgical Margins and
Biochemical Recurrence in Overall Cohort

In the overall cohort, univariate analysis showed that volume of the prostate, initial
PSA level, GS at biopsy, initial T stage, lymph node invasion, use of NHT and surgical
method were significantly associated with positive surgical margins. Multiple analysis
showed that initial PSA level, GS at biopsy, lymph node invasion, use of NHT, and surgical
methods were significantly associated with positive surgical margin while NHT did not
account for biochemical recurrence (Table 5).

Table 5. Univariate and multiple logistic regression analysis of positive surgical margins in the
overall cohort.

Univariate Analysis Multiple Logistic Regression

OR 95%CI p OR 95%CI p

Age (year-old) 0.982 0.952–1.012 0.227 - - -
BMI (kg/m2) 1.093 0.989–1.206 0.08 - - -
Volume (mL) 1.02 1.004–1.036 0.012 1.003 0.981–1.025 0.797

Initial PSA (ng/mL) 1.084 1.061–1.107 <0.001 1.102 1.073–1.132 <0.001
GS at biopsy (GS7-8, GS9-10) 12.626 3.873–41.158 <0.001 5.220 2.688–10.134 <0.001

Initial T stage (T3, T4) 6.933 1.333–6.194 0.019 2.671 0.536–13.312 0.231
Lymph node invasion (N0, NX) 16.856 9.558–29.728 <0.001 5.443 2.378–12.462 <0.001

Treatment (Control, NHT) 0.646 0.419–0.995 0.047 0.365 0.190–0.700 0.002
surgical method (LRP, RALP) 0.346 0.216–0.555 <0.001 0.179 0.091–0.354 <0.001

Univariate analysis showed that volume of the prostate, initial PSA level, GS at biopsy,
initial T stage, positive surgical margin, and lymph node invasion were significantly as-
sociated with biochemical recurrence. Multiple analysis of risk factors for biochemical
recurrence in the overall cohort showed that only initial PSA levels, positive surgical mar-
gins, and lymph node invasion were independent risk factors for biochemical recurrence.
(Table 6).
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Table 6. Univariate and multiple logistic regression analysis of biochemical recurrence in the over-
all cohort.

Univariate Analysis Multiple Logistic Regression

OR 95%CI p OR 95%CI p

Age (year-old) 1.033 0.998–1.07 0.068 - - -
BMI (kg/m2) 1.091 0.978–1.216 0.118 - - -
Volume (mL) 1.034 1.016–1.053 <0.001 1.021 0.995–1.048 0.112

Initial PSA (ng/mL) 1.069 1.05–1.089 <0.001 1.027 1.020–1.066 0.018
GS at biopsy (GS7-8, GS9-10) 3.418 3.099–6.921 0.006 1.952 0.796–4.786 0.144

Initial T stage (T3, T4) 11.733 1.421–8.220 <0.001 1.862 0.487–7.112 0.363
Lymph node invasion (N0, NX) 37.712 19.938–71.331 <0.001 25.031 9.929–63.102 <0.001

Treatment (Control, NHT) 0.84 0.524–1.348 0.471 - - -
surgical method (LRP, RALP) 0.659 0.403–1.078 0.096 - - -

Positive surgical margin 11.885 6.861–20.586 <0.001 3.597 1.657–7.808 <0.001

4. Discussion

Traditionally, conservative treatments such as radiotherapy, surgery, and hormone
therapy are preferred for high-risk prostate cancer [14]. However, with the continuous
improvement of medical technology and minimally invasive surgical techniques, RP is
considered the prior treatment choice for patients with localized high-risk prostate can-
cer [15,16]. NHT is widely used for the initial treatment of high-risk prostate cancer.
However, the role of preoperative NHT in high-risk prostate cancer is still controversial due
to potential drawbacks such as ineffectiveness, delayed access to surgery, and increased
surgical complications [17]. In a prospective study in which investigators matched patients
treated with/without NHT on a 1:2 basis, recipients of NHT groups had lower rates of
positive surgical margins, seminal vesicle infiltration, and extracapsular extension than non-
subjects, in addition to a lower rate of perioperative complications (7.4% vs. 18.4%) [18]. A
meta-analysis conducted by Shelley showed that NHT treatment contributed to improved
adverse pathologic outcomes [19]. Joung found that 6 (5.4%) of 111 postoperative specimens
of high-risk prostate cancer patients treated with NHT were free of tumor residuals [20].
Our study likewise found a significantly lower rate of positive surgical margin in the NHT
group (28.6% vs. 38.3%) and a higher rate of GS downgrading (24.4% vs. 13.8%) than in the
control group. Another retrospective study found a significant decrease in operative time,
blood loss, and positive surgical margins in the NHT group [21], consistent with the results
of our analysis.

NHT could shrink the prostate volume and facilitate the surgery, significantly shorten-
ing the operative time and reducing intraoperative blood loss. As the prostate is relatively
deep and fixed, the operative time and intraoperative bleeding are closely related to the
adhesions around the tumor, thus bleeding is extremely easy when dealing with bilateral
ligaments and freeing the vas deferens seminal vesicles, especially for patients with locally
advanced prostate cancer [22]. With preoperative NHT, intraoperative anatomical structure
was identified much more easily and the surgical difficulty was relatively low [23].

There are inconsistent results from various studies on whether neoadjuvant hormone
therapy improves patients’ prognosis. A multicenter study analyzed high-risk prostate
cancer-related mortality after NHT in 1573 patients and found that preoperative NHT
significantly reduced postoperative prostate cancer-related mortality [24]. Berglund con-
cluded that NHT treatment improved progression-free and overall survival [25]. On the
other hand, Scorieri concluded that NHT treatment did not benefit the survival of prostate
cancer patients [26]. Our study found that NHT reduced the rate of positive surgical margin
but there was no significant benefit in the NHT group in terms of biochemical recurrence
and PSA progression-free survival by late follow-up (p > 0.05).

Currently, robot-assisted surgery is gradually replacing LRP as the preferred choice
for the surgical treatment of localized prostate cancer [13]. Similarly, RALP is safe for
patients with high-risk prostate cancer and has some advantages over general laparoscopic
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surgery in terms of operative time, hospital stay, and postoperative complication rate [27].
A meta-analysis by Ashutosh et al. related to the surgical approach to prostate cancer
found lower positive surgical margins, less bleeding, less complications such as urinary
incontinence and rectal injury for RALP compared to LRP and ORP, but no difference in
biochemical recurrence [28], which is consistent with our findings. However, preoperative
NHT is currently focused on laparoscopic surgery, and few studies have reported the
clinical perioperative outcomes of ADT in robot-assisted surgery. However, side effects
of neoadjuvant hormone therapy are also evident, most notably in cardiovascular risk.
Neoadjuvant hormone therapy may increase the incidence of cardiovascular risk in patients,
and therefore neoadjuvant hormone therapy for high-risk prostate cancer patients should
be analyzed individually and risk stratified, which is subject to further study [29]. In this
study, we subsequently performed a statistical analysis of the NHT group and the control
group in the LRP cohort and the RALP cohort, respectively, and found that NHT was more
efficient for laparoscopic surgery, with significant advantages in intraoperative bleeding,
positive margin rate, GS downgrading, and recovery of urinary control (p < 0.05), consistent
with the overall cohort. However, its effect on the RALP cohort was not that obvious.
Therefore, we can conclude that the high accuracy of the robot-assisted system reduces
the impact of prostate volume and stricture space during the procedure. we do not have
evidence on the benefit of NHT in high-risk PCa patients treated with RALP. For these
patients, surgery can be performed as early as possible.

Our study also has some limitations. First, our study is a retrospective study and
inevitably suffers from selection bias, as the choice of neoadjuvant hormone therapy only
included bicalutamide and not the latest new endocrine therapies such as enzalutamid,
apalutamid and datolutamid. In addition, our surgical urethral reconstruction modalities
are all standard, and other anastomotic modalities may have some impact on the postop-
erative observation index, which requires further refinement of subsequent studies [30].
Second, our study has a short follow-up period, which makes it difficult to find the ultimate
benefit of patients; and finally, our study is a single-center study with a limited sample size,
which needs to be confirmed by further multicenter prospective studies.

5. Conculsions

NHT can lower the difficulty of surgery, reduce positive surgical margin rate, and help
recovery in short-term urinary control in patients with high-risk prostate cancer after LRP.
However, we do not have evidence on the benefit of NHT in high-risk PCa patients treated
with RALP. For these patients, surgery can be performed as early as possible.
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Simple Summary: Prostate cancer is the most common cancer in men and, along with the
aggressive neuroendocrine variant of prostate cancer, is known to express high levels of the
somatostatin receptor. This study explored the feasibility of using the somatostatin binding
radiopharmaceutical, [68Ga]Ga-DOTATATE PET/CT, to identify metastatic lesions in 17 men with
known metastatic castrate resistant prostate cancer or neuroendocrine prostate cancer. All patients
demonstrated [68Ga]Ga-DOTATATE avid lesions corresponding to sites of disease as identified by
CT. Additionally, we retrospectively correlated the degree of [68Ga]Ga-DOTATATE to treatment
response and found that men with marked [68Ga]Ga-DOTATATE uptake in their metastatic deposits
had significantly worse outcomes compared to those with moderate or mild [68Ga]Ga-DOTATATE
uptake. Conversely, men with only mild [68Ga]Ga-DOTATATE uptake in their metastatic deposits
had a favorable prognostic outcome.

Abstract: Objectives: Prostate cancer is well known to express high levels of somatostatin receptors
and preliminary data suggests that PET imaging with the somatostatin analog, [68Ga]Ga-DOTATATE,
may allow for whole body staging of patients with metastatic castration resistant prostate cancer (mCRPC)
and neuroendocrine prostate cancer (NePC). This study explores the utility of [68Ga]Ga-DOTATATE
PET-CT to identify metastatic deposits in men with mCRPC and NePC and prognosticate dis-
ease progression. Methods: [68Ga]Ga-DOTATATE PET-CT was performed in 17 patients with
mCRPC and of those, 2/17 had NePC. A semiquantitative analysis with standardized uptake
values (SUV) (e.g., SUVmax, SUVmean) was performed for each metastatic lesion and reference
background tissues. [68Ga]Ga-DOTATATE uptake in metastatic deposits was further classified as:
mild (less than liver), moderate (up to liver average), or marked (greater than liver). Serial prostate-
specific antigen measurements and patient survival were followed up to 3 years after PET imaging to
assess response to standard of care treatment. Results: All patients had at least one metastatic lesion
with identifiable [68Ga]Ga-DOTATATE uptake. Marked [68Ga]Ga-DOTATATE uptake was found in
7/17 patients, including both NePC patients, and all were non-responders to systemic therapy and
died within the follow up period, with a mean time to death of 8.1 months. Three patients had mild
[68Ga]Ga-DOTATATE uptake, and all were responders to systemic therapy and were alive 36 months
after [68Ga]Ga-DOTATATE imaging. Conclusions: [68Ga]Ga-DOTATATE is able to identify mCRPC
and NePC metastatic deposits, and lesions with [68Ga]Ga-DOTATATE uptake > liver may portend
poor outcomes in patients with mCRPC.

Keywords: DOTATATE; PET; prostate cancer; neuroendocrine prostate cancer
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1. Introduction

Prostate cancer (PCa) is the most common cancer among men in the United States [1].
Androgen deprivation therapy (ADT) is the mainstay of treatment for advanced prostate
cancer; however, most patients will eventually develop androgen-refractory disease, or
metastatic castration resistant prostate cancer (mCRPC). While small cell neuroendocrine
prostate carcinoma is rare, a subset of patients previously diagnosed with prostate adeno-
carcinoma may develop neuroendocrine features after ADT. Transformed neuroendocrine
prostate cancer (NePC) has molecular and genetic changes making them resistant to tradi-
tional mCRPC therapies, including androgen receptor (AR) targeted therapies [2], and it
has been hypothesized that some of the difficulty in treating patients with mCRPC may
in fact be due to neuroendocrine differentiation [3]. The reported prevalence of NePC
has varied between studies, possibly due to limitations in targeted tissue sampling and
heterogeneous disease penetrance. For example, in a study of 450 patients with mCRPC
by Perez et al., only 3 patients demonstrated NePC differentiation [4], whereas Jimenez et al.
found NePC differentiation in 92/183 metastatic biopsies from 79 of 157 patients
with mCRPC [5].

Somatostatin, a neuropeptide that suppresses prostate growth and neovasculariza-
tion by inducing cell-cycle arrest and apoptosis, is highly expressed in NePC cells [6,7].
Somatostatin receptors, specifically SSTR2, have been shown to be upregulated in PCa and
NePC [8,9]. [68Ga]Ga-DOTATATE (NETSpot®) is a FDA-approved PET radiotracer with
high affinity for SSTR2 [8]. Preliminary case reports suggest that [68Ga]Ga-DOTA labeled
somatostatin analogs may have high sensitivity in identifying sites of mCRPC in addition
to NePC [10–13]. In a recent study involving 12 patients with mCRPC, all patients had at
least 1 blastic neuroendocrine metastasis with increased radiotracer uptake [14]. Patients
with multiple bone metastases also had significantly higher SUVmax when compared to
patients with few metastases.

The goal of this study was to determine the feasibility of identifying mCRPC lesions,
including patients with NePC, using noninvasive imaging and to assess whether such
an early imaging biomarker can predict eventual progression in patients with mCRPC
about to start first line treatment (abiraterone acetate or enzalutamide) for castration
resistant disease.

We hypothesized that patients with higher levels of [68Ga]Ga-DOTATATE uptake on
an initial PET scan may have a shorter time to progression while on oral agents (abiraterone
acetate or enzalutamide) due to resistance to antiandrogen based therapeutics [15] when
compared to those with lower [68Ga]Ga-DOTATATE uptake. We assessed for correlations
between the degree and intensity of uptake of [68Ga]Ga-DOTATATE with subsequent
progression of disease, determined by standard of care whole body bone scans [16] and
CT/MR imaging [17], as well as clinical parameters.

2. Materials and Methods

2.1. Patient Population
2.1.1. Subject Recruitment

Patients with biopsy proven PCa were recruited from the Winship Cancer Institute
at Emory University from 18 April 2018 to 16 May 2019. All procedures performed in
studies involving human participants were in accordance with the ethical standards of the
institutional and/or national research committee and with the 1964 Helsinki declaration
and its later amendments or comparable ethical standards. The recruitment protocol was
approved by the Institutional Review Board (IRB) and complied with the Health Insurance
Portability and Accountability Act (HIPAA). The data was collected as part of a feasibility
trial for neuroendocrine prostate cancer imaging under the IRB title ‘Molecular Imaging
with [68Ga]Ga-DOTATATE PET to Investigate Neuroendocrine Differentiation in Prostate
Cancer Patients (IRB#99167)’. This study is listed on clinicaltrials.gov (NCT 03448458). The
radiotracer was labeled using a provided NETSpot kit (Advanced Accelerator Applications
USA, Inc. Millburn, NJ, USA) and generator produce [68Ga]Ga (Eckert & Ziegler Radio-
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pharma, Inc. Berlin, Germany). Safety monitoring during the drug infusion was performed,
and no adverse events were recorded. Written informed consent was obtained from ev-
ery study participant. This study did not interfere with standard patient evaluation or
delayed therapy.

Male patients with known biopsy proven mCRPC were selected under the inclu-
sion criteria of 18 years of age or older, with skeletal, visceral and/or nodal involvement,
and able to undergo [68Ga]Ga-DOTATATE PET-CT. Patients were previously treated with
a combination of ADT ± antiandrogen therapy or chemotherapy prior to diagnosis of
mCRPC and subsequently were treated with either hormonal therapy or chemotherapy
after mCRPC status (Table 1). No intervention or tissue analysis was performed after the
[68Ga]Ga-DOTATATE PET-CT. In total, 17 patients were recruited and received at least one
[68Ga]Ga-DOTATATE PET-CT. One patient was subsequently found to have an additional
metastatic pulmonary squamous cell carcinoma and was excluded from this analysis. These
patients had a mean age of 62.8 years (range from 48y–87y) and were included per the inclu-
sion criteria (Table 1). The two patients with biopsy proven NePC received platinum-based
chemotherapy after [68Ga]Ga-DOTATATE PET-CT. Of the 14 patients without NePC, 7/14
received enzalutamide or abiraterone, and 7/14 received taxane based chemotherapy
after [68Ga]Ga-DOTATATE PET-CT. The median PSA at time of imaging was 46.8 ng/mL
(range: 4.44–1033.78 ng/mL).

Table 1. Patient demographics.

Gleason Grade
PSA at Time
of PET/CT

(ng/mL)

Index Lesions
with [68Ga]Ga

DOTATATE Uptake

SUVmax Hottest
Lesion

Systemic Treatments Prior
to CRPC Diagnosis

Additional Systemic
Treatments after
CRPC Diagnosis

4 39.23 7 2.1 ADT alone Enzalutamide
3 11.18 7 3.1 ADT alone Enzalutamide
2 7.09 3 3.3 ADT alone Enzalutamide

N/A * 48.08 6 6.2 ADT alone Docetaxel
5 4.4 2 6.6 ADT alone Enzalutamide
5 44.54 8 7.3 ADT alone Docetaxel

5 38.99 9 8.3 ADT+ Docetaxel +
anti-androgen therapy Abiraterone

5 1033.87 7 8.6 ADT+ Abiraterone cabazitaxol + carboplatin

5 28.76 9 8.9 ADT+ Docetaxel +
anti-androgen therapy Abiraterone

5 31.37 6 10.7 ADT alone Docetaxel

5 115.45 5 11 ADT+ Docetaxel +
anti-androgen therapy Cabazitaxol

5 † 26.51 8 20.1 ADT +
platinium/etoposide Enzalutamide

4 128 6 20.2 ADT+ Abiraterone Docetaxel
5 61.86 9 23.1 ADT alone Enzalutamide
2 88.05 13 27 ADT+ Abiraterone Docetaxel

N/A ‡ <0.01 8 28.5 platinium+ etoposide Cisplatin + etoposide

* Gleason grade not available. † Small cell neuroendocrine carcinoma and acinar adenocarcinoma. ‡ Small cell carcinoma.

2.1.2. Image Acquisition

All patients underwent [68Ga]Ga-DOTATATE PET-CT of the whole body 55–70 min
after intravenous bolus injection of 200 ± 11 MBq (5.4 ± 0.3 mCi) of [68Ga]Ga-DOTATATE.
PET-CT images were acquired on a GE Discovery-690 16 slice integrated PET-CT scanner
(GE Healthcare) without IV contrast. CT scan of the skull base to proximal thighs (80–120 mA)
was utilized for anatomic imaging and correction of emission data. PET images were ac-
quired in 3-min scan time per bed position PET acquisition. Dead time, detector efficiency
and scatter corrections were applied using the routines supplied by the manufacturer. The
resulting images were quantitatively calibrated with 6 mm isotropic resolution. Images
were reconstructed with the iterative technique and reviewed on a MimVista worksta-
tion (MIM Software, Version 7.2.1). Reconstruction parameters were VUE point FX with
3 iterations/24 subsets and 6.4 mm filter cutoff, and the reconstructed slice thickness
was 3.75 mm.
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2.1.3. Image Analysis

[68Ga]Ga-DOTATATE PET-CT images were interpreted by a board-certified nuclear
radiologist, blinded to details of clinical history (beyond inclusion criteria) and other
imaging. Whenever possible, 3-dimensional PET-Edge conformational ROI were used to
encompass the entire structure, otherwise conformational ROIs were utilized to record
uptake in regions of physiologic and abnormal uptake. Up to 5 representative index lesions
in each category were selected as markers of [68Ga]Ga-DOTATATE uptake. If five lesions in
each category could not be defined in a patient, all demonstrable lesions up to five were
utilized. Lesions chosen were independent but may have coincided with index lesions on
conventional imaging.

2.2. Semiquantitative PET and Visual Analysis

[68Ga]Ga-DOTATATE in prostate/bed and extraprostatic sites such as lymph nodes,
visceral organs, and the skeleton were quantified using maximum standardized uptake
values (SUVmax) and mean standardized uptake values (SUVmean). SUV values and stan-
dard bi-dimensional size measurements of lesions were recorded for up to 5 bone and 5 soft
tissue lesions in each patient. The SUVmax of pathological findings were compared with
accumulation of the radiotracer (SUVmax and SUVmean) in the liver, bone marrow (L3),
and blood pool as reference organs. Summation of [68Ga]Ga-DOTATATE uptake param-
eters from all indexed lesions per patient was also recorded. In addition, visual com-
parison of the most [68Ga]Ga-DOTATATE avid lesions was performed as a simple way to
stratify the degree of uptake similar to that performed with Krenning scoring for
patients with non-prostatic neuroendocrine carcinoma [18]. [68Ga]Ga-DOTATATE PET uptake
was visually classified with the lesion either having: (A) Mild [68Ga]Ga-DOTATATE
uptake (less than liver); defined as [68Ga]Ga-DOTATATE uptake ≥ blood pool or
L3 marrow < average liver (SUVmean) (Figure 1). (B) Moderate [68Ga]Ga-DOTATATE
uptake (equal to liver); defined as ≥average liver (SUVmean) and ≤ liver (SUVmax) (Figure 2).
(C) Marked [68Ga]Ga-DOTATATE uptake (greater than liver); defined as >liver (SUVmax)
(Figure 3). For normal liver and bone marrow, SUVmean was determined by placing a
spherical VOI (3.0 cm in diameter) in a representative healthy part of the organ. Whole
blood uptake (SUVmean) was measured by placing a spherical VOI (1.0 cm in diameter)
in the left ventricle of the heart. Lesions were determined to be equal to liver SUVmean if
within 20% of the measured value.

[68Ga]Ga-DOTATATE PET-CT uptake in metastatic deposits was correlated with
response to subsequent standard of care therapy as identified by: Prostate-specific
antigen (PSA) progression or PSA response (defined as a drop of >50%), change in
clinical management, clinical progression as defined by their medical oncologist,
progression free survival and patient mortality. Following [68Ga]Ga-DOTATATE PET-CT,
patients were treated according to standard of care per the clinician’s discretion with
oral agents (abiraterone acetate or enzalutamide) or other FDA-approved agents.
The results of the [68Ga]Ga-DOTATATE PET-CT did not influence the clinician’s
treatment decisions. Subsequent routine imaging and standard laboratory analysis
(e.g., PSA level) were performed according to the clinician’s discretion. Patients were fol-
lowed in the context of this study (per clinical routine) for at least one-year
after [68Ga]Ga-DOTATATE PET-CT.
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Figure 1. 64 year old male diagnosed with Gleason Score 4 + 3 = 7 prostate cancer in 2012.
Was previously treated with Bicalutamide (Casodex) and currently maintained on Lupron. At
time of [68Ga]Ga-DOTATATE PET-CT, patient presented with rising PSA of 11.2 ng/mL with
a doubling time of 1.8 months. Coronal images of CT (a) [68Ga]Ga-DOTATATE PET (b) and
fused [68Ga]Ga-DOTATATE PET-CT (c) demonstrate mild [68Ga]Ga-DOTATATE uptake in scle-
rotic lesions (blue arrows; SUVmax 3.1) greater than marrow but less than liver (SUVmax of 17.3).
Patient was subsequently placed on Enzalutamide with subsequent PSA response to therapy and
survived to the end of study.

 

Figure 2. 51-year-old man with prostate cancer (Gleason score 9) maintained on ADT since 2011 and
placed on enzalutamide four months prior to [68Ga]Ga-DOTATATE PET-CT. Selected sagittal CT
(a) [68Ga]Ga-DOTATATE PET (b) and fused [68Ga]Ga-DOTATATE PET-CT (c) images show moderate
[68Ga]Ga-DOTATATE uptake less than liver (SUVmax 11.8) in several osseus lesions, with the
most avid L3 osseus lesion of SUVmax 10.7 (blue arrow). Transaxial CT (d) PET (e) and fused
(f) [68Ga]Ga-DOTATATE PET-CT views through the L3 vertebral deposit also demonstrates a preaortic
lymph node (green arrow) with mild [68Ga]Ga-DOTATATE uptake (SUVmax 3.4). Patient was
switched to Docetaxel after [68Ga]Ga-DOTATATE PET-CT with initial PSA response to therapy but
eventually progressed and died 20 months after [68Ga]Ga-DOTATATE PET-CT.
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Figure 3. 47-year-old man with Gleason score 9, mixed prostate small cell neuroendocrine carci-
noma and acinar adenocarcinoma. Patient was stated on ADT and cisplatin/etoposide prior to
[68Ga]Ga-DOTATATE PET-CT. Selected sagittal CT (a) [68Ga]Ga-DOTATATE PET (b) and fused
[68Ga]Ga-DOTATATE PET-CT (c) images show marked [68Ga]Ga-DOTATATE uptake greater
than liver (SUVmax of 14.4) in several osseus lesions with the most avid T8 lesion having a
SUVmax 20.1 (blue arrow). Anterior view of [68Ga]Ga-DOTATATE PET MIP (d) demonstrates
multiple [68Ga]Ga-DOTATATE and nodal metastatic deposits. Patient did not demonstrate a PSA
response to therapy and passed away 4 months after [68Ga]Ga-DOTATATE PET-CT.

2.3. Statistical Analysis

Since this was a pilot study with the main goal to evaluate the feasibility, statistical
power was not calculated.

3. Results

Semiquantitative PET and Visual Analysis

All patients had at least one lesion with identifiable [68Ga]Ga-DOTATATE uptake as
evidenced by abnormally increased focal [68Ga]Ga-DOTATATE uptake with CT correlates
(e.g., lymphadenopathy, sclerotic osseus lesions). Lesions with marked [68Ga]Ga-DOTATATE
uptake per visual and semiquantitative analysis were found in 7 of 16 patients analyzed
and with a Gleason score range of 7–9. All patients with marked [68Ga]Ga-DOTATATE
uptake were non-responders to systemic therapy, all of which died within the follow up
period, with a mean time to death of 8.1 months (range of 14.4–92.6 weeks). One patient
was confirmed to be NePC and another with shown to have small cell neuroendocrine
carcinoma and acinar adenocarcinoma on biopsy. Six of the 16 patients were found
to have moderate [68Ga]Ga-DOTATATE uptake and all had a Gleason score of 9. Of
the patients with moderate [68Ga]Ga-DOTATATE uptake, four died with a mean time
of death of 13.3 months (range of 12.7–89.6 weeks). The two surviving patients with
moderate [68Ga]Ga-DOTATATE uptake both had an initial PSA response to therapy and no
NePC was found. The three remaining patients with mild [68Ga]Ga-DOTATATE uptake
had a Gleason score range of 7–8. All patients were all still alive up to 36 months after
[68Ga]Ga-DOTATATE study and all had an initial PSA response to therapy (Figure 4).
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Figure 4. Kaplan-Meier Plots for mCRPC patients with mild, moderate, and marked [68Ga]Ga-DOTATATE
uptake with a log-rank p-value of 0.01.

On [68Ga]Ga-DOTATATE PET, all patients had at least one lesion with a median
number of seven lesions per patient. A total of 11/16 patients had bone and visceral/nodal
lesions, 4/16 had only bone lesions, and one had only nodal disease. Summed SUVmax was
significantly higher in the 2/16 patients with proven NePC compared to the 14/16 patients
with non-neuroendocrine mCRPC (99.1 ± 16.5 ng/mL vs. 48.4 ± 40.6 ng/mL; p = 0.04).
Generally, the patients with the highest summed SUVmax also had the highest lesion SUV
and worse outcomes. However, there was no correlation between summed SUVmax and
PSA. SUVmean lesion values followed similar trends to the reported SUVmax analysis;
however, there was no easily identifiable comparable reference organ (e.g., liver, spleen)
and for ease of analysis and reproducibility this analysis is limited to SUVmax. Next
generation sequencing data was available from 6/16 patients. Of these, 1 patient without
NePC had a BRCA2 mutation and also had the highest summed uptake in this study.

4. Conclusions

NePC is underdiagnosed, as biopsy of metastatic lesions after spread to soft tissue
and bones, which is required for histologic confirmation, is rarely done [3,19]. Further-
more, the standard biopsy is subject to sampling error both within a lesion itself and on
a global basis, and there is no established non-invasive imaging or biochemical marker
to identify NePC. Almost all prostate cancers show focal neuroendocrine differentiation,
but about 5–10% of patients with PCa, have a large number of clustered NE cells that are
detected by chromogranin A immunostaining [20]. In tumors that can be classified as
NePC, the neuroendocrine component usually comprises 5–30% of the tumor mass [21,22].
The mechanisms by which neuroendocrine cells influence prostate carcinogenesis are
not fully understood. The transdifferentiation process from a typical epithelial-like to a
neuroendocrine-like phenotype may be a consequence of the selective pressure induced
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by treatments that result in decreased androgen levels, stimulation of neuroendocrine and
neural factors, and loss of tumor suppressors and genomic stability [23,24].

Definitive criteria defining high, moderate, and mild uptake have not been
established. However, extrapolating a simple interpretation criteria based on literature
examples [14] is as follows: (A) Mild [68Ga]Ga-DOTATATE uptake defined
as [68Ga]Ga-DOTATATE uptake ≥ blood pool or L3 marrow < liver (SUVmean).
(B) Moderate [68Ga]Ga-DOTATATE uptake ≥ average liver (SUVmean) and ≤liver (SUVmax).
(C) Marked [68Ga]Ga-DOTATATE uptake > liver (SUVmax) [14]. We are not aware of
any literature that has attempted to correlate [68Ga]Ga-DOTATATE uptake to clinical
outcomes in patients with prostate cancer. In this study, we showed that higher lesion
68Ga DOTATATE uptake compared to physiologic background [68Ga]Ga-DOTATATE uptake
portends a worse prognosis, regardless of Gleason score, PSA, extent of disease, or systemic
therapy. As expected, [68Ga]Ga-DOTATATE uptake in lesions has been found to be higher
in mCRPC patients with NePC. All patients with [68Ga]Ga-DOTATATE uptake greater
than liver (SUVmax) died within 2 years of imaging regardless of Gleason score, PSA
value, or therapeutic management. This subgroup included the two patients with NePC
differentiation. In patients with moderate [68Ga]Ga-DOTATATE uptake, these also had a
worse prognosis compared to patients with mild [68Ga]Ga-DOTATATE uptake, who were
all still alive at the conclusion of this study. We included in our study patients with mCRPC
who were about to start the first line of treatment (abiraterone acetate or enzalutamide)
for castration resistant disease. We believe that this inflection point best balances the early
detection of potential neuroendocrine transdifferentiation with imaging, as these patients
typically have higher ECOG (Eastern Cooperative Oncology Group) performance status
than those further along the continuum of their treatment.

Case reports exist of increased [68Ga]Ga-DOTATATE uptake in prostate adenocarci-
noma as well as prostate carcinoma with neuroendocrine differentiation [25]. Typically,
NePC does not express PSMA, but there are a few case reports of patients with known NePC
also demonstrating several foci of increased PSMA PET uptake [12,26]. Prostate adenocar-
cinoma is known to upregulate somatostatin receptors resulting in [68Ga]Ga-DOTATATE
PET uptake, which does not imply by itself the transdifferentiation to a neuroendocrine
pathway [14]. Benign conditions such as benign prostate hyperplasia have similarly been
shown to have upregulated somatostatin and are [68Ga]Ga-DOTATATE PET
positive [27,28]. Patients with mCRPC and NePC and intense [68Ga]Ga-DOTATATE up-
take may be amenable to treatment with PRRT ([177Lu]Lu-DOTATATE; Lutathera) [29,30].
[11C]C-choline and [68Ga]Ga-DOTATATE have been shown to have comparable detection
rates for mCRPC [31].

There are several major limitations of our study. One major drawback of our study
is the relatively small patient population for both mCRPC and NePC, with a total of
16 patients, including two with NePC. Additionally, this small group was heterogeneous in
the Gleason grading and maintenance therapy prior to imaging with [68Ga]Ga-DOTATATE.
All patients were maintained on ADT prior to [68Ga]Ga-DOTATATE PET-CT, but some
patients were also maintained on oral agents or platinum chemotherapy. However, despite
such a small and heterogeneous group of patients and lesions, we were able to identify dif-
ferences in [68Ga]Ga-DOTATATE uptake between the two groups and correlate uptake with
outcomes. An additional limitation is that pathological confirmation was not available for
most lesions and focal transformation to neuroendocrine differentiation was not able to be
systemically evaluated. Moreover, this study was a feasibility study and was not powered
to correlate [68Ga]Ga-DOTATATE uptake to outcomes or neuroendocrine transdifferentia-
tion. Additionally, there was no correlative molecular imaging performed on these patients
such as with [68Ga]Ga PMSA-11 (Locametz®) or [18F]F PSMA DCFPyL (Pylarify®). This
lack of correlative imaging limits the ability to further characterize potential transformation
to neuroendocrine prostate cancer, as these typically have low PSMA uptake. Finally, it
is not known if there is an optimal temporal point after beginning systemic therapy to
discriminate either neuroendocrine transdifferentiation or clinical outcomes.
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[68Ga]Ga-DOTATATE PET provides high contrast images that are able to identify
both mCRPC and NePC lesions. This study suggests that simple evaluation with SUVmax
may provide prognostic information to the treating physician and allow them to guide
treatment accordingly. Further investigation with larger data sets is needed to confirm
these preliminary findings and to further establish optimal [68Ga]Ga-DOTATATE PET
imaging parameters.
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Simple Summary: Prostate specific membrane antigen (PSMA) is a transmembrane protein that is
highly expressed in prostate cancer cells. For patients with metastatic castration-resistant prostate
cancer (mCRPC) who do not respond to conventional treatment, PSMA targeting radiopharmaceutical
therapy (RPT) has recently been in the spotlight. [177Lu]Ludotadipep is a novel PSMA-targeting
therapeutic agent designed with an albumin motif in order to increase the circulation time and uptake
in the tumors. The safety and efficacy of [177Lu]Ludotadipep were evaluated through a phase I trial.

Abstract: [177Lu]Ludotadipep, which enables targeted delivery of beta-particle radiation to prostate
tumor cells, had been suggested as a promising therapeutic option for mCRPC. From November
2020 to March 2022, a total of 30 patients were enrolled for single dose of [177Lu]Ludotadipep RPT,
6 subjects in each of the 5 different activity groups of 1.9 GBq, 2.8 GBq, 3.7 GBq, 4.6 GBq, and 5.6 GBq.
[177Lu]Ludotadipep was administered via venous injection, and patients were hospitalized for three
days to monitor for any adverse effects. Serum PSA levels were followed up at weeks 1, 2, 3, 4, 6, 8,
and 12, and PSMA PET/CT with [18F]Florastamin was obtained at baseline and again at weeks 4
and 8. The subjects required positive PSMA PET/CT prior to [177Lu]Ludotadipep administration.
Among the 29 subjects who received [177Lu]Ludotadipep, 36 treatment emergent adverse events
(TEAEs) occurred in 17 subjects (58.6%) and 4 adverse drug reactions (ADRs) in 3 subjects (10.3%).
Of the total 24 subjects who had full 12-week follow-up data, 16 (66.7%) showed decrease in PSA
of any magnitude, and 9 (37.5%) showed a decrease in PSA by 50% or greater. A total of 5 of the
24 patients (20.8%) showed disease progression (PSA increase of 25% or higher from the baseline)
at the 12th week following single dose of [177Lu]Ludotadipep. These data thus far suggest that
[177Lu]Ludotadipep could be a promising RPT agent with low toxicity in mCRPC patients who have
not been responsive to conventional treatments.

Keywords: metastatic castration-resistant prostate cancer; lutetium-177; PSMA; radiopharmaceu-
tical therapy

1. Introduction

Prostate cancer is the second most common cancer type in males; it is the leading
cause of cancer death for men in the United States and the fifth leading cause of death for
men in Republic of Korea [1]. Prostate cancer progresses relatively slowly, but biochemical
recurrence occurs in about 35% of patients within 10 years after radical prostatectomy [2]. In
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the initial stage, androgen deprivation therapy is the primary treatment, but after duration
of 18 months, only 75% of patients respond to the treatment with the rest converting
to castration-resistant prostate cancer (CRPC) [3]. If CRPC is left untreated, the median
survival is less than 12 months [4]. Distant metastases have been found in 84% of patients
with CRPC, and one third of patients without distant metastases developed bone metastases
within 2 years [5].

Prostate specific membrane antigen (PSMA) is a protein that is overexpressed in
prostate cancer cells. It has a synergistic correlation with disease progression, and is
recognized as a biomarker for diagnosis and treatment of prostate cancer [6]. PSMA protein
has enzymatic activity that hydrolyzes N-acetyl-aspartyl-glutamate (NAAG) substrate
in vivo to produce N-acetylaspartate and glutamate. A compound chemically modified to
prevent degradation of NAAG, the in vivo substrate of PSMA, could become a substance
that can specifically target PSMA [7]. Compounds based on glutamate-urea-lysine (GUL)
structure are being studied for diagnosis and treatment of prostate cancer [8], and in
particular compounds bound with radioisotopes are showing great promise.

Lutetium-177 is a radioactive isotope that emits high energy beta-type particles with
the ability to destroy tumor cells. It has a half-life of 6.7 days and a beta energy of
490 keV. The amount of radiation reaching the surrounding normal tissue is relatively
small due to the short tissue penetration range of maximum 1.6 mm, and makes Lutetium-
177 a suitable radioisotope for therapeutic purposes [9]. Survival gains and patient benefits
such as delayed time-to-skeletal-event and pain control were reported following RPT with
the most widely studied [177Lu]Lutetium-PSMA-617 [10,11], and this radiopharmaceuti-
cal was approved by the FDA for patients with mCRPC who progressed after androgen
deprivation therapy and taxane based chemotherapy.

Numerous studies have explored various PSMA targeting compounds for diagnos-
tic and therapeutic purposes [12,13]. In order to overcome the short circulation time
of the small molecule based [177Lu]Lutetium-PSMA-617, a compound was developed
with an albumin motif to increase the circulation time and thus the total tumor uptake,
[177Lu]Ludotadipep, which is also based on the GUL structure. Preclinical treatment effect
of this novel radiopharmaceutical on prostate cancer were published earlier [14]. High
binding affinity and extended blood circulation time of the compound were observed and
showed the potential as an effective RPT. In this prospective, phase I trial, we aimed to
investigate the safety and efficacy of [177Lu]Ludotadipep, a novel radiopharmaceutical, in
patients with mCRPC unresponsive to standard treatment.

2. Materials and Methods

2.1. [177Lu]Ludotadipep

[177Lu]Ludotadipep (Figure 1) is a novel PSMA inhibitor labeled with Lu-177 and
is characterized by a 4-iodophenyl butanoic group that can bind with albumin, allowing
it to stay in the blood for a considerable time and be available longer to be taken up
more in prostate cancer cells. [177Lu]Ludotadipep was diluted with 0.9% NaCl 5 mL and
slowly injected intravenously over 10 min, with 0.9% NaCl slowly administered for 90 min
from 30 min before administration of [177Lu]Ludotadipep to 60 min after administration.
[177Lu]Ludotadipep was manufactured and supplied from a GMP site (FutureChem, Seoul,
Republic of Korea).

2.2. PSMA PET/CT

PSMA PET/CT was performed at screening (baseline), and again at the 4th and
8th weeks after [177Lu]Ludotadipep RPT using the diagnostic radiopharmaceutical [18F]
Florastamin [15]. At 110 min after intravenous injection of 370 ± 37 MBq of [18F]Florastamin
(FutureChem, Seoul, Korea), PET/CT images were acquired. A focal uptake higher than
the background level that was not associated with physiologic uptake or known pitfall was
defined as positive.
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Figure 1. Structure of [177Lu]Ludotadipep tested in phase I clinical trial. [177Lu]Lutetium (III)2,2′,2′ ′-
(10-((4S,20S,24S)-20,24,26-tricarboxy-15-(carboxymethyl)-4-(4-(4-(4-iodophenyl)butanamido)butyl)-
2,5,14,22-tetraoxo-9,12-dioxa-3,6,15,21,23-pentaazahexacosyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetate.

2.3. Study Method

This was a prospective, single center, phase I open label study testing single adminis-
tration of a radiopharmaceutical. Patients were required to have an Eastern Cooperative
Oncology Group (ECOG) performance status score of 2 or lower. Subjects were screened
with PSMA PET/CT for lesions showing PSMA-RADS 4 or 5 [16]. Five groups of up
to six subjects were administered once with [177Lu]Ludotadipep at doses of 1.9 GBq,
2.8 GBq, 3.7 GBq, 4.6 GBq, and 5.6 GBq. The dose was increased sequentially if two or less
out of six subjects were confirmed with dose limiting toxicity (DLT). The subjects were
hospitalized for three days following the administration of [177Lu]Ludotadipep to monitor
for any immediate adverse effect.

Serum prostate specific antigen (PSA) levels were tested 1, 2, 3, 4, 6, 8, and 12 weeks
after administration of [177Lu]Ludotadipep and compared with the baseline PSA measure-
ments. We reviewed the occurrence of adverse events at the relevant time points in the
outpatient clinics. At four and eight weeks after administration, the PSMA PET/CT was
repeated for qualitative and quantitative comparison of the metastatic lesions.

2.4. Outcomes

The primary outcome was the DLT, defined as on common terminology criteria for
adverse events (CTCAE) v5.0: grade 4 thrombocytopenia (platelet level < 25 × 109/L),
grade 4 neutropenia (absolute neutrophil count, ANC < 0.5 × 109/L), grade 3 febrile
neutropenia (ANC < 1.0 × 109/L with a body temperature exceeding 38.3 ◦C on at least
1 occasion or a body temperature above 38.0 ◦C persisting for 1 h), or grade 3 to 4 non-
hematological toxicity resulting from [177Lu]Ludotadipep that lasts more than five days.
The maximum tolerated dose (MTD) for phase II was to be determined based on incidence
of the DLT.

The secondary outcomes included (1) safety evaluation based on symptoms, physical
examinations, and laboratory tests; (2) PSA level assessment; and (3) imaging assessment
based on PSMA PET/CT.

2.5. Statistical Analysis

Statistical analyses were performed using SAS software version 9.4 (SAS institute,
Cary, NC, USA). Demographic information, safety assessment, efficacy analyses based
on PSA responses, and PET/CT findings are described from all subjects who received
[177Lu]Ludotadipep. DLT assessment was carried out in those who completed the follow
up scheme. Median ± standard deviation (SD) are described for continuous parameters.
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2.6. Ethical Statement

This study was approved by Seoul St. Mary’s Hospital Institutional Review Board (IRB
no. KC20MDSF0483) and the Korean Ministry of Food and Drug Safety (KMFDS). Written
informed consent was obtained from all subjects, and the study was in compliance with the
Helsinki Declaration and local regulations. (ClinicalTrials.gov Identifier: NCT04509557).

3. Results

3.1. Patient Characteristics

From November 2020 to March 2022, 42 men with mCRPC in whom disease had pro-
gressed after standard treatments were recruited for screening, and 12 men were excluded
since they did not meet the inclusion/exclusion criteria (n = 6), withdrew consent (n = 2),
or for other causes (n = 4; such as COVID19 quarantine). 30 patients were enrolled and
29 received [177Lu]Ludotadipep (1 subject found to deviate from the inclusion/exclusion
criteria after enrollment). A total of 24 subjects completed the follow-up protocol, while
5 patients withdrew after administration of [177Lu]Ludotadipep (1 withdrawal of consent;
4 at the discretion of the investigator for other treatments including one subject admitted
for treatment of COVID19 infection). Participants for the higher [177Lu]Ludotadipep dose
group were recruited after the DLT was confirmed from two or less of six subjects in a
given dose group.

Mean age was 72.7 ± 8.1 years, and the mean PSA level prior to treatment was
681.3 ± 1139.9 ng/mL. The baseline characteristics of the 29 subjects who received the
investigational RPT are shown in Table 1.

Table 1. Baseline characteristics.

Characteristics N = 29

Age (years) 72.7 ± 8.1
Time from prostate cancer diagnosis (months) 67.0 ± 50.8

ECOG Performance Status
0 26 (89.6%)
1 3 (10.34%)

PSA (ng/mL) 681.3 ± 1139.9
Gleason Score

3 + 4 2 (6.9%)
4 + 3 2 (6.9%)
4 + 4 9 (31.0%)
4 + 5 9 (31.0%)
5 + 4 5 (17.2%)
5 + 5 2 (6.9%)

Bone metastasis 28 (96.6%)
Lymph node metastasis 18 (62.1%)

Liver metastasis 4 (13.8%)
Lung metastasis 5 (17.2%)

Radical prostatectomy 16 (55.2%)
Radiation Therapy 7 (24.1%)

Prior Systemic Treatment
Androgen deprivation therapy only 7 (24.1%)

Docetaxel 3 (10.3%)
Abiraterone 7 (24.1%)

Enzalutamide 1 (3.4%)
Docetaxel then enzalutamide 4 (13.8%)

Docetaxel then abiraterone 3 (10.3%)
Degarelix then androgen deprivation therapy 1 (3.4%)
Abiraterone then docetaxel then enzalutamide 3 (10.3%)
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3.2. Treatment Related Toxicity

Adverse events attributed to [177Lu]Ludotadipep are shown in Table 2.

