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Simple Summary: The risk of prostate cancer development, the second most commonly occurring
cancer in men overall, increases strongly with age. About 10% of patients, however, are diagnosed
with early-onset prostate cancer (age at diagnosis: ≤55 years). This is considered to be a distinct
clinical and pathological phenotype with a poor prognosis. Generally, prostate cancer cells express
high quantities of prostate-specific membrane antigen (PSMA) on their surface. Radioligand therapy
is a type of treatment, which, among other available agents, uses the beta-emitting radionuclide
177Lutetium (177Lu) and a PSMA-targeting ligand termed PSMA-617 for internal irradiation of
metastatic prostate cancer cells. The aim of our retrospective study was to assess the efficacy and
safety of radioligand therapy with 177Lu-PSMA-617 in early-onset metastasized castration-resistant
prostate cancer patients refractory to chemotherapy. Special emphasis was placed on the patients’
response to the treatment and survival. The study provides support for the expected shorter survival
compared to heterogenous patient groups.

Abstract: The aim of this retrospective study was to assess the outcome of patients with metastasized
castration-resistant early-onset prostate cancer refractory to chemotherapy receiving radioligand
therapy with 177Lutetium-PSMA-617 (LuPSMA-RLT). Twenty-five patients of ≤55 years of age at
prostate cancer diagnosis, treated with a median of four (IQR 2–6) cycles (mean of 7.7 ± 1.4 GBq per
cycle) every 6–8 weeks, were analyzed. Survival outcome was calculated based on the Kaplan–Meier
method. The median progression-free survival (PFS) was 3.8 months (95% CI 2.3–5.3), and overall
survival (OS) was 8.5 months (95% CI 6.2–10.8). An initial PSA reduction (≥ 50%) was observed
in 9/25 (36%) of patients without being significantly associated with OS (p = 0.601). PSA response
(PSA decline ≥50% at 12 weeks) was observed in 12/25 (48%) of patients and significantly associated
with longer OS (16.0 months, 95% CI 7.4–24.6 vs. 4.0 months, 95% CI 1.1–6.9, p = 0.002). Imaging-
based response using 68Ga-PSMA-11-PET/CT after two to three cycles was seen in 11/25 (44%).
Additionally, responders had a significantly longer median PFS (8.7 months, 95% CI 1.3–16.1 vs.
1.9 months, 95% CI 1.7–2.2, p < 0.001) and OS (16.0 months, 95% CI 7.6–24.4 vs. 4.0 months, 95% CI
0.9–7.1; p = 0.002). Intra- or post-therapeutic toxicity was graded according to the CTCAE v5.0 criteria.
Newly developing grade ≥ 3 anemia, leukopenia, and thrombocytopenia occurred in three (12%),
one (4%), and three (12%) patients, respectively. One patient showed renal toxicity (grade ≥ 3) during
follow-up. Pain palliation (>2 level VAS decline) was achieved in 9/14 (64%) and performance status
improvement (ECOG level decline ≥ 1) in 8/17 (47%) of patients. Compared to previous reports,
radioligand therapy with 177Lu-PSMA-617 in metastasized castration-resistant early-onset prostate

Cancers 2021, 13, 4193. https://doi.org/10.3390/cancers13164193 https://www.mdpi.com/journal/cancers

https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0002-1636-9959
https://orcid.org/0000-0001-7927-6226
https://orcid.org/0000-0002-3555-0809
https://orcid.org/0000-0003-3027-5083
https://doi.org/10.3390/cancers13164193
https://doi.org/10.3390/cancers13164193
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