Table 2. Adverse events (AEs) depending on doses.

AEs/Dose
1.9 GBq 2.8 GBq 3.7 GBq 4.6 GBq 5.6 GBq
(N = 6) (N = 6) (N = 6) (N = 6) (N = 5)

Hematologic
Neutropenia 0 0 0 0 0

Febrile neutropenia 0 0 0 0 0
Anemia 1 (16.7%) 0 1 (16.7%) 0 1 (20.0%)

Thrombocytopenia 0 0 0 0 0
Non-hematologic

Anorexia 0 1 (16.7%) 1 (16.7%) 0 1 (20.0%)
Dyspnea 0 0 0 0 0
Fatigue 0 0 0 0 0
Nausea 1 (16.7%) 1 (16.7%) 1 (16.7%) 0 2 (40.0%)

Stomatitis 0 0 0 0 0
Vomiting 0 0 0 0 0

Weight loss 0 0 0 0 0
Constipation 0 0 0 1 (16.7%) 1 (16.7%)
Xerostomia 1 (16.7%) 1 (16.7%) 1 (16.7%) 1 (16.7%) 2 (20.0%)

Total 24 subjects had full DLT assessment (4 from 1.9 GBq, 6 from 2.8 GBq, 6 from
3.7 GBq, 5 from 4.6 GBq, and 3 from 5.6 GBq group). No DLT occurred at any level of the
5 tested dose groups.

The treatment emergent adverse events (TEAEs) according to system organ class
(SOC) and preferred term (PT) are also shown in Table 3. Among the 29 subjects, 36 TEAEs
occurred in 17 subjects (58.6%) including 5 events that occurred in 4 subjects (66.7%) in
the 1.9 GBq group, 3 events that occurred in 2 subjects (33.3%) in the 2.8 GBq group,
6 events that occurred in 3 subjects (50.0%) in the 3.7 GBq group, 9 events that occurred in
4 subjects (66.7%) in the 4.6 GBq group, and 13 events that occurred in 4 subjects (80.0%)
in the 5.6 GBq group. In terms of severity, most of the TEAEs were grade 1 (29/36 events)
or grade 2 (5/36 events). Two out of 36 TEAEs were grade 3, and they were not serious
adverse events (SAE) and not related to the [177Lu]Ludotadipep administration. A single
SAE was reported by one subject in the [177Lu]Ludotadipep 5.6 GBq group (asthenia), but
it was considered not related to the [177Lu]Ludotadipep administration and the severity
was grade 1.

Adverse drug reactions (ADRs) according to SOC and PT are shown in Table 4. A
total four ADRs occurred in three subjects, including one event that occurred in one subject
each in the 1.9 GBq and 3.7 GBq groups and two events that occurred in one subject in the
2.8 GBq group. No ADR occurred in the [177Lu]Ludotadipep 4.6 GBq and 5.6 GBq groups.
In terms of severity, most of the ADRs were grade 1 (3/4 events) or grade 2 (1/4 events),
and all were recovered (one recovering). No serious ADR was reported in any of the
dose groups.

There were no adverse event or ADR leading to withdrawal from the study or
death in any of the dose groups. Overall summary of TEAEs and ADRs are shown in
Supplementary Tables S1 and S2.

3.3. Laboratory Changes

There were no significant changes in the serum hemoglobin (Hb), leukocyte, platelet,
absolute neutrophil counts (ANC), and sodium levels (Supplementary Table S3) before and
after the administration of [177Lu]Ludotadipep.

41



Cancers 2022, 14, 6225

Table 3. Treatment emergent adverse events (TEAEs) according to system organ class (SOC) and
preferred term (PT).

Total 29 Subjects

Subjects with TEAEs, n(%) [number of events] 17(58.6) [36]
Gastrointestinal disorders 6(20.7) [8]

Nausea 5(17.2) [5]
Constipation 2(6.9) [2]

Hematochezia 1(3.5) [1]
Blood and lymphatic system disorders 3(10.3) [3]

Anemia 3(10.3) [3]
Laboratory investigations 3(10.3) [3]

Alanine aminotransferase increased 1(3.5) [1]
Aspartate aminotransferase increased 1(3.5) [1]

Platelet count decreased 1(3.5) [1]
Metabolism and nutrition disorders 3(10.3) [3]

Decreased appetite 3(10.3) [3]
Nervous system disorders 3(10.3) [3]

Headache 2(6.9) [2]
Dizziness 1(3.5) [1]

General disorders and administration site
conditions

2(6.9) [3]

Edema peripheral 1(3.5) [2]
Asthenia 1(3.5) [1]

Psychiatric disorders 1(3.5) [2]
Insomnia 1(3.5) [2]

Injury, poisoning and procedural complications 1(3.5) [1]
Procedural pain 1(3.5) [1]

Musculoskeletal and connective tissue disorders 2(6.9) [1]
Bone pain 1(3.5) [1]
Arthralgia 1(3.5) [1]

Renal and urinary disorders 1(3.5) [1]
Dysuria 1(3.5) [1]

Reproductive system and breast disorders 1(3.5) [1]
Scrotal pain 1(3.5) [1]
Dry mouth 6(20.7) [6]

Skin and subcutaneous tissue disorders 1(3.5) [1]
Dermatitis 1(3.5) [1]

Table 4. Adverse drug reactions (ADRs) according to SOC and PT.

Total 29 Subjects

Subjects with ADRs, n(%) [number of events] 3(10.3) [4]
Gastrointestinal disorders

Nausea 2(6.9) [2]
Metabolism and nutrition disorders

Decreased appetite 1(3.5) [1]
Skin and subcutaneous tissue disorders

Dermatitis 1(3.5) [1]

3.4. PSA Response

The detailed PSA levels at weeks 1, 2, 3, 4, 6, 8, and 12 after [177Lu]Ludotadipep
administration are shown in Supplementary Table S4. At 12 weeks, the 1.9 GBq and
2.8 GBq groups showed increases of 15.15 and 5.00 ng/mL in median absolute PSA levels,
respectively, compared to baseline. In the 3.7 GBq and higher dose groups, decrease in
median PSA level was observed compared to the baseline values. Among the dose groups,
the 5.6 GBq treated group had the greatest drop in the median absolute PSA level of
87.00 ng/mL from baseline to 12 weeks.
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Figure 2 shows waterfall plot for percentage change of each subject’s best PSA response.
Supplementary Figure S1 shows spider plots for PSA levels from baseline to 1, 2, 3, 4, 6, 8,
and 12 weeks after [177Lu]Ludotadipep administration.
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Figure 2. Waterfall plots by administered dose showing percentage change of best PSA response per subject.

Of the total 24 patients with full set of follow-up data for 12 weeks, 16 (66.7%) showed
any decrease in PSA, 12 (50%) showed a decrease of PSA by more than 30%, and 9 (37.5%)
showed a decrease in PSA by more than 50%. Overall, 5 out of 24 patients (20.8%) showed
disease progression (25% or greater increase in PSA from the baseline) at the end of the
study at the 12th week following [177Lu]Ludotadipep administration.

3.5. Radiological Assessment

Three sets of PSMA PET/CT images, at baseline, 4 weeks and 8 weeks after [177Lu]
Ludotadipep administration were available in a total of 25 subjects. Mean (SD) of peak
standardized uptake values corrected for lean body mass (SULpeak) measured from PSMA
PET/CT at baseline were 16.2 (12.0), 24.4 (22.0), 10.3 (5.9), 17.5 (11.9), and 20.1 (18.1) in the
[177Lu]Ludotadipep 1.9 GBq, 2.8 GBq, 3.7 GBq, 4.6 GBq, and 5.6 GBq groups, respectively.
The mean SULpeak in the Week 4 and Week 8 PET/CT images decreased compared to
baseline in all dose groups (Supplementary Figure S2). However, in the [177Lu]Ludotadipep
1.9 GBq and 5.6 GBq groups, the week 8 PSMA PET/CT SULpeak drops were not greater
than the week 4 drops.

No patient demonstrated complete response on either week 4 or week 8 PSMA PET/CT
after single administration of [177Lu]Ludotadipep. However, on week 8 PSMA PET/CT,
14 (56%) subjects had partial response and 10 subjects (40%) had stable disease (SD). One
subject demonstrated progression on imaging. The overall objective response rate (ORR)
was 40% at week 4 and 56% at week 8. The overall disease control rate (DCR) was 92% at
week 4 and 96% at week 8 according to PSMA PET/CT findings. A case of a subject who
received 3.7 GBq of [177Lu]Ludotadipep is shown in Figure 3, and another case of a subject
who received 4.6 GBq is shown in Figure 4.
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Figure 3. A case of a subject showing PSA response to [177Lu]Ludotadipep. (a,d) Baseline [18F]Florastamin
PSMA PET/CT maximum intensity projection (MIP) and fused axial images with multiple bone and
lymph node metastases. (b,c) PSMA PET/CT MIP images at four and eight weeks after administration of
[177Lu]Ludotadipep showing decreased tumor burden. (e,f) Axial fused PSMA PET/CT images at four
and eight weeks show decreased uptake in metastatic lesion in the thoracic vertebra. The patient’s PSA
decreased from 6.36 to 2.00 ng/mL at 8 weeks.

Figure 4. A case of a subject showing response to [177Lu]Ludotadipep. (a,c,e) Baseline [18F]Florastamin
PSMA PET/CT MIP, fused axial and sagittal images. (b,d,e) PSMA PET/CT images four weeks after
administration of [177Lu]Ludotadipeps (a,b) MIP images show decreased tumor burden in the bone lesions
and lymph nodes. (c,d) Axial fused PSMA PET/CT images show marked regression of left supraclavicular
lymph node and bone metastases. (e,f) Sagittal PSMA PET/CT images show decreased uptake in the
spine lesions.
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4. Discussion

[177Lu]Ludotadipep is a novel radiopharmaceutical based on the chemical structure
of GUL (glutamate-urea-lysine), and is composed of relatively hydrophilic residues. It
has a 4-iodophenyl butanoic group that interacts with serum albumin to elongate the
circulation time of the compound and subsequently increase the uptake of the therapeutic
radiopharmaceutical by prostate cancer cells.

Following single cycle of [177Lu]Ludotadipep, PSA drop of 50% or greater was seen in
9 out of 24 subjects with full 12 weeks of follow-up data. In the TheraP trial, 66% of the
patients showed PSA response after up to 6 cycles of [177Lu]Lu-PSMA-617 RPT [10]. In the
VISION Trial, the patients received 4 to 6 cycles of [177Lu]Lu-PSMA-617 and PSA decrease
of 50% or greater was seen in 46.0%, compared to the rate of 7.1% in the standard care alone
group [11]. In this study, any decrease in PSA was noted in 12 of 14 (85.7%) subjects in
the 3.7 to 5.6 GBq dose groups, and the overall radiological disease control rate was 96%
on week 8 PSMA PET/CT. In this phase I study, the administered radiopharmaceutical
activity was lower than the TheraP and VISION trials (doses of 6.0 to 8.5 GBq, and 7.4 GBq,
respectively), and only single cycle rather than repeated cycles was tested. At all visits,
the proportion of subjects showing PSA decrease was higher in the [177Lu]Ludotadipep
3.7 to 5.6 GBq groups than in the [177Lu]Ludotadipep 1.9 GBq and 2.8 GBq groups. Our
results suggest favorable control rates compared to other early phase trials of novel PSMA
targeting radiopharmaceuticals [17,18]. Though direct comparison with [177Lu]Lu-PSMA-
617 or other radiopharmaceuticals is not possible at this early stage, favorable PSA and
PSMA PET/CT responses support further trials with repeated cycles of higher doses of
[177Lu]Ludotadipep.

As with [177Lu]Lu-PSMA-617 [19], [177Lu]Ludotadipep showed mostly renal clear-
ance. Detailed biodistribution and dosimetry analyses for [177Lu]Ludotadipep are on-
going for publication, and show kidneys and bone marrow to be the critical organs for
[177Lu]Ludotadipep. The serum creatinine levels did not show difference after adminis-
tration, and no TEAEs or ADRs related to kidney injury occurred in this study. Grade 3
to 5 renal effects were comparable in the [177Lu]Lu-PSMA-617 plus standard care group
and standard care alone group (3.4% and 2.9%) in the VISION trial [11]. Though the inci-
dence may not be high, nephrotoxicity was also observed after treatment with [177Lu]Lu-
Octreotate [20], and kidney damage should be monitored and investigated in upcoming
clinical trials. Marrow suppression was observed with [177Lu]Lu-PSMA-617 [11], but it
could also be a manifestation in patients with extensive bone metastases in advanced
prostate cancer. Longer follow-up of TheraP population did not raise additional safety
issues [21]. Though severe marrow suppression did not develop during the 12 weeks of
testing in this study, possibly due to the lower administered activity of the radiopharma-
ceutical, caution would be mandatory following higher activity RPT and with patients
demonstrating high tumor burden in the skeletal lesions.

As could be expected from the high salivary gland uptake in the PSMA PET/CT
images, xerostomia was the most frequent non-hematologic side effect in this study, though
serum amylase level was not checked for the diagnosis. Previous studies have shown high
uptake of the [177Lu]Lu-PSMA-based radiopharmaceuticals by the salivary glands [8,22]. A
recent study showed that mild xerostomia occurred in 2 out of 56 patients after 3 to 4 cycles
of treatment but spontaneously resolved before 3 months [23] and was recoverable [24],
and applying external cooling with ice packs may reduce the salivary gland uptakes [25]. It
is necessary to learn how to further reduce xerostomia for futureapplications.

The lack of data on long-term safety, survival outcomes, and changes in patient reported
bone pain or performance are among the limitations of this study, and will be addressed in
future trials. In this pilot study of single cycle of [177Lu]Ludotadipep, antitumor effects were
observed in majority of the subjects. Phase II clinical trial with repeated cycles are ongoing,
and the safety profile and therapeutic effect will be further assessed.
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5. Conclusions

[177Lu]Ludotadipep led to PSA drop of 50% or greater in 37.5% of subjects with
mCRPC after single administration, and showed no serious treatment-related side effects.
[177Lu]Ludotadipep has the potential to be an effective option for mCRPC patients who have
not responded to previous treatments, and phase II study of multi-cycle [177Lu]Ludotadipep
RPT is ongoing.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cancers14246225/s1, Supplementary Table S1: Overall summary of TEAEs;
Supplementary Table S2: Overall summary of ADRs; Supplementary Table S3: Change in hemoglobin,
leukocyte, platelet, ANC; Supplementary Table S4. The PSA levels at Week 1, 2, 3, 4, 6, 8, and 12 after
[177Lu]Ludotadipep administration; Supplementary Figure S1: Spider plots for PSA level Week 1, 2, 3, 4,
6, 8, 12 after [177Lu]Ludotadipep administration; Supplementary Figure S2: Waterfall plots of percent
changes in SULpeak on PSMA PET/CT (a) at Week 4 after [177Lu]Ludotadipep administration, and (b) at
Week 8.
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Abstract: Prostate cancer is the second most common form of cancer in men and the fifth leading
cause of death among men worldwide. Men with metastatic castration-resistant prostate cancer
(mCRPC) often have BRCA-1 or BRCA-2 gene mutations which can make them sensitive to poly-
(ADP-ribose) polymerase inhibitors or PARP inhibitors (PARPi), such as Olaparib, Rucaparib, and
Niraparib. Although significant advances have been made with PARPi and the prognosis of patients
with mCRPC has improved dramatically, resistance often constitutes a challenge that frequently
results in tumor escape. This present communication paper explores the role of PARPi in BRCA-
positive prostate cancer and sheds light on numerous published and ongoing clinical trials that will
determine the future of PARPi at various tumor stages as a monotherapy or polytherapy regime.

Keywords: prostate cancer; BRCA; PARP; treatment; resistance; inhibitors

1. Introduction

Prostate cancer is the second most common form of cancer in men and the fifth leading
cause of death among men worldwide. In 2020 alone, about 1.4 million new cases of
prostate cancer were reported globally, accounting for 7.3% of all malignancies in males.
The incidence of prostate cancer varies greatly from country to country, especially amongst
countries with a high HDI (human development index) and those with a low HDI (37.5
and 11.3 per 100,000, respectively). Geographically, Europe accounts for more than a third
of all registered prostate cancer cases, followed by Asia (24%), Northern America (19%),
Latin America and the Caribbean (14%) and Africa (4%) [1]. It is predicted that for every 14
years of life, the prevalence of cancer doubles with age, and this proves to be one of the
most significant prognostic factors for determining the prevalence of prostate cancer [2].
Furthermore, patients over 65 years old experience an independently higher predictive risk
of mortality from prostate cancer [3]. In terms of mortality, the Caribbean has the highest
death rate (27.9 per 100,000), while South-Central Asia has the lowest death rate (3.1 per
100,000) [1].

Despite the high incidence rates of prostate cancer worldwide, most cases are iden-
tified at an early stage, thus drastically affecting the overall survival rate. Men with a
diagnosis of prostate cancer in the US are predicted to have a 5-year survival rate of 98% (all
SEER—Surveillance, Epidemiology and End Result stages combined), which rises to almost
100% when the disease is diagnosed at an early stage (localized and regional stages) [4].
The data from the EUROCARE-5 study revealed a life expectancy of fatal cases for patients
with prostate cancer aged 65–74 years of 7.7 years, with an overall 5-year survival rate in
Europe of 83% [5].

Carcinogenesis is a complex multistage and multistep molecular cascade triggered
either by the activation of oncogenes or by the suppression of tumor suppression genes.
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These genes are responsible for controlling genome stability, cellular proliferation, and
apoptosis. Among those controlling genomic stability, BRCA-1 and BRCA-2 genes are of
considerable importance. These tumor suppressor genes are involved in the homologous
repair of the double-stranded breaks. Mutations in these BRCA genes can cause genomic
instability that leads to the transformation of non-cancerous cells into cancer cells [6].

The type of BRCA mutation that an individual has can play an important role in
choosing a personalized and efficient treatment [6]. BRCA-1 is an 1863 amino-acids-long
protein with approximately 300 mutations that have been described to date [7]. These
mutations predispose an individual to breast, ovarian, and prostate cancer, as well as cancer
of the GI tract. The BRCA-2 protein on the other hand, is made of 3418 amino acids, with
more than 1800 mutations that have been detected so far. As with BRCA-1 mutations,
BRCA-2 mutations are mainly linked to breast, ovarian, and prostate cancer. However
other malignancies, such as melanoma, pancreatic, gallbladder, bile duct, and stomach
cancers, should also be taken into consideration [6].

2. Methods

For the purposes of this narrative review, we carried out a MEDLINE search for all
articles published in the English language using the following terms: “BRCA” and “prostate
cancer” and “therapy” or “PARP inhibitor“ from January 2014 through November 2022.
Relevant articles were searched in the American Society of Clinical Oncology (ASCO) and
the European Society for Medical Oncology (ESMO) annual meetings. We also used relevant
data from the American Cancer Society (ACS) website. A total of 144 articles were retrieved
and checked for inclusion. From these 144 articles, we deemed 22 articles to be fit for
inclusion in the present study (the exclusion of papers was based on insufficient data, papers
describing prostate cancer with negative BRCA gene mutation, or lack of clarity about the
status of BRCA gene mutation, and other review papers). Trial data was obtained from the
U.S. National Library of Medicine’s clinicaltrial.gov website (https://clinicaltrials.gov/;
accessed 10 January 2023).

3. PARP Inhibitors (PARPi)

Back in 1995, the spread of prostate cancer to the regional lymph nodes was considered
end-stage, and radiation was administered, since the function of the PSA (prostate specific
antigen) was not yet well understood. With few systemic treatment options available,
mitoxantrone was mostly used, a chemotherapy drug for the treatment of androgen inde-
pendent (hormone refractory) metastatic prostate cancer. The drug gave patients a median
survival of fewer than six months [8]. As a result, there have been significant changes in
the way that localized prostate cancer is treated, with advancements having taken place
in all aspects of therapeutic care. More recently, poly-ADP-ribose polymerase (PARP)
inhibitors have dramatically improved the prognosis of patients with metastatic prostate
cancer carrying BRCA genes abnormalities. The accumulation of DNA lesions has also
been observed to result in a considerable rise in PARP levels in the cells, thereby providing
evidence for a crucial role for PARP in DNA repair. When single-stranded DNA breaks
occur, base excision repair (BER) is performed by the PARP [9]. The most well-known
member of this family of enzymes, PARP-1, is essential for identifying and repairing DNA
breaks. When single strand DNA damage is localized, PARP-1 produces poly-ADP-ribose
(PAR) and transfers it to acceptor proteins, after which it brings in additional crucial repair
enzymes to the damaged DNA spot [10].

Numerous studies have revealed a high correlation between advanced prostate cancer
and common deleterious germline mutations in DNA damage repair (DDR) genes, which
established the rationale for using PARP inhibitors to treat this condition. Inhibiting
PARP should increase the susceptibility of malignant cells to chemotherapy and other
therapeutics, since tumor cells with DDR gene mutations depend largely on PARP to repair
DNA breaks and mismatches [10]. PARPi act by blocking the enzymes’ ability to catalyze
reactions and by binding the PARP on DNA at the locations of single-strand breaks [11].
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Due to their synthetic lethality, PARP inhibitors are the first-line treatment indicated for the
treatment of mCRPC (metastatic castration-resistant prostate cancer) [11].

4. PARPi Clinical Trials

Men with mCRPC often have BRCA-1 or BRCA-2 mutations, which can make them
sensitive to poly-(ADP-ribose) polymerase inhibitors or PARP inhibitors (PARPi) [12].
PARP inhibitors are, hence, being investigated in numerous clinical trials for prostate
cancer, either as a monotherapy or as a component of combination therapy (Table 1).

Table 1. Clinical trials investigating PARP inhibitors for prostate cancer.

Clinical Trial Phase Intervention Condition/Disease
Recruitment

Status
ClinicalTrials.gov

Identifier

BRCAAway II Olaparib mCRPC and
DNA-Repair Defects Recruiting NCT03012321

COMRADE I/II Olaparib + Ra 223 dichloride mCRPC Recruiting NCT03317392

GALAHAD II Niparib
mCRPC and
DNA-Repair
Anomalies

Active, not
recruiting NCT02854436

IMANOL II Olaparib after docetaxel mCRPC Completed NCT03434158

LuPARP I Olaparib + 177Lu-PSMA in
mCRPC mCRPC Recruiting NCT03874884

MAGNITUDE III
Niraparib + Abiraterone Acetate +

Prednisone vs. Abiraterone
Acetate + Prednisone

mCRPC Active, not
recruiting NCT03748641

NCT02893917 II Olaparib + Cediranib vs.
Olaparib monotherapy mCRPC Active, not

recruiting NCT02893917

NCT03263650 II Olaparib after Cabazitaxel +
Carboplatin AVPC Active, not

recruiting NCT03263650

NCT03338790 II Rucaparib + Nivolumab +
Docetaxel or Enzalutamide mCRPC Active, not

recruiting NCT03338790

NCT03516812 II Olaparib + Testosterone CRPC Active, not
recruiting NCT03516812

NCT03572478 I/II Rucaparib + Nivolumab
mCRPC and

metastatic
Endometrial Cancer

Terminated due to
lack of efficacy NCT03572478

NCT03834519 III
Olaparib + Pemprolizumab vs.

Abiraterone Acetate or
Enzalutamide

mCRPC Active, not
recruiting NCT03834519

NCT03840200 I Rucaparib + Ipatasertib
Advanced prostate,

breast, ovarian
cancer

Completed NCT03840200

NCT04019327 I/II Talazoparib + Temozolamide Prostate cancer Recruiting NCT04019327
NCT04824937 II Talazoparib + Telaglenastat mCRPC Not yet recruiting NCT04824937
NCT04846478 I Talazoparib + Tazemetostat mCRPC Recruiting NCT04846478

NiraRad IB Niraparib + Radium-223 mCRPC Completed NCT03076203

PLATI-PARP II Rucaparib +
Carboplatin + Docetaxel

mCRPC with
homologous

recombination DNA
repair anomalies

Recruiting NCT03442556

ProFOUND III Olaparib vs. Enzalutamide or
Abiraterone Acetate mCRPC Active, not

recruiting NCT02987543

PROpel III Olaparib + Abiraterone mCRPC Active, not
recruiting NCT03732820

QUEST I/II Niraparib Combination Therapies mCRPC Active, not
recruiting NCT03431350

RAMP I RUCAPARIB + other
anticancer agents mCRPC Active, not

recruiting NCT04179396
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Table 1. Cont.

Clinical Trial Phase Intervention Condition/Disease
Recruitment

Status
ClinicalTrials.gov

Identifier

TALAPRO-1 II Talazoparib

Metastatic
Castration Resistant
Prostate Cancer and

DNA-Repair
Anomalies

Active, not
recruiting NCT03148795

TALAPRO-2 III Talazoparib + Enzalutamide vs.
Enzalutamide Monotherapy mCRPC Active, not

recruiting NCT03395197

TOPARP A II Olaparib Advanced prostate
cancer Unknown -

TOPARP B II Olaparib mCRPC and DDR
alterations Unknown NCT01682772

TRAP II Olaparib + AZD6738 mCRPC Active, not
recruiting NCT03787680

TRITON 2 II Rucaparib mCRPC Completed NCT02952534

TRITON 3 III Rucaparib mCRPC Active, not
recruiting NCT02975934

Note—mCRPC (metastatic Castration-resistant prostate cancer); AVPC (aggressive-variant prostate cancer); CRPC
(castration-resistant prostate cancer); DDR (DNA damage response).

The first PARP inhibitor authorization took place on 15 May 2020 (Figure 1). Rubraca®

had been granted FDA approval. Its effectiveness was examined by the TRITON 2
(NCT02952534) clinical trial, which included 115 patients with BRCA-mutated (germline
and/or somatic) mCRPC who had received androgen receptor-directed treatment and
taxane-based chemotherapy. Rucaparib showed potential benefit in individuals with
mCRPC and a germline or somatic BRCA or other DDR gene mutation; 43.9% of these
patients experienced an objective response, and 52% reported a documented PSA response.
Rucaparib’s safety profile was comparable with earlier reports in cases of ovarian and
prostate cancer [13].

 

Figure 1. PARP inhibitors approved for the treatment of mCRPC across the globe.

In the ProFOUND study, men with mCRPC who had disease progression despite
hormonal treatment were included. This phase III randomized, open-label clinical trial
included a total of 387 patients who were divided into two cohorts of 245 patients (cohort A)
with BRCA-1, BRCA-2, or ATM mutations and 142 patients (cohort B) having all other DDR
gene alterations. Subjects were divided in a 2:1 ratio to take either Olaparib or prednisolone
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and an AR signaling inhibitor (enzalutamide or abiraterone) as part of the control group.
The primary endpoint was progression-free survival that was proven radiologically. Cohort
A had a median duration of overall survival of 19.1 months with Olaparib compared to
the control group, which had a median overall survival of 14.7 months (hazard ratio for
death, 0.69; 95% confidence interval [CI], 0.50 to 0.97; p = 0.02). In cohort B, the median
survival was 14.1 months with Olaparib and 11.5 months with the control therapy. In the
overall population (cohorts A and B), the corresponding durations were 17.3 months and
14.0 months, respectively. Overall, 66% of the subjects in the control group crossed over to
receive Olaparib (56 of 83 patients [67%] in cohort A). A sensitivity analysis that adjusted
for crossover to Olaparib showed hazard ratios for death of 0.42 (95% CI, 0.19 to 0.91) in
cohort A, 0.83 (95% CI, 0.11 to 5.98) in cohort B, and 0.55 (95% CI, 0.29 to 1.06) in the overall
population. Based on the initial findings, the Food and Drug Administration (FDA), in May
of 2020, approved Olaparib for mCRPC patients with deleterious HR gene mutations with
disease progression following therapy with androgen receptor-signaling inhibitors [14].

A phase II trial called GALAHAD is currently being conducted on 165 patients with
mCRPC, 81 of whom had germline mutations (46 BRCA and 35 non-BRCA), and 47% of
whom had organ metastases. A total of 300 mg of Niraparib was administered once a day to
patients who were included in this trial and whose mCRPC cancer has progressed despite
receiving taxane-based chemotherapy and an AR signaling inhibitor as first-line therapy.
When compared to patients without BRCA mutations, the findings showed that patients
with BRCA-1 or BRCA-2 mutations had a composite rate of 63% whereas those without
BRCA mutations had a CRR of 17% [15]. Trials including GALAHAD, MAGNITUDE, and
QUEST continue to assess the effectiveness and safety of niraparib in patients with mCRPC
and DDR mutations [16]. It is significant to highlight that, whereas the TRITON-1 and
ProFOUND studies investigated patients with mono- and bi-allelic mutations, respectively,
the GALAHAD study validated patient eligibility with bi-allelic mutations [17].

TALAPRO-1 was an open-label, phase II trial that assessed the efficiency of Talazoparib
against mCRPC cancer. Eligibility criteria included men at the age of 18 years old or above,
with progressive mCRPC and mono- or bi-allelic alterations of the DDR-HR genes, who
received chemotherapy (taxane) and one or more NHT (enzalutamide, abiraterone or both).
Eligible individuals received oral Talazoparib (1 mg daily). From October 18, 2017, to March
20, 2020, 128 individuals were recruited, from whom 127 got at least one dose of Talazoparib,
and 104 exhibited soft-tissue disease. After 16.4 months, the odds ratio was 29.8% (31/104
patients). The most frequent side effects were anemia (31%), thrombocytopenia (9%) and
neutropenia (8%). These results are very convincing and demonstrate a high anti-tumor
efficacy for men with mCRPC with DDR-HR gene mutations [18].

The safety profile of PARP inhibitors in patients with mCRPC is of insignificant
difference to that in patients with other solid tumors. The most often reported adverse
events include fatigue, gastrointestinal side effects, and myelosuppression. The most
frequent adverse effects, according to the ProFOUND trial, were nausea (41%), anemia
(46%), and fatigue (41%). The drug dosage was reduced in 22% of the patients because of the
side effects. Anemia, which occurs approximately in 22% of the cases, is the most frequent
adverse effect, according to the GALAHAD and TRITON2 trials [15]. Myelodysplastic
syndrome may be linked to PARP inhibitors in combination therapy, according to Nitecki
et al., however, this complication is rare. There was no related hepatic or renal impairment,
despite frequent elevations in alanine transaminase (ALT), aspartate transaminase (AST),
and creatinine [19].

5. Resistance to PARPi

Although PARPi are very effective in everyday clinical practice, the increasing ap-
plication of these medications in clinical settings has brought up the problem of PARPi
resistance [20]. Multiple mechanisms for resistance have been proposed. Firstly, the
restoration of homologous recombination (HR) may occur through a variety of different
events, including intragenic mutations or the reversion of the epigenome that activates the
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open reading frame, thereby restoring the functionality of BRCA-1 or BRCA-2 proteins.
Additionally, HR could also be recovered by other DNA repair-related proteins, such as
p53-binding protein 1 (53BP1). This protein collaborates with BRCA-1 in balancing the HR
and blocks the CtIP-mediated DNA end resection, which promotes DNA repair towards
non-homologous end joining (NHEJ). When this protein is under-expressed in the cells
that lack BRCA, it draws RAD51 and restores HR. The RAD51 protein is crucial to HR
restoration, since it is placed on single and double-stranded DNA with the help of BRCA-2
to create a nuclease-resistant filament that, thus, encourages HR and PARPi resistance [21].

Secondly, an upregulation of ATP-binding cassette (ABC) transporters, which can be
caused by the overexpression of the respective genes, is shown to increase the drug efflux
and thus reduce the amount of the drug available intracellularly [22]. Thirdly, the accumu-
lation of unrepaired single stranded breaks and the slowed progression of replication forks
are significant causes of cell death, and PARPi capacity for PARP trapping exemplifies this.
Recent research has shown that the emergence of PARPi resistance is functionally related
to the suppression of PARP trapping activity [23]. In tumor samples that were resistant
to PARPi, a mutation in PARP-1 (R591C) was frequently noted, which was connected to a
decreased PARP-1 trapping action on DNA. In addition, the PAR glycohydrolase (PARG)
enzyme participates in PARP-1 trapping action by reverting PARylation to avoid poly-ADP-
ribose (PAR) buildup. Loss of the PARG causes cells that have been exposed to PARP to
accumulate PAR, which is then used to restore PARP-1-dependent DNA damage signaling.
PARP-1 trapping activity is hence reduced, which ultimately leads to PARPi resistance [20].

Fourthly, in halted replication fork protection, BRCA-1 and BRCA-2 genes play a
crucial role. The nucleases MRE1164 and MUS8165 can target replication forks that have
stalled in tumor cells with BRCA1 or BRCA-2 deficiency, thus leading to fork collapse and
chromosomal abnormalities as a result. Some nucleases that can stabilize the replication fork
act as a mechanism to prevent DNA replication fork disintegration when PARPi resistance
develops. Particularly, the activity of EZH2 (enhancer of zeste 2 polycomb repressive
complex 2 subunit) and PTIP (PAX transcription activation domain interacting protein
1-like) at the fork are suppressed in the BRCA-1 or BRCA-2 deficient cells, thereby reducing
the recruitment of nucleases and promoting fork protection. Since it is known that PARPi
causes unprotected replication forks to degrade, enhanced replication fork stabilization
creates resistance to PARPi. Resistance to PARPi can also be mediated by several molecular
signaling mechanisms controlling cell division. By being able to stimulate the PARP-
1 enzymatic activity (by phosphorylation), the proto-oncogene mesenchymal-epithelial
transition tyrosine kinase lowers the binding capacity of the PARPi. A considerable increase
in the PI3K/AKT pathway has also been seen after using PARPi, which has the added
benefit of promoting cell growth and proliferation. Lastly, the activation of the ATM/ATR
pathway is also related to PARPi resistance. It serves as a crucial step in the DNA damage
response pathway because it may attract DNA repair complexes by phosphorylating
histone H2A. Inhibiting this route might be a future tactic to combat PARPi resistance,
because it results in HR restoration [20].

6. PARPi and Immunotherapy

There is mounting evidence that immune checkpoint inhibitors and PARP inhibitors
work synergistically. The programed death ligand-1 (PD-L1) plays a role in tumor immuno-
suppression and is activated in prostate cancer. Thus, suppression of the PD-L1 may enable
efficient T-cell activation against cancerous cells. Additionally, PARP inhibition leads to the
higher expression of PD-L1 in cells that express BRCA-2 in low amounts. Many ongoing
clinical trials combine PARP inhibitors with PD1 blockers, such as pembrolizumab and
nivolumab, and PD-L1 blockers, such as durvalumab. According to Karzai et al., mCRPC
patients who received a combination of Olaparib and Durvalumab experienced a PSA
drop of over 50% in most of the cases, with the median radiographic progression-free
survival being 16.1 months as opposed to 4.8 months for those who did not have DDR
abnormalities [24].
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7. Conclusions

The PARP inhibitors are emerging as very useful treatment modalities in the manage-
ment of prostate tumors caused by mutations in the HR system. Their use is associated with
positive effects, including prolonged survival rates in patients with BRCA-1 or BRCA-2
gene mutations. However, the growing usage of PARP inhibitors in clinical practice sheds
light on a rising clinical problem characterized by increasing resistance. There is a need
for future studies investigating biomarkers other than BRCA to predict the efficacy of
PARP inhibitors, given that the current clinical trials assess the utility and applicability of
combination therapy in circumventing PARPi resistance.
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Abstract: Nowadays, in the case of suspected prostate cancer (PCa), tissue needle biopsy remains the
benchmark for diagnosis despite its invasiveness and poor tolerability, as serum prostate-specific
antigen (PSA) is limited by low specificity. The aim of this proteomic study was to identify new
diagnostic biomarkers in urine, an easily and non-invasively available sample, able to selectively
discriminate cancer from benign prostatic hyperplasia (BPH), evaluating whether the presence of
inflammation may be a confounding parameter. The analysis was performed by two-dimensional gel
electrophoresis (2-DE), mass spectrometry (LC-MS/MS) and Enzyme-Linked Immunosorbent Assay
(ELISA) on urine samples from PCa and BPH patients, divided into subgroups based on the presence
or absence of inflammation. Significant quantitative and qualitative differences were found in the
urinary proteomic profile of PCa and BPH groups. Of the nine differentially expressed proteins, only
five can properly be considered potential biomarkers of PCa able to discriminate the two diseases, as
they were not affected by the inflammatory process. Therefore, the proteomic research of novel and
reliable urinary biomarkers of PCa should be conducted considering the presence of inflammation as
a realistic interfering element, as it could hinder the detection of important protein targets.

Keywords: prostate cancer; benign prostatic hyperplasia; diagnostic biomarkers; proteomics;
urine; inflammation

1. Introduction

To date, prostate cancer (PCa) is the second most common male malignancy, according
to the estimated number of incident cases worldwide [1]. An increase in the number of
new cases is expected in the coming years [2]. Rising incidence is secondary to longer life
expectancy, population preventive strategies, and serum prostate-specific antigen (PSA)
screening [3]. Presently, PCa appears as the fifth most common global cause of death from
cancer in men [4]. Survival is 88% at 5 years after diagnosis and is increasing over time [5].
The pathogenesis of PCa is multifactorial due to the interaction of different risk factors, such
as age, geographic area, familiarity, lifestyle, environmental agents, and genetic factors [6],
while its etiology is not yet fully understood.

Current screening strategies for PCa diagnosis include prostatic digital rectal exami-
nation (DRE) and PSA measurement. However, neither can reliably differentiate a benign
prostate condition from a cancerous one. PSA is an organ-specific and not a tumor-specific
marker. A high PSA level can also be found in other non-malignant prostate conditions,
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such as benign prostatic hyperplasia (BPH) or prostatitis [7], and after prostate instrumen-
tation or cystoscopy. Therefore, at present, the diagnostic gold standard is prostate needle
biopsy (PBx), which is performed following an abnormal DRE and/or PSA. Unfortunately,
this is an invasive technique associated with various side effects. Furthermore, about
two-thirds of biopsies performed following elevated PSA were unneeded [8], underscoring
the low specificity of this marker, which can lead to over-diagnosis of PCa and unnecessary
treatment [9].

Hence, there is a pressing need for selective and noninvasive biomarkers for an
accurate diagnosis and management of PCa. In this regard, urine is one of the most
attractive biofluids in clinical proteomics, as it can be collected non-invasively, easily,
inexpensively and in the large amount [10]. Moreover, compared to other biological
specimens, such as plasma and serum, urine has a quite simple composition, as it contains
a relatively lower number of proteins. This characteristic is a great advantage in the
proteomic analysis [11]. Beyond urine, another encouraging and emerging strategy to
deepen the knowledge of PCa is liquid biopsy, as it represents the tumor microenvironment,
thus allowing overall information for the disease diagnosis, prognosis, monitoring and
treatment [12]. In this regard, it has recently been reported that BRCA germline mutations
have important implications in assessing the risk of developing PCa, as well as in the
prognosis and treatment of the disease, proving their relevance in the clinical setting [13].

In the last few years, growing numbers of promising biomarkers have been described
for different urological tumors, such as bladder cancer, renal cell carcinoma, and PCa, by
urine-based proteomics studies [14,15]. Therefore, this approach could have the potential
to limit tissue biopsy sampling, thus reducing the number of patients undergoing PBx.

Inflammation is an inherent and important component of cancer disease, with a sub-
stantial impact on studies aimed at the discovery and validation of biomarkers. Despite
its crucial aspect, inflammation is frequently overlooked in most cancer biomarker stud-
ies [16,17]. Notably, our prior proteomic study conducted on serum samples from PCa and
BPH patients has focused on the presence of inflammation, demonstrating that it can be a
confounding parameter for protein biomarker discovery [18].

In the present study, new potential urinary diagnostic biomarkers of PCa were
searched by two-dimensional gel electrophoresis (2-DE) associated with mass spectrometry
analysis (LC-MS/MS). Significantly, the urinary proteomic profiles of PCa and BPH were
compared, considering the presence or absence of inflammation.

2. Materials and Methods

2.1. Patients Selection and Classification

Patient enrollment was conducted at the Urology Department of the University Hospi-
tal Policlinico di Modena (Italy). All procedures followed in the study were approved by
the Provincial Ethics Committee of Modena, Italy (Project identification code 57/08). The
enrolled subjects provided written informed consent to participate in the study, which was
conducted according to the ethical principles of the Helsinki Declaration (2013, last edition).

Inclusion criteria were age between 58 and 81 years, elevated serum PSA, and palpable
lesions on DRE in patients who underwent PBx. Exclusion criteria were the presence of sys-
temic diseases, renal disorders, diabetes, proteinuria from a routine clinical laboratory test,
significant clinical events occurring within 6 months of enrollment, hormonal treatment,
radiotherapy, and chemotherapy.

Patients with histopathologic diagnosis of PCa and BPH were included in the study
in two separate groups: the PCa group (comprising all patients diagnosed with PCa)
and the BPH group (comprising all patients diagnosed with BPH) [19]. Each group was
further divided into two subgroups considering the absence or presence of inflammation,
assessed during histological examination by the occurrence of pathological infiltration of
the prostatic tissue by inflammatory cells, namely aggregations of lymphocytes and plasma
cells. All slides were stained with hematoxylin and eosin (H&E) and were re-reviewed and
graded by a pathologist according to the 2014 Modified Gleason System [20]. Therefore, the
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urinary proteome analysis was performed on six groups: (1) all cases of PCa (PCa group,
n = 30), (2) PCa without inflammation (noI-PCa group, n = 10), (3) PCa with inflammation (I-
PCa group, n = 20), (4) all cases of BPH (BPH group, n = 30), (5) BPH without inflammation
(noI-BPH group, n = 11), and (6) BPH with inflammation (I-BPH group, n = 19).

2.2. Urinary Samples Preparation

Morning urine samples (10 mL, midstream) were collected before the biopsy. After
centrifugation (800× g, 4 ◦C, 10 min) to remove any cellular debris and contamination, they
were stored in aliquots at −80 ◦C for proteomic analysis. Urine samples were then pooled
for each group (4 mL/pool), desalted, and concentrated to a final volume of 100/120 μL
with Desalting Spin Columns (cut-off 3 kDa MW, Amicon Ultra-4, Merck Millipore, Milan,
Italy) following the manufacturer’s instructions.

2.3. Proteins Quantification

Protein content from each concentrated pool was quantified by the Bradford method [21]
using the Protein Assay Dye Reagent (Bio-Rad Laboratories, Hercules, CA, USA) and
bovine serum albumin (Sigma-Aldrich, Milan, Italy) as colorimetric reagent and calibration
standard, respectively. Optical density (OD) reading was performed at 595 nm using a
microplate reader (MultiskanTM FC, Thermo Fisher Scientific, Waltham, MA, USA).

2.4. Proteomic Analysis

The 2-DE analysis was performed on concentrated urinary pools. The proteins of each
group (80 μg) were solubilized with rehydration buffer (6 M urea, 2 M thiourea, 4% 3-[(3-
Cholamidopropyl)-dimethylammonio]-propane-sulfonate, CHAPS, 25 mM dithiothreitol,
0.2% ampholytes) and subjected to the first-dimension separation using 17 cm Immobilized
pH Gradient strips (IPG strip, Bio-Rad Laboratories, Hercules, CA, USA), narrow pH
range 4–7, and 8–16% polyacrylamide gradient gels in the second-dimension separation, as
previously fully described [18].

After 2-DE, gels were stained with a silver nitrate protocol [22], then the gel images
were acquired by a calibrated densitometer (series GS-800, Bio-Rad Laboratories, Hercules,
CA, USA). The PDQuest 2-D Image analysis software program, version 7.3.1 (Bio-Rad
Laboratories, Hercules, CA, USA) (accessed on 4 May 2022), was used to evaluate the
spot intensity as OD (mean value) × area (mm2). The difference in protein expression
(fold-change) among the groups was obtained by the ratio between the values of spot
intensity: variations ≥ 1.5 were considered statistically significant.

The different spots were manually removed from the gels and subjected to “in-gel
trypsin digestion” for subsequent protein identification by LC-MS/MS, using a 1200 Nano
HPLC/Chip microfluidic device (Agilent Technologies Inc., Santa Clara, CA, USA) as-
sociated with a 6520 Accurate-Mass ElectroSprayIonization-Quadrupole-Time-of-Flight
mass spectrometer (ESI-Q-ToF, Agilent Technologies Inc., Santa Clara, CA, USA), as previ-
ously described [22]. Triptych digests were first resuspended in 10 μL of 3% acetonitrile
(ACN)/0.1% formic acid (FA), then MS analysis was performed at a flow rate of 0.4 μL/min
with a mobile phase composed of 95% ACN/5% water/0.1% FA, using a Chip enrichment
column (Zorbax C18, 4 mm × 5 μm i.d., Agilent Technologies Inc., Santa Clara, CA, USA)
and a separation column (Zorbax C18, 43 mm × 75 μm i.d., Agilent Technologies Inc., Santa
Clara, CA, USA), with nitrogen as the nebulizer gas.

Protein characterization was performed using the SwissProt database and the search
engine Mascot MS/MS Ion Search (accessed on 13 May 2022), specifying the following
parameters: species Homo sapiens (Human), two possibilities of trypsin failure, peptide
tolerance ± 20 ppm, MS/MS error tolerance ± 0.1 Da, carbamidomethylation of cysteines
as fixed modifications and methionine oxidation as variable modifications.
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2.5. Enzyme-Linked Immunosorbent Assay (ELISA)

The commercial Human Prostaglandin D Synthase (Lipocalin-Type) ELISA kit (BioVen-
dor, TEMA Ricerca S.r.l., Castenaso, BO, Italy) It was used to validate and quantify
Prostaglandin-H2 D-isomerase (PTGDS) in urine samples of patients from the four sub-
groups. Diluted urine samples (1:100) were analyzed in duplicate following the manufac-
turer’s recommendations. The absorbance of the final product was measured at 450 nm
using a microplate reader (Multiskan FC, Thermo Fisher Scientific), and protein concentra-
tion was calculated from a standard curve generated by the stock solution furnished with
the kit.

2.6. Statistical Analysis

The patient’s age and PSA levels are reported as the median. Total protein content in
each group and PTGDS concentrations are provided as mean ± standard deviation (SD).
The statistical analysis was carried out using the parametric Student’s t-test, considering
p-values ≤ 0.05 as statistically significant.

3. Results

3.1. Histological Examination

PCa was characterized by atypical glands or nests of irregular epithelial cells with
amphophilic cytoplasm, enlarged hyperchromatic nuclei, and prominent nucleoli. BPH
was diagnosed when were observed increases in epithelial and/or stromal cells and typical
nodular and expansive growth without evidence of atypia. PCa and BPH patients were
stratified into 4 subgroups based on the absence or presence of inflammation, determined
by the presence of inflammatory cells infiltrating the prostate tissue. Representative H&E
slides for the different tissue conditions are shown in Figure 1.

Figure 1. Representative histological slides displaying the different tissue conditions for the four
subgroups: (a) noI-PCa; (b) I-PCa; (c) noI-BPH; (d) I-BPH.

3.2. Clinical Data

The median age of the enrolled patients was 68 years (range 59–73) for the PCa group
and 68 years (range 59–81) for the BPH group, denoting no significant differences between
the two groups, as well as among the relative subgroups. Within noI-PCa, five patients
showed Grade Group (G) < 7 and 5 patients G ≥ 7. Within I-PCa, nine patients showed
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G < 7, and 11 cases showed G ≥ 7. PSA values were significantly higher in PCa vs. BPH
(p = 0.03) and in noI-PCa vs. noI-BPH (p = 0.02) (Table 1).

Table 1. Clinical data of selected patients.

Groups
Age (Years)

Median (Range)
Grade Group

PSA (ng/mL)
Median (Range)

PSA Comparisons

PCa (n = 30)
68 G < 7 (n = 14) 5.80 PCa vs. BPH, p = 0.03

(59–73) G ≥ 7 (n = 16) (0.80–34.36)

noI-PCa (n = 10)
68.5 G < 7 (n = 5) 5.95 noI-PCa vs. noI-BPH, p = 0.02

(62–73) G ≥ 7 (n = 5) (4.49–34.00)

I-PCa (n = 20)
67 G < 7 (n = 9) 5.49 I-PCa vs. I-BPH, p > 0.05

(59–73) G ≥ 7 (n = 11) (0.80–34.36) I-PCa vs. noI-PCa, p > 0.05

BPH (n = 30)
68 - 3.60

(59–81) - (0.20–25.00)

noI-BPH (n = 11)
67 - 3.65

(59–77) - (0.20–6.80)

I-BPH (n = 19)
69 - 3.60 I-BPH vs. noI-BPH, p > 0.05

(60–81) - (0.40–25.00)

Statistical analysis was performed by Student’s t-test (p ≤ 0.05 is considered statistically significant).

3.3. Protein Concentration

The spectrophotometric quantification of urinary protein content is illustrated in
Table 2. PCa groups showed a significantly lower total protein concentration than BPH
groups, regardless of inflammation (PCa vs. BPH, p < 0.001; noI-PCa vs. noI-BPH, p ≤ 0.05;
I-PCa vs. I-BPH, p ≤ 0.05). When comparing the same group with and without inflam-
mation, total protein content was found to be significantly higher in I-BPH vs. noI-BPH
(p ≤ 0.05), while the result was not significantly different in Pca (p > 0.05).

Table 2. Protein concentration of urinary pools.

Groups
Concentration

(μg/μL)
Group Comparisons p-Value

Pca 1.57 ± 0.48 Pca vs. BPH p < 0.001
noI-Pca 1.74 ± 0.49 noI-Pca vs. noI-BPH p ≤ 0.05

I-Pca 1.49 ± 0.26 I-Pca vs. I-BPH p ≤ 0.05
I-Pca vs. noI-PCa p > 0.05

BPH 4.06 ± 0.57
noI-BPH 2.72 ± 0.34

I-BPH 4.77 ± 1.22 I-BPH vs. noI-BPH p ≤ 0.05
Protein content is expressed as mean ± SD. Statistical analysis was performed by Student’s t-test.

3.4. Proteomic Comparisons

The urinary protein maps obtained by 2-DE analysis for each group are shown in
Figure 2.

3.4.1. Urinary Protein Expression in PCa and BPH Regardless Inflammation

The comparison of the urinary proteomic profiles of PCa and BPH, regardless of the
presence or absence of inflammation, showed 18 differentially expressed protein spots,
corresponding to 9 unique proteins. Specifically, three spots, two of which related to
Alpha-1-microglobulin (AMBP1 and AMBP2), and one identified as Ganglioside GM2
activator (SAP3) were increased in PCa (Figure 2a) compared to BPH (Figure 2b). In the
same comparison, 15 spots resulted decreased: Alpha-1-antichymotrypsin (spots AACT1

and AACT2), Alpha-1-beta-glycoprotein (A1BG), Serotransferrin (TRFE), six isoforms of
Alpha-1-antitrypsin (A1AT1-A1AT6), two spots recognized as Haptoglobin (HPT1 and
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HPT2), two spots corresponding to Apolipoprotein A1 (APOA11 and APOA12), and
Transthyretin (TTHY).

Figure 2. Representative urinary 2D gels; (a) PCa group (all PCa patients with and without inflam-
mation); (b) BPH group (all BPH patients with and without inflammation); (c) noI-PCa group (PCa
patients without inflammation); (d) noI-BPH group (BPH patients without inflammation); (e) I-PCa
group (PCa patients with inflammation); (f) I-BPH group (BPH patients with inflammation). The
significantly different spots are enclosed in rectangles, and in panels (a–c,f) are included the protein
entry names, corresponding to those reported in Table 3. AMBP, Alpha-1-microglobulin; SAP3,
Ganglioside GM2 activator; AACT, Alpha-1-antichymotrypsin; A1BG, Alpha-1-beta-glicoprotein;
TRFE, Serotransferrin; A1AT, Alpha-1-antitrypsin; HPT, Haptoglobin; APOA1, Apolipoprotein A1;
TTHY, Transthyretin; PTGDS, Prostaglandin-H2 D-isomerase; HEMO, Hemopexin.
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Table 3. Urinary proteins identified by ESI-Q-ToF-MS/MS analysis.

Entry
Name a Protein Name b Acc.

No. c
MW

(Da) d

Fold-Change of Protein Expression e

PCa vs. BPH e1 noI-PCa vs.
noI-BPH e2

I-PCa vs.
noI-Pca e3

I-BPH vs.
noI-BPH e4

AMBP1 Alpha-1-microglobulin P02760 39,886 +4.40 +2.39 −1.51 −2.28
AMBP2 Alpha-1-microglobulin P02760 39,886 +2.06 +2.70 −1.64 −1.83
SAP3 Ganglioside GM2 activator P17900 21,281 +3.80 +2.18 −1.53 −2.09

AACT1 Alpha-1-antichymotrypsin P01011 47,792 −7.91 −5.39 −1.77 +4.23
AACT2 Alpha-1-antichymotrypsin P01011 47,792 −1.50 / −2.78 +3.99
A1BG Alpha-1-beta-glicoprotein P04217 54,790 −5.44 −2.60 +4.50 +6.69
TRFE Serotransferrin P02787 79,294 −2.18 ND ND +2.14

A1AT1 Alpha-1-antitrypsin P01009 46,878 −6.02 / / +2.19
A1AT2 Alpha-1-antitrypsin P01009 46,878 −6.31 −1.91 +2.11 +6.35
A1AT3 Alpha-1-antitrypsin P01009 46,878 −2.57 ND +1.75 +2.53
A1AT4 Alpha-1-antitrypsin P01009 46,878 −1.50 ND +1.86 /
A1AT5 Alpha-1-antitrypsin P01009 46,878 −10.90 −2.55 +3.56 +10.3
A1AT6 Alpha-1-antitrypsin P01009 46,878 −2.32 −2.30 +10.8 +1.61
HPT1 Haptoglobin P00738 45,861 −3.34 / +2.27 +2.16
HPT2 Haptoglobin P00738 45,861 −2.02 / +1.61 +3.11

APOA11 Apolipoprotein A1 P02647 30,759 −6.67 / ND /
APOA12 Apolipoprotein A1 P02647 30,759 −10.40 −3.68 ND /

TTHY Transthyretin P02766 15,991 −3.45 / ND +3.46

PTGDS Prostaglandin-H2
D-isomerase P41222 21,243 ND +6.53 −2.79 /

HEMO Hemopexin P02790 52,385 ND ND ND +2.52
a Protein entry names from UniProtKB database (all with extension -HUMAN), corresponding to those reported
in proteins maps (Figure 2); b Protein complete names; c Protein accession number from UniProtKB database;
d MW, theoretical molecular weight (Da, Dalton); e Fold-change of protein expression among groups, (+) increased
expression, (−) decreased expression in e1 PCa vs. BPH, e2 noI-PCa vs. noI-BPH, e3 I-PCa vs. noI-PCa, e4 I-BPH vs.
noI-BPH. ND: protein spot not detectable. (/): not significant comparison (<1.5).

3.4.2. Urinary Protein Expression in Specimens without Inflammation

Similar to the previous comparison, AMBP1, AMBP2, and SAP3 were overexpressed,
while AACT, A1BG, A1AT, and APOA1 were decreased in noI-PCa (Figure 2c) vs. noI-BPH
(Figure 2d). Otherwise, no expression difference was revealed for HPT and TTHY, while
TRFE was not detectable. Noteworthy, a novel spot was significantly detected in noI-PCa,
identified as PTGDS.

3.4.3. Urinary Protein Expression in PCa with and without Inflammation

AMBP1, AMBP2, SAP3, AACT1 and AACT2 spots were decreased, while A1BG, A1AT
and HPT were increased in I-PCa (Figure 2e) vs. noI-PCa (Figure 2c). TRFE, APOA1, and
TTHY were not detectable. Remarkably, PTGDS was found to be downregulated in the
presence of inflammation.

3.4.4. Urinary Protein Expression in BPH with and without Inflammation

AMBP1, AMBP2 and SAP3 were decreased, while AACT, A1BG, TRFE, A1AT, HPT,
and TTHY resulted in an increase in I-BPH (Figure 2f) compared to noI-BPH (Figure 2d).
APOA1 and PTGDS showed no significant expression difference. Additionally, a new
protein spot, identified as Hemopexin (HEMO), was revealed only in I-BPH.

The values of fold-change in expression obtained by each comparison are reported
in Table 3, as well as the complete list of proteins identified by LC-MS/MS analysis. All
proteins presented the highest ion scores obtained with the MASCOT search engine (rang-
ing from 2686 to 51), indicating the observed correspondence between the experimental
data and the theoretical data. Moreover, the number of significant sequences, that is, the
number of significant peptides that matched the identified proteins, were at least >2, and
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the protein coverage, namely the percentage of amino acids sequenced for each detected
protein, ranged from a minimum of 13% up to 66%.

In addition, were pointed out the main functions of each protein (Figure 3). As
evidenced, most of the detected proteins (64%) were acute-phase proteins (APPs). However,
these proteins play other roles, including antioxidant, radical scavenging, and tissue repair
(AMBP), proteolysis (AACT, A1AT), antioxidant and antibacterial activity (HPT), iron
binding and transport (TRFE), hormone binding and transport (TTHY), heme and metal
ion binding (HEMO). Other proteins (36%) were involved in further biological actions,
namely lipid transport (SAP3), steroid metabolism and cholesterol transport (APOA1),
binding of lipophilic molecules and scavenging of harmful hydrophobic constituents
(PTGDS), as inferred by the UniProtKB and The Human Protein Atlas databases (accessed
on 30 May 2022).

Figure 3. Principal roles of the differentially expressed proteins. The majority (64%) were acute-phase
response proteins (APPs) involved in various biological processes, while the others (36%) were
proteins with similar or different molecular functions.

3.5. PTGDS Quantification by ELISA

The urinary concentration of PTGDS was significantly higher in noI-PCa
(1156.8 ± 276.2 ng/mL) compared to: I-PCa (595.6 ± 338.3 ng/mL) (p = 0.03), noI-BPH
(712.6 ± 285.8 ng/mL), (p = 0.02) and I-BPH (593.2 ± 229.3 ng/mL) (p = 0.05) (Figure 4).
Conversely, no significant differences were found between I-PCa and I-BPH, and I-BPH vs.
noI-BPH (p > 0.05).

Figure 4. PTGDS quantification by ELISA. Protein concentrations are expressed as mean ± SD.
Significant comparisons are highlighted by connecting lines, each showing the p-value obtained by
Student’s t-test (p ≤ 0.05 are considered as statistically significant).
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4. Discussion

Currently, the gold standard for the detection of clinically significant PCa is MRI-
targeted or standard transrectal prostate biopsy [23]. Serum PSA lacks the specificity to
discriminate between benign prostatic diseases (such as BPH and prostatitis) and PCa,
being organ rather than cancer-specific [24,25]. Hence, there is a reasonable need for
novel and unambiguous biomarkers of clinical utility for PCa diagnosis, prognosis, and
beneficial treatment strategies [26]. Proteomics proves to be a promising approach for
protein biomarkers discovery aimed at improving the management of PCa patients [27].
Furthermore, samples obtained through non-invasive procedures, such as urine, are a
suitable target for proteomics [28].

In this study, we analyzed the urinary proteome of patients with PCa and BPH,
addressing, for the first time to our knowledge, the role of inflammation as a potential con-
founding element. We revealed both quantitative and qualitative differences in the urinary
protein content between PCa and BPH. Particularly, PCa samples showed a significantly
lower protein content than BPH, regardless of inflammation. This could be due to the
disease-related modifications of the molecular pathways that cause the adjustment of the
metabolic profile observed in PCa and promote the adaptability of the prostate cells to the
cancer microenvironment. According to the literature, the changes occurring in PCa can
affect the entire central metabolism, and it seems that the prostate has a unique metabolism
not found in other types of tissues [29]. When the same disease was compared, taking into
account the presence or absence of inflammation, total protein content was significantly
lower in I-PCa vs. noI-PCa, while resulting in significantly higher in I-BPH vs. noI-BPH. It
is important to underline that inflammation is a pivotal process associated with benign and
malignant prostate diseases [30]. Inflammation activates hyperproliferative systems in BPH
and creates an appropriate microenvironment for cancer growth and progression [31]. Con-
sequently, this study was performed considering the inflammatory process as a common
denominator of both conditions.

Qualitative variations in protein expression were detected by 2-DE and LC-MS/MS
analysis through the comparison among the groups. The comparison of the urinary pro-
teome between PCa and BPH, without taking into consideration the presence/absence of
inflammation, showed nine deregulated proteins in PCa patients. Specifically, AMBP and
SAP3 were found to be upregulated, while AACT, A1BG, TRFE, A1AT, HPT, APOA1 and
TTHY resulted in significantly downregulated. As inflammation can affect potential PCa
biomarkers in proteomic research [18], PCa and BPH were compared, excluding samples
with evident histological signs of inflammation (noI-PCa vs. noI-BPH). In this case, both
AMBP spots and SAP3 were increased in PCa, but only AACT, A1BG, A1AT, and APOA1
were decreased. TRFE was not detectable, while HPT and TTHY showed no significant
expression difference. Remarkably, in the absence of inflammation was identified the
PTGDS protein in PCa samples was not detected in the previous comparison, namely in
PCa and BPH groups regardless of inflammation.

AMBP is an acute phase protein (APP) previously revealed as a promising diagnostic
biomarker for PCa [32]. Moreover, it has already been proven to be a potential biomarker
of other cancer types, such as non-small-cell lung carcinoma [33] and pancreatic cancer [34].
SAP3 is a ganglioside with supported roles in mediating tumor-induced growth and
progression [35] and cancer cell migration, as reported by a proteomic analysis of the breast
cancer secretome [36]. It is proven that, in tumor cells, the expression levels of gangliosides
positively or negatively regulate the signaling of cancer cells, promoting the malignancy
of the disease [37]. SAP3 is also implicated in lipids transport. It is well established that
lipid metabolism has a key role in PCa progression due to its interactions with androgens
and its close involvement in the interactivity between immune and tumor cells [38]. The
carcinomic prostate tissue becomes dependent on the use of lipids to survive and proliferate;
this could explain the higher expression of SAP3 revealed in PCa vs. BPH. Both AMBP
and SAP3 were found to increase also in our previous proteomic study conducted on
urine samples from PCa patients with different risks of cancer progression [39]. The
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glycoprotein AACT is a serine protease inhibitor involved in the acute phase response
and proteolysis (UniProtKB). Its dysregulation and glycosylation levels are associated
with tumor progression and recurrence [40]. A1BG, another glycoprotein belonging to the
immunoglobulin superfamily, was found overexpressed by proteomics in various forms of
cancer, such as pancreatic ductal adenocarcinoma [41], cervical intraepithelial neoplasia [42]
and bladder cancer [43]. Additionally, A1BG has been found to be associated with tumor
heterogeneity and malignancy in an animal model of breast cancer [44]. Recently, its key
role in tumorigenesis has been confirmed, suggesting that A1BG could be a promising
target for cancer diagnosis, prognosis, and therapy [40]. Regarding A1AT, its high levels
have been positively correlated with unfavorable clinical outcomes in cancer [45]. In
support of our findings, Dong and co-authors reported a close association between urinary
glycoproteins, including A1AT, and an aggressive form of PCa [46]. Furthermore, the
higher expression of APOA1 in BPH versus PCa was previously shown in other proteomic
studies, thus consolidating our current results [9,32,47].

To evaluate the changes induced in the urinary proteome by inflammation, PCa and
BPH with and without inflammation were further compared with each other. In I-PCa vs.
noI-PCa comparison, AMBP, SAP3 and AACT appeared under-expressed, while A1BG,
A1AT and HPT were overexpressed. TRFE was confirmed not detectable, endorsing the
result obtained from the previous comparison (noI-PCa vs. noI-BPH), together with APOA1
and TTHY. On the contrary, PTGDS was found downregulated in I-PCa samples, so it is
reasonable to infer that its detection is sensibly affected by the presence of inflammation.
The ELISA test confirmed this finding, as PTGDS concentration resulted significantly
different only in PCa free of inflammation. Accordingly, PTGDS cannot be considered a
candidate biomarker of PCa due to its influence on inflammation. Besides, in our previous
study, this protein was identified in the urine of PCa patients with low, intermediate, and
high progression risk, so it cannot even be considered an index of tumor aggressiveness [39].
Finally, AMBP, SAP3 and PTGDS were confirmed downregulated, and A1BG, A1AT, and
HPT were proved to be upregulated in I-BPH vs. noI-BPH, like the previous comparison
concerning PCa. Particularly, HPT was found downregulated in the PCa group in the first
comparison (PCa vs. BPH), while the same comparison in the absence of inflammation
was not significant. Then, HPT was found to have a significant increase in both conditions
in the presence of inflammation, so it cannot be a feasible biomarker of PCa but rather a
protein characterizing the urinary proteome of both diseases when present inflammation.
Likewise, high levels of HPT were also evidenced in serum samples from PCa and BPH
in the presence of inflammation [18], strengthening the assumption that this is more
an inflammation-linked protein rather than a disease-associated protein. Peculiarly, the
2 “negative” acute phase proteins TRFE and TTHY, not detectable in previous comparisons,
and HEMO, identified exclusively in this comparison, resulted in an increase in the I-
BPH group. So, we can assume that these proteins could be associated with the benign
disease rather than with the PCa, as well as with the presence of inflammation. Notable,
HEMO, a “positive” APP, was also increased in the serum of BPH patients compared
to PCa patient groups [18]. Moreover, consistent with our results, HEMO was found to
be downregulated in the urine of PCa vs. BPH in a comparative proteomic analysis by
Devalieva et al. [48]. In agreement, it is today widely recognized that high-grade prostatic
inflammation is significantly more common in subjects with BPH rather than in those with
PCa, contributing to the promotion of the disease development [49].

In summary, only five proteins, namely AMBP, SAP3, AACT, A1BG, and A1AT, could
be rightly considered potential PCa biomarkers, as they are not affected by the inflammatory
process. Moreover, they could discriminate cancer from BPH. Some of these proteins have
already been reported in the literature as possible targets of PCa [32,39,46], while others are
thought to be promising biomarkers for different types of malignant diseases [33,34,41–44].
In the future, once validated and endorsed for clinical practice, these new biomarkers could
be proposed as a complementary analysis after a PSA-positive scenario to differentiate
between PCa and BPH. Furthermore, this set of targeted urinary proteins could be com-
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bined in a multi-panel assay to develop a routine diagnostic test for the screening of PCa.
Otherwise, TRFE, TTHY and HEMO were found to be closely associated with inflammation
and BPH rather than cancer, and therefore, they are unlikely candidate biomarkers for PCa.
A similar result was obtained for APOA1, as its expression was linked to BPH. Additionally,
HPT results are primarily related to inflammation in both PCa and BPH and, as such, not a
likely candidate marker of PCa. Finally, PTGDS expression was affected by the presence
of inflammation.

This study has some limitations, including the small sample size in each subgroup. On
the other hand, this is a preliminary proteomic investigation conducted on urine samples
considering, for the first time, the possible interference of inflammation during the search
for protein biomarkers. Future studies with a larger sample size will be needed to validate
these initial results. Secondly, only the most questionable protein, PTGDS, was further
verified/quantified by a complementary method, i.e., the ELISA test, which has the benefit
of being the gold standard procedure to confirm potential protein biomarkers in urine
thanks to its high throughput, simplicity, specificity, and sensitivity [15].

5. Conclusions

Considering the presence of inflammation as a real confounding element, a promising
pattern of diagnostic biomarkers of PCa was identified in urine samples by a proteomic
approach. A reliable urinary profile of PCa-associated protein biomarkers, combined with
clinical and histopathological information, could represent an integrative diagnostic tool
for early cancer screening, ensuring the best selection of patient candidates for biopsy, as
well as enhancing patient stratification or setting up a personalized therapeutic strategy,
with the potential to improve the clinical management of PCa.
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A1AT Alpha-1-antitrypsin
A1BG Alpha-1-beta-glicoprotein
AACT Alpha-1-antichymotrypsin
AMBP Alpha-1-microglobulin
APOA1 Apolipoprotein A1
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APPs Acute phase proteins
BPH Benign prostatic hyperplasia
2-DE Two-dimensional gel electrophoresis
H&E Hematoxylin and eosin stain
HEMO Hemopexin
HPT Haptoglobin
I-BPH BPH group with inflammation
I-PCa PCa group with inflammation
noI-BPH BPH group without inflammation
noI-PCa PCa group without inflammation
PBx Prostate needle biopsy
PCA Prostate Cancer
PSA Prostate-specific antigen
PTGDS Prostaglandin-H2 D-isomerase
SAP3 Ganglioside GM2 activator
TRFE Serotransferrin
TTHY Transthyretin
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Abstract: Purpose: To analyse diagnostic and therapeutic impact of molecular imaging TNM
(miTNM) stage obtained with [18F]DCFPyL versus [18F]F-choline in head-to-head comparison in
biochemical recurrence (BCR) of prostate cancer (PCa). Material and methods: Patients with BCR
of PCa after radical treatment with previous [18F]F-choline-PET/CT (negative or oligometastatic
disease) were recruited to [18F]DCFPyL-PET/CT. Patients were classified according to: grade group,
European Association of Urology classification, PSA, PSA doubling time (PSAdt) and PSA velocity
(PSAvel). The overall detection rate (DR) and miTNM stage according to PROMISE criteria were
assessed for both radiotracers and also correlated (Kappa). The influence of PSA and kinetics on
both PET/CT (DR and miTNM) and predictive value of unfavourable kinetics on miTNM were
determined. Cut-off PSA, PSAdt and PSAvel values able to predict PET/CT results were determined.
Change in miTNM and treatment derived from [18F]DCFPyL information compared with [18F]F-
choline were also evaluated. Results: We studied 138 patients. [18F]DCFPyL showed a higher DR
than [18F]F-choline (64.5% versus 33.3%) with a fair agreement. [18F]DCFPyL and [18F]F-choline
detected T in 33.3% versus 19.6%, N in 27.5% versus 13.8%, and M in 30.4% versus 8.7%. Both
tracers’ DR showed significant associations with PSA and PSAvel. Significant association was only
found between miTNM and PSA on [18F]F-choline-PET/CT (p = 0.033). For [18F]F-choline and
[18F]DCFPyL-PET/CT, a PSAdt cut-off of 4.09 and 5.59 months, respectively, were able to predict M
stage. [18F]DCFPyL changed therapeutic management in 40/138 patients. Conclusions: [18F]DCFPyL
provides a higher DR and superior miTNM staging than [18F]F-choline in restaging BCR, especially
with high PSA and unfavourable PSA kinetics, showing a fair agreement to [18F]F-choline.

Keywords: [18F]DCFPyL; [18F]F-choline; miTNM; PSA level; PSA kinetics; therapeutic impact

1. Introduction

Up to a half of pT2-3 node-negative prostate cancer (PCa) patients experience bio-
chemical recurrence (BCR) after radical prostatectomy (RP) or radiotherapy [1]. Detection
of responsible lesions in the context of a BCR constitutes a major challenge for conventional
imaging modalities such as computed tomography (CT) and bone scan.

PET/CT with choline-based tracers has been the traditional imaging modality of
choice in restaging patients following BCR [2]. However, multiple studies have shown
low sensitivity and specificity, particularly at low prostate-specific antigen (PSA) levels,
which can result in delays in salvage therapies [3,4]. For several years, and due to these
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limitations, the development of radionuclides that recognizes prostate-specific membrane
antigen (PSMA) ligands has been proposed as an alternative, with higher sensitivity and
specificity in BCR of PCa [5]. These “top diagnostic” radiotracers have increased the
detection rate (DR) of oligometastatic disease that has driven recent advancements in
metastasis-directed treatment strategies.

[18F]DCFPyL[2-(3-(1-carboxy-5-[(6-[18F]fluoro-pyridine-3-carbonyl)-amino]-pentyl)-
ureido)-pentanedioic acid] is a radiofluorinated, small-molecule, high-affinity inhibitor
of PSMA [6]. The current restrictions in its use in our environment explain the dual-tracer
diagnostic approach in some cases of BCR, especially in those with a PSA level >2ng/mL
and a previous negative or ambiguous PET/CT with choline-based tracers. Some stud-
ies have addressed utility of 68Ga-tracers PSMA-targeting radiopharmaceuticals and
choline-based tracers in head-to-head comparison [7,8], although no previous reported
experience exists using the newest developed [18F]DCFPyL. On the other hand, if we only
use DR to compare both radiotracers, the real diagnostic potential of PSMA-targeting
radiopharmaceuticals compared with choline-based tracers may be limited. In addition,
differences in therapeutic impact have been scarcely assessed [9].

The Prostate Cancer Molecular Imaging Standardized Evaluation (PROMISE) cri-
teria summarize standards for study design and reporting of PCa molecular imaging.
PROMISE criteria propose a molecular imaging TNM (miTNM) for the interpretation of
PSMA-targeting radiopharmaceuticals PET/CT designed to organize findings in compre-
hensible categories and to promote the exchange of information among physicians and
institutions [10].

The aim of our study was multiple: (i) to analyse the concordance between [18F]DCFPyL
and [18F]F-choline, in head-to-head comparison, regarding DR and miTNM stage using
PROMISE criteria, (ii) to address the predictive value of unfavourable PSA kinetics on
miTNM, and (iii) to assess the therapeutic impact of [18F]DCFPyL compared with [18F]F-
choline-PET/CT in patients with BCR of PCa.

2. Material and Methods

2.1. Patients

Patients with BCR of PCa after radical treatment (RP, radiotherapy or both) were
recruited from different hospitals of our region for re-staging with [18F]F-choline-PET/CT
between August 2020 and December 2021. No patient was under androgen depriva-
tion therapy (ADT). Patients with negative or ambiguous [18F]F-choline-PET/CT, or with
oligometastatic disease, underwent [18F]DCFPyL-PET/CT and were included in a prospec-
tive dataset. We established as oligometastatic disease if there is a presence of ≤ 3 lesions
affecting lymph node (pelvis and/or retroperitoneum) or bone.

[18F]DCFPyL-PET/CT was performed within the context of compassionate use under
the approval of the Spanish Agency of Medication and Health Care Products and after
being approved by a multidisciplinary committee and after receiving patients’ informed
and signed consent. Database registry analysis of patients was approved by an Ethical
Committee (internal code of 2022-53).

The inclusion criteria for the present analysis: (i) time window between both PET/CT
within 2 months and (ii) minimum clinical follow-up of 6 months.

Patients were classified in groups taking into account: grade group (1 to 5) [11],
European Association of Urology (EAU) classification adapted from D’Amico risk cat-
egory (low/intermediate/high) [1], PSA value closest to PET/CTs (PSA ≤ 1 ng/mL,
1 < PSA ≤ 2 and PSA > 2), PSA doubling time (PSAdt)≤ or >6 months and PSA velocity
(PSAvel)≥ or <0.2 ng/mL/month. The initial radical treatment and subsequent salvage
treatment, if previous BCR, were obtained.

2.2. Acquisition Protocol

[18F]F-choline and [18F]DCFPyL PET/CTs were performed in a unique reference hos-
pital and with the same hybrid PET/CT scanner (Discovery 5R/IQ, GE) in 3D acquisition
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mode for 2 min per bed position. Low dose CT (120 kV, 80 mA) without contrast was
performed for attenuation correction and as an anatomical map. There was no fasting
requirement and only a correct hydration previous to both radiotracer administrations was
orally promoted.

The acquisition protocol of both PET/CTs included a standard study from skull to
proximal legs 5–15 min and 100–120 min after [18F]F-choline and [18F]DCFPyL intravenous
administration (activity of 2–4 MBq/Kg and 4–5 MBq/Kg, respectively). We also admin-
istrated diuretic medication before any tracer injection. A delayed study of the pelvis, in
cases with significant urinary bladder retention or doubtful evaluation, was performed
30–60 min after [18F]F-choline and [18F]DCFPyL standard studies.

2.3. Image Analysis and Interpretation

The emission data was corrected for scatter, random coincidence events and system
dead time using the provided software. All [18F]F-choline and [18F]DCFPyL scans were
evaluated in the Advantage Workstation software version 4.7 (GE Healthcare) allowing
review of PET, CT and fused imaging data. Two experienced nuclear medicine physicians
evaluated both scans, and a third observer reviewed them in case of discordances. Any
focal uptake higher than adjacent background, that did not correspond to physiological
uptake, urinary excretion or benign conditions, was considered PET-positive and, thus,
probably disease related.

Lesions identified with both tracers were classified in local recurrence (T), lymph
nodes (N) and metastases (M), using miTNM stage defined by PROMISE criteria [10].

[18F]F-choline or [18F]DCFPyL avid lesions lacking histopathological verification were
rated as malignant if there was a corresponding anatomical finding suspicious for malig-
nancy on MRI or if it was considered clinically malignant in the follow-up by multidis-
ciplinary committee (normalization of the PSA after targeted therapy). Otherwise, these
uptakes were considered false positive. In addition, [18F]F-choline avid lesions without
any correspondence to [18F]DCFPyL-PET/CT were considered false positive in some cases
because of the false positive rate of [18F]F-choline in inflammatory or infectious process
demonstrated in the literature [12].

2.4. Therapeutic Management and Follow-Up

All diagnostic procedures and treatments undertaken, including biopsies, surgeries,
radiotherapy and duration and type of systemic therapy were documented in the follow-up.

Different curative options for BCR are available depending on initial radical treatment.
For patients who underwent RP, prostatic fossa radiotherapy is a possibility for either
positive or negative prostatic fossa disease detection on PET/CT. Pelvic nodal recurrence
can be treated with stereotactic body radiotherapy (SBRT) or surgery. On the other hand,
patients who underwent radical prostate radiotherapy have more limitations for a new
radiotherapy procedure, in case of prostatic radiotracer uptake on PET/CT, except for
brachytherapy, needing a previous histologic confirmation of active disease. Polimetastatic
disease (>3) with extension to the retroperitoneal territory and/or bones is treated with
systemic therapy (ADT) with/without a combination of androgen receptor-axis-targeted
therapies (ARAT) in cases of more extensive disease.

Changes in therapeutic management because of [18F]DCFPyL, compared with [18F]F-
choline-PET/CT information, were assessed. We considered that changes in manage-
ment happened when [18F]DCFPyL-PET/CT modified treatment decision reached after
[18F]F-choline findings. Moreover, the added therapeutic impact of [18F]DCFPyL-PET/CT
over [18F]F-choline-PET/CT (escalation vs. de-escalation) was assessed. Escalation was
defined as locorregional radiotherapy/surgery or ARAT (Abiraterone, Apalutamide or
Enzalutamide) in cases of regional or metastatic disease, respectively, only detected by
[18F]DCFPyL. De-escalation with only follow-up was decided in cases of a negative
[18F]DCFPyL and positive [18F]F-choline, considering that the latter was false positive [12],
or when PET/CT results were different and therapeutic decision after [18F]F-choline was
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not performed, for example, more disease on [18F]DCFPyL-PET/CT that allowed the stan-
dard treatment (ADT) instead of local treatment. No therapeutic impact was considered
if (i) the results of both scans were concordant or whether different, no differences in
treatment were reported compared with the information derived from [18F]F-choline, and
(ii) patients’ clinical conditions did not allow the treatment change planned as a result of
[18F]DCFPyL-PET/CT.

In follow-up, all diagnostic procedures and treatments undertaken were documented.
Serial PSA was obtained every 3 months after planned treatment. Initial treatment response
was defined as a drop in PSA levels of greater than 50% from pre-treatment levels at
least 6 months after treatment administration. For local curative treatments (surgery or
radiotherapy) a minimum time window of 2 months with respect to [18F]DCFPyL was
considered reliable for assessing efficacy. Men with ADT as part of their treatment were
not included in this analysis.

2.5. Statistical Analysis

Statistical analysis was performed using SPSS software (v. 28). Quantitative variables
were represented by mean and standard deviation and qualitative variables by frequency
and percentage. Relation between qualitative variables was studied using Chi-squared
Pearson test. Kolmogorov–Smirnov test was used to study normality of the quantitative
variables with result of non-normal variables, and the nonparametric tests Kruskal–Wallis
and Mann–Whitney were used to compare the means of the quantitative variables. Overall,
DR for [18F]F-choline and [18F]DCFPyL PET/CTs and concordance (Kappa, k) were as-
sessed, classifying the results as poor (<0.20), weak (0.21–0.40), moderate (0.41–0.60), good
(0.61–0.80) and very good (0.81–1.00). We also analysed DR of T, N and M recurrence for
both tracers, and concordance.

We statistically analysed the correlation between patients’ characteristics classified
in groups (grade Gleason group, EAU classification, recurrence PSA and kinetics) and
PET/CTs results, both DR and miTNM. In all cases, a p value < 0.05 was considered
statistically significant. Based on the obtained results, a second assessment was focused on
the search of strongest cut-off values of PSA, achieved by receiver operating characteristic
(ROC) curve, for the prediction of metastatic disease in comparison with exclusively T
and/or N disease.

2.6. Search Strategy and Study Selection for the Review

Two authors (LGZ and AMGV) performed a computer literature search on
PubMed/MEDLINE databases to find relevant retrospective or prospective published
articles on head-to-head comparison between choline-based tracers and PSMA-targeting
radiopharmaceuticals in BCR PCa. The exclusion criteria were (i) articles not in English
language, (ii) review articles, editorials or letters, comments, conference proceedings,
case reports or small case series (<20) and (iii) no head-to-head comparison among
these two imaging methods.

The researchers independently reviewed the titles and abstracts of the retrieved articles,
applying the inclusion and exclusion criteria. After the selection, the full-text version of
the remaining articles, to assess their eligibility for inclusion, were obtained resolving
disagreements in a consensus meeting.

3. Results

One hundred and thirty-eight patients were enrolled. All the patients’ characteristics
are presented in Table 1.
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Table 1. Baseline characteristics of 138 study subjects.

Characteristic Value

Age (years)

Mean ± SD 69.77 ± 7.54
Range 55–87

Grade group
1 46 (33.3%)
2 39 (28.3%)
3 30 (21.7%)
4 12 (8.7%)
5 11 (8%)

EAU classification (D’Amico risk)

Low 24 (17.4%)
Intermediate 38 (27.5%)

High 76 (55.1%)

Primary treatment

Surgery 48 (34.8%)
Radiotherapy 60 (43.5%)

Both 30 (21.7%)

PSA closest to PET/CTs (ng/mL)

Mean ± SD 2.80 ± 4.83
PSA ≤ 1 46 (33.4%)

1 < PSA ≤ 2 17 (12.3%)
PSA > 2 75 (54.3%)

PSAdt (month)

Mean ± SD 7.34 ± 11.74
≤6 73 (52.9%)
>6 65 (47.1%)

PSAvel (ng/mL/month)
Mean ± SD 0.26 ± 0.68

≥0.2 45 (32.6%)
<0.2 93 (67.4%)

Biochemical relapse

First 100 (72.5%)
Second or further 38 (27.5%)

PSA: prostate-specific antigen; SD: standard deviation; PSAdt: PSA doubling time, PSAvel: PSA velocity; EAU:
European Association of Urology.

3.1. Detection Rate and TNM Staging by [18F]DCFPyL and [18F]F-choline PET/CT

[18F]DCFPyL showed a higher DR than [18F]F-choline, 64.5% (89/138) and 33.3%
(46/138), respectively. Both scans were negative in 44 patients (31.9%) and positive in
41 (29.7%). However, in 20/41 patients, [18F]DCFPyL visualized additional lesions com-
pared with [18F]F-choline, which entailed miTNM stage change in 17 patients (Figure 1).

On the other hand, [18F]DCFPyL was positive alone in 48/89 (53.9%) patients, being
oligometastatic in 25 (Figure 2). Five patients were exclusively positive with [18F]F-choline-
PET/CT, and thus, [18F]DCFPyL down-staged [18F]F-choline results from positive to nega-
tive (3 follow-up, 1 biopsy (negative) and 1 ADT). [18F]DCFPyL up-staged 5/21 patients
with oligometastatic disease on [18F]F-choline-PET/CT to polimetastatic disease after
[18F]DCFPyL.
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Figure 1. 59-year-old patient. Gleason 7 PCa treated with radiotherapy plus ADT. After ADT
withdrawal BCR was detected (PSA 2.44 ng/mL, PSAdt 2.6 months, PSAvel 0.15 ng/mL/month).
[18F]F-choline (a) demonstrated only prostatic uptake (white arrow) and [18F]DCFPyL-PET/CT
(b) showed prostatic tracer uptake and lymph nodes metastases (white and black arrows). Time
window of sixteen days between both scans. [18F]DCFPyL changed therapeutic management allowing
escalation (ADT + Apalutamide).

Figure 2. 67-year-old patient. Gleason 7 PCa treated with RP. First BCR treated with prostate fossa
radiotherapy. Second BCR (PSA 0.63 ng/mL, PSAdt 8.6 months, PSAvel 0.04 ng/mL/month) scanned
with [18F]F-choline (a) and [18F]DCFPyL PET/CT (b), time window of six days. Lymph nodes
metastases (white arrows) were demonstrated only on [18F]DCFPyL scan, changing therapeutic
management (escalation). Patient underwent lymph nodes SBRT. PSA level decreased.
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[18F]DCFPyL and [18F]F-choline PET/CTs T DR was 33.3% and 19.6%, respectively,
with a moderate concordance. N DR was 27.5% and 13.8%, respectively. However, the
most significant difference was found for M DR, 30.4% and 8.7%, for [18F]DCFPyL and
[18F]F-choline, respectively (Table 2).

Table 2. Per patient miTNM obtained from [18F]DCFPyL and [18F]F-choline PET/CT, with concor-
dance (kappa).

[18F]DCFPyL
(+) (−) Total

T

[18F]F-choline

(+) 20 7 27
(−) 26 85 111

Total 46 92 138 k = 0.403 (p < 0.001)

N1
(+) 4 8 12
(−) 15 111 126

Total 19 119 138 k = 0.143 (p = 0.086)

N2
(+) 4 2 6
(−) 14 118 132

Total 18 120 138 k = 0.287 (p < 0.001)

M1a
(+) 2 1 3
(−) 14 121 135

Total 16 122 138 k = 0.181 (p = 0.003)

M1b
(+) 5 2 7
(−) 16 115 131

Total 21 117 138 k = 0.304 (p < 0.001)

M1c
(+) 2 0 2
(−) 3 133 136

Total 5 133 138 k = 0.562 (p < 0.001)
T: local recurrence; N1: single lymph node region; N2: multiple lymph node regions (≥2); M1a: extrapelvic lymph
nodes; M1b: bone involvement; M1c: other sites; k: kappa.

Regarding first to subsequent BCR, [18F]F-choline DR was 35.6% and 27%, respec-
tively, and [18F]DCFPyL DR was 61.4% and 72.9%. No statistical differences were found
in first to subsequent BCR DR in neither [18F]F-choline or [18F]DCFPyL (p = 0.435 and
p = 0.164, respectively). We found weak (k = 0.378, p < 0.001) and poor (k = 0.079, p < 0.467)
concordance in first to subsequent BCR DR between [18F]F-choline and [18F]DCFPyL.

3.2. Correlation between PET/CT Results and PSA Kinetics

Both [18F]DCFPyL and [18F]F-choline PET/CT DR showed significant associa-
tions with PSA groups and PSAvel. No significant association was found with PSAdt.
[18F]DCFPyL DR was 81.3% in patients with PSA > 2 ng/mL, higher than patients
with 1 < PSA ≤ 2 (58.8%) and PSA ≤ 1 ng/mL (39.1%). It was also higher in patients with
PSAvel > 0.2 ng/mL/month (90.5%) compared with those with PSAvel ≤ 0.2ng/mL/month
(53.7%). [18F]F-choline DR was also higher in cases with PSA > 2 ng/mL (46.6%), being
35.3% and 13.04% in patients with 1 < PSA ≤ 2 and PSA ≤ 1 ng/mL, respectively, and
52.4% in cases with PSAvel > 0.2 ng/mL/month versus 26.3% with PSAvel ≤ 0.2 ng/mL/month.
In addition, mean PSA was statistically different among patients with T and N recur-
rence on [18F]F-choline-PET/CT (p = 0.028). Also, differences in mean PSA and PSAdt
were found between N and M (p = 0.034) and T and M (p = 0.031) metabolic disease,
respectively, on [18F]DCFPyL-PET/CT (Table 3).

Using predefined cut-off values of PSA and PSA kinetics values, significant association
was only found between miTNM and PSA groups on [18F]F-choline-PET/CT (p = 0.033) and
not for PSAdt or PSAvel. No statistical association was found between miTNM, PSA or PSA
kinetics on [18F]DCFPyL-PET/CT. In ROC analysis, only a PSAdt cut-off of 4.09 months
showed significant association for the prediction of M stage with [18F]F-choline-PET/CT
(66.7% sensitivity, 73.8% specificity, 0.720 AUC, p = 0.012). For [18F]DCFPyL-PET/CT, the
obtained cut-offs in the prediction of M stage: PSA of 2.41 ng/mL (66.7% sensitivity, 64.4%
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specificity, 0.675 AUC, p = 0.002), PSAdt of 5.59 months (61.1% sensitivity, 60.8% specificity,
0.679 AUC, p = 0.001) and PSAvel of 0.13 ng/mL/month (66.7% sensitivity, 61.4% specificity,
0.723 AUC, p < 0.001).

Table 3. PSA, PSAdt and PSAvel (mean ± SD) in miTNM comparison of [18F]DCFPyL and
[18F]F-choline.

[18F]F-choline [18F]DCFPyL

PSA (ng/mL)
T 3.95 ± 1.92 3.17 ± 2.16
N 2.68 ± 2.10 2.25 ± 2.14
M 2.73 ± 1.86 4.63 ± 8.67

PSAdt (months)
T 5.07 ± 12.13 7.56 ± 10.83
N 6.13 ± 4.23 5.87 ± 3.51
M 9.32 ± 18.42 7.34 ± 11.20

PSAvel
(ng/mL/month)

T 0.45 ± 0.79 0.23 ± 0.36
N 0.28 ± 0.23 0.18 ± 0.15
M 0.34 ± 0.44 0.56 ± 1.19

3.3. Therapeutic Impact and Follow-Up

As a result of [18F]DCFPyL-PET/CT, therapeutic management was changed in
40/138 (29%) patients compared with [18F]F-choline-PET/CT based planning treatment.
Escalation was elected in 34 patients: 6 radiotherapy, 5 radiotherapy plus ADT, 6 surgery,
1 prostate cryoablation and 16 ARAT. De-escalation occurred in 6 patients: follow-up in
4 cases (3 [18F]DCFPyL negative and 1 with prostatic uptake with both radiotracers and
no malignant disease confirmed by biopsy) and ADT instead of local treatment in 2 cases.
A potential therapeutic change, derived from [18F]DCFPyL-PET/CT information, was
not achieved because of patient comorbidities in 11 patients.

Derived from positive [18F]DCFPyL-PET/CT, 19 patients underwent additional di-
agnostic procedures to confirm the results: 8 by imaging (3/8 was confirmed) and 11 by
histological analysis (8/11 was confirmed) (Figures 3 and 4).

 

Figure 3. 55-year-old patient. Gleason 8 PCa treated with RP. First BCR treated with prostate fossa
radiotherapy. Second BCR (PSA: 0.84 ng/mL, PSAdt 5.99 months, PSAvel 0.07 ng/mL/month). [18F]F-
choline-PET/CT negative (a). [18F]DCFPyL-PET/CT (b), time window of twenty days, revealed
two right external iliac lymph nodes metastases (white and yellow arrows). Lymphadenectomy
was decided (escalation), without histopathological confirmation of malignancy. In follow-up, PSA
progressed (2.07 ng/mL) and an additional [18F]DCFPyL-PET/CT (c) showed exactly same lymph
nodes (white and yellow arrows). SBRT was administered decreasing the PSA level, reclassifying
[18F]DCFPyL-PET/CT results as true positive.
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Figure 4. 70-year-old patient. Gleason 9 PCa, treated initially with RP and radiotherapy after his
first BCR. Second BCR (PSA 0.7 ng/mL, PSAdt 5.6 months, PSAvel 0.05 ng/mL/month) with [18F]F-
choline (a) and [18F]DCFPyL scans showing mediastinal lymph node tracer uptake (b) reported
as inflammatory process. Follow-up was decided and PSA level continued increasing. A new
[18F]DCFPyL scan (c) was performed 3 months later, showing an increase in size and metabolism of
mediastinal lymph node with additional microfoci of radiotracer uptake in lung and bone, suspicious
of metastases. An endobronchial ultrasound-guided lymph node biopsy confirmed prostatic origin
of metastasis. ADT + Apalutamide was initiated (escalation).

[18F]DCFPyL-PET/CT was negative in 49/138 patients (7 low, 14 intermediate and
28 high risk). Follow-up without active treatment was adopted in 29 patients (4 positive
[18F]F-choline-PET/CT) and 20 intermediate/high risk patients underwent treatment
(12 prostatic fossa radiotherapy, 8 ADT, 1/8 [18F]F-choline-PET/CT positive). Regarding
the false positive, six patients with positive [18F]DCFPyL-PET/CT (2 prostate gland,
3 bone and 1 rectum) had a normal MRI (Figures 5 and 6). Ten patients were [18F]F-
choline-PET/CT positive and considered false positive (2 prostate gland, 5 lymph nodes,
2 bone, 1 pelvic mass) due to [18F]DCFPyL-PET/CT result, biopsy or clinical follow-up.
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For patients who benefited from a treatment change, local treatments were exclusively
guided by [18F]DCFPyL in eleven patients. Follow-up showed: PSA decreasing in 6
(4 radiotherapy, 1 cryoablation, 1 surgery), PSA increasing in 2 surgically treated patients (in
one patient, an ulterior [18F]DCFPyL-PET/CT revealed an incomplete surgical procedure,
and in the other one, surgical procedure was performed almost 7 months after [18F]DCFPyL-
PET/CT), in 2 patients biochemical progression occurred before treatment decision and the
remaining patient was missed.

Figure 5. BCR in a 71-year-old patient (PSA: 0.26 ng/mL, PSAdt: 1.09 months, PSAvel:
0.2 ng/mL/month) after RP of PCa (Gleason 6, pT2c). [18F]DCFPyL scan showed a slight uptake
on left iliac bone with minimal sclerotic changes. Previous negative [18F]F-choline scan (time
window of one week). MRI did not confirm malignancy of PSMA uptake (false positive). Prostatic
bed radiotherapy was given and PSA level decreased.
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Figure 6. 56-year-old patient. PCa (Gleason 6) treated with braquitherapy. BCR (PSA: 5.4 ng/mL,
PSAdt 6.17 months, PSAvel 0.55 ng/mL/month). [18F]F-choline (a) showed prostate gland uptake
and right external iliac lymph nodes metastasis (white arrow). One month later, the patient was also
scanned with [18F]DCFPyL (b) revealing only prostate gland pathological tracer uptake (white and
black arrow). Prostate biopsy was negative (false positive). Follow-up was decided and PSA level
keeps oscillating (4–5 ng/mL) with an additional negative [18F]DCFPyL-PET/CT one year later.

3.4. Literature Review

Literature search results from PubMed/MEDLINE revealed 17 articles. Reviewing
titles and abstracts, seven articles were excluded: four because they were not from the
field of interest of this review and three as they were reviews. Ten articles were selected
and retrieved in full-text version [7–9,13–19]. Data of 1868 patients with BCR PCa who
underwent choline-based tracers and PSMA ligands PET/CT were eligible for the analysis
(systematic review). Methodology and results of the selected papers are summarized on
Table 4.
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4. Discussion

In BCR, diagnostic impact of PSMA-targeting radiopharmaceuticals against choline-
based tracers is significantly higher in patients with low PSA levels and previous nega-
tive/doubtful PET/CT with choline-based tracers in whom the detection of oligometastatic
disease might enable metastasis-directed treatments [20,21]. In our study, patients with
previous negative/oligometastatic [18F]F-choline-PET/CT were referred to [18F]DCFPyL
expecting a benefit by the detection of more metastases. In fact, we found that 5/21 patients
with oligometastatic disease in [18F]F-choline-PET/CT were up-staged to polimetastatic af-
ter [18F]DCFPyL, similar to previous reported results [16]. The absence of consensus about
oligometastatic definition can limit diagnostic impact comparison of different radiotracers.
In previous studies, oligometastatic disease was defined as M stage with ≤ 5 lesions [16,17],
whereas other authors considered ≤ 3 as we did in this study [7]. Chevalme et al. found,
using [68Ga]Ga-PSMA-11, oligometastatic disease (1–3 foci) in 31% of the cases with previ-
ous negative/doubtful [18F]F-choline [7]. In our sample, [18F]DCFPyL-PET/CT detected
oligometastatic disease in the 52.1% (25/48) of choline-negative cases. In a relevant num-
ber of cases, we detected positive lymph nodes and bone lesions that showed divergent
findings with both tracers. The majority were only [18F]DCFPyL-positive, probably due to
higher lesion/background ratio and sensitivity compared with [18F]F-choline that enables
detection of smaller lesions.

Regarding the DR, our results are in accordance with previous works, with a [18F]DCFPyL
DR of 53.9% in patients with negative/equivocal [18F]F-choline [7,8,15,17]. In addition,
we did not observe differences in DR of first BCR with respect to the following, which is
contrary to the study of Chevalme et al. [7] that reported a DR lower in first BCR versus
previous (63 vs. 72%).

With respect to the influence of PSA kinetics, despite a PSAdt ≤ 6 months has been
reported as a strong predictor of positivity of PET/CT with choline-based tracers [21],
we did not find a significant association with DR or miTNM for any of the studied
radiotracers with their counterparts. This absence of significant association with pre-
defined unfavourable PSA kinetics promotes the interest in exploring other clinical,
metabolic and laboratory parameters. In fact, we found that different cut-off values of
PSA kinetics were able to predict M stage, especially for [18F]DCFPyL-PET/CT, although
with a moderate accuracy.

Regarding disease location on BCR PCa, [18F]DCFPyL-PET/CT detected T in 33.3% of
cases, similar to 26% reported by Chevalme et al. [7], but higher than 11% of Barbaud et al. [8],
probably explained by higher rate of patients included with RP (76%). We observed
higher T detection than [18F]F-choline, although with a moderate concordance (k = 0.403,
p < 0.001). Discrimination between benign and malignant intraprostatic tissue is hampered
by low specificity of choline-based tracers based on high affinity of this radiotracer by
benign hyperplasia [22,23]. Lymph node is the most prevalent disease location in BCR PCa,
showing PSMA-targeting radiopharmaceuticals with a DR from 34% to 39% in patients
with a previous choline-negative [7,8,16]. Our N disease detection using [18F]DCFPyL
was lower (27.5%), with a weak concordance with [18F]F-choline. Previous authors found
that 55% of the detected lymph nodes were identified with both tracers. Thus, using
PSMA-ligands, increase in DR affecting both the number and locations of lymph nodes is a
fact [16]. However, the most significant difference in our sample was M detection, 30.4%
and 8.7% for [18F]DCFPyL and [18F]F-choline, respectively, in accordance with previous
studies [7,16].

With respect to the discordances between both radiotracers, usually PSMA-targeting
radiopharmaceuticals spot all choline-positive lesions, and discordances are mainly related
to choline-negative/PSMA-positive findings [14,16]. The explanations of these discor-
dances are contradictory and based on: (i) different metastasis environment with a loss
of expression of PSMA that can occur in less than 10% of primary or metastatic prostate
tumours [24]; (ii) tumour progression between scans in cases of a wide time interval [9]; and
(iii) unspecific inflammation that promotes choline uptake in lymph nodes and can explain
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additionally choline-positive lymph nodes [25]. The higher PSMA-targeting radiopharma-
ceutical specificity with respect to choline-based tracers, explained by the overexpression
of PSMA glycoprotein, seems more characteristic for PCa than up-regulation of choline
kinase [26,27] and could support our consideration of PSMA-targeting tracer findings as
standard, as previous authors did [16,18].

Prostatic fossa salvage radiation treatment (SRT) is the current standard of care in men
with their first BCR after RP [28]. However, in patients with a previous radical radiotherapy,
only brachytherapy is indicated if malignancy is histopathologically confirmed. On the
other hand, a second BCR in patients that have undergone previous radiotherapy of
prostatic fossa, with or without pelvic lymph nodes involved, reduces the potential local
treatment options. Therefore, ADT becomes a real therapeutic option both in patients
without located disease or with local disease but with no indication of an additional local
treatment (SRT or surgery).

Therapeutic impact of PSMA-targeting radiopharmaceuticals compared with PET/CT
with choline-based tracers has been scarcely analysed, ranging from 54% to 74% [8,18].
We observed an impact management in 29% of cases although it could be raised to 37%
if patients with comorbidities limited the previously indicated treatment and could have
been included. Escalation was considered when the treatment modification involved
changing/adding radiotherapy fields or adding ARAT to the systemic ADT. Thus, men with
a previous RP without disease or with disease confined to the prostatic fossa on PET/CT
imaging were expected to proceed to SRT or a combination of radiotherapy and ADT if
few lesions were defined on [18F]DCFPyL-PET/CT or ADT plus ARAT in case of multiple
locations (M stage) in patients with no chemotherapy indication. The therapeutic impact
derived from [18F]DCFPyL over [18F]F-choline findings allowed treatment escalation in
most of our patients (34/40). However, the assessment of therapeutic impact is challenging,
being not only dependent of the accuracy of diagnostic techniques but on other factors as
previously received treatments and the comorbidities/physical status of the patients, and
although [18F]DCFPyL-PET/CT result could have changed the therapeutic management
of some patients, this decision was not carried out because of their clinical situation.
Diagnostic escalation (additional diagnostic imaging vs. biopsy) to confirm [18F]DCFPyL
results is another relevant aspect to be assessed. In our sample, 19 patients underwent
additional diagnostic procedures, only 11 by histological analysis, lower than the 24%
reported by Morigi et al. [18].

Elective prostatic bed radiotherapy is a controversial issue. About half of men who
experience BCR after RP and undergo SRT with the prostatic bed, even when there are no
significant imaging findings, are currently cured [29], suggesting that SRT should still be
considered despite a negative imaging result [30]. On the other hand, focused radiotherapy
based on PET/CT with PSMA-targeting tracers exhibits higher response rates compared
with the conventional procedure without metabolic guide, although cannot guarantee
undetectable PSA in all the cases and that means PET/CT with PSMA-targeting tracers still
underestimate the extent of the recurrent disease [8,30]. In the present analysis, 12 out of
49 patients with a negative [18F]DCFPyL-PET/CT underwent prostatic fossa radiotherapy.

Thus, therapeutic implications derived from the use of PSMA-targeting radiopharma-
ceuticals can be significant. Target missed in BCR due to insufficient diagnostic work-up
may lead to inadequate definition of local disease and to untreated microscopic or macro-
scopic disease distant from prostatic fossa (N1/M1). The expected result, derived from an
earlier and more accurate diagnosis of PET/CT with PSMA-targeting radiopharmaceuticals,
is the opportunity for focused therapies, with a reduction in the introduction of ADT and
thus the time to ADT-resistance [31,32].

Regarding limitations, histopathological confirmation of our PET/CT results was
not always feasible, although it is a controversial issue and probably neither indicated
nor ethical. In addition, 2-month period used between both PET/CTs could limit a
reliable comparison between both radiotracers in cases of a highly proliferative disease.
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However, PCa usually presents with slow growth, and noticeable changes within this
period are very unlikely.

With respect to the strengths, this is the first reported experience of the therapeutic
impact of [18F]DCFPyL in connection with [18F]F-choline, in parallel comparison, in a
significant sample of patients with BCR PCa.

5. Conclusions

[18F]DCFPyL provided a higher DR than [18F]F-choline in restaging of BCR, especially
in patients with high PSA and unfavourable PSA kinetics, being superior in miTNM
staging and showing a fair agreement to [18F]F-choline-PET/CT. Information derived from
[18F]DCFPyL changed therapeutic management in a significant number of patients (29%)
compared with [18F]F-choline-PET/CT.
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Simple Summary: Efforts are ongoing to improve the diagnosis of prostate cancer. Novel blood
and tissue-based biomarkers, advanced imaging modalities and image-guided biopsy techniques
have further improved cancer detection rates. However, approximately 30–40% of cancers are still
missed. Analysis of radical prostatectomy specimens is the only gold standard method for confirming
the presence or absence of cancers. In this article, we aim to study those cancers that are missed
by standard biopsy techniques and advanced imaging modalities, the so-called ‘Stealth’ prostate
cancers. We focus on the lobe of the prostate where cancer is not detected on standard biopsy or by
preoperative magnetic resonance imaging (MRI). This article helps to explain the significant false
negative rates for current diagnostic modalities for prostate cancer. This will help future research to
develop new strategies to improve the detection of these ‘stealth’ tumors.

Abstract: Background: The aim of this study was to determine the false negative rates of prebiopsy
magnetic resonance imaging (MRI) and MRI–ultrasound (US) 12-core systematic prostate biopsy
(PBx) by analyzing radical prostatectomy specimens. Methods: This retrospective study included
3600 prostate cancer (PCa) patients who underwent robot-assisted laparoscopic radical prostatectomy.
Based on comparison of lobe-specific data on final pathology with preoperative biopsy and imaging
data, the study population was subdivided into group I—contralateral (CL) benign PBx (n = 983),
group II—CL and/or bilateral (BL) non-suspicious mpMRI (n = 2223) and group III—CL benign PBx
+ non-suspicious mpMRI (n = 688). This population was studied for the presence of PCa, clinically
significant PCa (csPCa), extracapsular extension (ECE) (pathological stage pT3), positive frozen
section and final positive surgical margin (PSM) in the CL lobe. Descriptive statistics were performed.
Results: In subgroups I, II and III, PCa was respectively detected in 21.5%, 37.7% and 19.5% of cases,
and csPCa in 11.3%, 16.3% and 10.3% of cases. CL pT3 disease was seen in 4.5%, 4% and 5.5%, and CL
surgical margins and/or frozen section analysis were positive in 6%, 7% and 5% of cases in subgroups
I, II and III, respectively. Conclusions: There are still significant rates of false negatives in the standard
care diagnostics of PCa. Further strategies are required to improve the accuracy of diagnosis and
determination of tumor location.

Keywords: prostate cancer; prostate biopsy; magnetic resonance imaging

1. Introduction

The widespread application of prostate-specific antigen (PSA) screening has led to
more cases of prostate cancer (PCa) being diagnosed at an earlier clinical stage [1]. In
this scenario, transrectal ultrasound-guided prostate biopsy (TRUS PBx) and subsequent
pathological analysis are considered the gold standard for cancer diagnosis. Over the
past two decades, the PBx scheme has witnessed numerous modifications to improve the
biopsy yield [1–3]. Laterally directed extended PBx was found to significantly enhance the
diagnosis of PCa compared with conventional sextant biopsy. However, the false negative
rate remains substantial [4]. Serefoglou et al. performed repeat 12-core PBx on radical
prostatectomy specimens, and surprisingly, the false negative rate of 12-core PBx in this
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series was 32.2% [5]. This relatively high false negative rate may be intuitively attributed to
a limited amount of tissue sampled during PBx, the biopsy surgeon’s experience, the lack
of uniform and standardized biopsy techniques and the random nature of biopsy schemes
with a resultant sampling error.

Multiparametric magnetic resonance imaging (mpMRI) has emerged as a promising
tool for guiding PBx decision-making. The introduction of mpMRI-targeted PBx has
increased the accuracy of clinically significant PCa (csPCa) detection [6–8]. Nevertheless,
The American Urological Association raised concern regarding the risk of missing csPCa on
negative mpMRI examinations [9]. We recently published our study on a series of 200 men
with negative mpMRI, with 18% found to have PCa and 8% csPCa on the subsequent
biopsy [9]. That study was performed with the reference standard as PBx. Our prior
work on radical prostatectomy patients comparing suspicious vs. non-suspicious MRI
demonstrated similar rates of csPCa, positive surgical margins and biochemical recurrence
rates in both groups [10].

Here, we aimed to assess the accuracy of PBx and mpMRI in the diagnosis and
localization of PCa and csPCa. This was performed by using lobe-specific final pathological
data derived from radical prostatectomy specimens as a reference. We believe this will help
to better understand the so-called ‘stealth’ PCa.

2. Materials and Methods

2.1. Study Design

The study was approved by the Institutional Review Board (GCO#14-0175) of the Icahn
School of Medicine at Mount Sinai (New York, NY, USA). We retrospectively reviewed
the data of 3600 men who underwent robotic-assessed laparoscopic radical prostatectomy
(RALP) between 1 January 2014 and 31 December 2022. RALPs were performed by a single
surgeon (A.T.) with more than 20 years of experience in the PCa field.

2.1.1. Inclusion and Exclusion Criteria

Patients who underwent RALP were included in the study if they had full preoper-
ative PBx and mpMRI data. Exclusion criteria encompassed PBx schemes of fewer than
12 systemic cores, contraindications or unreadable mpMRI; prior hormonal or radiation
manipulation; preoperative PSA > 20 ng/dL; absence of specific documentation on final
pathology or missing information for clinical variables (Figure 1).

Figure 1. Flow chart depicting inclusion and exclusion criteria used to derive patient population used
for data analysis. Abbreviations: MRI: magnetic resonance imaging, PSA: prostate-specific antigen,
HT: Hormone therapy, RT: Radiation therapy.

2.1.2. MRI Protocol

Prostate evaluations were conducted using 3T MRI Siemens Skyra systems equipped
with a phased-array coil. The following sequences were obtained: multiplanar high-
resolution T2 fast spin echo (FSE); axial T1 FSE; axial diffusion-weighted imaging; axial
T1 in and out of phase; and axial T1 perfusion before and after contrast injection (8 mL
of Gadavist (gadobutrol) and 1 mg of glucagon via intramuscular injection). The mpMRI
results were evaluated according to Prostate Imaging Reporting and Data System version

89



Cancers 2023, 15, 3487

2 (PI-RADS v2) [11] by radiologists with more than 5 years of experience in mpMRI prostate
imaging (>250 MRI scans per year). Non-suspicious MRI findings were defined as a PI-
RADS v2 score of <3.

2.1.3. Biopsy Protocol and Technique

Indications for PBx were one or more of the following: PSA > 4 ng/mL, a 4K score
(OPKO Diagnostics, Woburn, MA, USA) of >7%, PSA density of ≥0.15 ng/mL/cm3 or
suspicious digital rectal examination (DRE).

A transrectal ultrasound was performed. An amount of 5 cc of 1% Lidocaine was
injected into each neurovascular bundle (a total of 10 cc was given). Care was taken to avoid
intravascular injection. The prostate was then examined and measured using ellipsoid
formula. For patients who had mpMRI suspicion (PI-RADS ≥ 3), the Artemis MRI/TRUS
fusion device (Innomedicus, Cham, Switzerland) was attached to the ultrasound probe.
Range of mobility of the arm was tested to ensure entire prostate from base to apex was
reachable for the biopsy. After that, a repeat 360-degree scan was performed of the prostate.
Semi-segmentation was performed in both transverse and sagittal views. After this, the
MRI was loaded and fused with the ultrasound images.

The target/s on the MRI were identified on ultrasound and the biopsy targets were
assigned to that zone. After this, motion artifact and recalibration were corrected under
local anesthesia, and four targeted biopsies were taken; path of needle was documented
on the Artemis. The targets biopsied were labeled as per location; e.g., Target Right Mid
peripheral zone posteromedial. A systemic biopsy was then performed on all 12 quadrants.
Systematic biopsies were labeled as Right Lateral Base, Right Medial Base, Right Lateral
Mid, Right Medial Mid, Right Lateral Apex, Right Medial Apex, Left Lateral Base, Left
Medial Base, Left Lateral Mid, Left Medial Mid, Left Lateral Apex and Left Medial Apex.

All biopsies were performed with a spring-loaded biopsy gun and 18-gauge needles
with 12 mm average core length. Cores were placed on non-adherent gauze pad and, finally,
in a bottle containing 10% formalin [12,13].

2.1.4. Pathological Assessment

An experienced genitourinary pathologist reviewed both PBx samples and RALP
specimens (final pathology). Only H&E slides were reviewed for most cases. PIN-4 staining
(including AMACR, high molecular weight cytokeratin and CK5/6) was performed on
the few suspicious biopsy cases to confirm the diagnosis of cancer when not sufficiently
evident based on morphology alone. The final pathology was comprehensively reviewed
on a lobe-specific basis per the College of American Pathologists’ (CAP) protocol for
radical prostatectomy specimens [14]. This included comments on the presence of any
PCa, Gleason score, grade group, presence of csPCa, presence of extracapsular extension
(ECE) (pathological stage pT3), presence of positive neurosafe/frozen section margins and
presence of positive surgical margins (PSM).

2.1.5. Outcome Definitions and Statistical Analysis

Gleason grading system was utilized as proposed by Epstein et al. [13], where Grade Group
1 = Gleason score ≤ 6, Grade Group 2 = Gleason score 3 + 4 = 7, Grade Group 3 = Gleason
score 4 + 3 = 7, Grade Group 4 = Gleason score 4 + 4 = 8 and Grade Group 5 = Gleason
scores 9 and 10. PCa is defined as Gleason Grade Group (GGG) 1 and above, while csPCa is
defined as GGG ≥ 2 [15]. Based on comparison of lobe-specific data on final pathology with
preoperative biopsy and imaging data, study population was further subdivided into three
groups (Figure 2):

I. Contralateral (CL) benign PBx (n = 983).
II. CL and/or bilateral (BL) non-suspicious mpMRI (n = 2223).
III. CL benign PBx + non-suspicious mpMRI (n = 688).
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Figure 2. Venn diagram showing distribution of study population in each group. Group III population
is an overlap between group I and group II.

This population was studied for presence of any PCa, csPCa, extra-capsular extension
(pathological stage pT3), positive frozen section and positive surgical margins in CL lobe
(Figure 3).

 

Figure 3. Schematic representation of methodology and study population classification. Patients
with contralateral lobe benign prostate biopsy and/or non-suspicious MRI were studied for presence
of cancer and other variables in radical prostatectomy specimens. Abbreviations: CL—contralateral,
BL—bilateral, mpMRI—multiparametric magnetic resonance imaging, csPCa—clinically significant
prostate cancer, ECE—extracapsular extension of cancer, PSM—positive surgical margins.

Descriptive statistics for the three groups were collected. Then, within each group, we
compared patients with no CL cancer on final pathology (accurate) versus those with CL
cancer (false negative). Results for continuous variables were reported as the median and
interquartile range (IQR) and were compared using the Mann–Whitney U test. Results for
categorical variables were reported as the frequency and proportion and were compared
using a x2 test, as appropriate. All tests were two-tailed with a significance level of p < 0.05.

3. Results

PCa was detected in 21.5%, 37.7% and 19.5% of the three subgroups, respectively.
Detection of csPCa was higher in group II (16.3%) than in the other two groups (11.3% and
10.3%, respectively). Other pathological findings were comparable between the study
groups (Table 1).
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Table 1. Comparative analysis between the three subgroups regarding the final pathological findings.

Final Pathology Parameters
Group I:

n = 983 (%)
Group II:

n = 2223 (%)
Group III:
n = 688 (%)

Presence of any PCa, no (%) 212 (21.5) 825 (37.7) 134 (19.5)
Presence of csPCa, no (%) 111 (11.3) 362 (16.3) 71 (10.3)

Presence of ECE (pT3), no (%) 45 (4.5) 85 (3.8) 38 (5.5)
Positive frozen section analysis, no (%) 51 (5.2) 102 (4.5) 27 (4)

Presence of PSMs, no (%) 18 (1.8) 61 (2.7) 11 (1.5)
Abbreviations: PCa—prostate cancer, csPCa—clinically significant prostate cancer, ECE—extracapsular extension
of cancer, PSM—positive surgical margins.

Table 2 depicts clinical characteristics for group I. Per final pathology, accurate concor-
dance with biopsy results was shown in 78.5% (no CL cancer detected), while CL PCa was
diagnosed in the rest, giving a false negative value of 21.5%. Both patient cohorts showed
comparable age and median PSA at the time of diagnosis. Of note, the cohort with CL
cancer on final pathology had statistically significant higher African American (AA) race,
biopsy GGG, pathological T3 stage and PSM.

Table 2. Comparison between cohorts with accurate versus false negative results in group I.

Variable

Patients with No CL
Cancer on Final

Pathology: Accurate,
n = 771 (78.5%)

Patient with CL
Cancer on Final
Pathology: False

Negative,
n = 212 (21.5%)

p Value

Median age in years 64 63 0.429

Race

<0.023 *
AA 80 (10.4) 37 (17.5)

White 437 (56.7) 119 (56.1)
Others 254 (32.9) 56 (26.4)

BMI 26.9 27.1 0.362

Family history of PCa
0.320No 582 (75.5) 164 (77.4)

Yes 189 (24.5) 48 (22.6)

Median PSA at diagnosis 6.1 6.3 0.258

Median prostate volume (cc) 40 39 0.381

Biopsy GGG

0.019 *

1 101 (13.1) 21 (9.9)
2 295 (38.3) 93 (43.9)
3 201 (26.1) 51 (24.1)
4 122 (15.8) 22 (10.4)
5 52 (6.7) 25 (11.8)

MRI PI-RADS lesions

0.129
1–2 105 (13.6) 23 (10.8)

3 81 (10.5) 13 (6.1)
4 368 (47.7) 107 (50.5)
5 217 (28.1) 69 (32.5)

Final pathology GGG

0.056

1 71 (9.2) 16 (7.5)
2 412 (53.4) 103 (48.6)
3 202 (26.2) 63 (29.7)
4 38 (4.9) 10 (4.7)
5 48 (6.2) 20 (9.4)
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Table 2. Cont.

Variable

Patients with No CL
Cancer on Final

Pathology: Accurate,
n = 771 (78.5%)

Patient with CL
Cancer on Final
Pathology: False

Negative,
n = 212 (21.5%)

p Value

Pathology T stage
<0.001 *T2 660 (85.6) 133 (62.7)

T3 111 (14.4) 79 (37.3)

PSMs
<0.001 *Absent 736 (95.5) 187 (88.2)

Present 35 (4.5) 25 (11.8)
Abbreviations: CL—contralateral, AA—African American race, PCa—prostate cancer, PSA—prostate specific
antigen, GGG—Gleason Grade Group, MRI—magnetic resonance imaging, PI-RADS—Prostate Imaging Radiology
And Data System, PSM—positive surgical margins. * p value < 0.05.

Regarding group II, accurate and false negative results were encountered in 62.3% and
37.7%, respectively. Patients with CL cancer on final pathology had non-suspicious MRI PI-
RADS lesions in 40.2% compared to 1% in patients with no CL cancer cohort (p value < 0.001)
(Table 3).

Table 3. Comparison between cohorts with accurate versus false negative results in group II.

Variable

Patients with No CL
Cancer on Final

Pathology: Accurate
n = 1398 (62.3%)

Patient with CL
Cancer on Final
Pathology: False

Negative
n = 825 (37.7%)

p Value

Median age in years 64 63 0.429

Race

<0.001 *
AA 158 (11.3) 131 (15.9)

White 855 (61.2) 497 (60.2)
Others 385 (22.4) 197 (23.9)

BMI 26.9 27.1 0.362

Family history of PCa
0.067No 1072 (76.7) 656 (79.5)

Yes 326 (23.3) 169 (20.5)

Median PSA at diagnosis 6.0 6.0 0.258

Median prostate volume (cc) 39 39 0.381

Biopsy GGG

0.032 *

1 225 (16.1) 175 (21.2)
2 553 (39.6) 323 (39.2)
3 305 (21.8) 165 (20.0)
4 196 (14.0) 98 (11.9)
5 119 (8.5) 64 (7.8)

MRI PI-RADS lesions

<0.001 *
1–2 13(1) 332 (40.2)

3 162 (11.6) 62 (7.5)
4 716 (51.2) 252 (30.5)
5 507 (36.3) 179 (21.7)
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Table 3. Cont.

Variable

Patients with No CL
Cancer on Final

Pathology: Accurate
n = 1398 (62.3%)

Patient with CL
Cancer on Final
Pathology: False

Negative
n = 825 (37.7%)

p Value

Final pathology GGG

0.017 *

1 127 (9.1) 98 (11.9)
2 764 (54.6) 480 (58.2)
3 344 (24.6) 174 (21.1)
4 60 (4.3) 24 (2.9)
5 103 (7.4) 49 (5.9)

Pathology T stage
<0.001 *T2 1154 (82.5) 570 (69.1)

T3 244 (17.5) 255 (30.9)

PSMs
<0.001 *Absent 1336 (95.6) 738 (89.5)

Present 62 (4.4) 87 (10.5)
Abbreviations: CL—contralateral, AA—African American race, PCa—prostate cancer, PSA—prostate-specific
antigen, GGG—Gleason Grade Group, MRI—magnetic resonance imaging, PI-RADS—Prostate Imaging Radiology
And Data System, PSM—positive surgical margins. * p value < 0.05.

False-negative results were encountered in 19.5% of patients in group III. This cohort
showed statistically significant pathological T3 stage and PSMs in terms of cohort accurate
correlation (Table 4). Figure 4 shows an example of GGG4 cancer that was missed on biopsy
and prebiopsy MRI.

Table 4. Comparison between cohorts with accurate versus false negative results in group III.

Variable

Patients with No CL
Cancer on Final

Pathology: Accurate,
n = 554 (81.5%)

Patient with CL
Cancer on Final
Pathology: False

Negative,
n = 134 (19.5%)

p Value

Median age in years 64 63 0.429

Race

0.093
AA 53 (9.6) 19 (14.2)

White 314 (56.7) 82 (61.2)
Others 187 (33.8) 33 (24.6)

BMI 26.9 27.1 0.362

Family history of PCa
0.320No 416 (75.1) 103 (76.9)

Yes 138 (24.9) 31 (23.1)

Median PSA at diagnosis 6.1 6.3 0.258

Median prostate volume (cc) 40 39 0.381

Biopsy GGG

0.001 *

1 66 (11.9) 4 (3)
2 210 (37.9) 57 (42.5)
3 142 (25.6) 44 (32.8)
4 92 (16.6) 13 (9.7)
5 44 (7.9) 16 (11.9)
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Table 4. Cont.

Variable

Patients with No CL
Cancer on Final

Pathology: Accurate,
n = 554 (81.5%)

Patient with CL
Cancer on Final
Pathology: False

Negative,
n = 134 (19.5%)

p Value

MRI PI-RADS lesions

0.129
1–2 5 (1) 2 (1)

3 57 (10.3) 8 (6)
4 317 (57.2) 72 (53.7)
5 175 (31.6) 52 (38.8)

Final pathology GGG

0.056

1 71 (9.2) 16 (7.5)
2 412 (53.4) 103 (48.6)
3 202 (26.2) 63 (29.7)
4 38 (4.9) 10 (4.7)
5 48 (6.2) 20 (9.4)

Pathology T stage
<0.001 *T2 465 (83.9) 81(60.4)

T3 89 (16.1) 53 (39.6)

PSMs
<0.001 *Absent 532 (96) 118 (88.1)

Present 22 (4) 16 (11.9)
Abbreviations: CL—contralateral, AA—African American race, PCa—prostate cancer, PSA—prostate specific
antigen, GGG—Gleason Grade Group, MRI—magnetic resonance imaging, PI-RADS—Prostate Imaging Radiology
And Data System, PSM—positive surgical margins. * p value < 0.05.

Figure 4. Prebiopsy MRI followed by schematic representation of GGG4 cancer prostate biopsy
and radical prostatectomy. Patient had cancer on right side that was missed on prebiopsy MRI and
prostate biopsy. Abbreviations: MRI—magnetic resonance imaging, GGG—Gleason Grade Group.

4. Discussion

Diagnosis of PCa has primarily relied on laboratory tests and MRI followed by MRI-
guided PBx. Efforts are ongoing to improve cancer diagnosis by involving biomarkers (4K
score, select MDx, etc.) or using nomogram-derived calculators [16–18].

Military ‘stealth’ aircraft are designed with fascinating technology that makes their
sonar or radar detection challenging. These aircraft are of similar size to other military
aircraft but are made of special absorbent materials with unique shapes and contours that
cannot be detected by radar [19]. In the current study, we introduce the term ‘stealth PCa’
to describe tumors that are missed on initial evaluation (systematic biopsy, mpMRI) and
subsequently diagnosed via a prostatectomy specimen. We utilized lobe-specific final
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pathology of RALP specimens to assess the actual yield of current standard diagnostics
for PCa.

Although the false negative rate of random biopsy protocols is well documented in
the literature, we expect that the introduction of MRI and subsequent target biopsy will
improve cancer detection and localization. However, counterintuitively, false negative
results and, hence, ‘stealth’ tumors were still encountered. We still believe that we are far
from precise tumor localization even with extensive expertise in the field of PCa similar to
that of our surgeon.

Our study confers three key features: First, a significant number of csPCa cases are
missed by mpMRI. It was shown that mpMRI improves the detection of csPCa as well as
contributes to reducing the number of unnecessary PBx. Nevertheless, false negative rates
of csPCa for non-suspicious MRI range from 2% to 18% [9,20]. We observed a 16% false
negative rate in the diagnosis of csPCa in men with non-suspicious MRI, which is in
concordance with published studies.

Second, non-suspicious mpMRI and systematic biopsy miss 11–16% of clinically
significant ‘stealth’ PCa. The authors believe this is the most critical conclusion of our
analysis and should be regarded with extreme caution. We still confirm that mpMRI and
subsequent target biopsy have revolutionized the scope of PCa diagnosis. mpMRI provides
anatomical and functional details as well as excellent positive predictive and negative
predictive values.

In 2017, the PROMIS trial demonstrated that using mpMRI as an initial triage for men
with an elevated PSA could allow 27% of patients to avoid a primary biopsy and diagnose
5% fewer clinically insignificant cancers. When compared to using a standard TRUS-guided
PBx pathway, using mpMRI to guide biopsy can allow urologists to detect 18% more cases
of significant cancers [21]. Hence, an MRI-guided biopsy followed by a systematic biopsy
has been the gold standard in PCa diagnosis. Therefore, it is still an integral part of our own
current practice that involves routine prebiopsy mpMRI. We believe that larger prospective
studies are still needed to validate this critical conclusion.

Sampling error on needle PBx has been well demonstrated in the literature. It is due to
a small amount of tissue (approximately 0.04% of the average gland volume) that is removed
by thin-core needle biopsies [22]. Therefore, false negative rates are commonly encountered.
Some authors confirmed a statement similar to our second conclusion. Kim et al. studied
730 radical prostatectomy specimens and compared them to combined systemic TRUS PBx
of at least 12 cores and mpMRI. They concluded that this combination did not provide
reliable accuracy in predicting the true unilaterality of PCa [23]. In another study by the
same group, the sensitivity, specificity, positive predictive value and negative predictive
value of mpMRI to predict csPCa were 74.3%, 45.5%, 95.5% and 10.2%, respectively [24].

We hypothesize that these challenges in accurate preoperative PCa localization may
be attributed to the high heterogeneity and multifocality behavior of the disease itself.
Additionally, this confirms that even with these marvelous advances in PCa diagnostics,
we still lack the best tools for precise cancer detection and localization. We have initiated
a trial on the wide application of micro-ultrasound to better localize PCa preoperatively;
however, details of such trials are beyond the scope of this study.

Third, the presence of AA race and biopsy GGG ≥ 2 increases the possibilities of
CL ‘stealth’ tumors. Molecular and genomic differences in the tumor biology of AA men
have been widely studied to explain the aggressiveness and increased incidences of PCa
compared with the non-Hispanic white population. Our prior work on AA men showed
increased biopsy GGG upgrading and increased incidences of biochemical recurrence
compared with other men. Herein, we found that AA men have increased incidences of
‘stealth’ tumors. The Gleason grading system is still a commanding predictor of PCa; the
higher the grade, the worse the outcome. In our series, patients with GGG ≥ 2 have an
increased incidence of CL stealth tumors. Surprisingly, our study also highlighted that
there is no significance due to age, median PSA, family history of PCa or median prostate
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volume in determining the presence of CL ‘stealth’ tumors; i.e., we found no correlation of
age, median PSA or prostate volume in men with vs. without CL ‘stealth’ tumors.

This study has its limitations. Firstly, it was retrospective in nature, where all the data
were derived from our database. Second, the preoperative MRI/TRUS-guided 12-core PBxs
were not performed by the same physician. Although there is no evidence to support any
differences in the results of PBx between the performing urologists, we believe this factor
may have influenced our data. Lastly, this study included only men with previously positive
PBx that were recommended for and then underwent RALP and, therefore, excluded men
with false negative initial biopsy, clinically insignificant prostate cancers not requiring
RALP and others that underwent different treatment options (radiation, focal therapy,
hormonal therapy, etc.). Therefore, the actual risk of a false negative biopsy may be much
higher, and further studies are required to address this confounding factor.

5. Conclusions

The current standards of care for diagnostics for PCa (PSA, DRE, MRI and MRI–US-
guided prostate biopsy or 12-core systematic biopsy) have significant false negative rates.
Further strategies are required to improve the accuracy of diagnosis.
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Simple Summary: The role of prostate cryoablation was still uncertain for patients with high-risk
prostate cancer (PC). This study was designed to investigate the 10-year outcomes and establish a
nomogram for high-risk PC patients. We found prostate cryoablation to be an effective treatment
option for selected men with high-risk PC. A preoperative nomogram that predicts biochemical recur-
rence would be useful for both patients and physicians to make clinical decisions when considering
prostate cryoablation among other treatment modalities. A peri-operative nomogram that includes
diagnostic PSA, PSA nadir, Gleason sum, and the number of cryoprobes deployed helps inform
increased risk of biochemical recurrence, which would then justify early salvage treatments.

Abstract: The role of prostate cryoablation was still uncertain for patients with high-risk prostate
cancer (PC). This study was designed to investigate 10-year disease-free survival and establish a
nomogram in localized high-risk PC patients. Between October 2008 and December 2020, 191 patients
with high-risk PC who received primary total prostate cryoablation (PTPC) were enrolled. The
primary endpoint was biochemical recurrence (BCR), defined using Phoenix criteria. The performance
of pre-operative and peri-operative nomograms was determined using the Harrell concordance index
(C-index). Among the cohort, the median age and PSA levels at diagnosis were 71 years and
12.3 ng/mL, respectively. Gleason sum 8–10, stage ≥ T3a, and PSA > 20 ng/mL were noted in 27.2%,
74.4%, and 26.2% of patients, respectively. During the median follow-up duration of 120.4 months,
BCR-free rates at 1, 3, 5, and 10 years were 92.6%, 76.6%, 66.7%, and 50.8%, respectively. The
metastasis-free, cancer-specific, and overall survival rates were 89.5%, 97.4%, and 90.5% at 10 years,
respectively. The variables in the pre-operative nomogram for BCR contained PSA at diagnosis,
clinical stage, and Gleason score (C-index: 0.73, 95% CI, 0.67–0.79). The variables in the peri-operative
nomogram for BCR included PSA at diagnosis, Gleason score, number of cryoprobes used, and PSA
nadir (C-index: 0.83, 95% CI, 0.78–0.88). In conclusion, total prostate cryoablation appears to be an
effective treatment option for selected men with high-risk PC. A pre-operative nomogram can help
select patients suitable for cryoablation. A peri-operative nomogram signifies the importance of the
ample use of cryoprobes and helps identify patients who may need early salvage treatment.

Keywords: cryotherapy; nomogram; outcome prediction; biochemical failure; prostate malignancy;
recurrence

1. Introduction

Localized prostate cancer (PC) can be managed via several treatment options, includ-
ing radical prostatectomy (RP), radiation therapy (RT), cryoablation, high-intensity focused
ultrasound, and active surveillance/watchful waiting [1]. Among them, cryoablation is less
recommended for patients with localized high-risk PC defined by at least one component

Cancers 2023, 15, 3873. https://doi.org/10.3390/cancers15153873 https://www.mdpi.com/journal/cancers99
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of prostate-specific antigen (PSA) > 20 ng/mL, Gleason grade group of 4 or 5, and clinical
T stage of T2c or more [1,2]. However, its advantages of short hospital stay, minimal
anesthesia, and rapid recovery due to the minimally invasive nature provide benefit to
aged patients or those with multiple comorbidities [2–5]. Furthermore, focal cryoabla-
tion in highly select patients leads to few adverse events and preserves most functional
outcomes [6,7]. In the aspect of oncological outcomes, a satisfactory 5-year biochemical
recurrence (BCR)-free rate of 62.2% in patients with high-risk PC was reported by the Cryo
On-Line Database (COLD) Registry, the largest database regarding prostate cryoablation in
the world [3]. Although the treatment failure rate of primary total prostate cryoablation
(PTPC) was significantly higher in patients with high-risk compared to intermediate- or
low-risk PC [3], it was also high in high-risk PC treated with RP (5-year disease-free sur-
vival (DFS) rate, 38–65%) [8,9] or RT plus androgen deprivation therapy (ADT) (5-year DFS
rate, 62–74%) [8,9]. PTPC may be still feasible for selected patients with high-risk PC. Until
recently, long-term (10-year) oncological outcomes for high-risk PC patients and nomo-
grams predicting recurrences were still lacking. To provide better clinical decision-making,
we herein report the cohort of PTPC for patients with high-risk PC.

2. Materials and Methods

2.1. Patient Population

Between October 2008 and December 2020, consecutive patients with localized PC who
received PTPC at National Taiwan University Hospital were prospectively collected. Bone
scintigraphy and multi-parametric magnetic resonance imaging (MRI) were applied for
the initial tumor staging in all patients. Among them, only patients with high-risk disease
defined by EAU guidelines 2023 [2] were enrolled in the current study. (Flow diagram
in Supplementary Figure S1) This study was reviewed and approved by Research Ethics
Committee A of National Taiwan University Hospital (202204097RINA). We previously
published the short-term results of our entire patient cohort, including non-high-risk
disease [4].

2.2. Clinical Information Collection

Clinicopathological data regarding patient age, prostate size measured via transrectal
ultrasound, pre-operative PSA, biopsy Gleason sum, clinical T stage, tumor location in MRI,
neoadjuvant ADT, the amount of cryoprobes used intraoperatively, follow-up PSA values,
time to BCR, recurrence patterns, and survival were prospectively collected. Clinical T
stage was determined by means of either digital rectal examination or seminal vesicle
biopsy prior to PTPC. Nine patients with clinical T3b disease were defined according to
the result of seminal vesicle biopsy. Neoadjuvant ADT that usually took 4–12 weeks was
mainly to reduce prostate size when the anterior–posterior diameter exceeded 35 mm to
facilitate the cryoablation procedure. Twenty patients received adjuvant ADT under a
clinical trial setting [10].

All cryoablation procedures were performed by the single surgical team, Drs. CH Chen
and YS Pu. The detailed surgical procedures were described in the previous published
article [11]. All patients were followed using the same protocol, including PSA every
3 months in the first year, every 6 months in the 2nd to 5th years, and then annually. The
primary outcome was BCR, which was determined using the Phoenix criteria, i.e., PSA
increase of ≥2 ng/mL above the nadir [12]. Upon BCR, we commended early restaging
and early salvage therapy for these high-risk PC patients based on the consensus of the
European Association of Urology Prostate Cancer Guidelines Panel [13]. Hence, we advised
prostate and seminal biopsy, whole-body computed tomography/MRI imaging, and/or
whole-body PET-CT scan (18F-choline or 68Ga-PSMA) to distinguish between local and
distant failure. For patients with negative biopsy or unwilling to have a prostate biopsy,
a whole-body PET-CT scan (18F-choline or 68Ga-PSMA) was conducted as an alternative.
The primary outcome was BCR determined using the Phoenix criteria calculated from the
serial follow-up PSA value.
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2.3. Statistical Consideration

Contingency tables were constructed for comparisons using the Chi-square test. Non-
parametric data were compared with the Mann–Whitney U rank-sum method to compare
medians between groups. The log-rank test and Cox proportional hazards model were
used to compare the BCR risk. All these analyses were conducted using R software, version
3.6.1 (http://www.r-project.org/, accessed on 1 September 2021). All tests were two-tailed
with p < 0.05 indicating a significant difference.

The original patient cohort was randomly split into two cohorts: one (80% of patients)
served as the training cohort for developing the predictive prognostic models, and the other
(20%) as the validation cohort for external validation (Supplementary Table S1). Univariable
and multivariable Cox proportional hazard models were applied to address the time to
BCR after cryoablation. Multivariable Cox regression coefficients were used to generate
prognostic nomograms. We intended to generate two prognostic nomograms: pre- and
peri-operative predictive nomograms. Only pre-operative variables were incorporated into
the pre-operative nomogram, while both pre- and peri-operative variables were used in the
peri-operative nomogram. The final models were selected using a bidirectional stepwise
regression process, which used the Akaike information criterion as a stopping rule [14].
The nomograms were constructed using the survival and rms packages in R [15].

The model performance for predicting the BCR-free survival was determined using
the Harrell concordance index (C-index) [16]. To avoid the arbitrariness of cohort splitting,
the bias-corrected C-index was further calculated using repeated five-fold cross-validation
20 times and 1000 bootstrapping methods for the entire cohort. Calibration plots were
constructed to compare the nomogram-predicted probability of BCR-free survival at 1, 3, 5,
and 7 years with the actual survival probability.

3. Results

3.1. Patient Demographics and Tumor Characteristics

A total of 233 consecutive PC patients who received PTPC were enrolled. Forty-two
subjects were excluded because of low- or intermediate-risk disease. The median age of the
remaining 191 high-risk PC patients was 71 years (range 48–88 years), and the median PSA
value at diagnosis was 12.3 ng/mL (range 2–45.9 ng/mL; Table 1). The median time to BCR
was 34.5 months and the 5-year BCR-free rate was 66.7%. There was PSA < 10, 10–20, and
>20 ng/mL for 40.3%, 33.5%, and 26.2% of patients, respectively. About half of the patients
had a Gleason sum ≥ 4 + 3 (49.7%). Clinical T3a or above occurred in 74.4% of patients.
Visible tumor lesions on MRI (PI-RADS 3–5) were noted in 83.3% of patients. Tumors
located at the anterior apical prostate, which might be difficult to be treated [17], were
identified in 29 (15.2%) patients. Neoadjuvant ADT for ≤3 and >3 months was applied in
94 (49.2%) and 9 (4.7%) patients, respectively. Twenty (10.5%) patients were given adjuvant
ADT for 12 months under a prospective randomized study. Figure 1 shows that the higher
the number of high-risk factors based on EAU guidelines 2023 (PSA, Gleason, and stage)
that patients had, the faster the BCR occurred.

Table 1. Demographics of high-risk prostate cancer patients stratified by the status of biochemical
failure.

Groups All No BCR BCR p Value

Patient number (n) 191 100.00% 111 58.1% 80 41.90%
Median age (years, range) 71 (48–88) 72 (52–88) 69 (48–87) 0.014
Median PSA at diagnosis (ng/mL, range) 12.3 (2.0–45.9) 10.0 (2.0–45.9) 15.4 (4.5–44) <0.001
PSA at diagnosis (ng/mL) 0.003

<10 77 40.31% 56 50.45% 21 26.25%
10~20 64 33.51% 33 29.73% 31 38.75%

>20 50 26.18% 22 19.82% 28 35.00%
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Table 1. Cont.

Groups All No BCR BCR p Value

Biopsy Gleason sum 0.004
≤6 35 18.32% 26 23.42% 9 11.25%

3 + 4 = 7 61 31.94% 42 37.84% 19 23.75%
4 + 3 = 7 43 22.51% 21 18.92% 22 27.50%

8~10 52 27.23% 22 19.82% 30 37.50%
Clinical T stage 0.006

T1c 8 4.19% 5 4.50% 3 3.75%
T2a-2c 41 21.47% 29 26.13% 12 15.00%

T3a 80 41.88% 52 46.85% 28 35.00%
T3b 62 32.46% 25 22.52% 37 46.25%

Visible lesions on MRI 0.084
No 32 16.75% 23 20.72% 9 11.25%
Yes 159 83.25% 88 79.28% 71 88.75%

Anterior apical tumor 0.449
No 162 84.82% 96 86.49% 66 82.50%
Yes 29 15.18% 15 13.51% 14 17.50%

Neoadjuvant hormonal therapy 0.153
No 88 46.07% 56 50.45% 32 40.00%
Yes 103 53.93% 55 49.55% 48 60.00%

Adjuvant hormonal therapy 0.437
No 171 89.53% 101 90.99% 70 87.50%
Yes 20 10.47% 10 9.01% 10 12.50%

Prostate volume (median in mL, range) 26.9 (11.9–81.9) 26.9 (11.9–81.9) 26.8 (12.6–64.0) 0.689
Cryoprobe number (median, range) 6 (5–9) 6 (5–8) 6 (5–9) 0.351
PSA nadir value (ng/mL) <0.001

<0.01 87 45.55% 66 59.46% 21 26.25%
0.01~<0.1 66 34.55% 35 31.53% 31 38.75%
0.1~<0.5 27 14.14% 9 8.11% 18 22.50%

0.5~ 11 5.76% 1 0.90% 10 12.50%
Time to PSA nadir (weeks) 0.084

<8 71 37.17% 34 28.57% 37 51.39%
8~<12 76 39.79% 48 40.34% 28 38.89%

12~ 44 23.04% 29 24.37% 15 20.83%

BCR = biochemical recurrence; PSA = prostate-specific antigen; CI = confidence interval; MRI = magnetic resonance
imaging.

Figure 1. The Kaplan–Meier curve of biochemical failures in the high-risk prostate cancer patients
receiving primary total prostate cryoablation. The high-risk factors were defined based on EAU
guidelines 2023 and included Gleason sum of 8 or more, PSA value of 20 ng/mL or more, and clinical
stage T3a or more.
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3.2. Univariable and Multivariable Analyses Predicting BCR

Among the 191 patients, 111 (58.1%) remained BCR-free after a median follow-up
duration of 120.4 months (IQR 63–137.7 months). Compared to patients without BCR,
those with BCR (n = 80) tended to be younger (median 69 vs. 72 years, p = 0.014) and have
higher PSA at diagnosis (median 15.4 vs. 10.0 ng/mL, p < 0.001), higher Gleason sum (8–10,
37.5% vs. 19.8%, p = 0.004), and higher clinical T stage (≥T3b 46.3% vs. 22.5%, p = 0.006)
(Table 1). There was no significant difference in prostate size, amount of cryoprobes used,
the proportion of visible lesions on MRI, anterior apical tumors, or proportion of subjects
receiving neoadjuvant ADT and adjuvant ADT between patients with and without BCR.

After PTPC, 77.0% of patients reached the PSA nadir within 3 months post-operatively.
Eighty-seven (45.6%) patients had a PSA nadir value < 0.01 ng/mL. The PSA nadir values
were significantly higher in men with subsequent BCR than those without (p < 0.001). For
patients with a PSA nadir ≥ 0.5 ng/mL, up to 10 (91%) out 11 patients experienced BCR. In
comparison, only 24.1% (21/87) of patients had BCR if the post-cryoablation PSA nadir
was <0.01 ng/mL.

In the multivariable analysis of the pre-operative parameters, higher PSA, higher
Gleason sum, and higher clinical T stage independently predicted BCR (Table 2). For the
peri-operative predictive model, the multivariable analysis revealed that significant inde-
pendent predictors for BCR included higher PSA, higher Gleason sum, fewer or inadequate
number of cryoprobes used, and higher PSA nadir value (Table 2). More cryoprobes used
appeared to lower the risk of BCR, suggesting that the effective coverage of cancer areas
through adequately overlapping the cryoablation kill zone was crucial for treating high-risk
PC. The PSA nadir value was the most powerful predictor in the peri-operative predictive
model for BCR. Compared to patients with PSA nadir < 0.01 ng/mL, those with a nadir
of 0.01 to <0.1 (hazard ratio (HR) = 2.98, 95% confidence interval (CI) 1.68–5.26), 0.1 to
<0.5 (HR = 6.32, 95% CI 3.26–12.3), and ≥0.5 ng/mL (HR = 37.98, 95% CI 15.5–93.1) had
significantly elevated risk of BCR. Although the time to PSA nadir was associated with
BCR in the univariable analysis, it was a non-significant factor for BCR in the multivariable
model because of the strong association with PSA nadir (Supplementary Table S2).

3.3. Predictive Nomograms and Calibration

To predict BCR-free survival probability, pre- and peri-operative nomograms (Figure 2)
were constructed according to the multivariable predictive models. Three parameters were
included in the pre-operative nomogram: PSA at diagnosis, biopsy Gleason sum, and
clinical T stage. Four parameters were incorporated in the peri-operative nomogram: PSA
at diagnosis, PSA nadir, biopsy Gleason sum, and number of cryoprobes used.

In the training cohort, the C-indexes for the pre- and peri-operative nomograms
were 0.74 (95% CI 0.67–0.79) and 0.82 (95% CI 0.76–0.88), respectively. For the validation
cohort, C-indexes were 0.76 (95% CI 0.61–0.91) and 0.84 (95% CI 0.69–0.99), respectively.
Bias-corrected C-indexes for the two nomograms were 0.70 and 0.80, respectively. The
calibration plots showed satisfactory agreement in the BCR-free survival probabilities
calculated from either the nomograms or the actual survival data for both pre- and peri-
operative nomograms (Figure 3).
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(a) 

 
(b) 

Figure 2. The nomograms for predicting biochemical recurrence in the high-risk or very high-risk
prostate cancer patients: pre-operatively (a) and peri-operatively (b).

3.4. Pathological and Radiographic Evidence of Recurrence

The BCR-free rate at 1, 2, 3, 5, 7, and 10 years was 92.6%, 84.5%, 76.6%, 66.7%, 59.5%,
and 50.8%, respectively (Figure 1). Among the 80 patients with BCR, 44 (55%) local
recurrences were detected via either prostate biopsy (n = 38) or imaging studies (n = 6).
Metastasis to the pelvic lymph node, bone, and both were found in 13 (16.3%), six (7.5%),
and one (1.3%) patient, respectively. The remaining 16 (20.0%) patients who had BCR
did not have any pathological or radiographic evidence of local recurrence or distant
metastases. The estimated 10-year metastasis-free rate was 89.5% using Kaplan–Meier
method. There was no visceral metastasis upon the identification of BCR. Two patients had
lung metastases in 58 and 64 months after BCR. Three of the 191 patients had died of PC
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by the date of report preparation (January 2023). Eleven patients died of cardiovascular
diseases, infection and other cancers. The estimated 10-year cancer-specific and overall
survival rates were 97.4% and 90.5%.

(a) 

(b) 

Figure 3. The calibration of the nomograms predicting biochemical failures: pre-operatively (a) and
peri-operatively (b). BCR = biochemical recurrence. Remark “x”: resampling optimism added.
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3.5. Complications

A total of 44 (23.0%) patients had complications after PTPC in this cohort. The most
common complication was bladder outlet obstruction (n = 30, 15.7%), which included
bladder neck contracture (n = 8, 4.2%), urethral stricture (n = 8, 4.2%), urethral sloughing
(n = 10, 5.2%), urethral stone (n = 1, 0.5%), and mixed type (n = 3, 1.6%). Eighteen
(9.4%) patients had infection-related events, such as epididymitis (n = 3, 1.6%), prostatitis
(n = 8, 4.2%), and urethrocystitis (n = 7, 3.7%). Among 81 patients with potency before
PTPC, 9 (11.1%) recovered their erectile function with or without medication. No cryoprobe
penetration wound infection was noted. Long-term urinary incontinence was observed in
five (2.6%) patients. Transfusion was used for two (1.0%) patients. One patient encountered
a suspected sigmoid injury which was handled with parenteral nutrition for 7 days and
was discharged without any sequelae.

4. Discussion

Total prostate cryoablation is an alternative treatment option for localized PC, espe-
cially for low- and intermediate-risk disease [5,18]. Our data showed, in terms of BCR after
a long-term follow-up duration, that PTPC provided adequate 10-year cancer control in
50.8% of patients with high-risk disease, which is generally comparable with historical
control using other treatment modalities, such as RP [8,9] or RT [8,9]. The conventional
pre-operative clinicopathological parameters, including PSA at diagnosis, Gleason sum,
and clinical T stage helped predict BCR after PTPC. In the peri-operative setting, except for
PSA at diagnosis and Gleason sum, PSA nadir and number of cryoprobes used comprised
a powerful predictive model for BCR. The two models or nomograms provide valuable
tools to inform clinical decision-making and prognostic information in PTPC. In addition,
the peri-operative nomogram may help not only identify men at an increased risk of failure
but also advise early salvage therapy.

Compared to lower risks, patients with high-risk disease have increased local recur-
rence and treatment failure rates regardless of treatment modality applied [1,8,9]. Therefore,
the European Association of Urology guidelines suggested physicians offer multimodal
therapy for the patients with high-risk localized PC [19]. Retrospective studies reported that
the 5-year DFS rate with RP and RT was 38–65% and 62–74%, respectively [8,9]. In compari-
son, the COLD Registry and our series of PTPC demonstrated comparable outcomes of 62%
and 66.7% for the 5-year BCR-free survival rate, respectively [3]. Although the definition of
treatment failure differs between treatment modalities, that for RT and PTPC use the same
Phoenix criteria. The BCR-free rates for high-risk disease between PTPC in our cohort and
RT plus ADT [9] were similar at 5 (66.7% vs. 72%) and 10 years (46% vs. 53%), respectively.
Since differences in demographics and tumor characteristics between patient populations
may significantly affect clinical outcomes, it is inappropriate to compare these numbers
directly. For example, clinical T3 disease was more frequent in our cohort (74%) than the
RT cohort (14%). In contrast, the RT cohort had a higher proportion of PSA ≥ 20 ng/mL
(36% vs. 26%) and Gleason score 8–10 (41% vs. 27%) compared with our PTPC cohort.

The addition of long-term adjuvant ADT to definitive RT has become a standard-
of-care option for localized high-risk PC [20,21]. It was not clear whether adjuvant ADT
would benefit patients receiving PTPC. In a small-scale (n = 38) prospective randomized
study, adjuvant ADT for 12 months did not reduce BCR in patients with high-risk PC
receiving PTPC [10]. The benefit of adjuvant ADT in PTPC may be minimal or uncertain
and should be further investigated in large-scale studies. In our series, 103 (53.9%) had
received neoadjuvant ADT to reduce prostate size before cryoablation. Only nine patients
received neoadjuvant ADT for more than 3 months. However, our univariable analysis
showed that neoadjuvant ADT did not significantly influence BCR-free survival (p = 0.126).
In addition, we found no significant association between neoadjuvant ADT and PSA nadir
after cryoablation (Supplementary Table S3).

The PSA nadir values have been identified as an important prognostic factor for
clinical outcomes after PTPC. Tay et al. reported that patients with PSA nadir < 0.4 ng/mL

107



Cancers 2023, 15, 3873

in the COLD Registry had a significantly better 5-year DFS of about 70%, compared to
those with PSA nadir ≥ 0.4 ng/mL where most patients failed within 5 years [22]. The
multivariable analysis revealed that PSA nadir was a powerful prognosticator for BCR [22].
Many other Western reports [22,23] and our data on Asian men also showed consistent
results in that PSA nadir values significantly predicted the treatment failures after PTPC.
We also found that the earlier the PSA nadir was reached (<8 weeks), the higher the chance
of BCR, suggesting that post-cryoablation residual cancer nests drove PSA recurrence and
shortened the time to PSA nadir.

The number of cryoprobes used was a significant predictor of BCR in the multivariable
peri-operative regression model. In general, the number of cryoprobes to be deployed in
PTPC depends on several factors, including but not limited to prostate size, shape, and
specific tumor locations [17]. Saturated prostate cryoablation via setting more cryoprobes
and reducing the prostate volume to be covered per probe would improve cancer control [4].
A higher number of cryoprobes will reduce any possible inadequate ablation zone in the
prostate and ensure that the overlapping ice balls in the prostate reach a substantially low
killing temperature. These findings suggest that proactive and ample use of cryoprobes to
cover as complete a prostate region as possible may reduce inadequate ablation zone and
subsequent recurrence, especially when dealing with high-risk tumors.

Total prostate cryoablation had an acceptable rate of side effects in our patients with
high-risk PC. Although infection-associated complications, such as epididymitis, prostatitis,
and urethrocystitis, were up to 9.4%, all patients recovered well using the appropriate
antibiotics. As a minimally invasive surgery [24], no infection at the penetration wound
of the cryoprobes and thermoprobes was noted in our patients. The long-term continence
rate, defined as 1 or less pad a day, was 97.4% and comparable to those of RP and RT
series [25,26]. Bladder outlet obstruction resulting from bladder neck contracture, urethral
stricture, and urethral sloughing was relatively higher in our high-risk PC patients than
low- to intermediate-risk PC patients [3]. The possible reason was the intention to ablate
as much of the prostate as possible and, subsequently, to break the protection zone of
the urethral warming catheter in high-risk PC patients. Nevertheless, all these patients
experienced improvement using endourological methods. In our high-risk cohort, we did
not observe the most serious complication, namely, rectourethral fistula. A possible sigmoid
injury was noted during prostate cryoablation in one patient, who was supported with
total parenteral nutrition for one week and discharged without any sequelae. Considering
high-risk PC patients, the complication rate of PTPC was acceptable and comparable to a
non-nerve-sparing prostatectomy or radiation therapy plus androgen deprivation, which
were considered as the preferred treatment options [1]. We did not identify significant
clinical predictors for complications after PTPC in our series. The major reason was the
patient selection bias. For example, we did not conduct PTPC in patients whose tumors
were located near the urethra or who ever had transurethral resection of the prostate. To
evaluate the possible predictors of complications from PTPC, a prospective cohort without
significant selection criteria is warranted.

Several limitations exist in our study. First, the case number was not large enough
for an extensive analysis of all clinical parameters in the multivariable model. However,
the important demographic and tumor phenotype variables were all incorporated into
the final model for establishing the predictive nomograms. Second, there was a lack of
an independent cohort for external validation of the models or nomograms—this was
well compensated using the bootstrap and cross-validation in our study. Third, this is
a retrospective analysis that may have selection bias. However, the study enrolled all
consecutive patients who received total prostate cryoablation, and all data variables were
prospectively collected for all patients in a well-designed data entry file from the start of the
study, which may significantly mitigate any selection bias or recall bias. Fourth, the current
nomogram included only clinical parameters, but not molecular and detailed histological
characters. Although this design made it convenient for the physician to use in clinical prac-
tice, the precision of outcome prediction may increase with more molecular/histological
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biomarkers, such as serine/arginine splicing factor 1 [27], microvessel density [27], insulin
growth factor-1 [28], and so on.

5. Conclusions

Total prostate cryoablation appears to be an effective treatment option for men with
high-risk PC. A pre-operative nomogram that predicts BCR would be useful for both
patients and physicians to make clinical decisions when considering cryoablation among
other treatment modalities. A peri-operative nomogram that includes diagnostic PSA, PSA
nadir, Gleason sum, and the number of cryoprobes deployed may help inform increased
risk of BCR, which would then justify early salvage treatments.
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and neoadjuvant hormonal therapy.
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Simple Summary: Vaccination against human papillomavirus (HPV) helps prevent cancer caused by
this virus. Determining which viral genotypes should be included is key for developing successful
vaccination strategies. Low-risk genotypes, especially HPV6 and HPV11, are associated with benign
warts. However, some studies also report their presence in cancers. We reviewed the scientific
literature to estimate the proportion of cancers that bear single or dual HPV6/11 infections. HPV6
and HPV11 have been reported in up to 5.5% of penile and 87.5% of laryngeal cancers; however, they
have not been reported in vulvar, vaginal or oral cancers. Next, we compared the HPV6/11 genomes
with HPV16, the most common high-risk HPV genotype, and observed that the similarities mainly
involved the E7 gene, suggesting a limited ability to interfere with the differentiation of the host cells.
These findings support the use of HPV vaccines that cover HPV6/11 not only for preventing genital
warts but also for preventing specific types of cancers.

Abstract: High-risk human papillomavirus (HPV) is etiologically related to cervical cancer, other
anogenital cancers and oropharyngeal carcinomas. Low-risk HPV, especially HPV6 and HPV11,
cause genital warts and laryngeal papillomas. However, the accumulating data suggests that
HPV6 and HPV11 may cause malignant lesions at non-cervical anatomic sites. This review aims to
estimate the proportions of single and dual HPV6/11 infections in multiple cancers reported in the
last 10 years in the Cochrane, Embasa and PubMed databases. Secondly, the genomes of HPV6/11
were compared with the most common high-risk genotype, HPV16, to determine the similarities
and differences. A total of 11 articles were selected, including between one and 334 HPV+ cancer
patients. The frequencies of single or dual HPV6/11 infections ranged between 0–5.5% for penile
and 0–87.5% for laryngeal cancers and were null for vulvar, vaginal and oral cancers. The genomic
similarities between HPV6/11 and HPV16 mainly involved the E7 gene, indicating a limited
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ability to block cell differentiation. The presence of single or dual HPV6/11 infections in variable
proportions of penile and laryngeal cancers support the vaccination strategies that cover these
genotypes, not only for preventing genital warts but also for cancer prevention. Other risk factors
and co-carcinogens are likely to participate in epithelial carcinogenesis associated with low-risk
HPV.

Keywords: vaccine; squamous cell carcinoma; papillomavirus; retinoblastoma protein; low-risk HPV

1. Introduction

Human papillomaviruses are host species-specific, double-stranded DNA viruses
that exhibit a conserved icosahedral morphology, ranging between 50–55 nm in diameter
with a molecular weight of 5 × 106 Da [1,2]. Infection through tissue microdamage
allows the virus to gain access to basal keratinocytes in the epidermis and keratinized
mucosae [3,4]. The HPV genome contains a set of genes that are expressed early in the
viral cycle upon cell entry, designated the “early” (E) genes, and two “late” (L) genes,
L1 and L2, which are expressed later in the viral cycle and encode the structural capsid
proteins as well as the regulatory regions [5]. Based on their nucleotide sequence of
the L1 gene, HPVs are divided into types which are grouped in five genera (alpha,
beta, gamma, mu and nu), where alpha is the main genus, comprising the HPV types
associated with the development of cervical cancer known as high-risk (HR) HPVs
(e.g., HPV16 and HPV18) and the types associated with genital warts, termed low-risk
(LR) HPVs (e.g., HPV6 and HPV11) [6–10]. The HPV types are defined based on a 10%
variation in their L1 nucleotide sequence and may be further subdivided into variants
with different biological properties based on smaller differences [11–14]. The HPV
types may also be divided according to their target epithelial site, i.e., cutaneous versus
mucocutaneous [15]. Quadrivalent and nonavalent HPV vaccines are protective against
HPV6 and HPV11 infections along with infections by HR-HPVs, while the bivalent
vaccine only targets HPV16 and HPV18 [16]. Low-risk genital types are often responsible
for benign lesions, such as condyloma acuminata, and may also cause low-grade cervical
dysplasia. However, the risk of developing invasive cervical carcinoma is low [17].
HPV6 and HPV11 are most frequently found in genital warts [18] and are also involved
in respiratory papillomas [19,20]. In contrast, HR-HPVs are able to establish persistent
infections; interfere with cell proliferation, differentiation and survival; and are the
etiologic agents of cervical cancer [5]. However, in contrast with cervical cancer, a
limited number of studies have found single infections caused by LR-HPV, specifically
HPV6 and HPV11, in small proportions of some non-cervical anogenital cancers, such as
vulvar [21] and penile [22] cancers. Such observations suggest the hypothesis that these
two HPV types may exert a more significant oncogenic effect on those specific anatomic
sites than in the uterine cervix. If this is the case, the knowledge of the proportion of
cancers potentially associated with HPV6/11 would help tailor vaccination strategies,
especially in world regions where such cancers are more common. The present work
adopted two complementary approaches to study this hypothesis. First, we performed
a systematic review of the scientific literature from the last 10 years to determine the
prevalence of single or dual HPV6 and HPV11 infections in the sites of HPV-associated
cancers. Secondly, the genomic organization of these viruses was comparatively studied
against HPV16, the most common high-risk HPV genotype, to identify meaningful
similarities and differences. Finally, based on the results from both these studies, the
factors that may contribute to a possible oncogenic role for HPV6 and HPV11 were
discussed.
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2. Materials and Methods

2.1. Systematic Review of HPV6 and HPV11 in Cancer

The systematic review was performed in accordance with the preferred reporting
items for systematic reviews and meta-analyses (PRISMA) guidelines [23], according
to the following parameters. Population: HNSCCs, anal, cervical, penile, vaginal and
vulvar cancer patients. Intervention: the frequency of HPV6 and HPV11 single infections.
The search strategy contemplated three standard databases on biomedicine: PubMed,
Embase and Cochrane, accessed in March and April 2022. The keywords “cancer AND
HPV6” or “cancer AND HPV11” were applied. A total of 541 articles were retrieved from
PubMed, 695 articles from Embase and 29 articles from Cochrane. Duplicated records were
excluded based on the article’s bibliographic reference. The following inclusion criteria
were established concerning the type of study (case series and case–control studies in
humans), tumor sample type (formalin-fixed paraffin-embedded and fresh tissue biopsies),
tumor location (head and neck, uterine cervix, anorectum, penis, prepuce, vulva and
vagina), histological diagnosis (squamous cell carcinoma), HPV detection methodology
performed (PCR-based or sequencing techniques) and the type of agents identified (the
frequency of single or dual HPV6 and HPV11 infections reported with or without a report
of the infections by other LR-HPV types). The exclusion criteria were a lack of histological
confirmation of cancer, a lack of identification of single/dual HPV6 or HPV11 infections,
case reports, review articles and meta-analyses. The abstracts and, when necessary, the
materials and methods were analyzed to apply the inclusion and exclusion criteria.

2.2. Comparative Genomic Analysis of HPV6, HPV11 and HPV16

The HPV6 and HPV11 genomes were compared with HPV16, the most commonly
identified high-risk HPV in cancer, to identify the similarities and differences in the key
genes involved in the cell transformation. The complete genomes of HPV16 (NC_001526.4)
and HPV6 (NC_001355.1) were retrieved from the RefSeq database, available at NCBI.
The RefSeq database was unavailable for HPV11. Therefore, its complete genome was
retrieved from the GeneBank database, available at NCBI (MW404328.1). Then, the com-
plete genomes of HPV16, HPV6 and HVP11 were uploaded to the Proksee/CGView Server
online tool, which is a system for genome assembly, annotation and visualization [24]. In
this tool, BLAST (blastn) was used to identify the regions of similarity between the genomic
sequences. The amino acid sequences of the early proteins E6, E7, E5A and E5B from HPV16
and HPV6 were retrieved from the RefSeq database, available at NCBI, and the proteins
from HPV11 were retrieved from the GenePept database, available at NCBI. The blastp tool
from NCBI was used to evaluate the similarities between the early protein sequences.

3. Results

3.1. Systematic Review of HPV6 and HPV11 in Cancer

Most of the initially screened publications were excluded since they dealt with benign
lesions instead of cancer, which was in line with the known role of HPV6 and HPV11 in warts.
Overall, after applying the inclusion and exclusion criteria, 11 articles were selected for further
analysis (Figure 1). A total of three articles were analyzed for cervical cancer [25–27], six for
HNSCCs [28–33], none for anal cancer, three for penile cancer [28,34,35], one for vaginal
cancer [28] and one for vulvar cancer [28]. The characteristics of all 11 publications that
were selected for further analysis are summarized in Table 1.

The selected publications (Table 1) spanned the period between 2012 and 2021 and
dealt with patient cohorts varying in size between eight and 1010 total patients. HPV
detection was primarily performed using PCR-based methods, except for Aldersley et al.
(2021) who used previously obtained whole exome data. The proportion of HPV-positive
cases ranged between 1/85 [30] and 142/142 [25]. Seven studies used formalin-fixed
paraffin-embedded (FFPE) material [28–32,34,35]; however, one used fresh biopsies [33]
and another used tissue stored in RNAlater [26]. HPV genotyping was performed using
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a variety of commercial and custom methods. Three studies addressed the frequency of
HPV6/11 infections in cervical cancer [25–27] (Table 2).

Figure 1. Systematic review of HPV6 and HPV11 in cancer and the resulting publications selected
for analysis.

Table 1. Characteristics of the 11 articles included in the HPV6 and HPV11 systematic review.

References Type of Sample Detection Method Genotyping Method
Total Sample and
(HPV + Sample)

Tao et al., 2017
[25] Cervical scrappings PCR/Luminex 200 (Tellgen,

Shanghai, China)
PCR/Luminex 200

(Tellgen, China) 142 (142)

Das et al., 2013
[26]

Tissue biopsy in
RNAlater (Qiagen,
Hilden, Germany)

Nested PCR
Digene HPV Hybrid

Capture II Test (Qiagen,
Germany)

107 (105)

Aldersley
et al., 2021

[27]

Whole exome data
from previous
publications

SureSelect Exon Capture
(Agilent, Santa Clara, CA, USA)

and HiSeq sequencing
(Illumina, San Diego, CA, USA)

SureSelect Exon
Capture (Agilent) and

HiSeq sequencing
(Illumina, USA)

72 (62)

Barzon et al., 2014
[34] FFPE PCR (Inno-LiPa, Tokyo, Japan) Real-time PCR 59 (18)

Alemany et al., 2016
[35] FFPE

SPF-10/DEIA/LIPA25
(Laboratory Biomedical
Products, Rijswijk, The

Netherlands)

LIPA25 (Laboratory
Biomedical Products,
The Netherlands) and

Sanger sequencing

1010 (334)

Vietía et al., 2014
[33] Fresh biopsies PCR (Inno-LiPa, Japan) PCR (Inno-LiPa, Japan) 71 (48)

Taberna et al., 2016
[29] FFPE PCR (Inno-LiPa, Japan) Real-Time PCR 404 (54)

Lam et al., 2018
[30] FFPE Nested PCR Sanger sequncing 85 (1)
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Table 1. Cont.

References Type of Sample Detection Method Genotyping Method
Total Sample and
(HPV + Sample)

Weiss et al., 2015
[31] FFPE Real-Time PCR GP5+/6+ and

In Situ Hybridization Real-Time PCR 8 (6)

Sun et al., 2012
[32] FFPE PCR for HPV 6/11 and HPV

16/18
PCR for HPV 6/11 and

HPV 16/18 83 (42)

Magaña-León
et al., 2015

[28]
FFPE

SPF-10/DEIA/LIPA25
(Laboratory Biomedical

Products, The Netherlands)
PCR (Inno-LiPa, Japan) 35 (10)

These studies generally identified an extremely low prevalence of single HPV6/11
infections or infections with HPV6/11 in the context of other LR-HPV in cervical cancer.
A single case of HPV11 mono-infection was reported by [25], which also had the largest
caseload of the three. Three studies addressed penile cancer [28,34,35]. Alemany et al. (2016)
presented the largest caseload of the three and reported that 3.6% and 1.2% of HPV-positive
cases carried HPV6 and HPV11 mono-infections, respectively. Barzon et al. (2014) reported
a case showing HPV11 mono-infection and Magaña-León et al. (2015) reported none. In the
larynx, the proportions of single infections varied between 0% and 75% cases for HPV6 and
between 0% and 12.5% cases for HPV11. No studies observed single HPV6/11 infections in
oral, vaginal or vulvar SCCs.

Table 2. Prevalence of HPV6 and HPV11 single infections in different types of HPV-associated cancers.

Anatomic Location
HPV6

% (n/N)
HPV11
% (n/N)

Multiple Low-Risk%
(n/N)

Geographical
Location

References

Uterine cervix

0/142 1/142 1/142 China Tao et al., 2017
[25]

0/105 0/105 0/105 India Das et al., 2013
[26]

1.4% (1/62) 0/62 1/62
Republic of

Korea/United
States/France

Aldersley et al., 2021
[27]

Penis

0/18 5.5% (1/18) 1/18 Italy Barzon et al., 2014
[34]

3.6% (12/334) 1.2% (4/334) 4.8% (16/334) 25 Countries Alemany et al., 2016
[35]

0/8 0/8 0/8 Mexico Magaña-León et al., 2015
[28]

Head and
neck

Oral cavity 0/9 0/9 0/9 Mexico Magaña-León et al., 2015
[28]

Larynx

3.7% (2/54) 3.7% (2/54) 4/54 United States Taberna et al., 2016
[29]

1.2% (1/85) 0/85 1/85 China Lam et al., 2018
[30]

75.0% (6/8) 12.5% (1/8) 7/8 Germany Weiss et al., 2015
[31]

Not tested Not tested 9.6% (8/42) China Sun et al., 2012
[32]

0/9 0/9 0/9 Mexico Magaña-León et al., 2015
[28]

Mixed
locations 12.5% (6/48) 0% (0/48) 16.67% (8/48) Venezuela Vietía et al., 2014

[33]

Vagina 0/7 0/7 1/7 * Mexico Magaña-León et al., 2015
[28]

Vulva 0/1 0/1 0/1 Mexico Magaña-León et al., 2015
[28]

* One single HPV54 infection among seven vaginal SCC cases in the Magaña-Leon et al. (2015) study, which
included 35 SCCs from multiple locations.
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The HPV surrogate marker p16INK4a was studied using immunohistochemistry in five
articles. Two studies found that most penile cancers harboring HR-HPV were p16INK4a-
positive [34,35]. However, the larger Alemany et al. [35] study found that only a small
proportion of cancers with LR-HPV were p16INK4a-positive. Three studies described
p16INK4a immunostaining in laryngeal cancers [29–31] and reported a poor correlation with
the presence of HPV DNA. Weiss et al. found two positive LR-HPV cases [31].

3.2. HPV6/11/16 Comparative Genomic Analysis

HPV16 had a circular dsDNA with a total of 7906 bp and eight coding sequences
(Figure 2). When performing a blastn analysis at Proksee/CGView to compare both the
HPV16/HPV6 and HPV16/HPV11 genomes, it was possible to observe that the majority
of the similarities between the genomic sequences were located in the E1, E2, L2, L1 and
E7 coding regions. No similarities between the genomic sequences at the E6 and E5 regions
were found using these tools. The early proteins from HPV16 and HPV6/11 were then
evaluated regarding the similarity of their amino acid sequence (Supplementary Table S1)
using blastp. The identities, positives and expected values are presented in Tables 3 and 4,
where the identity describes the similarities of the sequences (the number of identical amino
acids) and positives correspond to the number of amino acids that were either identical or
had similar chemical properties.

Figure 2. Comparative genomic organization of HPV6, HV11 and HPV16.

According to the data obtained, the protein with highest similarity between HPV16
and HPV6 was E7, while E5 was the protein with lowest similarity. Similar results were
obtained for HPV16 and HPV11.
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Table 3. A comparative analysis of the HPV6 and HPV16 E6, E7 and E5 oncoproteins.

HPV6

E6 (NP_040296.1) E7 (NP_040297.1) E5A (NP_040301.1) E5B (NP_040302.1)

HPV16

E6 (NP_041325.1)
Identities: 39%;
Positives: 60%;

Expect: 2 × 10−41

E7 (NP_041326.1)
Identities: 57%;
Positives: 69%;

Expect: 3 × 10−34

E5 (NP_041330.2)
Identities: 24%;
Positives: 58%;
Expect: 0.018

No significant
similarity found.

Table 4. A comparative analysis of the HPV11 and HPV16 E6, E7 and E5 oncoproteins.

HPV11

E6 (QXM18822.1) E7 (QXM18823.1) E5A (QXM18827.1) E5B (QXM18828.1)

HPV16

E6 (NP_041325.1)
Identities: 37%;
Positives: 61%;

Expect: 2 × 10−40

E7 (NP_041326.1)
Identities: 55%;
Positives: 70%;

Expect: 1 × 10−33

E5 (NP_041330.2) No significant similarity
found.

No significant
similarity found.

4. Discussion

High-risk (HR)-HPVs, particularly HPV16, have been identified as the etiologic agents of
multiple anogenital and oropharyngeal cancers, as shown by numerous observational and
experimental studies [36–41]. LR-HPVs mostly cause benign lesions, such as condylomas, but
have also been suggested to be involved in subsets of malignant non-cervical lesions [42,43].
The present work provided a systematic analysis of the data published in the last 10 years
to determine the frequencies of HPV6 and HPV11 as single infections in anogenital and
head and neck cancers. The 11 selected articles showed significant geographic diversity,
including works from four continents, as well as a large international penile cancer study by
Alemany et al. (2016). While some studies showed a low HPV-positive caseload for specific
sites, such as the Weiss et al. (2015) and Magaña-Leon et al. (2015) reports, others were much
larger and included dozens or hundreds of patients, such as the Taberna et al. (2016) or
Alemany et al. (2016) articles. These heterogeneous results recommended caution when
interpreting the findings from our systematic review. Smaller studies may highlight
locally important phenomena, such as a higher HPV6/11 infection rate, while larger
studies may dilute those observations and provide a more general picture. One study
from Venezuela [33] reported data from multiple head and neck locations. However, it
was impossible to ascribe specific HPV genotypes to each anatomical site. We chose to
include this study because it provided data on the frequencies of LR-HPVs in head and
neck SCCs in general. However, it could not replace the detailed reports ascribing HPV6
and HPV11 to more specific anatomic sites. We began by analyzing the studies focused
on cervical cancer. Approx. 95% of women with cervical cancer were infected with one
or more HR-HPV subtype, with HPV16 and 18 being the most common [44,45]. LR-HPV
was associated with benign neoplasia and scientific data accumulated over decades does
not support its involvement in cervical SCCs [46,47]. In line with such observations, our
systematic review showed considerably low frequencies for HPV6 and HPV11 mono-
infections in cervical cancer. Quadrivalent and nonavalent HPV vaccines conferred
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protection against these LR-HPV types and their associated lesions [16]. Advanced
cervical cancer had dramatic consequences for patients due to cancer invasion and
metastasis, but also due to psychological issues and paraneoplastic syndromes [48–50].
Even intraepithelial lesions were associated with significant morbidity, which could
recur after surgical excision [51,52]. HPV-associated head and neck cancers were most
frequently located in the oropharynx, where HPV16 was responsible for approximately
95% of the HPV-related cases [13,36,53]. The head and neck studies in our systematic
review mostly reported data from the larynx, which likely reflected the known role
of HPV6 and HPV11 in respiratory papillomas in this anatomic area [17]. HPV6 and
HPV11 were the main causative agents of laryngeal papillomas, the most frequent
benign tumors in the lower respiratory tract [17]. Respiratory lesions associated with
the HPV11 type are suggested to be more aggressive compared to those associated with
HPV6 [54]. Our systematic review showed that laryngeal SCCs carried HPV6 and HPV11
in varying proportions. While large studies from China and the USA showed frequencies
ranging between 1% and 4%, a smaller German study showed much higher figures,
with up to 75% of cases showing HPV11 mono-infections. It is likely that these widely
varying figures reflected different geographical realities, but the results supported the
involvement of HPV6 and HPV11 in a significant proportion of laryngeal SCCs. Other
studies showed similar results [55]. The association between HPV6, HPV11 and this
anatomic area may reflect local microenvironmental factors and an exposure to chemical
carcinogens, as well as immunological impairment. These factors were not screened
in this systematic review. Minimal data were available concerning other head and
neck locations, with one study indicating null figures for oral SCCs [28] and the [33]
study reporting figures for mixed locations. LR-HPV, such as HPV6 and HPV11, were
associated with penile condylomas [56]. While it is possible that some penile condylomas
may progress to SCCs [57], there is still insufficient data to support this hypothesis. Our
systematic review showed that HPV6 and HPV11 infections were found in a significant
proportion of penile SCCs, in agreement with the previous reports on penile cancer and
penile intraepithelial neoplasia by multiple teams [58,59], including a meta-analysis
by [22]. While the Magaña-Leon study with only eight cases did not identify any HPV6
orHPV11 single infections, larger studies such as those of Barzon et al. (2014) and
especially Alemany et al. (2016), indicated that HPV6 and HPV11 mono-infections
were found in approximately 5% of penile SCCs. Multiple LR-HPV infections were also
found in 4% of other cases, according to Alemany et al. (2016). Taken together, these
observations support the involvement of the LR-HPV types in a significant proportion of
penile SCCs, suggesting that the penis and prepuce are anatomical sites with a particular
susceptibility to carcinogenesis induced by these agents. Vaccines covering HPV6 and
HPV11 may be more adequate for preventing penile neoplasia than bivalent vaccines
targetting only HPV16 and HPV18. In the vulva and vagina, HPV6 and HPV11 were
commonly associated with benign neoplasia, most often condylomas [47,60,61]. In our
systematic review, a single study [28] addressed the frequency of HPV6 and HPV11
mono-infections in the vagina and vulva, limiting our ability to draw conclusions. This
study suggested that a low frequency of infection caused by these LR-HPV types could
be associated with vaginal SCCs. However, no cases of vulva SCCs with HPV6/11
were identified. These results were in agreement with the previous reports [62]. In our
10-year study period, no studies focused on anal cancer fulfilled the inclusion criteria,
and we could not conclude the involvement of HPV6 and HPV11 mono-infections in this
type of cancer. This was regrettable, as other studies identified the presence of a small
proportion of anal SCCs associated with those LR-HPV types, especially in the context
of immunosuppression induced by HIV [63–66].

It is possible that genomic similarities with high-risk HPV allow for HPV6 and HPV11
to interact with important cellular targets, conferring a limited carcinogenic potential. The
HPV early proteins had regulatory functions and could be found in both high- and low-risk
HPVs [67–72]. Among these, the E5, E6 and E7 oncoproteins were believed to be the main
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transforming proteins of HR-HPV [5]. While E5 may have a low transforming activity
when expressed alone in a cell culture, it could play important roles in carcinogenesis
induced by high-risk HPV [73,74]. The E6 protein was able to inactivate the p53 tumor
suppressor protein and also perform p53-independent functions, thus playing a major
role in the HPV-induced cell transformation [75,76]. The E7 protein played several major
roles in carcinogenesis, especially by driving the degradation of the retinoblastoma protein
(pRb) and thereby promoting cell proliferation [77,78]. It has been previously suggested
that low-risk HPV types do not use their E6 and E7 gene products to drive extensive
cell proliferation in the basal and parabasal cell layers, thereby drastically reducing their
ability to induce cancer [79]. Indeed, our genomic analysis showed that the HPV6/11 and
HPV16 genomes shared important differences concerning the E5, E6 and E7 oncogenes.
However, they also exhibited some similarities. The E7 coding region was most conserved
among all three viruses, while no similarities were found between the genomic sequences
at the E6 and E5 regions. This suggests that the lower oncogenic potential of HPV6 and
HPV11 compared with HPV16 was at least partly related to the differences on their E5
and E6 oncogenes. Conversely, the similarities observed in the E7 oncogene could help
explain why HPV6 and HPV11 seemed to show some carcinogenic potential towards non-
cervical tissues. Indeed, the HPV6 and HPV11 E7 proteins interacted with the pRb family
member p130, inducing its proteasomal degradation. This mechanism could contribute to
deregulating cell differentiation and proliferation in the suprabasal epithelial layers [80–82].
Classically, the accumulation of the p16INK4a protein was assessed immunohistochemically
in squamous cell carcinomas as a surrogate marker for pRb downregulation to confirm
viral activity [83]. Two of the studies included in this review [34,35] reported results for
p16INK4a immunostaining in penile cancer, suggesting that only a minority of cases with
LR-HPV were positive for this marker, which was in line with their limited ability to
induce the degradation of pRb family proteins. Three studies of laryngeal cancer [29–31]
reported that p16INK4a immunostaining had a poor correlation with the HPV DNA status
in this type of cancer and, as observed for penile cancer, some LR-HPV-positive cases were
p16INK4a-positive [29,31].

5. Conclusions

Overall, the present review combined and analyzed the data concerning the frequency
of HPV6 and HPV11 mono-infections across multiple types of cancer. This analysis was
limited by the small caseload of some studies and also by the absence of data concerning
possible carcinogenic co-factors that could synergize with HPV6 and HPV11 to promote
their tumorigenic potential. HPV6 and HPV11 mono-infections were mostly associated
with SCCs of the larynx and penis. SCCs of the cervix, vagina, vulva and the head and
neck (apart from the pharynx) showed the lowest frequencies of HPV6 and HPV11 mono-
infections. It is plausible that factors such as immune suppression and specific changes to
the local microbiome may contribute to the enhancement of viral persistence, while chemical
agents may also act as co-carcinogens in the pharyngeal and penile mucosae. Establishing
the etiologic role of these LR-HPVs in the penis and pharynx and the contributions of other
co-factors will require additional studies and experimental demonstrations.
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Simple Summary: Motion of the prostate may adversely affect the outcome of radiotherapy. Online
tracking of the prostate during irradiation is technologically feasible but only available at select
institutions. It would be beneficial to be able to identify patients at risk of particularly high prostate
intrafraction motion with simpler technology. In this paper, we present a larger inner diameter of the
lesser pelvis as an anatomical predictor for high prostate intrafraction motion. It can be measured
with a single planning CT, which should always be available. Risk patients identified in this way
could then be selected for more rigorous online motion management or benefit from increased
safety margins.

Abstract: Prostate motion (standard deviation, range of motion, and diffusion coefficient) was
calculated from 4D ultrasound data of 1791 fractions of radiation therapy in N = 100 patients. The
inner diameter of the lesser pelvis was obtained from transversal slices through the pubic symphysis
in planning CTs. On the lateral and craniocaudal axes, motility increases significantly (t-test, p < 0.005)
with the inner diameter of the lesser pelvis. A diameter of >106 mm (ca. 6th decile) is a good predictor
for high prostate intrafraction motion (ca. 9th decile). The corresponding area under the receiver
operator curve (AUROC) is 80% in the lateral direction, 68% to 80% in the craniocaudal direction,
and 62% to 70% in the vertical direction. On the lateral x-axis, the proposed test is 100% sensitive and
has a 100% negative predictive value for all three characteristics (standard deviation, range of motion,
and diffusion coefficient). On the craniocaudal z-axis, the proposed test is 79% to 100% sensitive and
reaches 95% to 100% negative predictive value. On the vertical axis, the proposed test still delivers
98% negative predictive value but is not particularly sensitive. Overall, the proposed predictor is able
to help identify patients at risk of high prostate motion based on a single planning CT.

Keywords: radiation oncology; external beam radiotherapy; prostate carcinoma; intrafraction motion;
motion management; risk management; planning CT

1. Introduction

External beam radiotherapy (EBRT) is used in the treatment of prostate carcinoma [1–3].
The intrafraction motion of the prostate can significantly impact delivery to the prostate
gland. The prostate gland is a mobile organ, and larger movements during treatment could
result in irradiation of healthy tissue or underdosing of the tumor target volume, adversely
affecting tumor control [4,5]. Conversely, patients with higher intrafraction motion might
benefit from continuous tracking and intrabeam adjustments through smaller required
safety margins [6,7].

Several studies have investigated the effects of intrafraction motion on EBRT of the
prostate, and the results have demonstrated the need for motion management strategies
to optimize treatment outcomes. For example, an early study found a maximal range of
motion of 6.8 mm anterior and 4.6 mm posterior [8].

While intrafraction motion may be insignificant in one patient or fraction, it may be
substantial in another. A study in 184 patients found a “large variation in typical shifts
between” ranging from 1 to 6 mm radially [9].
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Typically, the effect of prostate bed motion requires safety margins of 3 to 5 mm during
image-guided radiation therapy [10].

In image guided therapy, several modalities have been available to pinpoint the
location of the prostate and track its motion between fractions (“inter-fraction”). Examples
include cone-beam computed tomography (CBCT), electronic portal imaging (EPI) with
or without fiducial markers, stereotactic three-dimensional (3D) ultrasound and full 3D
computed tomography [11,12]. The same or similar modalities are available to track the
prostate’s motion during a fraction (“intra-fraction”).

One strategy is to limit intra-fraction motion by determining optimal levels of bladder
filling [13] or restricting motion via endorectal balloons [14–16]. A more modern and
generally advantageous approach is to reduce treatment times, limiting the opportunity for
the prostate to wander off-beam [17].

Another approach is to use real-time tracking and beam adaptation, such as the
Calypso 4D localization system, which allows for continuous monitoring and correction of
the target position during treatment [18].

Similarly, four-dimensional (4D) ultrasound is a non-invasive technique used to visu-
alize and track the motion of internal organs, including the prostate gland, during radiation
therapy [19–21]. This method is not widely available in clinical practice, and its use is
limited to specialized centers with the necessary equipment and expertise.

On the other hand, planning CT scans are routinely used in the treatment planning
process for prostate cancer patients. This imaging modality provides high-quality images
of the prostate gland and surrounding structures, which are used to generate a treatment
plan that optimizes tumor coverage and minimizes the dose to nearby healthy tissues.

Because 4D ultrasound is not widely available, a planning CT would be particularly
useful to identify patients at risk of high prostate intrafraction motion. In this paper, a CT-
based anatomical criterion is derived and assessed. It may serve as a univariate predictor
and identify patients at risk of high prostate intrafraction motion.

2. Materials and Methods

Infra-fraction motion of the prostate was recorded at our institution during 2.385 frac-
tions of image-guided radiotherapy (IGRT) in 126 patients. The raw data is publicly
available (see the data availability statement below) and has been described in detail
at [22,23].

For this paper, those fractions were selected for which ultrasound recordings of at least
2 min were available. Of each fraction, the central one-minute time window was selected
for analysis; see Figure 1. The rationale was to work with recordings of standardized length
and to exclude possible motion artefacts at the beginning or end of the recordings.

For each of the clipped recordings, the standard deviation σ of the prostate position,
the range of motion ρ, and the diffusion coefficient δ of the random walk model [24,25]
were calculated for each of the three axes. In the case of the lateral x-axis:

σx =

√
1
N ∑(xi − x)2 (1)

ρx = max(x)− min(x) (2)

δx =
(Δx)2

ΔT
(3)

σ and ρ are measured in mm. To be comparable across fractions and patients, they
require a static time window of fixed duration (here: one minute). The diffusion coefficient
δ is measured in mm2 per minute and describes a linearly increasing variance over time.
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Figure 1. One minute of prostate tracking is evaluated per fraction.

Planning CTs were available for all patients. Transversal slices had been stored
as DICOM images of 512 by 512 pixels with a pixel size of (1.074 mm)2 in 97 out of
102 cases, (1.367 mm)2 in 4 cases, and (1.073 mm)2 in 1 case. Using these pixel pitches, all
measurements were converted to mm for further analysis.

Planning CTs were manually evaluated by a physicist. The inner diameter D of the
lesser pelvis was measured; see Figure 2.

Raw data processing: For each patient, their inner diameter D of the lesser pelvis
was tabulated together with their average standard deviation σ, range of motion ρ, and
diffusion coefficient δ along each of the three axes (for a total of 10 data points per patient).

Calculation of aggregate statistics: Across all patients, the average ± standard devi-
ation, the minimum, the median, the maximum, and the other two quartiles of the ten
quantities were tabulated. Histograms of the ten quantities were plotted.

Exploratory statistics: Scatter plots of the patient-average standard deviation σ, range
of motion ρ, and diffusion coefficient δ in relation to the inner diameter D of the lesser
pelvis were drawn.

Receiver Operator Characteristics: Sensitivity against specificity was plotted, and the
area under the receiver operator curve (AUROC) was measured.

Explaining variable: Any inner diameter of the lesser pelvis below the 6th decile is
considered “low D”, while any diameter at or above the 6th decile is considered “high
D”. The threshold was informed by receiver operator curves and selected to maximize
sensitivity while still providing at least some specificity.

Graphical Analysis: Box plots of the patient-average standard deviation σ, range of
motion ρ, and diffusion coefficient δ were drawn comparing patients with “low D” vs.
“high D”.
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Figure 2. The inner diameter of the lesser pelvis is measured by identifying the most cranial slice of
the planning CT that features the symphysis and then measuring the lateral distance between the
two pubic bones. The 3D model shows the location of the prostate (1) in relation to the measured
diameter (2) of the lesser pelvis.

Statistical Tests: Patient-average standard deviations σ, patient-average ranges of
motion ρ, and patient-average diffusion coefficients δ above the 9th decile are considered
“high”. The test predicts “high” prostate motility if and only if the inner diameter D of
the lesser pelvis is “high”. Two-by-two contingency tables were drawn for each of the
nine qualities, and the p-value was calculated by Fisher’s two-sided exact test. Sensitivity,
specificity, negative predictive value (NPV), and positive predictive value (PPV) were
calculated.
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3. Results

3.1. Available Data

One patient had to be excluded from the analysis because their ultrasound recordings
contained outlier data. Another patient had to be excluded from the analysis because the
relevant transversal slice was not assessable because multiple metal implants cast shadows
on the symphysis (“metal artefacts”). This reduced the number of available patients to N =
100 and the number of available fractions to 1791. Table 1 shows the format of the input
data for all the following analyses.

Table 1. Sample of N = 100 patients of the inner diameter of the lesser pelvis (D) and patient-average
prostate motion characteristics (σ, ρ, δ).

Patient
D

[mm]
σx

[mm]
σy

[mm]
σz

[mm]
ρx

[mm]
ρy

[mm]
ρz

[mm]
δx

[mm2/s]

δy

[mm2/s]

δz
[mm2/s]

1 102.0 0.143 0.086 0.155 0.549 0.455 0.633 0.181 0.034 0.223
2 99.9 0.169 0.125 0.148 0.615 0.579 0.661 0.084 0.181 0.099
3 97.7 0.467 0.300 0.688 1.668 1.219 2.484 2.140 0.493 5.739
4 109.5 0.427 0.154 0.866 1.344 0.694 2.869 1.688 0.067 5.759
5 109.5 0.103 0.110 0.178 0.444 0.596 0.810 0.057 0.013 0.132

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
100 101.0 0.300 0.181 0.487 1.183 0.887 1.782 1.678 0.098 3.107

3.2. Inner Diameter of the Lesser Pelvis

In the sample of N = 100 patients, the inner diameter D of the lesser pelvis ranged from
89 mm to 115 mm. The average diameter was 103 mm plus or minus 6 mm of standard
deviation, and the median diameter was 104 mm. See Table 2. Note that these numbers
are significantly lower than what is often reported as the transverse diameter of the pelvic
inlet. The latter is commonly measured in females and in the superior pelvis.

Table 2. Distribution of the inner diameter of the lesser pelvis (D) and patient-average prostate
motion characteristics (σ, ρ, δ).

N = 100
D

[mm]
σx

[mm]
σy

[mm]
σz

[mm]
ρx

[mm]
ρy

[mm]
ρz

[mm]
δx

[mm2/s]

δy

[mm2/s]

δz
[mm2/s]

average 103.3 0.25 0.19 0.32 0.90 0.84 1.22 1.46 0.75 1.91
std. dev. 5.9 0.26 0.12 0.29 0.72 0.39 0.85 4.16 2.32 4.59

minimum 89.1 0.05 0.08 0.08 0.19 0.34 0.38 0.01 0.01 0.02
1st quartile 99.9 0.12 0.12 0.17 0.51 0.61 0.76 0.09 0.05 0.18

median 104.2 0.16 0.16 0.22 0.65 0.71 0.89 0.20 0.12 0.42
3rd quartile 108.5 0.26 0.19 0.34 0.98 0.94 1.38 0.61 0.28 1.16
maximum 114.9 1.98 0.76 2.15 5.01 2.26 5.65 29.70 20.08 29.30

Figure 3 shows a histogram of D. In the following, D ≥ 106 mm is considered “high
D” and D < 106 mm is labeled “low D”. Using this cutoff at the 6th decile, N = 61 or 61% of
the patients were “low D”, and N = 39 or 39% were “high D”.

3.3. Prostate Motility

The patient-average standard deviation of the prostate position σ ranged from <0.1 mm
to ca. 2.0 mm in the lateral and craniocaudal axes and 0.8 mm in the vertical axes. The
average values were 0.25 mm (x-axis), 0.19 mm (y-axis), and 0.32 mm (z-axis), respectively.
See Table 2 for further details. A joint histogram of all three axes is shown in Figure 4a. A
joint cutoff of 0.5 mm corresponds roughly to the 9th decile.
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Figure 3. Histogram of the inner diameter of the lesser pelvis in the patient sample (D).

Similarly, the patient-average range of motion of the prostate ρ ranged from <0.4 mm
to ca. 2 mm on the y-axis and >5 mm on the x- and z-axes. The average values were
0.90 mm (x-axis), 0.84 mm (y-axis), and 1.22 mm (z-axis), respectively. See Table 2 for
further details. A joint histogram of all three axes is shown in Figure 4b. A joint cutoff of
2.0 mm corresponds roughly to the 9th decile.

Finally, the patient-average diffusion coefficient of prostate motion ranged from close
to zero to almost 30 mm2/s in some cases. High-motility cases pushed the averages to 1.46,
0.75, and 1.91 mm2/s in the three axes. However, medians were much more moderate at
0.20, 0.12, and 0.42 mm2, respectively. See Table 2 for further details. A joint histogram of
all three axes is shown in Figure 4c. A joint cutoff of 7.5 mm is above the 9th decile, as the
distribution is quite centered on zero.

In general, prostate motion was lower in the vertical direction than in the lateral and
craniocaudal directions. This was true for all the tree measures σ, ρ and δ.

3.4. Prostate Motility vs. Inner Diameter of the Lesser Pelvis

The three scatter plots in Figure 5a–c show each 100 patients × 3 axes = 300 data points.
The three plots show the patient-average standard deviation σ, patient-average range of
motion ρ, and patient-average diffusion coefficient δ, respectively. The axes intersections
are chosen such that they split each plot into four quadrants.
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(a) 

(b) 

Figure 4. Cont.
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(c) 

Figure 4. Histogram of patient-average (a) standard deviation σ; (b) range of motion ρ; (c) diffusion
coefficient δ.

The lower two quadrants correspond to “low” prostate motility and contain most
of the data points. There are a significant number of points both in the lower left and
lower right quadrants. This means that there are a significant number of patients with low
prostate motility, irrespective of the inner diameter of the lesser pelvis.

The upper two quadrants, however, contain significantly different points. These
correspond to patients with “high” prostate motility. And most of them are found in the
upper right quadrant, corresponding to high prostate motility and a high inner diameter of
the lesser pelvis.

The picture is qualitatively similar for σ, ρ, and δ.

3.5. Receiver Operator Characteristics

Figure 6a (standard deviation), Figure 6b (range of motion), and Figure 6c (diffusion
coefficient) show receiver operator curves (ROC) for the suggested test. The tradeoff
between sensitivity and specificity is a function of the choice of the cutoff diameter, D. The
plots are shown for the patient-average standard deviation σ, patient-average range of
motion ρ, and patient-average diffusion coefficient δ, respectively.
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(a) 

(b) 

Figure 5. Cont.
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(c) 

Figure 5. Scatter plots as a function of the inner diameter of the lesser pelvis (D) of the patient-average
(a) standard deviation σ; (b) range of motion ρ; (c) diffusion coefficient δ.

The area under the receiver operator curve (AUROC) is 80% in the lateral direction for
all three motion characteristics. It is between 68% and 80% in the craniocaudal direction. In
the vertical direction, it is only 62% to 70%.

Sensitivity is optimal for a choice of at most D = 106 mm and steeply falls off for higher
choices of D, as most patients with high motility are in the range between 106 mm and
110 mm. Specificity, on the other hand, does not benefit from a lower choice of D, as even
at high D, there are many patients that do not exhibit high motility.

At values of D lower than 106 mm, sensitivity does not increase anymore, but speci-
ficity only decreases further.

This is why D = 106 mm is chosen as the preferred cutoff for the following: As above,
the regime D < 106 mm is called “low D” while anything at or above D ≥ 106 mm is
considered “high D”.

3.6. Prostate Motility for Low D and High D

Figure 7a–c show box plots for the patient-average standard deviation σ, patient-
average range of motion ρ, and patient-average diffusion coefficient δ, respectively.
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(a) 

(b) 

Figure 6. Cont.
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(c) 

Figure 6. Receiver Operator Curves for the proposed test as a function of diameter D cutoff for
(a) standard deviation σ; (b) range of motion ρ; (c) diffusion coefficient δ.

All prostate motility characteristics are visibly higher in cases of high D. The difference
(by the unpaired t-test) is significant for all situations except for the diffusion coefficient on
the vertical axis.

3.7. Test Statistics

Table 3a (standard deviation), Table 3b (range of motion), and Table 3c (diffusion
coefficient) show two-by-two contingency tables for low/high D vs. low/high regimes of
the prostate motility characteristics.

Fisher’s two-sided test fails for the vertical axis but is successful for both the lateral
x-axis and the craniocaudal z-axis.

On the lateral x-axis, the proposed test is 100% sensitive and has a 100% negative
predictive value for all three characteristics.

On the craniocaudal z-axis, the proposed test is 79% (standard deviation) resp. 83%
(range of motion) resp. 100% (diffusion coefficient) sensitive and reaches 95% (standard
deviation) resp. 97% (range of motion) resp. 100% (diffusion coefficient) negative predictive
value.

On the vertical axis, the proposed test still delivers 98% negative predictive value but
is not particularly sensitive.

In general, the proposed test shows little specificity, at only 61% to 67%. Generally, it
only has little positive predictive value when <30%.

136



Cancers 2023, 15, 4103

(a) 

(b) 

Figure 7. Cont.
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(c) 

Figure 7. Box plots comparing low and high values of the inner diameter of the lesser pelvis (D) of the
patient-average (a) standard deviation σ; (b) range of motion ρ; (c) diffusion coefficient δ. * p < 0.05,
** p < 0.01, *** p < 0.001.

Table 3. (a) Contingency tables, significance, sensitivity, specificity, and negative/positive predictive
value for the standard deviation. (b) Contingency tables, significance, sensitivity, specificity, and
negative/positive predictive value for the range of motion. (c) Contingency tables, significance,
sensitivity, specificity, and negative/positive predictive value for the diffusion coefficient.

Patient-Average Standard
Deviation σ [mm]

Inner Diameter of the Lesser Pelvis
D [mm]

Significance
p-Value

Sensitivity
Specificity

NPV
PPV

“Low D” < 106 mm “High D” ≥ 106 mm

(a)

lateral
(x-axis)

<0.5 0 8 0.0003 100% 100%
≥0.5 61 31 66% 21%

vertical
(y-axis)

<0.5 1 4 0.0743 80% 98%
≥0.5 60 35 63% 10%

craniocaudal
(z-axis)

<0.5 3 11 0.0020 79% 95%
≥0.5 58 28 67% 28%
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Table 3. Cont.

Patient-Average Range of Motion
ρ [mm]

Inner Diameter of the Lesser Pelvis
D [mm]

Significance
p-Value

Sensitivity
Specificity

NPV
PPV

“Low D” < 106 mm “High D” ≥106 mm

(b)

lateral
(x-axis)

<2.0 0 5 0.0076 100% 100%
≥2.0 61 34 64% 13%

vertical
(y-axis)

<2.0 1 2 0.5586 67% 98%
≥2.0 60 37 62% 5%

craniocaudal
(z-axis)

<2.0 2 10 0.0012 83% 97%
≥2.0 59 29 67% 26%

Patient-Average Diffusion
Coefficient δ [mm2/s]

Inner Diameter of the Lesser Pelvis
D [mm]

Significance
p-Value

Sensitivity
Specificity

NPV
PPV

“Low D” < 106 mm “High D” ≥ 106 mm

(c)

lateral
(x-axis)

<7.5 0 5 0.0076 100% 100%
≥7.5 61 34 64% 13%

vertical
(y-axis)

<7.5 1 1 1.0000 50% 98%
≥7.5 60 38 61% 3%

craniocaudal
(z-axis)

<7.5 0 5 0.0076 100% 100%
≥7.5 61 34 64% 13%

4. Discussion

Anatomical predictors of high prostate interfraction and intrafraction motion have
been known before. Several studies have identified factors that are associated with in-
creased prostate motion during radiation therapy, including the size and shape of the
prostate gland and the presence of rectal and bladder filling.

For example, [26] found that “large bladder intrafractional filling and a large bladder
volume difference from planning CT were more likely to experience bigger longitudinal
prostate motion”. The study also derived an anatomical predictor where a smaller anterior–
posterior size of the bladder and a smaller anterior–posterior to cranio–caudal ratio were
favourable.

Perhaps closest in notion to our analysis, [27] uses the maximum rectal diameter
(MRD) as a predictor for intrafraction prostate motion. They find that an MRD ≤ 3 cm
predicts a prostate displacement ≤ 5 mm with 90% confidence.

Another calculational study derives a population model to estimate the probability of
bladder presence during treatment using only the planning computed tomography [28] as
in our study. Even earlier studies had already confirmed correlations between planning CT
and intrafraction motion [29].

Our results are in line with the naive expectation that a larger prostate lodge and more
leeway between the bony anatomy of the pelvis allow for higher prostate intrafraction
motion.

In this study, only the center of gravity of the prostate (i.e., its location along the three
spatial axes) was recorded by the instrument software. In follow-up work, we would also
like to consider the size of the prostate (i.e., its volume) and other anatomical metrics to
identify potential further confounding factors [30].

Independent analysis is needed to validate the criterion proposed in this paper in
separate patients and unrelated datasets. Further research will be conducted into additional
multivariate predictors in our dataset and into their validation by online MR Linac data.
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5. Conclusions

An anatomical univariate predictor based on a single planning CT may help identify
patients at risk of high prostate motion. While a diameter of the lesser pelvis of less than
106 mm has a high negative predictive value, patients with a larger diameter of the lesser
pelvis may still exhibit low prostate motility. On the other hand, patients that are truly at
risk are identified by D ≥ 106 mm with high sensitivity.
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Abstract: Klotho proteins, αKlotho, βKlotho, and γKlotho, exert tumor-suppressive activities via the
fibroblast growth factor receptors and multiple cell-signaling pathways. There is a growing interest
in Klotho proteins as potential diagnostic and prognostic biomarkers for multiple diseases. However,
recent advances regarding their roles and potential applications in cancer remain disperse and require
an integrated analysis. The present review analyzed research articles published between 2012 and
2022 in the Cochrane and Scopus scientific databases to study the role of Klotho in cancer and their
potential as tools for diagnosing specific cancer types, predicting tumor aggressiveness and prognosis.
Twenty-six articles were selected, dealing with acute myeloid leukemia and with bladder, breast,
colorectal, esophageal, gastric, hepatocellular, ovarian, pancreatic, prostatic, pulmonary, renal, and
thyroid cancers. αKlotho was consistently associated with improved prognosis and may be useful
in estimating patient survival. A single study reported the use of soluble αKlotho levels in blood
serum as a tool to aid the diagnosis of esophageal cancer. γKlotho was associated with increased
aggressiveness of bladder, breast, and prostate cancer, and βKlotho showed mixed results. Further
clinical development of Klotho-based assays will require careful identification of specific tumor
subtypes where Klotho proteins may be most valuable as diagnostic or prognostic tools.

Keywords: liquid biopsy; cancer; klotho; prognosis; diagnosis

1. Introduction

The Klotho proteins, alpha(α)Klotho [1,2] and beta(β)Klotho [3], are encoded by the
KLA and KLB genes located in chromosomes 4 and 13, respectively. αKlotho was originally
identified in mice and elicited great interest due to its anti-aging properties [1]. It is
expressed in a variety of tissues and is in the cell membrane as a type I single-pass 135 kDa
protein containing an N-terminal sequence, two extracellular domains (designated KL1
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and KL2) with glycosidase activity, a transmembrane helix, and an intracellular domain
consisting of only 10 amino acids [2].

The αKlotho protein is also present in blood as a secreted protein generated by al-
ternative mRNA splicing containing the KL1 domain only [1] and as a soluble protein
that may contain KL1 alone or both the KL1 and Kl2 extracellular domains [4]. Cleavage
of the αKlotho extracellular domains is mediated by disintegrin and metalloproteinase
domain-containing (ADAM) proteins ADAM10 and ADAM17 [4]. The βKlotho protein
shares structural similarities with αKlotho and is also located in the cell’s plasma mem-
brane [3,5], and soluble βKlotho has also been reported [6]. Another membrane-bound
glycosidase-like protein, designated Klotho-lactase phlorizin hydrolase, was first identified
in mice and is encoded by the LCTL gene on chromosome 15 in humans [7]. The functions
of this protein, also referred to as γKlotho, are less clear than those of αKlotho and βKlotho.

αKlotho binds to FGR receptors, acting as a co-receptor for FGF23 and playing a key
role in the renal regulation of phosphate levels [8,9]. βKlotho acts as a co-receptor for
fibroblast growth factors 19 and 21 (FGF19 and FGF21) by forming binary complexes with
FGFR4 and FGFR1c, respectively [10–12]. The binding of βKlotho with FGFR1c in adipose
tissue or FGFR4 in the liver and with endocrine ligands FGF21 and FGF19 triggers multiple
intracellular responses, as previously reviewed [5]. Canonically, the binding of FGF21 to
the βKlotho-FGFR1c complex activates ERK1/2 downstream signaling and regulates the
synthesis of biliary acids in hepatocytes, while FGF19 binds to βKlotho-FGFR4 complexes
to downregulate Cyp17a1, also regulating hepatic bile production [11–14].

Loss of αKlotho has been consistently linked with chronic kidney disease and phos-
phate metabolism dysfunction [15,16]. αKlotho downregulation was also associated with
pleiotropic effects involved in aging [1,5] and is proposed to act as a tumor suppressor, as
recently reviewed [17]. Interestingly, βKlotho has been associated with both tumorigenic
and tumor-suppressive effects in different types of cancer, suggesting a more complex
scenario with multiple context-specific activities [18–20]. γKlotho expression has also been
studied in multiple types of cancer [21,22]. In cancer, Klotho proteins have been shown to
interact with multiple cellular signaling pathways, enhancing or blocking carcinogenesis,
as previously reviewed [17,23]. As well as interacting with FGF to activate FGFR, αKlotho
(Figure 1) was initially found to downregulate signaling via insulin-like growth factor 1
receptor (IGF-1R), and this may contribute to its effects against some types of cancer [24,25].
βKlotho enhances pro-tumorigenic functions of FGFR in multiple types of cancer [26,27].
The phosphatidylinositol-3-kinase (PI3K) pathway is triggered by multiple membrane-
bound receptors and mediates cell proliferation, growth, and survival and is also inhibited
by αKlotho [28]. The WNT-β-catenin pathway is activated in multiple cancers where it
modulates cell differentiation, survival, and mobility [29]. αKlotho’s ability to block this
pathway contributes to its anti-tumor properties [30]. Transforming growth factor beta
(TGFβ) is also able to modulate cell differentiation and mobility, namely inducing epithelial-
to-mesenchymal transition [31], and αKlotho can block those effects [32]. The signaling
pathways modulated by γKlotho are less studied, but Hori et al. (2016) implicated this
protein in epithelial-to-mesenchymal transition in bladder cancer.

Accumulating data suggests that the tissue expression of Klotho proteins and, es-
pecially, the detection and quantitation of their soluble forms in body fluids like blood
serum may be useful for establishing the diagnosis and prognosis of some types of can-
cer [6,33,34]. The present review aims to analyze scientific data regarding the role of Klotho
proteins in cancer and to retrieve information regarding their potential use as diagnostic
and prognostic biomarkers.
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Figure 1. αKlotho downregulates signaling mediated by multiple cell membrane receptors, contribut-
ing to its anti-cancer effects.

2. Materials and Methods

The review was performed on three standard databases on biomedicine: PubMed,
Scielo, and ScienceDirect, accessed in April 2023, including scientific papers published
between 2012 and December 2022. The keywords “cancer AND Klotho” were applied. The
following inclusion criteria were established concerning the type of study (case series and
case–control studies in humans; experimental in vitro and in vivo studies) and outcomes
(effects of Klotho gene products in cancer). Exclusion criteria were lack of clear definition
of cancer type or controls, lack of Klotho gene product quantification, case reports, review
articles, commentaries, hypothesis and meta-analyses, and languages other than English.
The abstracts and, when necessary, the materials and methods were analyzed to apply
inclusion and exclusion criteria (Figure 2).

Figure 2. Selection of articles from the PubMed, Scielo, and ScienceDirect databases and resulting
publications for analysis.
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3. Results

Most publications were excluded due to duplication between databases or by applying
exclusion criteria. Many articles have dealt with other pathologies where Klotho proteins
are thought to play significant roles, most prominently in renal diseases. Overall, after
applying inclusion and exclusion criteria, 26 articles were selected for further analysis
(Table 1). Most studies used in vitro and/or clinical observational approaches, with only
7 articles using in vivo studies with animal models. Clinical observational studies often
described the expression of Klotho genes at the RNA and/or protein levels and provided
correlations between these markers’ expression levels and relevant clinical parameters.
Caseloads varied between 36 and 313 patients. Remarkably, none of the clinical studies
adopted an interventional approach, and most consisted of retrospective cohort studies,
while one article included a case–control study. In vitro studies provided insights into
the regulation of Klotho protein’s expression and its effects on cancer cells. Among the
26 selected articles, 21 dealt with αKlotho, 5 with βKlotho and only 3 with γKlotho, with
one article studying α and βKlotho and another studying all the three proteins.

Table 1. Characteristics of the 26 articles included in the review.

Reference Year Type of Cancer In Vitro In Vivo
Number of

Patients
Clinical

(Observational)

[26] 2012 Hepatocellular carcinoma x 56 Retrospective
cohort

[27] 2013 Prostate cancer x 136 Retrospective
cohort

[35] 2013 Lung cancer x x -

[36] 2013 Hepatocellular carcinoma x 64 Retrospective
cohort

[28] 2013 Renal cell carcinoma x 125 Retrospective
cohort

[37] 2015 Renal cell carcinoma 160 Retrospective
cohort

[38] 2015 Ovarian cancer x 265 Retrospective
cohort

[39] 2015 Acute myeloid leukemia x 109 Retrospective
cohort

[30] 2015 Hepatocellular carcinoma x -

[21] 2015 Breast cancer x 68 Retrospective
cohort

[40] 2016 Thyroid cancer x -

[41] 2016 Esophageal cancer x 160 Retrospective
case–control

[42] 2017 Pulmonary squamous cell
carcinoma x 40 Retrospective

cohort

[43] 2017 Ovarian cancer x x 198 Retrospective
cohort

[44] 2018 Pancreatic
adenocarcinoma x 313 Retrospective

cohort

[22] 2018 Bladder cancer x x 205 Retrospective
cohort

[45] 2019 Large cell neuroendocrine lung
cancer

Retrospective
cohort
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Table 1. Cont.

Reference Year Type of Cancer In Vitro In Vivo
Number of

Patients
Clinical

(Observational)

[46] 2019 Colorectal cancer x x 143 Retrospective
cohort

[47] 2020 Prostate cancer x 36 Retrospective
cohort

[48] 2020 Colorectal cancer x -

[49] 2020 Gastric adenocarcinoma x -

[50] 2021 Colorectal cancer x -

[51] 2021 Pancreatic cancer x 178 Retrospective
cohort

[52] 2021 Gastric cancer x 94 Retrospective
cohort

[53] 2022 Colorectal cancer x -

[54] 2022 Hepatocellular carcinoma x x -

x denotes that in vivo and/or in vitro experiments were performed for each article.

3.1. αKlotho

The main findings of the 21 articles addressing αKlotho in cancer are summarized in
Table 2. Four studies were focused on colorectal cancer [46,48,50,53], another three on lung
cancer [35,42,45], two on hepatocellular carcinoma [30,36], two on ovarian cancer [38,43],
two on renal cell carcinoma [28,37], and two on gastric cancer [49,52]. Prostate cancer [27],
acute myeloid leukemia [39], thyroid cancer [40], esophageal cancer [41], breast cancer [21],
and pancreatic cancer [51] were each studied by a single article.

Table 2. Studies dealing with αKlotho.

Cancer Type Reference Type of Sample Main Findings
Potential

Applications

Prostate cancer [27]

Frozen and FFPE cancer
tissues. PC3, DU145, VCaP,

LNCaP cancer cell lines,
PNT1a normal prostate cells

KLA gene expression detected in
all cell lines by qRT-PCR and
FGF19 stimulates PCa cells

in vitro. αKlotho detected by
IHC in 50% primary and 90%

metastatic PCa samples

Screening of patients
who may benefit from
anti-FGFR therapies

and may be using IHC
on tumor tissues

Lung cancer

[35] A549 and H460 tumor cells
and xenografts

αKlotho downregulation
promotes cisplatin resistance

in vitro and in vivo

[42]

FFPE cancer tissues
(centrally located early lung
cancer and SCC), A549, and

SQ5 tumor cell lines

αKlotho expressed in 100%
centrally located early lung

cancer samples but only in 13%
SCC using IHC. Inhibited

N-cadherin expression in vitro

[45]
FFPE cancer tissues (large

cell neuroendocrine
lung cancer)

αKlotho expressed in 3/4 patients
and associated with survival

Tissue expression may
predict prognosis

(survival)
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Table 2. Cont.

Cancer Type Reference Type of Sample Main Findings
Potential

Applications

Hepatocellular
carcinoma

[36]

Frozen and FFPE tumor and
adjacent tissues. HRPG2,
BEL-7402, SMMC-7721,

HL7702, HUH-7,
MHCC-97-H cancer cell lines

and L-02 hepatocytes

αKlotho is downregulated at
mRNA and protein levels in
HCC versus adjacent tissue;
promoter methylation and
reduced protein expression

correlate with reduced survival

αKlotho promoter
methylation and

protein expression may
predict prognosis

(survival)

[30]
HepG2 and SMMC-7721

cancer cell lines,
L-02 hepatocytes

Recombinant αKlotho
downregulates Wnt/β-catenin

signaling, suppressing
proliferation and

inducing apoptosis

Renal cell
carcinoma

[28]
786-O, OS-RC-2, ACHN,

Caki-1 and Renca cancer cell
lines. Tumor tissue

αKlotho tissue expression (IHC)
is inversely correlated with
tumor size, TNM stage, and

nuclear grade. In vitro blocked
EMT via

PI3K/Akt/GSK3 β/Snail

Potential IHC marker
of tumor

aggressiveness

[37]
Frozen tumor and adjacent

tissue (clear cell RCC).
Preoperative blood serum

αKlotho is downregulated in
tumor tissue at RNA (qRT-PCR)

and protein (IHC) levels.
Reduced serum levels (ELISA)
associated with higher tumor

volume, Fuhrman grade, clinical
stage, reduced cancer-specific

survival, and
progression-free survival

Serum αKlotho
levels using ELISA may

predict prognosis,
including survival.

Ovarian cancer

[38]

Tumor (high-grade
papillary-serous

adenocarcinoma) and
adjacent ovarian tissues.

19 cancer cell lines

αKlotho was reduced in tumor
versus adjacent tissues (IHC)

and in 16/19 cell lines (qRT-PCR)

[43]
FFPE and frozen tumor and

adjacent tissues. 7 cancer
cell lines

αKlotho was reduced in tumor
versus adjacent tissues (IHC).
Reduction correlates with low

survival. Tumor xenografts
expressing αKlotho had a
smaller size. KLA−/− mice

showed higher IL-6 levels in
response to xenografts

Tissue expression using
IHC may

predict survival

Acute myeloid
leukemia [39] KG-1 cells

Exposure to miR-126-5p
decreased αKlotho levels and
induced Akt phosphorylation

and cytarabine resistance

αKlotho may predict
cytarabine resistance

Breast cancer [21]
Frozen tumor and adjacent
tissues. MDA-MB-231 and

H357T cancer cell lines

αKlotho was downregulated in
cancer versus adjacent tissue.

Undetectable in both cell lines

Follicular thyroid
carcinoma [40] FTC133 and FTC238 cancer

cell lines

αKlotho reduced cell
proliferation and induced

apoptosis in vitro
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Table 2. Cont.

Cancer Type Reference Type of Sample Main Findings
Potential

Applications

Esophageal cancer [41]
FFPE cancer and adjacent
tissues. Blood serum from

patients/controls

αKlotho was downregulated in
cancer versus adjacent tissue

(IHC). Correlates with improved
survival inversely correlated

with staging, grade, lymph node
metastasis, and β-catenin.
Serum levels are higher in

patients versus controls

Tissue levels (IHC) may
predict prognosis,
including survival.
Serum 327 pg/mL
cut-off (ELISA) is
diagnostic with a

sensitivity of 81% and
specificity of 81%

Colorectal cancer

[46]
FFPE tumor tissue. RKO and
LoVo cancer cell lines, Wi-38,

and HUVEC cells

Lower αKlotho (IHC) is
associated with lower patient

survival. αKlotho prevents
pro-tumorigenic effects of
senescent cells in vitro and

in vivo via
NFκB/CCL2 blockade

Tissue levels (IHC) may
predict survival

[48] Six cancer cell lines and
normal cells

FL-1 regulates αKlotho
expression in cancer cells

[50] CaCo-2 cells αKlotho induces apoptosis via
the TRAIL death receptor

[53] HT29 cancer cell line,
CCD841 cells

αKlotho induces apoptosis
specifically in cancer cells

Gastric cancer

[49] 6 cancer cell lines and
normal cells

SOX17 regulates αKlotho
expression in cancer cells in vitro

[52]
HGC-27, AGS, MKN-45,

MGC-803, HE-293-T cancer
cell lines, GES-1 cells

Circular RNA ITCH upregulates
αKlotho by sponging out

miR-199-5p, inhibiting cell
proliferation, migration,

invasion, and EMT

Pancreatic cancer [51]
TCGA pancreatic ductal

adenocarcinoma datasets,
3 mouse models

Promoter methylation and
mRNA downregulation are

associated with reduced survival.
αKlotho knockdown synergized
with Kras mutation to promote
carcinogenesis. Soluble αKlotho
inhibited xenograft growth and

promoted the survival of
KPC mice

Methylation and
expression levels may

predict survival

3.1.1. Clinicopathological Characteristics

αKlotho was generally found to act as a tumor suppressor, and its downregulation
was consistently associated with aggressive tumor phenotypes and worse prognosis. In
prostate cancer, αKlotho protein expression was detected in 50% of primary and 90% of
metastatic samples [27]. In lung cancer, αKlotho was detected in most samples, but its
expression pattern seems to be subtype-specific and requires further studies [40,45]. In
hepatocellular carcinoma, αKlotho tissue expression is downregulated in tumor versus
adjacent tissues and inversely correlates with tumor size, TNM stage, and nuclear grade [36].
Similar findings were obtained when studying renal cell carcinoma [30,39]. In breast [21],
esophageal [41] and ovarian [38,43] cancer, αKlotho expression is downregulated compared
with normal tissues.
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3.1.2. Diagnosis

Soluble αKlotho can be quantified in blood serum using ELISA, and αKlotho levels
were also suggested to have diagnostic value for esophageal cancer [41].

3.1.3. Survival and Treatment Response

The quantitation of αKlotho expression levels on tumor tissues using immunohisto-
chemistry (IHC) was of prognostic significance in colorectal, esophageal, hepatocellular,
lung, and ovarian cancer [36,41,43,45,46]. KLA promoter methylation and mRNA expres-
sion levels by quantitative real-time PCR (qRT-PCR) were also reported to have prognostic
value in hepatocellular carcinoma and pancreatic cancer [36,51]. Reduced αKlotho serum
levels were associated with reduced cancer-specific survival and progression-free survival
among renal cell carcinoma patients [37]. Interestingly, reduced αKlotho levels were also
suggested to promote cytarabine resistance in acute myeloid leukemia cells [39].

3.2. βKlotho

The 5 articles focused on βKlotho are addressed in Table 3, which summarizes their
main findings. Two articles dealt with hepatocellular carcinoma [26,54], while prostate
cancer [27], breast cancer [21], and pancreatic adenocarcinoma [44] were studied in one
article each.

Table 3. Studies dealing with βKlotho.

Cancer Type Reference Type of Sample Main Findings Potential Applications

Hepatocellular
carcinoma

[26] Tumor and adjacent
tissue in Trizol

KLB gene expression is
upregulated in cancer tissues.
A >2-fold increase correlates

with the development of
multiple lesions.

Screening of patients
who could benefit from

anti-FGFR therapies.
Prediction of

lesion multiplicity.

[54] Cell lines and xenograft
mouse model

βKlotho mediates FGF9
pro-survival functions via

FGFR3 and FGFR4. Inhibiting
βKlotho was more effective

than inhibiting FGFR4.

Screening of patients
who could benefit from

anti-FGFR therapies.

Prostate cancer [27]

Frozen primary tumor
tissue, FFPE metastases.

PC3, DU145, VCaP,
LnCaP cancer cell lines,

PNT1a cells

KLB gene expression observed
with qRT-PCR in DU145 and

VCaP only, and FGF19 showed
stimulatory effects. βKlotho
was detected in a majority of

primary and metastatic lesions
using IHC.

βKlotho IHC may be
useful for screening
patients who could

benefit from
anti-FGFR therapy.

Breast cancer [21]

Frozen tumor and
adjacent tissue.

MDA-MB-231 and
HS578T cancer

cell lines

βKlotho was downregulated
in cancer versus normal tissues
and was undetectable in both

cell lines, suggesting a
tumor-suppressor role.

Pancreatic
adenocarcinoma [44]

Gene expression data
from the Gene

Expression
Omnibus database

High KLB mRNA expression is
associated with increased

overall survival.

KLB gene expression
may be useful in

predicting
patient survival.

3.2.1. Clinicopathological Characteristics

In hepatocellular carcinoma, βKlotho was proposed to mediate tumor aggressiveness
via FGFR signaling [26,54]. Conversely, in breast and pancreatic cancers, βKlotho was pro-
posed to act as a tumor suppressor [21,44]. In prostate cancer, βKlotho protein expression
was detected in a majority of primary and metastatic lesions [27].
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3.2.2. Survival and Treatment Response

Interestingly, one study on hepatocellular carcinoma [26] showed that a >2-fold in-
crease in KLB gene expression correlates with the development of multiple versus single
lesions. A pre-clinical study [55] suggested that βKlotho mediates FGF9 pro-survival
functions in hepatocellular carcinoma via FGFR3 and FGFR4 and may be useful in selecting
patients who could benefit from anti-FGFR therapies. A similar scenario was suggested by
a single study focused on prostate cancer [27].

3.3. γKlotho

γKlotho was studied in three articles, summarized in Table 4. Breast [21], prostate [47],
and bladder cancers [22] were studied in one article each. All three articles found that
higher γKlotho expression is associated with cancer aggressiveness and poor prognosis,
suggesting that γKlotho levels assessed at the mRNA or the protein level may be useful to
predict patient survival and response to therapy.

Table 4. Studies Dealing with γKlotho.

Cancer Type Reference Type of Sample Main Findings Potential Applications

Breast cancer [21]
Frozen tumor and adjacent
tissue. MDA-MB-231 and
HS578T cancer cell lines.

LCTL gene expression is
upregulated in cancer versus
normal tissues, especially in
triple-negative lesions, using

qRT-PCR, correlating with
increased cell proliferation,

histological grade, TNM stage,
and reduced

progression-free survival.

LCTL gene expression
using qRT-PCR may be

useful in predicting
patient survival.

Prostate [47]

FFPE tumor tissue from
castration-resistant
prostate cancer and

cell lines.

Higher γKlotho expression
observed by IHC in tumor tissue
correlates with reduced overall
survival and poor response to
docetaxel in patients and in a

mouse xenograft model.

γKlotho IHC may
predict overall survival

and response to
docetaxel in

castration-resistant
prostate cancer.

Bladder cancer [22]
FFPE pre-treatment tumor
tissue. UMUC3, MGH-U3

and J82 cells.

Higher γKlotho expression
observed by IHC in

muscle-invasive versus
non-muscle-invasive lesions. In

non-muscle-invasive lesions,
γKlotho levels correlated with
poor progression-free survival.

γKlotho IHC may
predict overall survival

in patients with
non-muscle-invasive

bladder cancer.

3.3.1. Clinicopathological Characteristics

Triple-negative breast cancer is an aggressive breast cancer subtype that poses a
significant therapeutic challenge [56]. LCTL gene expression was found to be upregulated
in triple-negative breast cancer samples, and expression levels correlated with increased
cell proliferation, histological grade, and TNM stage [21]. Bladder cancer includes muscle-
invasive and non-muscle-invasive forms [57] with distinct biological behavior. Higher
γKlotho protein expression was observed in muscle-invasive versus non-muscle-invasive
lesions [22].

3.3.2. Survival and Treatment Response

In triple-negative breast cancer, LCTL gene expression levels correlated with reduced
progression-free survival [21]. Castration-resistant prostate cancer is another challenging
malignancy with heterogeneous morphological and molecular phenotypes [55,58]. High
γKlotho expression levels, as demonstrated by IHC, were shown to correlate with reduced
overall survival and poor response to docetaxel in patients and in a mouse xenograft

150



Diagnostics 2023, 13, 3357

model [40]. In non-muscle-invasive bladder cancer, γKlotho protein levels were shown to
correlate with reduced progression-free survival [22].

4. Discussion

The three Klotho proteins have complex roles in different types of cancer. The role
of γKlotho is less well defined than that of its related Klotho proteins, partially because
of its unusual molecular structure and because it was discovered more recently. The
present review organized data from scientific articles published between 2012 and 2022
regarding the roles of Klotho proteins in cancer and their potential use as diagnostic and
prognostic tools.

The role of all three proteins was studied in prostate cancer. This is a highly prevalent
disease in middle-aged to older men that usually develops as an androgen-dependent ade-
nocarcinoma but may progress to an androgen-independent castration-resistant phenotype
and small-cell neoplasia, often displaying neuroendocrine markers, which are associated
with poor patient prognosis [55]. αKlotho and βKlotho expression was detected in prostate
cancer cell lines representing prostate adenocarcinoma and small-cell carcinoma, as well
as in tumor tissues from primary tumors and metastasis, where they seem to mediate
FGFR signaling [27]. It was further suggested that IHC tests for detecting αKlotho and
βKlotho in tumor tissue may be of use to predict response to anti-FGFR therapies [27].
γKlotho expression in castration-resistant prostate cancer was associated with reduced
survival and resistance to docetaxel [47], which is used as chemotherapy for such advanced
cases [59]. Taken together, these results suggest that the immuno-expression patterns of
Klotho proteins on prostate cancer tissues may be a valuable tool for tailoring treatment
regimens for specific patients.

Lung cancer is also a common and aggressive malignancy, which includes multiple
subtypes with distinct biological behavior [60]. Loss of αKlotho expression was consis-
tently associated with increased tumor aggressiveness in three studies using in vitro and
in vivo models [35] and clinical observational studies of neuroendocrine tumors [45], early
centrally located cancers, and squamous cell carcinomas [42]. The observation that αKlotho
may predict survival in patients with large cell neuroendocrine lung cancer is of particular
interest, as it suggests that this marker has prognostic value in this specific lung cancer
subtype [45]. Additionally, limited in vivo and in vitro data suggest that αKlotho downreg-
ulation may predict resistance to cisplatin-based chemotherapy [35], but additional studies
are required to confirm this hypothesis.

Hepatocellular carcinoma is the most common type of liver cancer [61]. Although
αKlotho was reported to act as a tumor suppressor [30,36], βKlotho showed oncogenic
activity via enhanced FGFR signaling [26,54]. Importantly, αKlotho gene promoter methy-
lation and protein expression may be of use as prognostic markers to estimate patient
survival [36], while βKlotho may be a useful marker to predict response to anti-FGFR
therapies [26].

In renal cell carcinoma, αKlotho downregulation was also reported to act as a tumor
suppressor, and its loss was associated with tumor aggressiveness [28,42]. Of particular
interest is the use of ELISA tests to detect soluble αKlotho in blood serum samples, as
reduced levels of this protein were significantly associated with patients with the clear cell
subtype of RCC [37]. These findings suggest that such tests may be used in liquid biopsies
to help establish the prognosis of specific RCC patient subgroups.

Ovarian cancer is a frequent malignancy in women [62], and αKlotho was reported to act
as a tumor suppressor in this type of cancer using experimental and clinical approaches [38,44].
Importantly, one study suggested that reduced αKlotho immuno-expression in cancer tissues
may be useful as a prognostic marker to predict poor patient survival [44]. The same study
reported that αKlotho was associated with higher interleukin-6 (IL-6) circulating levels.
IL-6 is a pro-inflammatory cytokine that mediates some paraneoplastic syndromes like
cancer cachexia [63], so it is interesting to speculate that αKlotho expression levels may
also be used to predict the development of such syndromes.
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In acute myeloid leukemia, loss of αKlotho was reported to be associated with cytara-
bine resistance in vitro, suggesting its possible use as a tool to design tailored therapies for
leukemia patients [39]. Additional studies are needed to test this hypothesis, as cytarabine
remains an important drug for treating this type of leukemia [64].

Breast cancer is highly prevalent in women and is often life-threatening [56]. In one
study, αKlotho and βKlotho were downregulated in tumor tissue versus adjacent tissue,
suggesting they act as tumor suppressors [21]. Conversely, higher γKlotho (LCTL) gene
expression levels using qRT-PCR were found in cancer versus adjacent tissue, specifically
in the aggressive triple-negative cancer subtype [21,65], suggesting it is associated with
tumor aggressiveness. Interestingly, it was suggested that qRT-PCR for LCTL may be useful
as a prognostic marker to estimate patient survival in patients with triple-negative breast
cancer [21].

In papillary thyroid cancer, a single study [40] reported that αKlotho was able to
reduce cell proliferation and induce apoptosis in vitro. The potential use of this protein for
diagnostic and prognostic purposes in thyroid cancer remains to be determined.

In esophageal cancer, an interesting study [41] reported that the levels of soluble
αKlotho in blood serum as detected by ELISA were higher in patients versus healthy
controls. A cut-off value was estimated that allowed researchers to distinguish between
patients and controls with approximately 81% sensitivity and specificity. Interestingly, in
tissue samples, αKlotho was expressed at higher levels in adjacent versus tumor samples,
and αKlotho downregulation correlated with increased tumor aggressiveness and reduced
patient survival. These data highlight the potential of αKlotho as a marker in liquid biopsies
for the diagnosis of esophageal cancer, while tissue levels may have prognostic significance.

Colorectal cancer is highly prevalent in multiple world regions, and large bowel
carcinogenesis is associated with chronic inflammation [66]. In this type of cancer, 4 studies
consistently reported that αKlotho acts as a tumor suppressor [46,48,50,53]. In vitro tests
revealed new regulatory pathways that control αKlotho expression via FL-1 [48] and
support the pro-apoptotic role of αKlotho via TRAIL [50]. Interestingly, one study described
how αKlotho downregulation promotes a senescence-associated secretory phenotype in
mesenchymal cells that may contribute to tumorigenesis via the nuclear factor kappa-
light-chain-enhancer of activated B cells (NFκB) signaling pathway [46]. This is a pivotal
mediator of inflammation and tissue repair, but also of carcinogenesis in specific settings.
Chronic inflammation is a key player in colon cancer, and the secretion of NFκB-controlled
C-C motif chemokine ligand 2 (CCL2) by senescent stromal cells was proposed to promote
carcinogenesis of the colon. αKlotho abrogated CCL2 signaling and was associated with
improved patient survival, suggesting it may be of use as a prognostic marker.

Two in vitro studies addressed the role of αKlotho in gastric cancer, further associat-
ing αKlotho downregulation with aggressive cancer phenotypes [49,52]. SOX17 and an
epigenetic pathway involving circular RNA ITCH and miR-199-5p were shown to regulate
αKlotho expression in gastric cancer cells. Although these findings support the role of
αKlotho as a tumor suppressor, further developments are needed to explore its potential
role as a diagnostic or prognostic marker in gastric cancer.

A single study addressed the role of αKlotho in pancreatic adenocarcinoma and
concluded that KLA gene expression levels and promoter methylation may have prognostic
value, as increased KLA promoter methylation and decreased mRNA expression levels were
associated with lower patient survival [51]. This was further supported by tests in three
complementary mouse models, where αKlotho decreased cancer growth and improved
survival. Another study using expression data from the GEO database also suggested that
KLB upregulation is associated with improved survival in pancreatic cancer patients [46].
Taken together, these data provide evidence to support the further development of Klotho
as a prognostic marker in pancreatic adenocarcinoma.

Urothelial carcinoma of the urinary bladder is a common malignancy that includes
highly aggressive forms that invade the bladder’s muscular layer and non-muscle-invasive
forms associated with local recurrence [67]. One study reported that γKlotho expression
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was observed in both muscle-invasive and non-muscle-invasive bladder cancer using IHC
and that expression levels were associated with poor overall survival among patients with
non-muscle-invasive cancer [22].

5. Conclusions

Overall, the datasets published between 2012 and 2022 provide evidence supporting
the development of Klotho genes and their mRNA and protein products as potential
prognostic markers in multiple types of cancer, especially in the prediction of patient
survival. Although αKlotho was consistently associated with improved patient prognosis,
γKlotho was associated with increased cancer aggressiveness, and βKlotho showed mixed
results. It is critical to accurately identify specific tumor subtypes where Klotho is of
interest (muscle-invasive versus non-muscle-invasive urothelial carcinoma) to take the
most advantage of its potential. The use of Klotho levels as diagnostic markers was less
frequently observed in the literature, although one study provided detailed data regarding
soluble αKlotho levels in blood serum and the diagnosis of esophageal cancer. However,
most studies still did not present such detailed results, and the clinical use of Klotho will
require additional development.
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Abstract: Background: Despite recent awareness of institutional racism, there are still important
racial disparities in prostate cancer medical research. We investigated the historical development
of research on racial disparities and bias. Methods: PubMed was searched for the term ‘prostate
cancer race’ and added key terms associated with racial disparity. As an indicator of scientific interest
in the topic, we analyzed whether the number of publications increased linearly as an indicator of
growing interest. The linearity is expressed as R2. Results: The general search term “prostate cancer
race” yielded 4507 publications. More specific search terms with ≥12 publications showing a higher
scientific interest were found after 2005. The terms with the most publications when added to the
general term were “genetic” (n = 1011), “PSA” (n = 995), and “detection” (n = 861). There was a
linear increase in publications for “prostate cancer race” (R2 = 0.75) since 1980. Specific terms added
to the general terms with a high linear increase (R2 ≥ 0.7) were “screening” (R2 = 0.82), “detection”
(R2 = 0.72), “treatment access” (R2 = 0.71), and “trial underrepresentation” (R2 = 0.71). However, only
a few studies have investigated its association with sexual activity. A combination with “sexual”
showed 157 publications but only two years with ≥12 publications/year. Conclusion: The terms
“genetic”, “PSA”, and “detection” have been the focus of recent research on racial differences in
prostate cancer. We found that old stereotypes are still being mentioned but seem to find little interest
in the current literature. Further research interest was found in “treatment access”. Recently, interest
in socioeconomic factors has decreased.

Keywords: prostate cancer; racial disparity; detection; treatment access; socioeconomic factors

1. Introduction

There are large disparities in the incidence and mortality rates of prostate cancer
among Black men [1,2]. It has been well-researched and the literature is vast. Black men
are an average of two years younger than White men at diagnosis. Many studies have
investigated the factors which might explain this racial difference. More recent publications
concentrate not only on biological factors, such as genetics or environmental factors, but
also on the structural and social determinants of health and equity, cultural mistrust,
knowledge and communication, and other socioeconomic factors, such as insurance status
and the interactions amongst different factors [2,3].

Scientific literature as far back as the 1930s has investigated the difference in the
incidence of prostatic blockage between Black and White men. When reviewing the
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literature, it seems that in the 1980s and the 1990s there were few studies investigating racial
disparities, and the few articles investigating the subject were probably written mainly by
White authors, focusing on biological differences in testosterone levels and sexual activity
or sexually transmitted infections (STIs). This focus was based on the understanding that
Black men have higher serum and intraprostatic tissue androgen concentrations [4–6].

Race and ethnicity are social constructs with limited utility in understanding medical
research, but these terms may be useful for studying and viewing racism and disparities [7].
Historically, racial disparities have been attributed to biological differences. With time,
there has been acknowledgment that racial differences in prostate cancer are rooted in
many factors that are not only biological [8], but also starting with more subtle forms of
racism and even going as far as institutional racism and systematic discrimination by the
government, enterprises, schools, or other organizations.

First, we provide an overview of how the medical literature has evolved in recent
years. Then, we investigate the factors over time that were of interest in explaining racial
disparities in the medical community. Research on etiological factors for prostate cancer
was analyzed and how it has changed over the years by analyzing differences in culture and
sexual behavior in more scientific subjects, such as genetic and socioeconomic disparities.

In the second section, research papers on racial differences were cited, which in our
opinion, are particularly biased. Racially biased research was frequent in the past but has
continued to play a role until today.

2. Material and Methods

First, we reviewed the literature to find common key words associated with “prostate
cancer” and “race”. We then identified several historical articles in key publications that
were among the first to report racial inequality in cancer detection and survival.

We accessed PubMed (https://pubmed.ncbi.nlm.nih.gov/) on 19 and 22 May 2023
and entered different search terms that have been in the past or are still attributed to racial
disparities in prostate cancer.

We first searched the term “prostate cancer race”, which yielded 4507 publications
and then added additional more specific terms such as “genetic”, “PSA”, and “detection”.
Compared with the term “prostate cancer race”, the search term “prostate cancer African
descent” yielded 175 publications, and “prostate cancer ethnicity” yielded 3976 publications
(Figure 1).

No limit was applied to the years analyzed. PubMed covers articles dating back to
1966 and selectively to 1865. Search terms were based on analyzing all 129 review articles
on the terms “prostate cancer race” as accessed on 19 May 2023. While the number of
citations an article generates would be a much better indicator of the interest that an article
generates, we chose to use the number of publications on a certain topic as an indicator
of scientific interest in a scientific subject. In our opinion, the number of publications
equally represents interest in a subject. We chose to utilize PubMed and not other services
such as for example the Web of Science, because a publication listed in PubMed means
that the National Library of Medicine (NLM) deemed the scientific and editorial character
and quality of a journal as meriting inclusion. We searched for each term, and recorded
the number of publications. The year in which the term was first listed on PubMed was
recorded, and then was analyzed at ≥6 and ≥12 publications. These numbers represent a
certain interest in the scientific community in a subject indicated by there being at least one
publication per month or per every other month in a year. We calculated the number of
years between publication of ≥6 and ≥12 publications. A shorter time represents a rapid
increase in interest in the subject’s knowledge.
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Figure 1. Flowchart of methods and materials.

Then, a graph based on the number of publications per year was created. The number
of publications per year can easily be exported from PubMed to an Excel spreadsheet.
Finally, Excel was used to calculate whether the increase in publications was linear. A
linear increase represented an increase in interest and knowledge of the subject. Linearity
is expressed as R2, a measure of how well a linear regression model “fits” a dataset. The
strong linearity was R2 > 0.7, moderate 0.5–0.7, and weak was R2 = 0.3–<0.5.

3. Results

First, we researched when awareness of racial differences must have begun. While
reviewing the literature, we found that in general, the fact that there was an increasing
incidence of prostate cancer in Black patients had been well-documented in large studies
since at least 1980. Increasing incidence of prostate cancer in Black patients has been
reported in several epidemiologic studies. An analysis of voluntary data supplied by
hospitals in 1979 showed that Black patients presented with more advanced clinical stage
and poorer survival rates. The first listed publication on “prostate cancer black mortality
increase” appeared in PubMed in 1977. And the first time that there were >1 publications
on the subject was in 1985. But only from 2008 on were there consistently >12 publications
per year.

In our analysis of the literature in PubMed, we found among the 4507 publications
on “prostate cancer race”, most of the analyzed terms reached ≥6 publications/year
beginning in 1994 (Table 1). Most search terms with ≥12 publications were identified
after 2005. In recent years, publications with the terms “genetic” and “socioeconomic,” for
example, have more than 40 publications per year, showing that these subjects have been
extensively researched.
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Table 1. Factors researched on PubMed in combination with search terms added to “prostate cancer
race” ordered according to number of publications.

Term/Term Added
Publications

May, 2023

First Year
Listed in
Pubmed

Year First Time
6 Publicat.

Year First Time
12 Publicat.

Diff. in
Years

R2

prostate cancer race 4507 1964 1979 1990 11 0.75

screening 2246 1968 1983 1994 11 0.82

genetic 1011 1972 1995 1997 2 0.65

PSA 995 1991 1995 1995 0 0.48

detection rate 861 1980 1994 1997 3 0.72

socioeconomic 690 1971 2008 2013 5 0.80

treatment outcome 457 1993 1998 2000 2 0.43

clinical trial 355 1983 1996 2006 10 0.52

treatment access 311 1983 1996 2007 11 0.71

active surveillance 233 1996 2012 2012 0 0.57

marital 204 1972 1999 2013 14 0.58

obesity 191 1993 2005 2005 0 0.20

diet 185 1979 2003 2007 4 0.35

belief 177 1964 1998 2006 8 0.26

testosterone 112 1977 2004 -- -- 0.09

inflammation 86 1996 2009 -- -- 0.56

immune 77 2001 2014 2021 7 0.39

microenvironnement 26 2004 2021 -- -- 0.25

underrepresentation 11 2001 -- -- -- 0.71

microbiome 9 2016 -- -- -- --

stigma 7 2015 -- -- -- --

Table 1 shows the number of publications per search term in descending order of the
number of publications. The following terms: “PSA” (1995), “obesity” (2005), and “active
surveillance” (2012), combined with “prostate cancer race” were picked up quickly by the
scientific community, meaning that their number of publications immediately went from
<6 to ≥12 per year.

In general, terms investigating an association with sexual activity, a term that could
indicate a bias towards Black men, had few publications. Only two terms associated with
sexual activity had >50 publications: the combination with “sexual” had 157 publications
but only in two years (2011 and 2022) with exactly 12 publications, and “sexual factors” had
93 publications, but always <12 publications/year and a maximum of eight publications
per year in 2013. The term “genetics testosterone” has been used in only 36 publications.
This term is sometimes used to investigate genetic differences between the testosterone
receptors. First publications about “testosterone”, “sexual”, and “marital” could be found
in the 1970s (Table 2), while subjects that are still much discussed such as “treatment access”,
“clinical trial”, and “treatment outcome” began only in the 1980s (Table 1).

Several search terms showed a strong linear increase (R2 > 0.7) in publications, rep-
resenting a continuous interest, such as the general search term “prostate cancer race”
(R2 = 0.75), “socioeconomic” (a factor that has recently been identified as a key factor for
racial disparities in 690 publications), and a strong linear increase (R2 = 0.80). Other specific
terms added to the general term with a strong linear increase were “screening” (R2 = 0.82),
“detection” (R2 = 0.72), “treatment access” (R2 = 0.71), and “trial underrepresentation”
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(R2 = 0.71). Interest in “genetics” has plateaued (R2 = 0.65), but with more than 50 publi-
cations every year since 2015, after reaching ≥12 publications in 1997. Figure 2 lists some
graphs illustrating the increase in publications of the four selected terms added to the
general search term “prostate cancer race”.

Table 2. Search terms added to “prostate cancer race” with sexual subjects that had <100 publications.

Term Added
Publications
May, 2023

First Year
Listed in
Pubmed

Year First
Time 6

Publicat.

Year First
Time 12
Publicat.

Diff in
Years

R2

sexual 157 1971 2005 2011 6 0.36

sexual factors 93 1971 2005 -- -- 0.33

sexual activity 45 1973 2011 -- -- 0.14

intercourse 16 1974 -- -- -- 0.007

STD 4 1992 -- --

 
(a) (b) 

 
(c) (d) 

Figure 2. Selected terms added to the general search term “prostate cancer race”. (a) “Treatment
access”; (b) “PSA”; (c) “Sexual”; (d) “genetic”.

4. Discussion

We found that Black men had more advanced disease and worse survival since at least
1980 when larger studies were published. But the subject of increased mortality only really
gained interest in the scientific community from 2008 on, when there were consistently
>12 publications per year on the topic.

Today, we found that there is a strong awareness of racial disparities in prostate cancer
with >4500 publications in PubMed on the subject of “prostate cancer race”. Interest in
racial disparities seems to have begun around 1954, and most of the search terms with
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≥12 publications were found after 2005. In the last years, publications with the terms
“genetic” and “socioeconomic”, for example, have had more than 40 publications/year,
thereby implying that these subjects are thoroughly researched. Most articles deal with
genetics, as well as terms associated with prostate cancer detection such as “PSA” and “de-
tection” of prostate cancer. Recently, there has been a large and linear increase in the subject
of “socioeconomic” factors and prostate cancer detection as well as “treatment access” and
“trial underrepresentation”. Factors traditionally associated with bias against Black men,
such as sexual activity and testosterone levels, were of little but persistent interest.

4.1. Race in Prostate Cancer Research

Race has been recognized as a social construct defined by how one group perceives
another [9]. However, a more recent publication argued that race has both genetic and
social components. The authors embraced genetic studies in African populations to better
understand these diseases [8,10]. In their 1992 review, Burks and Littleton, from the Henry
Ford Hospital in Detroit [11], who focused on the epidemiology of prostate cancer in Black
men, had already shown that significant racial differences are related to factors such as ac-
cess to medical care, genetic and environmental factors, and cultural differences, including
diet and social habits. They stated that most reports presented conflicting data with no
clear positive correlations, and their conclusions are often speculative. Better controlled
prospective studies of epidemiologic variables and a comprehensive genetic evaluation of
Black families with prostate cancer are needed, to more thoroughly understand the racial
disparity affecting American Black men and the biology of this disease in all men.

4.2. Comparison to Cervical Cancer

Compared to prostate cancer, cervical cancer is clearly associated with STIs such as
Human papillomavirus (HPV) [12]. Interestingly, the search term “cervical cancer race”
yielded 1990 publications compared with the 4500 terms for prostate cancer. Adding
the search term “sexual” to cervical cancer resulted in 225 publications, compared with
157 publications for prostate cancer.

4.3. A Short History of the Importance of Race in Prostate Cancer Research

We examined the historical development of research on racial disparity. The opinion
that hormonal and sexual factors play a role in the differences between Black and White
men probably originated in the fact that since the early 1940s it has been known that
prostate cancer is hormonally dependent [13]. Additionally, STIs had been investigated as
an etiological factor for prostate cancer. One study found that circumcision appeared to
be protective only among Black men [14] and another study found that HSV-2 might be
implicated in prostate cancer development [15,16]. The theory that the presence of sexually
transmitted infectious agents cause prostate cancer and thereby a history of venereal disease
posing as a risk factor for prostate cancer, suggesting that racial disparity might be due to
differences in sexual activity between Black and White men [6] has been abandoned [17].

Another factor contributing to the bias in the medical establishment regarding Black
men is that Black patients are sometimes seen as more tolerant to pain in general [18]
and urinary symptoms in particular, and therefore are significantly less likely than White
patients to receive prescriptions for opioids [19]. A telling publication from South Africa
published in 1966 reported that nearly two-thirds of African and half of Asiatic patients
delayed coming to the hospital until forced to do so by the retention of urine. The reason
given by the authors was the greater tolerance to dysuria [13].

Even back then, the much more obvious cause of delayed doctor visits would have
likely been restricted access to the medical system or the perception of unequal treatment
by Black patients, resulting in distrust in the system.
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4.4. Bias against Black Patients in Prostate Cancer Research

A factor that has gained little interest today is that Black men seem, despite similar care
settings, to be generally less satisfied with their treatment [20]. In their 2008 publication,
one of >700 publications, Sanda et al. studied the quality of life of patients with prostate
cancer. One of their findings was that “Black patients reported lower satisfaction with the
degree of overall treatment outcomes”. We were unable to identify the reasons for this
discrepancy between Black and non-Black patients. However, this finding has received
little research attention. The authors were unable to determine whether these differences
were biological, a reflection of disparities in the quality of care, or differences in patient
expectations. One could hypothesize that within the trial setting, patients may have felt
uncomfortable, and their expectations and interaction with the research staff were not
optimal, or there were other cultural or socioeconomic differences. This is one of the
reasons why the Black population in clinical trials in general is underrepresented [21].

One could argue that the fact that they were treated in a trial could have created
mistrust in patients, that their interaction with the research staff was not optimal, or that
there were other cultural or socioeconomic differences in Black patients [22].

Some of the biased literature may stem from previous research on benign prostatic
hyperplasia (BPH) in Black men. Derbes et al. in their findings published in 1937 in the
Journal of Urology [23] showed that some of the biased literature may stem from previous
research on BPH in Black men, which examined 1405 cases of BPH treated at the State of
Louisiana Charity Hospital. They found that Black men possibly have a higher frequency
of BPH and are, on average, five years younger than White men. They attributed these
findings to the fact that it is generally supposed that the Black man “accepts physical
discomfort, especially that associated with the genito-urinary tract, as a natural event in
the course of life and would be slower in seeking medical aid than the White man”. They
cited other reasons that are not reproduced here.

There were studies without any racial prejudice such as the publication by Burns,
read before the Southeastern Section, American Urological Association, in Biloxi, Miss, in
1939 [24].

Ross et al. published a rather strongly biased example in May 1987 in the Journal
of the National Cancer Institute [6]. They stated that they investigated the reason for the
higher risk of prostate cancer in Black men and stated that a history of venereal disease,
as well as the frequency of sexual intercourse, was higher in Black men. Later on, they
explained that these differences were because the two groups were dissimilar in “social
class characteristics”.

In 2022, Basourakos et al. [25] found that the age-specific frequencies of definitive
treatment were similar for men of all races. Additionally, they found that “Black men have
a higher incidence of and mortality from prostate cancer compared to men of other races,
and that the Black race does not appear to be associated with inferior long-term outcomes
as long as there is equal access to care and standardized treatment”. There is increasing
awareness of the necessity to include Black men in prostate cancer trials in general and
specifically in cancer prevention trials [26].

4.5. Limitations of Our Study

The limitation of our study is that we did not separate publications about Black
men only but included the term “race” without specifying further. It would have been a
herculean task to analyze 4500 abstracts and classify each publication according to one main
topic. Therefore, some publications have appeared in several searches although they have
no direct importance to the subject of the publication. Furthermore, we did not include the
search term “ethnicity” with nearly 4000 publications. We have, therefore, included some
patients of origins other than African, although most studies on race and prostate cancer
deal with disparities between Black men and other races. In general, little research has
been conducted on other racial disparities outside North America. Therefore, our data are
mostly US-specific and cannot necessarily be applied to other countries. There is a growing
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number of journals, and therefore, publications and research, over the years. Therefore,
more recent topics have more publications and a faster uptake per definition than older
topics. Healthcare professionals have been shown to exhibit the same level of implicit bias
as that of the wider population. It has been observed that patients who experience racism
lack trust and experience a delay in seeking healthcare [27].

5. Conclusions

In conclusion, interest in the influence of race on prostate cancer began in the mid-
1990s and has become a more researched subject since 2005. Biased terms dealing with
racial sex differences have gained little but persistent interest. Recently, terms such as
“genetic”, “PSA”, and “detection” have become the focus of research.
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Simple Summary: Robotic radical prostatectomy is a treatment for prostate cancer. The lateral
approach radical prostatectomy technique allows total preservation of the anterior pubovesical
complex, as well as vascular and nervous structures in close contact with the prostate, involved
in continence and male potency. We analyzed more than 500 patients undergoing robotic radical
prostatectomy using the lateral approach technique, operated by two surgeons at our institution,
from January 2015 to March 2021. The technique is reproduced by both surgeons, the oncological and
functional results are outstanding with this technique, which means that it is a successful treatment
to cure prostate cancer, preserving excellent urinary continence and sexual function.

Abstract: Background: Radical prostatectomy by lateral approach allows performing a prostatec-
tomy through a buttonhole, with direct access to the seminal vesicle and fully sparing the anterior
pubovesical complex. Our aim is to show the results of reproducing the technique of robotic radical
prostatectomy by lateral approach, in terms of intraoperative, postoperative, oncological and func-
tional parameters. Methods: We analyzed 513 patients submitted to robotic radical prostatectomy by
lateral approach from January 2015 to March 2021, operated on by two surgeons in our institution.
The oncological and functional results of both surgeons were compared. Results: When comparing
both surgeons, the rate of positive surgical margins (PSM) was 32.87% and 37.9% and significant
surgical margins (PSM > 2 mm) were 5.88% and 7.58% (p = 0.672) for surgeon 1 and surgeon 2,
respectively. Immediate continence was 86% and 85% and sexual potency at one year 73% and 72%,
with a similar rate of complications for surgeon 1 and 2. Conclusions: Radical prostatectomy by the
lateral approach technique with preservation of the anterior pubovesical complex is reproducible and
offers good oncological and functional results.

Keywords: robot-assisted radical prostatectomy; radical prostatectomy technique; lateral approach;
prostate cancer

1. Introduction

There are different surgical techniques for performing robotic radical prostatectomy
for the treatment of localized prostate cancer [1–3]. The lateral approach is a technique,
developed by Dr. Richard Gaston, is based on the dissection of the prostate through a
lateral buttonhole, offering maximum preservation of the anterior pubovesical complex
and neurovascular bundles, and keeping the use of thermal energy to a minimum [4–7].

The evolution in imaging techniques such as mpMRI, Positron emission tomography
(PET), and microultrasound (MUS), among others, allows better identification of tumours
and their localization, increasing the diagnostic yield of biopsy systems and influencing the

Cancers 2023, 15, 5442. https://doi.org/10.3390/cancers15225442 https://www.mdpi.com/journal/cancers166
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planning of the surgical strategy [8]. However, surgical technique and surgeon experience
impact on positive surgical margins (PSM) and functional and oncologic outcomes [9–14].
Some surgeons say that the lateral approach technique is difficult to reproduce, but like any
technique [15], reproducing it requires knowledge of the appropriate anatomical landmarks.

The aim of our study is to show the results, in terms of intraoperative, postoperative,
oncological and functional parameters, of reproducing the technique of robotic radical
prostatectomy by lateral approach.

2. Materials and Methods

We analysed 513 patients submitted to robotic radical prostatectomy by lateral ap-
proach from January 2015 to March 2021, operated on by two surgeons in our institution.
Surgeon 1, RG (the inventor of the technique and with extensive experience in robotic
surgery, 289 patients), and surgeon 2, FGS (224 patients). The primary endpoint is repro-
ducibility of the surgical technique. Intraoperative and postoperative results were assessed
as surgical time, bleeding, days of hospitalization, days of catheterization, and complica-
tions according to Clavien–Dindo classification. Oncological outcomes include surgical
margins, biochemical recurrence (BR) and functional parameters in terms of urinary con-
tinence and potency rates. Significant positive surgical margins (significant PSM) were
defined as >2 mm [16,17].

Patients with clinically localized or locally advanced prostate cancer undergoing
RARP with more than one year of follow-up were included, staging was based on bone
scan and preoperative CT, if necessary, based on the current European Association of
Urology guidelines at the time of surgery. Multiparametric prostate resonance imaging
(mpMRI) was requested for all patients unless contraindicated (pacemaker, phobia, contrast
allergy). Preoperatively, all patients were assessed using the Briganti’s and Memorial Sloan–
Kettering PCa nomograms to measure the risk of lymph node involvement.

Patients without follow-up, no definitive pathology data or missing records were
excluded. Patients in whom it was not possible to perform the lateral approach technique
due to tumour, prostate, patient characteristics, and surgeon’s choice (Sugeon 1: n = 16 and
surgeon 2: n = 23) were excluded from the final analysis. Patients who required adjuvant
or salvage radiotherapy were excluded from urine continence analysis, and patients with
erectile dysfunction present before surgery that limited intercourse without response to
medication were also excluded from potency analysis.

A comparison of the results of surgeon 1 and surgeon 2 was performed using the
Student’s t-test for quantitative variables, chi-square for qualitative variables, the Kaplan–
Meier and log-rank test for power analysis, continence and biochemical recurrence; SPSS
software version 25.0 (IBM Corp., Armonk, NY, USA) was used for statistical analysis.

2.1. Surgical Technique

All patients were operated on under general anaesthesia in a modified Trendelemburg
position at 30◦ tilt. Following this technique, the first trocar is placed by direct supraumbili-
cal approach pulling the abdominal wall, unless there is a history of previous abdominal
surgery and scars with suspected adhesion. In these cases, the left paramedial trocar must
be placed first and the other trocars are placed under direct vision. Once all the trocars
are placed, the robot could be mounted. We used the Da Vinci Xi robotic system (Intuitive
Surgical Inc, Sunnyvale, CA, USA) in all procedures, while the AirSeal® Intelligent Flow
System (CONMED Corporation, Largo, FL, USA) was used for the pneumoperitoneum.

In the classic right lateral approach (Figure 1), the Retzius space is partially preserved
by the section of the right umbilical ligament and the peritoneum, keeping the left portion
of the bladder in place. Exposition of the right pubovesical ligament and endopelvic fascia
was performed with dissection close to the bladder and the prostate wall, keeping the fat
tissue in place.
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Figure 1. Robotic radical prostatectomy by the lateral approach technique. (A) direct access to the
seminal vesicle in the triangle formed medially by the bladder neck, anteriorly by the prostate, laterally
by the pedicle and nerovascular bundle. (B) dissection of neurovascular bundle. (C) dissection of
right lateral face. (D) dissection of seminal vesicles. (E) dissection of posterior face from right to
left. (F) dissection of the plane between the Detrusor’s Apron and the anterior aspect of the prostate.
(G) dissection and preservation of the bladder neck. (H) dissection of the left surface of the prostate
and left NVB. (I) dissection of the apex preserving the anterior pubovesical complex. (J–L) closing
the buttonhole (BN: bladder neck SV = seminal vesicle NVB = neurovascular bundle AA = anterior
apron PVC = anterior pubovesical complex U = urethra).

One of the fundamental characteristics of this technique is the direct access to the
seminal vesicle, performing the dissection through the triangular space covered by fat
and through which the veins of the vesico-prostatic venous plexus run, in a triangular
space delimited on its internal side by the bladder, anteriorly by the base of the prostate
and laterally by the neurovascular bundle. The venous vessels found in this space are
clipped with 3 mm mini-clips. The neurovascular bundle must be dissected carefully and
bluntly, avoiding the use of thermal energy. Then, the dissection of the vesicles and ligation
of the vas deferens and posterior plane of the prostate could be performed, reaching the
bladder neck and allowing perfect preservation of the bladder neck. The anterior apron,
composed of fibrous tissue and muscle fibres of the detrusor muscle that runs along the
anterior aspect of the prostate, has to be dissected until it reaches the bladder neck cranially
and the apex distally, saving and completely preserving the anterior pubovesical complex
and the Santorini plexus. In the next step, the entire posterior plane has to be dissected
from right to left in the right approach, until the left bandelette is reached and separated.
Then, it is only necessary to clip perforating prostatic nourishing vessels at the base and
medial–lateral zone.

The next step is mobilizing the prostate and leaving the pubovesical complex anteriorly.
Now, the apex is dissected, with skill and patience, the urethra is sectioned, preserving
the sphincter and saving the verumontanum. Urethrovesical end-to-end anastomosis was
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performed using of V-lock® suture, the first stitch starts at 5 o’clock and continues through
the posterior late in a running fashion finishing at 3 o’clock.

After confirmation of hemostasis and bagging of the specimen, the pneumoperitoneum
is deflated and the specimen is removed by supraumbilical incision, usually a 20 Ch Foley
catheter will be left without leaving drainage in most cases.

2.2. Postoperative Management and Follow-Up

The urinary catheter was removed between 7 and 10 days after surgery and the
complications were classified according to the Clavien–Dindo classification.

Surgical margins, biochemical recurrence (BCR), continence and potency were then
evaluated. BCR was understood as two consecutive values of PSA >0.2 ng/mL; urinary
continence was assessed on the day of catheter removal (immediate), at 3 (early) and
12 months after surgery. Patients are considered fully continent when they used no pads.
Patients have been considered potent after surgery if they could achieve sexual intercourse.
Patients taking PDE5 inhibitors to achieve intercourse were considered potent with drugs.
Patients for whom intercourse depended on a vacuum erection device, penile injection
of alprostadil, or a penile prosthesis were not considered as potent. The rate of erectile
function recovery was defined considering only patients who were potent before RARP.

3. Results

Table 1 summarizes the baseline characteristics of the 513 patients (Surgeon 1, n = 289,
Surgeon 2, n = 224). Mean age (years) was 62.12 ± 7.49 (IQR = 56–68) and 63.23 ± 6.51
(IQR = 58–64), PSA (ng/mL) = 7.98 ± 5.89 (5.01–8.21) and 7.41 ± 3.47 (5.00–8.21), prostatic
volume (mL) 42.30 ± 21.66 (28–50.5) and 47.27 ± 27.7 (28–50), furthermore 199 (69%) and
159 (71%) were clinically significant prostate cancer (csPCa) (GG 2 or higher) for surgeon 1
and surgeon 2, respectively.

Regarding operative and postoperative results: surgical time (min) was 126.28 ± 36.652
and 180.56 ± 57.427 (p < 0.001); the lateral approach was possible in 273 (94.5%) and 201
(90.5%) (p = 0.6) patients; intraoperative bleeding (mL) 266.08 ± 125.16 and 372.45 ± 135 mL
(p < 0.001); lymphadenectomy was performed in 117 (42.2%) and 73 (43.2%); the extracap-
sular extension was found in 62 (21.4%) and 61 (27.3%); positive lymph nodes 13 (4.5%)
and 11 (4.9%). The rate of PSM was 95 (32.9%) and 85 (37.9%) for surgeon 1 and surgeon
2, respectively, and significant PSM (>2 mm) was 17 (5.9%) and 17 (7.6%) (p = 0. 6). BCR
rate was 34 (11.7%) and 27 (12%) for surgeon 1 and surgeon 2, respectively, the average
follow-up period was 1728 ± 89.31 days, while the Clavien–Dindo complication rate >2,
was 11 (3.8%) and 5 (2.2%).

Regarding continence and potency rates, 86% and 85% of patients were fully continent
at day 0 of bladder catheter removal (totally dry), 93 and 91% at 1 month and 96 and
98% at 1 year for surgeons 1 and 2, respectively (Figure 2A). Sexual potency rates were
60% and 66% at 3 months, 73% and 72% at 1 year for surgeons 1 and 2, respectively.
Kaplan–Meier curves and log-rank test are shown in Figure 2, no difference between the
surgeons was found for urinary incontinence p = 0.080, erectile dysfunction p = 0.2 and
biochemical recurrence (BR) p = 0.7 (Figure 2C–E). Stage pT3a and pT3b data are shown in
Supplementary Table S1.
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Table 1. Pre- and postoperative results n = 513 patients submitted to robot-assisted radical prostatec-
tomy by lateral approach.

Surgeon 1 (n = 289) Surgeon 2 (n = 224) p

Baseline characteristics:

Age, mean ± SD, IQR 62.12 ± 7.498 (56–68) 63.23 ± 6.512 (58–64) 0.84

PSA ng/mL, ± SD, IQR 7.98 ± 5.89 (5.01–8.21) 7.41 ± 3.47 (5.00–8.21) 0.283

Prostate volume gr, ± SD, IQR 42.30 ± 21.66 (28–50.5) 47.27 ± 27.7 (28–50) 0.077

ED, n% 11.10% 25.00% 0.001

csPCa (ISUP ≥ 2), n% 199 (69%) 159 (71%) 0.121

TRUS /Fusion Bx/Mapeo (MRI + MicroUS) 117/80/90 38/82/103 <0.001

Postoperative Outcomes:

Surgical Time min ± SD, IQR 126.28 ± 36.652 180.56 ± 57.427 <0.001

Lateral approach, n% 273 (94.5%) 201 (90.5%) 0.650

Lymphadenectomy; Yes, n% 117 (42.23%) 73 (43.19%) 0.84

NVB preservation; No/Unilateral/Bilateral,
n%

25 (8.66%)/76 (26.35%)/188
(64.98%)

32 (14.2%)/29 (13.01%)/163
(72.78%) <0.001

Intraoperative Bleeding ml ± SD, IQR 266.08 ± 125.16 372.45 ± 135 mL <0.001

Conversion to open/laparoscopy, Yes/No,
n% 0 1 -

Hospital stay days, mean ± SD(IQR) 2.84 ± 0.744 (2–3) 3.34 ± 1.022 (3–4) 0.90

Blood Transfusion, Yes/No, n% 9 (3.11%) 5 (2.23%) 0.170

csPCa (ISUP ≥ 2), n% 271 (93.1%) 207 (92.4%) 0.681

Extracapsular extension, n% 62 (21.4%) 61 (27.23%) 0.273

Positive lymp nodes, n% 13 (4.49%) 12 (4.9%) 0.533

PSM focal/significant, n%. 95 (32.87%)/17 (5.88%) 85 (37.9%)/17 (7.58%) 0.262

BR: Persistence/BR 9 (3.11%)/34 (11.7%) 8 (3.57%)/27 (12.05%) 0.815

Complications (Clavien III/IV), n%. 11 (3.8%) 5 (2.23%) 0.763

Figure 2. (A) Urine continence rates, (B) potency. Kaplan–Meier curves and log rank of (C) inconti-
nence. (D) potency. (E) biochemical recurrence, comparing both surgeons.
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4. Discussion

Robotic radical prostatectomy by the lateral approach technique can be reproduced
with similar results in oncological and functional terms according to our data. When
comparing both surgeons, the rate of positive surgical margins was 95 (32.9%) and 85
(37.9%) and significant PSM was 17 (5.9%) and 17 (7.6%) (p = 0. 2) for surgeon 1 and
surgeon 2, respectively; immediate continence was 86% and 85% and sexual potency at one
year 73% and 72%, with a similar rate of complications for surgeon 1 and 2, respectively.

Clearly, preservation of the bladder neck and neurovascular bundles plays a direct
role in the functional outcomes of continence and sexual potency [18]. However, modern
prostatic anatomy studies have shown that most of the nerves involved in penile innervation
run anterior to the prostate [19].

The technique of radical prostatectomy by lateral approach developed by Dr R. Gaston
is characterized by some distinctive steps including the direct approach to the seminal
vesicle (classically right), which allows the dissection of the homolateral neurovascular
bundle, excellent preservation of the vesical neck of the contralateral neurovascular bundle
and the complete preservation of the anterior pubovesical complex [1,4–6].

Other techniques with preservation of the pubovesical complex and Retzius space
have also shown excellent results, indicating that preservation of the pubovesical complex
seems to play a crucial role in maintaining sexual potency [14,15,20–24]. However, to
our knowledge, this is the first series of patients with reproducible results of the lateral
approach technique.

Asimakopoulos et al. previously reported in a small sample of 30 patients undergoing
robotic radical prostatectomy with lateral approach technique 10% PSM, 80% of patients
were dry at catheter removal, and after 3 months 73% presented an International Index of
Erectile Function score > 17 [4].

De Carvalho et al. published a pubovesical complex preservation technique with a
median skin-to-skin operative time of 78 min, BCR of 7% and overall PSM rate of 13.3%
and 27% in patients with stage pT3. Immediate continence was 85.9% and 98.4% at one
year, potency at one month was 53% and 86% at one year [21].

The Bocciardi Retzius-sparing technique claims PSMs of 10.1%, immediate continence
was achieved in 92% of the patients, the 1-year continence rate was 96% and potency was
77% [20].

However, according to some authors, these results are extraordinary because, accord-
ing to data from specialized tertiary care centres, around half of the patients reported altered
erectile function before radical prostatectomy, 80% of the patients are totally continent after
Foley catheter removal and only 53% recover full sexual function [25]. Furthermore, the
same authors state that up to 50% of patients show extracapsular extension at the final
pathology specimen, 20–35% seminal vesicle invasion, 35–60% of cT3 patients had PSM
at the final pathology regardless of nerve-sparing status and >40% PSM in patients with
seminal vesicle invasion [25].

The direct approach to the right seminal vesicle may seem strange to surgeons unfa-
miliar with the technique. Still, with the experience we have gained in reproducing the
technique, we think that apart from the bladder neck, posterior border of the prostate and
neurovascular bundle, the vesicoprostatic veins that run in this triangular space are crucial
as an anatomical landmark to follow the path to the seminal vesicle behind these veins that
often need to be clipped with mini-clips and avoiding the use of thermal energy.

Based on the principle that the anterior pubovesical complex is fundamental for
the preservation of sexual potency, this lateral approach technique through a buttonhole
represents a longitudinal incision which is less disruptive than a transverse incision on
the fibres of the anterior apron and the pubovesical complex. However, as a result, a
contraindication to performing the technique due to the risk of increased margins in this
location, according to the recommendation of its creator, are anterior prostate tumours with
extraprostatic extension [15].
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Of course, the evolution in imaging techniques and biopsy systems has improved
the characterization and localization of tumours before surgery [26,27]. Therefore, in our
practice we request mpMRI for all patients unless contraindicated, and we also perform a
prostate-mapping biopsy protocol based on mpMRI fusion biopsy and MUS [9].

With surgical expertise and the best possible knowledge of the location of the tumours,
it is possible to perform a personalized surgery tailored to the patient. However, several
studies indicate that mpMRI is not an accurate indicator of prostatic extracapsular extension,
which influences the surgeon’s decision to unnecessarily perform more aggressive surgeries
that do not decrease PSM or result in better oncological results with the risk of worse
functional outcomes [10,11,28–30]. Some nomograms and algorithms, for example, those
recently based on MUS, seem to increase the accuracy of predicting the extracapsular
location, but more extensive studies are needed on this matter [31].

Surgical technique and experience do matter and seem to have an impact on onco-
logical results in terms of PSM, but surprisingly the impact of surgical experience in BCR
is unclear [10,11]. The number of cases needed to reach a plateau in terms of margins is
variable, it might be ~200 cases; however, in highly experienced centres with structured
learning and mentoring from a very experienced surgeon, proficiency can be achieved
early [10,11]. Thus, we think that, with surgical experience, a seasoned surgeon mastering
a technique develops the ability to “run away from the tumour” by sorting out sites of
extracapsular extension, reducing surgical margins.

As a single-centre retrospective study, our study has several limitations including
inherent selection bias, data collection bias, no use of validated questionnaires to objectively
measure functional outcomes, no long-term oncological outcomes. Although the results
are similar between the two surgeons, we have not performed a stratified analysis of the
patients, nor randomisation or propensity score matching techniques, which will be the
subject of subsequent studies.

However, we compare the results of a surgeon who is the creator of the technique,
with very extensive experience (more than 5000 cases of robotic surgery), which would
be the best possible reference for the procedure, and another surgeon who reproduces the
technique learned first-hand directly from surgeon 1.

5. Conclusions

Radical prostatectomy by the lateral approach technique with preservation of the ante-
rior pubovesical complex is reproducible and offers good oncological and functional results.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Simple Summary: Prostate cancer is the most prevalent cancer among men. Patients diagnosed
with metastatic, castration-resistant prostate cancer (mCRPC) face a highly aggressive disease and
reduced overall survival. For these patients, [177Lu]Lu-PSMA-617 has shown promising results.
However, this therapy may not benefit patients with low or heterogeneous PSMA expression. The
gastrin-releasing peptide receptor (GRPr) is highly expressed in prostate cancer and other cancer
cells, and [177Lu]Lu-labeled GRPr-ligands have demonstrated good tumor uptake and retention,
with minimal uptake in healthy tissues. However, the level of GRPr expression in advanced mCRPC
patients remains elusive. In this study, we compared [68Ga]Ga-RM2 with [68Ga]Ga-PSMA-11 in
a Latin American mCRPC cohort to evaluate the clinical utility of [68Ga]Ga-RM2 in this group of
patients. Although GRPr is overexpressed in the early stages of prostate cancer, our results indicate
that in more advanced stages, such as mCRPC, the expression is lower than PSMA.

Abstract: Background: The gastrin-releasing peptide receptor (GRPr) is highly overexpressed in
several solid tumors, including treatment-naïve and recurrent prostate cancer. [68Ga]Ga-RM2 is a
well-established radiotracer for PET imaging of GRPr, and [177Lu]Lu-RM2 has been proposed as
a therapeutic alternative for patients with heterogeneous and/or low expression of PSMA. In this
study, we aimed to evaluate the expression of GRPr and PSMA in a group of patients diagnosed with
castration-resistant prostate cancer (mCRPC) by means of PET imaging. Methods: Seventeen mCRPC
patients referred for radio-ligand therapy (RLT) were enrolled and underwent [68Ga]Ga-PSMA-11 and
[68Ga]Ga-RM2 PET/CT imaging, 8.8 ± 8.6 days apart, to compare the biodistribution of each tracer.
Uptake in healthy organs and tumor lesions was assessed by SUV values, and tumor-to-background
ratios were analyzed. Results: [68Ga]Ga-PSMA-11 showed significantly higher uptake in tumor
lesions in bone, lymph nodes, prostate, and soft tissues and detected 23% more lesions compared
to [68Ga]Ga-RM2. In 4/17 patients (23.5%), the biodistribution of both tracers was comparable.
Conclusions: Our results show that in our cohort of mCRPC patients, PSMA expression was higher
compared to GRPr. Nevertheless, RLT with [177Lu]Lu-RM2 may be an alternative treatment option
for selected patients or patients in earlier disease stages, such as biochemical recurrence.

Keywords: mCRPC; GRPr; PSMA; [68Ga]Ga-RM2; [68Ga]Ga-PSMA-11; PET imaging
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1. Introduction

Prostate cancer (PCa) is the most common cancer in men, with an incidence of approxi-
mately 30.7 per 100,000 inhabitants (age standardized) [1]. While the five-year survival rate
of localized, low-volume prostate cancer is close to 100%, metastatic, castration-resistant
prostate cancer (mCRPC) is a highly aggressive disease with a significantly reduced median
overall survival, accounting for 3.8% of all cancer deaths in men [1–3]. Although taxane-
based chemotherapy and other available treatments can mitigate the effects of the disease,
mCRPC can eventually progress, leaving the patients without further treatment options.

Recently, radioligand therapy (RLT) with [177Lu]Lu-PSMA-617, targeting the prostate-
specific membrane antigen (PSMA), has emerged as a promising treatment for advanced
PCa patients. RLT with [177Lu]Lu-PSMA-617 has demonstrated a remarkable capacity to
improve quality of life and overall survival in most patients with mCRPC [4]. Nonetheless,
the evidence indicates that approximately 30% of patients already show progression after
the first or second treatment cycle [5,6], which might in part be related to a heterogeneous
PSMA expression and low, insufficient absorbed doses in individual lesions.

The gastrin-releasing peptide (GRP) can be found in the nervous system and periph-
eral tissues, such as the gastrointestinal tract. GRP binds to its receptor (gastrin-releasing
peptide receptor (GRPr)), a G-coupled protein from the bombesin family. GRPr is overex-
pressed in different cancers, such as breast cancer, small-cell lung cancer, and gastrointesti-
nal stromal tumors. However, GRPr is also highly expressed in tumoral vessels of urinary
tract cancers, particularly treatment-naïve and recurrent prostate cancer [7–9], and during
early and advanced stages of PCa [10,11]. Therefore, positron emission tomography (PET)
imaging with the synthetic GRPr antagonist [68Ga]Ga-RM2 has emerged as a useful tool
for biopsy guidance in patients with suspected PCa [12] and for staging and localization of
disease in patients with primary PCa and patients with biochemical recurrence (BCR) and
negative findings on conventional imaging and evaluation of treatment response [8,13–16].
Thus both, PSMA and GRPr are relevant diagnostic biomarkers for PET imaging in PCa
at different stages of the disease [9,14,17–20]. Nevertheless, the biological mechanisms
underlying PCa progression are complex and PET imaging of PSMA and GRPr might
provide different insights into the heterogeneity of the disease. For instance, several studies
support the notion that not all prostate cancer lesions present high levels of PSMA expres-
sion [20–23]. Interestingly, some metastases are exclusively detected by GRPr-targeted
compounds and others are positive only for PSMA-targeted radiotracers, suggesting a
complementary role between PSMA- and GRPR-targeted compounds [19,24,25]. However,
determining the expression behavior of GRPr in the advanced stages of PCa remains a
challenge. On the other hand, both tracers have renal elimination; however, PSMA presents
increased physiological uptake in the liver parenchyma, a feature not observed with RM2.
The low hepatobiliary uptake of 68Ga-RM2 enables the detection of liver metastasis.

Due to the high GRPr expression in PCa, [177Lu]Lu-labeled GRPr-ligands have been
proposed as a therapeutic alternative for patients with low PSMA expression. This was
exemplified in a proof-of-concept study evaluating the biodistribution and dosimetry of
[177Lu]Lu-RM2 in mCRPC patients showing good tumor uptake, retention, and rapid
clearance from healthy tissues [26]. The low hepatobiliary, salivary, and lacrimal gland
uptake might represent an advantage of [177Lu]Lu-labeled GRPr ligands currently under
development considering the high frequency of xerostomia as an adverse effect in patients
under RLT with [177Lu]Lu-PSMA-617 [27,28]. Furthermore, given the high expression of
GRPr in several cancer types, it is a relevant pan-tumor target for RLT [29–31]. However, a
drawback for RLT may emerge due to the high uptake in the pancreas, leading to undesired
side effects attributed to the high radiation dose. Thus, the pancreas is considered a dose-
limiting organ for GRPr-mediated treatment. Nonetheless, preliminary data indicate that
the uptake is not persistent and cleared within 24 h [26–28], and the pancreas is considered
radioresistant [32]. However, the extent of GRPr expression in the advanced stages of
PCa remains unclear [33,34], and ongoing investigations are evaluating what criteria are
appropriate to select patients for GRPr-targeting RLT [35]. In this study, we compared
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[68Ga]Ga-RM2 and [68Ga]Ga-PSMA-11 in a cohort of Latin American patients diagnosed
with mCRCP to further understand the potential clinical utility of GRPr-targeting RLT in
these patients.

2. Materials and Methods

2.1. Patient Population

This prospective study was approved by the regional ethics committee board (Servicio
de Salud Metropolitano Oriente, ethics committee, permit 26042016) and was conducted
following the Declaration of Helsinki, Good Clinical Practices, and Chilean regulations.
Seventeen subjects (median 66, IQR 8 years of age) with biopsy-proven mCRPC, rising
PSA > 2 ng/mL, Gleason score of 8 to 10, testosterone < 20 ng/mL, a performance status
score ECOG of 0–3, without further conventional treatment options, and who have been
referred for RLT with either [177Lu]Lu-PSMA-617 or [177Lu]Lu-RM2, were enrolled in
the study and gave written informed consent. Previous treatments included surgery
(33%), androgen receptor signaling inhibitors (ARSI) (78%), radiotherapy (RT) (67%), and a
combination of systemic therapies (ARSI, RT, and chemotherapy) (33%) (Table 1). Patients
had PSA levels of 292 ± 465 ng/mL (range 0.05–1365 ng/mL) measured within 4 ± 3 days
(range: 1–7 days) prior to PET imaging. Further blood biomarkers were evaluated as
inclusion criteria (alkaline phosphatases > 2.5 upper normal limits in the absence of bone
metastases; glutamic-oxaloacetic transaminase (GOT) and glutamic pyruvic transaminase
(GPT) < 2.5 upper normal limits and up to 5 times if liver metastases are present; and
creatinine clearance ≥ 40 mL/min/1.73 m2) for all patients included in the study and prior
to the intervention. Exclusion criteria included the inability to sign the informed consent,
not complying with the inclusion criteria, severe claustrophobia, or being diagnosed with a
malignancy other than adenocarcinoma of the prostate.

Table 1. Patient characteristics, previous treatments, and PET findings in the prostate (P), lymph
nodes (LN), bone (B), and soft tissue (ST).

Patient No. Age (y) Gleason
Score

PSA
(ng/mL)

Previous
[68Ga]Ga-PSMA-11 * [68Ga]Ga-RM2

Delay
Treatments (Days)

1 63 NA NA QT + RT + ARSI B + P B + P 1
2 65 NA 1206 RT + ARSI B + LN + P + ST B + LN + P 2
3 71 NA 7.94 S + QT + RT + ARSI LN LN 14
4 53 7 NA ARSI LN + B + P LN + B + P 1
5 76 NA 88.4 S + RT + ARSI B B 18
6 54 7(4 + 3) 470 ARSI B + LN + P + ST B + LN + P + ST 1
7 75 NA NA QT + RT + ARSI B + P B + P 7
8 73 NA 660 QT + RT + ARSI B + LN + P B + LN + P 2
9 53 8 1 RT ** P + LN P 6
10 70 6 7.11 NA P + LN P + LN 14
11 68 NA 40.1 S + QT + RT + ARSI B + LN + P P 14
12 64 NA 1365 RT + ARSI B + LN + P + ST B + LN 3
13 55 8 0.05 S + RT + ARSI B + LN + ST B + LN + ST 18
14 71 NA NA NA LN + P P 6
15 66 NA 79.37 S + ARSI B B 4
16 64 4 + 3 3.6 S + RT + ARSI B B 33
17 71 NA 18 QT + RT + ARSI B NL 6

* All patients had metastatic disease at the moment of the study. ** The patient rejected ARSI therapy due to
personal reasons. NA: not available.

2.2. Radiotracer Preparation

Production of [68Ga]Ga-PSMA-11 and [68Ga]Ga-RM2 was performed in accordance
with local GMP regulations and using a similar procedure as published previously [14].
Briefly, radiolabeling of [68Ga]Ga-PSMA-11 and [68Ga]Ga-RM2 was performed using a
cassette-based module (Gaia, Elysia-Raytest, Straubenhardt, Germany), PSMA-11, cassettes
and reagent kits (Advanced biochemical compounds ABX, Dresden, Germany), RM2
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(kindly provided from Life Molecular Imaging, Berlin, Germany), and a 2 GBq 68Ge/68Ga-
generator (iThemba Labs, Somerset West 7129, Cape Town, South Africa).

The eluted gallium-68, was trapped on a strong cation exchange cartridge, rinsed with
ultrapure water, and eluted with 450 μL eluent (5 M NaCl in 5.5 M HCl) into a mixture
of 40 μL precursor (1 mg/mL in ultrapure water) in 3.85 mL buffer (0.08 M ammonium
acetate, pH 4.5) and 200 μL ethanol. After radiolabeling at 95 ◦C for 8 min., the reaction
mixture was diluted with 5 mL water. The crude product was extracted using a C18
cartridge and rinsed with water. The purified product was eluted with 1.5 mL 60 vol%
ethanol followed by 8.5 mL saline and passed through a 0.22 μm sterile filter (Millex-GV,
Merck Millipore, Darmstadt, Germany). Quality control was performed, including controls
for visual inspection, pH, radiochemical purity by HPLC, radionuclidic identity, residual
solvents, endotoxins, filter integrity (prior release), and sterility (post-release).

2.3. PET/CT Imaging and Analysis

All subjects had two PET/CT scans performed on separate days using a Biograph mCT
Flow scanner (Siemens Healthineers, Erlangen, Germany) within 8.8 ± 8.6 days (range
1–33 days), without any medical intervention between the scans. The order of [68Ga]Ga-
PSMA-11 and [68Ga]Ga-RM2 PET scans was random and according to the availability
of the radiotracer. A contrast-enhanced CT scan and low-dose CT scan were performed
for anatomical localization and attenuation correction prior to [68Ga]Ga-PSMA-11 and
[68Ga]Ga-RM2 PET scans, respectively. PET/CT images were acquired head-to-mid-thigh
at 60 ± 5 min post-injection of 191 ± 25 MBq (range 122–229 MBq) [68Ga]Ga-PSMA-11 and
166 ± 39 MBq (range: 63–243 MBq) [68Ga]Ga-RM2, respectively, starting at the pelvis.

Volumes of interest (VOIs) were drawn around tumor lesions, visually distinguished
as regions of increased radiotracer uptake relative to adjacent background uptake and
outside areas of expected physiological radiotracer uptake. To perform semi-quantitative
analysis, mean and maximum standard uptake values (SUVmean and max, respectively)
were calculated using Siemens SyngoVia software (SV60). Tumor-to-background ratios
(TBRs) were calculated by dividing the SUVmax of different tumor lesions by the SUVmean
of the blood pool in the left ventricle of the heart.

2.4. Statistical Analysis

The normal distribution of continuous variables was determined with Q-Q plots and
histograms. In the case of non-parametric quantitative data, the Wilcoxon signed-rank test
was used to compare SUVmax values and TBRs between scans. The test was two-sided,
and a p-value < 0.05 was considered statistically significant. All statistical analyses were
performed using R software version 4.2.0 (22 April 2022) [36]. The sample size for the study
considered a minimum of 16 patients (17 were finally included). The sample size calculation
was based on the difference between means and standard deviations of SUVmean ratios
to the normal background (blood pool) for both tracers (9.2 ± 7.2 for [68Ga]Ga -PSMA-11
and 5.2 ± 3.5 for [68Ga]Ga-RM2), reported by Minamimoto et al. (2016). The calculation
considered a confidence of 95% and a power of 80%, with a correlation of 60%. The analysis
was performed using G*power [37].

3. Results

3.1. Patient Characteristics

Seventeen participants (65.3 ± 7.4 years of age; range: 53–76 years) were enrolled
(Table 1) and both PET/CT scans were performed 8.8 ± 8.6 days (range: 1–33 days) apart.

3.2. Uptake Comparison between [68Ga]Ga-PSMA-11 and [68Ga]Ga-RM2

The administration of [68Ga]Ga-PSMA-11, [68Ga]Ga-RM2, and the imaging procedure
were well tolerated and no adverse events, discomfort, or change in vital signs was observed.
The excretion profile of both tracers was similar with a predominant renal clearance via the
kidneys observed for [68Ga]Ga-PSMA-11 and [68Ga]Ga-RM2 (Figures 1 and 2). However,
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we observed differences in the physiological biodistribution between the two tracers in
the submandibular, parotid, and lacrimal glands, liver, and small intestine, where unlike
[68Ga]Ga-PSMA-11, [68Ga]Ga-RM2 showed no uptake. In contrast, [68Ga]Ga-RM2 showed
high uptake in the pancreas, whereas no uptake of [68Ga]Ga-PSMA-11 was observed.

Figure 1. (A–C) Maximum-intensity projections (MIP) of [68Ga]Ga-PSMA-11 (upper row) and
[68Ga]Ga-RM2 (lower row) PET images of patients with similar biodistribution and tumor uptake
(n = 14).

Figure 2. (A–C) Maximum-intensity projections (MIP) of [68Ga]Ga-PSMA-11 (upper row) and
[68Ga]Ga-RM2 (lower row) PET images of patients with high PSMA but low GRPr expression
(n = 13).
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[68Ga]Ga-RM2 presents an absence of physiological uptake in the liver, contrary to
what was observed with [68Ga]Ga-PSMA-11, which favors the detection of possible hepatic
metastasis lesions. This was validated in one patient, who exhibited a hepatic lesion with
[68Ga]Ga-RM2 that was not visible on [68Ga]Ga-PSMA-11 scan (Figure 3).

Figure 3. Patient 13: PET/CT [68Ga]Ga-PSMA-11 (upper row) and [68Ga]Ga-RM2 (lower row). Red ar-
rows indicates a liver metastasis visible with [68Ga]Ga-RM2 and not detected with [68Ga]Ga-PSMA-11.

Specific uptake in tumor lesions in the prostate, lymph nodes, bone, and soft tissue
was evident with both radioligands; however, the SUVmax values of [68Ga]Ga-PSMA-11
were statistically higher compared to [68Ga]Ga-RM2 in most lesions. Indeed, only 23.5% of
the patients showed a high GRPr expression (Figures 1, 2 and 4).

Figure 4. Average SUVmax values of [68Ga]Ga-PSMA-11 and [68Ga]Ga-RM2 in bone, lymph node
(LN), prostate (P), and soft tissue (ST) lesions across all patients. * p < 0.05, ** p < 0.01. Light blue dots
represent outlier values. Black dots represent median values.
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As for the SUVmax values, the same trend was observed when evaluating TBRs for
bone, lymph node, prostate, and soft tissue lesions, which were significantly higher for
[68Ga]Ga-PSMA-11 compared to [68Ga]Ga-RM2 (Table 2).

Table 2. SUVmax values and TBRs for [68Ga]Ga-PSMA-11 and [68Ga]Ga-RM2 in bone, lymph node,
prostate, and soft tissue lesions.

Region Parameter [68Ga]Ga-PSMA-11 [68Ga]Ga-RM2 p-Value

Bone
SUVmax 17.0 ± 5.2 11.0 ± 5.9 0.0029

TBR 15.9 ± 10.9 4.3 ± 5.4 0.0023

LN
SUVmax 15.7 ± 10.7 3.5 ±6.0 0.028

TBR 16.0 ± 12.4 5.7 ± 5.2 0.038

Prostate
SUVmax 16.8 ± 12.2 4.8 ± 4.2 0.002

TBR 16.5 ± 13.0 5.9 ± 4.6 0.002

Soft tissue
SUVmax 9.8 ± 3.2 1.7 ± 2.1 0.06

TBR 13.7 ± 11.4 1.5 ± 1.7 0.11
TBR: tumor-to-background ratio. LN: lymph node.

Next, we analyzed whether both tracers were able to detect the same number of lesions
considering the total number of lesions found in each patient. In line with our previous
results, [68Ga]Ga-PSMA-11 detected 23.2% more tumor lesions compared to [68Ga]Ga-RM2.

4. Discussion

Prostate cancer, and in particular mCRPC, shows high levels of PSMA expression
which also correlates with disease stage and severity [38,39]. However, due to the unstable
genomic nature of cancerous cells, a tumor may present a great variability of PSMA ex-
pression levels resulting in different grades of malignancy and outcomes [40]. For instance,
results from the Vision Trial indicate that 50–60% of patients with mCRPC respond with a
PSA decline of >50% and an improvement in their overall survival of 15.3 months compared
to 11.3 months in standard care. Likewise, imaging-based progression-free survival is also
increased in those patients compared to standard care (median, 8.7 vs. 3.4 months) [4,5].
However, approximately 30–40% of mCRPC patients do not respond to [177Lu]Lu-PSMA
therapy [5,6], which might be due to a heterogeneous PSMA expression or a decrease in
PSMA triggered by an aggressive trans-differentiation process, resulting in cancerous cells
resistant to therapies. Typically, these patients display visceral metastasis, and adenocarci-
noma features are reduced or lost [41,42]. This variance or decrease in PSMA expressions
affects the patient selection process and subsequently results in low absorbed doses in
individual tumor lesions, ultimately reducing the therapeutic efficacy of [177Lu]Lu-PSMA
therapy [40,43]. Variability in PSMA expression might depend on many different factors.
For example, inflammation NF-κB has been involved in resistance to ADT, contributing to
mCRPC progression [44]. Signaling pathways such as PI3K/AKT influence the tumor niche
inducing different downstream events, including the expression of the H19 gene [45,46]
and hypoxia [47]. The interaction between hypoxia and other pathways is, however, com-
plex. The evidence suggests that hypoxia drives transdifferentiation toward an NE-like
phenotype promoting tumor resistance [48].

Similar to PSMA, GRPr is a membrane-bound tumor biomarker, which is found to
be overexpressed in 84% of prostate cancer cells [49]. While expression of both PSMA
and GRPr is increased in prostate cancer cells, the underlying biological mechanisms
responsible for this abnormal behavior are distinct. Previous work has shown that in
androgen–dependent prostate cancer xenografts, GRPr is highly expressed, but this expres-
sion is drastically reduced after castration. These findings suggested that the expression
of GRPr may be regulated by the action of androgen [50] and therefore associated with
earlier phases of the disease. In contrast, PSMA expression is higher in later and poorly
differentiated stages of the disease [51], suggesting inverse expression profiles of GRPr
and PSMA. In a pilot study including six biochemically recurrent prostate cancer patients,
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Minamimoto et al. (2016) compared [68Ga]Ga-PSMA-11 with [68Ga]Ga-RM2, revealing
distinctive biodistribution patterns for both tracers. However, in tumoral tissue, the study
concluded that there were no significant differences in uptake between the two tracers [14].

More recently, Minamimoto et al. (2018) demonstrated a detection rate of approxi-
mately 72% using [68Ga]Ga-RM2 in a prospective study including 32 patients with bio-
chemical recurrence of prostate cancer and negative findings on conventional imaging [15].
In addition, other reports have shown the expression of GRPr in metastatic lymph nodes,
bones, and advanced tumor stages [11,52], suggesting the clinical potential of GRPr as a
target for PET imaging and RLT and as an alternative to PSMA.

Consequently, the objective of this study was to compare the uptake and performance
of [68Ga]Ga-RM2 and [68Ga]Ga-PSMA-11, with the aim of evaluating their potential as
therapeutic targets for RLT in patients with advanced mCRPC.

We and others have shown that PSMA is highly expressed in prostate tumoral lesions
and also in kidneys, spleen, lacrimal, parotid, and submandibular glands, small intestine,
and bladder [14,40,53]. This is consistent with what we observed in the present study. The
physiological expression of GRPr shows a different pattern compared to PSMA and is
high in the pancreas, bladder [14], lymph node metastases, and bone lesions of prostate
cancer [11]. Interestingly, the low uptake of [68Ga]Ga-RM2 in hepatic tissue allowed
the detection of a malignant lesion in the liver, while this lesion was not observed in the
[68Ga]Ga-PSMA-11 PET/CT scan (Figure 4). This observation is in line with results reported
by Verhoeven et al. (2023) [54].

In our study, [68Ga]Ga-PSMA-11 outperformed [68Ga]Ga-RM2 in terms of lesion
detection rate, uptake, and imaging contrast in tumor lesions in bone, lymph nodes, and
prostate in patients with advanced mCRPC. The SUVmax values for [68Ga]Ga-PSMA-11
were significantly higher than for [68Ga]Ga-RM2 in most lesions (Table 2). We obtained
the same results using tumor-to-background ratios, allowing for the standardization of
the image analysis, providing reproducible, consistent and accurate data across different
PET scanners and patients [55,56]. Although both tracers detected tumoral lesions in
each patient, [68Ga]Ga-PSMA-11 detected 23.2% more lesions than [68Ga]Ga-RM2. Both
tracers show a high affinity for their targets and it is unlikely that the lower detection
rate and uptake values of are related to differences in affinity (Ki = 9.3 nM for [68Ga]Ga-
RM2 and Ki = 7.5 ± 2.2 nM for [68Ga]Ga-RM2, respectively, [57,58]). Furthermore, several
reports have shown that GRP derivatives present a high affinity to GRPr, demonstrating its
potential in clinical applications [7,57,59].

Interestingly, in some patients with advanced disease, both tracers showed a similar
biodistribution in tumor lesions (Figure 1). For those patients, alternating cycles between
PSMA- and GRPr-targeted RLT may lead to the same treatment response but with less
toxicity from each drug. The expression of PSMA in some healthy tissues, such as sali-
vary and lacrimal glands, the kidney, and bone marrow, produces temporary side effects.
Our studies, alongside others, have demonstrated that hematological side effects such as
pancytopenia are transient and mainly limited to grade 2. Commonly, patients treated
with PSMA-targeted RLT experience xerostomia, fatigue, and nausea [60]. In contrast,
GRPr-targeted RLT does not affect salivary or lacrimal glands, and the first-in-human
dosimetry study has reported that the treatment was well tolerated and showed no side ef-
fects. The most intensive uptake, however, is in the pancreas, which is considered a critical
organ. Nonetheless, akin to other RLTs with Lutetium-177, the bone marrow is acknowl-
edged as a critical organ, and no significant differences with PSMA-targeted therapies have
been noted [26]. Nevertheless, for mCRPC the clinical benefit of using [177Lu]Lu-RM2 is
limited to patients who have high expression of GRPr and experienced xerostomia as a
dose-limiting event after PSMA-targeted RLT.

Previous works have suggested that GRPr expression is higher in initial disease stages
and that [68Ga]Ga-RM2 may be particularly valuable for detecting well-differentiated,
slow-growing prostate cancer lesions [14,34,49,51]. This is further supported by several
head-to-head comparison studies with [68Ga]Ga-RM2 and [68Ga]Ga-PSMA-11 in preoper-
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ative intermediate and high-risk PCa and biochemical recurrent PCa where both tracers
performed equally [8,24]. Furthermore, a recent clinical trial showed that [68Ga]Ga-RM2
is a promising PET tracer to improve the characterization of patients and guide biopsy,
particularly in intermediate-risk patients with intraprostatic prostate cancer [61].

While these results support the notion that GRPr expression is reduced in most cases of
advanced mCRPC, individual patients with low PSMA but high GRPr expression may still
find benefit in GRPr-targeted RLT. In fact, we have recently published a case report series
with clinical results of 4 patients included in our study (4 out of 17, 23.5%) who showed
high [68Ga]Ga-RM2 uptake and were subsequently treated with a single dose of 5.6 GBq
[177Lu]Lu-RM2. The 3D SPECT/CT and planar images revealed high tumor uptake and
stable binding for up to seven days. In this report, we showed that [177Lu]Lu-RM2 uptake
in pancreatic tissue was high but showed a rapid clearance after 24–48 h. Furthermore,
there were no significant differences between baseline levels of red blood cells, leukocytes,
platelets, creatinine, or amylase levels pre-therapy and after 1, 4, and 8 weeks of therapy.
Two patients showed a partial response during the initial weeks, and no adverse effects
were observed, demonstrating the feasibility of [177Lu]Lu-RM2 RLT [62]. These results align
with the study conducted by Kurth et al. (2019). In their study, 35 patients with mCRPC
without further treatment alternatives were imaged using [68Ga]Ga-RM2. Subsequently,
four patients were selected to receive [177Lu]Lu-RM2 treatment. The therapy was well
tolerated by all patients, and no side effects were evident. Most of the [177Lu]Lu-RM2
uptake was observed in the pancreas where GRPr expression is high. However, due to the
rapid clearance of the radiotracer from this organ, the mean absorbed dose for the pancreas
was low [26]. Thus, [177Lu]Lu-RM2 therapy was considered to be safe and tolerable for
mCRPC patients without any other treatment options.

A very recent clinical study (LuTectomy Trial) investigated the use of [177Lu]Lu-PSMA-
617 as neo-adjuvant therapy prior to radical prostatectomy in patients with localized,
high-risk prostate cancer [63]. The study evaluated the dosimetry and safety of [177Lu]Lu-
PSMA-617 in this indication and the evaluation of long-term oncological benefits is ongoing
and might result in a prolonged time until recurrence. Likewise, considering the high
expression of GRPr in early stages of prostate cancer, this could also be a potential, clinical
indication for [177Lu]Lu-RM2.

5. Conclusions

In conclusion, our results confirm previous reports [11,14,34,49] that although PSMA
and GRPr are both expressed in mCRPC, GRPr expression is reduced in advanced mCRPC
patients and [68Ga]Ga-PSMA-11 shows significantly higher uptake compared to [68Ga]Ga-
RM2. Nevertheless, the low physiological uptake of [68Ga]Ga-RM2 in the liver allowed the
detection of a hepatic lesion in one patient that was not observable with [68Ga]Ga-PSMA-11.
GRPr-targeted RLT remains a therapeutic alternative for those patients who have limited
treatment options and exhibit high GRPr expression. This might include different oncologic
indications such as PCa, mCRPC, and lung and breast cancer.
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Abstract: This report aims to shed light on the intricate challenges encountered during the diagnosis
and treatment of an uncommon variant of prostate cancer—mixed adenosquamous cell carcinoma
of the prostate. Prostate cancers of this nature pose distinctive diagnostic and therapeutic dilem-
mas due to their rarity and complex histological composition. We present a case of a 63-year-old
man with metastatic prostate cancer, featuring adenocarcinoma with squamous cell differentiation,
who underwent a multimodal treatment approach. The patient responded to first-line carboplatin,
docetaxel, and androgen deprivation therapy, followed by androgen receptor pathway inhibitor
(ARPI) maintenance. However, disease progression led to radiation therapy and a subsequent switch
to Lutetium (177Lu) vipivotide tetraxetan after chemotherapy challenges. Comprehensive genetic
profiling revealed shared mutations in the prostate and liver lesions, emphasizing the role of targeted
therapies. Prostate-specific membrane antigen (PSMA)-targeted therapy resulted in a notable PSA
decline. This case highlights the evolving treatment landscape for rare prostate cancers, integrating ge-
netic insights for tailored interventions. In conclusion, squamous cell carcinoma (SCC) of the prostate
is rare, emphasizing the imperative for enhanced comprehension in diagnosis and management. Our
case suggests the potential efficacy of ARPI and PSMA-targeted therapies. Our findings advocate for
a more nuanced approach to the management of this rare prostate cancer variant, leveraging genomic
insights for personalized treatment strategies. This exploration serves as a foundation for further
research and clinical considerations in addressing the challenges posed by mixed adenosquamous
cell carcinoma of the prostate.

Keywords: squamous cell carcinoma of the prostate; mixed adenosquamous cell carcinoma of
the prostate; prostate cancer; prostate-specific membrane antigen positron emission tomography
(PSMA PET)

1. Introduction

Prostate cancer stands as the most prevalent non-cutaneous malignancy among Amer-
ican men [1], with an estimated 288,300 new cases in 2023 [2]. Adenocarcinoma constitutes
95% of prostate cancer cases, representing the predominant histology. Conversely, squa-
mous cell carcinoma (SCC) of the prostate is a rare manifestation accounting for less than
1% of cases [3,4]. Typically, mixed adenosquamous cell carcinoma of the prostate emerges
as a transformation of adenocarcinoma, while in certain cases, it is thought to be primary,
although the origin of primary prostate SCC is still debated [5]. The genetic and molecular
intricacies of prostate SCC remain inadequately explored [5]. This case report presents a
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case of mixed adenosquamous cell carcinoma of the prostate, providing paired sequencing
data from both the primary prostate tumor and liver metastasis.

2. Case Report

A 63-year-old man with past medical history of diabetes type 2, a family history
of prostate cancer in his father and no smoking history was diagnosed with metastatic
prostate cancer at the age of 61 after presenting with urinary retention. At the time of
presentation, the PSA was 14.8 ng/mL. A prostate biopsy revealed prostate adenocarcinoma
with squamous cell differentiation and a Gleason score of 5 + 4 (Figure 1A,B). A bone scan
showed osseous lesions in the ribs and pelvic bones, and CT of the chest, abdomen and
pelvis revealed visceral metastasis to the liver. The stage at diagnosis was T3AN1M1c. A
CT-guided liver biopsy revealed poorly differentiated carcinoma, positive for NKX3.1 via
immunohistochemistry (Figure 1C).

Figure 1. Biopsies of the (A) prostate showed high-grade adenocarcinoma (inset showing high power
view of glandular component (400×)) with areas of (B) keratinizing squamous differentiation. Liver
biopsies showed a (C) poorly differentiated adenocarcinoma with (D) immunoreactivity for the
prostate marker NKX3.1 (all images at 100×).

Comprehensive genetic profiling, using institutional tumor next-generation sequenc-
ing panel Genetrails, of the pretreatment prostate biopsy showed genomic alterations in
PIK3CA p.E542K, MUTYH p.G393D and androgen receptor (AR) amplification (11 copies).
Other potential clinically significant mutations include the following: ATRX loss, MLH1
loss, PTEN loss, SUFU loss, TP53 K123R and loss, SMAD4 loss and CDKN1B splice site. Ge-
nomic studies from the liver lesion biopsy obtained before the initiation of therapy showed
the same mutations as those from the prostate, including AR amplification (17 copies),
PIK3CA p.E542K and MUTYH p.G393D. Germline testing revealed monoallelic MUTYH
p.G396D alteration and was negative for TP53 and DNA damage repair gene alterations.

The initiation of carboplatin and docetaxel, in conjunction with androgen deprivation
therapy (ADT), was prompted by the SCC component identified in the patient’s prostate
biopsy. He responded well to therapy with PSA decline from 14 ng/mL to 2 ng/mL
and radiographic response (decrease in size and extent of hepatic metastases and lym-
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phadenopathy and stable osseous lesions with no new sites of metastases). After completing
six cycles of carboplatin and docetaxel, he continued ADT and started AR pathway in-
hibitor (ARPI) therapy due to his adenocarcinoma component. He started two ARPIs,
apalutamide and abiraterone, on a clinical trial (Figure 2) [6]. PSA further declined during
ARPI therapy, with a PSA nadir of 0.9 ng/mL. After 25 weeks of therapy, his PSA started
rising to 4 ng/mL. His restaging imaging showed interval development of a single new
lytic destruction and soft tissue component of the right posterior acetabular metastasis, no
other new disease, decreased hepatic metastases and no change in the enlarged abdomi-
nal/pelvic lymph nodes. Lutetium-177 therapy was discussed and PSMA PET imaging
was performed, which showed PSMA uptake in all known metastases: liver, lymph nodes
and bone metastasis (Figure 3A). The patient opted for radiation therapy (XRT) to the single
lesion’s progression, the acetabulum, and a continuation of ARPI and ADT therapy. PSA
declined reaching a nadir of 1.78 ng/mL. Four months after XRT, PSA started rising again
during ARPI therapy, and imaging showed a new liver metastasis and increases in the size
of the soft tissue component of osseous metastasis. The patient had a repeat PSMA PET
scan (Figure 3B) and opted to undergo Lutetium (177Lu) vipivotide tetraxetan therapy. Un-
fortunately, this therapy became unavailable due to supply issues, and the patient received
one cycle of cabazitaxel and carboplatin chemotherapy before initiating PSMA-targeted
therapy. Initially, the patent showed a response to Lutetium (177Lu) vipivotide tetraxetan
therapy with a PSA decline from 33 ng/mL to 15 ng/mL after the first cycle. Unfortunately,
PSA started rising after cycle 3, and he had radiographic progression after cycle 3 with new
and enlarging pulmonary, hepatic and bone metastasis. The patient was hospitalized for
altered mental status, raising concerns about leptomeningeal metastasis despite the absence
of clear radiographic evidence. Although the altered mental status resolved, the patient
later developed pneumonia. Opting for a transition to comfort care, he passed away.
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Figure 3. PSMA PET imaging. (A) PSMA imaging obtained after completion of chemotherapy
treatment with hepatic, pelvic bone and pelvic lymph node uptake. (B) PSMA imaging obtained
6 months after (A) while on ADT and ARPI. Compared to 3A, increased osseous lesion, hepatic
lesions and lymph nodes. New uptake present in spinal bone. Decreased uptake in pelvic bone.

3. Discussion

Outcome data for SCC of the prostate are limited but suggest a more aggressive phe-
notype and worse treatment outcomes compared to adenocarcinoma [7]. For localized SCC
cases, several reports have suggested the efficacy of multimodal therapy [8]: a combination
of radiation and/or radical prostatectomy with androgen deprivation therapy (ADT) and
chemotherapy [9]. There is no standard of care for metastatic SCC, and chemotherapy is
typically offered as the first-line therapy along with ADT [10]. Generally, the same treat-
ment options are available for both SCC and adenocarcinoma. However, chemotherapy
doublets are preferred in SCC of the prostate. The treatment response to systemic therapies
for squamous cell carcinoma is less than what is observed for adenocarcinoma [11].

SCC of the prostate is associated with a more aggressive disease phenotype compared
to adenocarcinoma, and is more likely to have metastasized to bone, liver or lungs at
the time of diagnosis [12], to have lower prostate-specific antigen (PSA) with advanced
disease [13] and has worse survival [14]. In 11 case reports of primary squamous cell
carcinoma of the prostate, the median overall survival was 11 months with survival ranging
between 3 months and 6 years [3,15–24]. At the time of diagnosis, PSA is often low, even
in the setting of metastases. It is often challenging to identify the origin of SCC, and
some experts propose that SCC originates from the urothelium and then migrates to the
prostate [5,11,13,25]. The presence of prostate-specific alterations, such as TMPRSS2-ERG
or SPOP, can help determine the prostate primary origin of the SCC [25]. The data on the
somatic mutation profile of the SCC of prostate cancer is limited.

In this case, we present matching pretreatment biopsies of prostate and liver metastasis.
Overall genomic fundings were very similar in these two biopsies and showed activation
of the PI3K/AKT pathway, AR amplification and T53 mutation.

In the presented case, PI3K/AKT pathway activation was evident with PIK3CA
p.E542K alteration and PTEN loss. PI3K/AKT pathway activation is common in many
cancer types, including SCC of different origins (cervix, oral cavity, head and neck and
skin) [26]. It is present in about 40% of early prostate cancer cases and up to 70–100%
of advanced cases [27–30]. It is unclear if PI3K/AKT activation in the presented case is
associated with the SCC or adenocarcinoma component. Two other prostate SCC case
reports reported PTEN alterations; one case reported PTEN alteration in both primary and
metastatic biopsies [25], suggesting it might be an early alteration in the tumorigenesis
of SCC of the prostate. PI3K/AKT pathway activation is associated with resistance to
androgen deprivation therapy and poor outcomes in conventional adenocarcinoma of
the prostate. Several therapeutic strategies are being evaluated to target the PIK/AKT
pathway, with AKT inhibitors being the most promising. Phase III trial, IPATential150,
demonstrated improved radiographic progression-free survival with the AKT inhibitor
Ipatasertib in combination with abiraterone compared to placebo plus abiraterone among
patients with mCRPC with PTEN-loss [31]. Another phase III trial evaluating the role of
capivasertib, an AKT inhibitor, is ongoing [32]. Clinical trial participation with an AKT
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inhibitor was a potential therapeutic option for our patient but was not available when
Lu-117 therapy started.

AR amplification is a common alteration in castration-resistant adenocarcinoma of
the prostate and is present in up to 50% of cases [33–36]. However, it is rarely present
in untreated prostate tumors [37]. In this case, of SCC of the prostate, AR amplification
was present in both the liver biopsy and the prostate tissue that were obtained prior to
the initiation of treatment, suggesting an early event. AR amplification is associated with
resistance to the AR pathway inhibitors [38,39]. The presented case had AR amplification
and SCC component of the tumor—both predictive of poor response to ARPI. However, the
patient had a longer-than-expected response to ARPI and completed 10 months of ARPI
therapy with a stable disease, except single oligometastatic progression treated with XRT.
This case suggests that there could be a role for ARPI therapy in mixed adenosquamous
cell carcinoma prostate tumors.

As is found in many cancers, we detected a somatic mutation of TP53 in the primary
tumor and liver metastases, and there was no evidence of a germline alteration on genetic
testing. Somatic TP53 mutations are common in many tumors, including prostate tumors.
Sweeney et al. found that about 46% (n = 37/76) of patients who had no prior treatment
with abiraterone or enzalutamide had a somatic TP53 mutation. In comparison, 41%
(n = 108/262) of patients treated with abiraterone and/or enzalutamide had a somatic TP53
mutation [40]. Although somatic TP53 mutation did not appear to play a major role in the
characterization of SCC of the prostate in this case, germline TP53 mutations were recently
shown to have an association with increased risk of developing prostate cancer [41].

PSMA is a mostly prostate-specific transmembrane protein with 100- to 1000-fold
higher expression in prostatic adenocarcinoma compared to benign prostate [42]. Up to
87% of patients with mCRPC have PSMA-avid tumors [43]. PSMA uptake among the SCC
of the prostate has not been characterized. In the presented case, all known metastases had
PSMA uptake, and the patient pursued PSMA-directed therapy with the initial response,
which unfortunately was not durable. This case highlights the potential role of PSMA PET
and PSMA-directed therapy (e.g., Lutetium (177Lu) vipivotide tetraxetan) in the SCC of
the prostate.

Overall, SCC of the prostate is a rare disease. This case highlights the need for a
better understanding of the diagnosis, treatment and management of pure and mixed
adenosquamous cell carcinoma of the prostate. Tumor sequencing can help to identify the
origin of SCC and suggest therapeutic approaches. Our case suggests a role for ARPI and
PSMA-targeted therapies in mixed adenosquamous cell carcinoma of the prostate. Future
directives should include the role of targeted therapy and screening for certain somatic
and germline mutations present in prostate cancer. In particular, more research and clinical
trials are needed for targeted treatment in pure and mixed adenosquamous cell carcinoma
of the prostate.
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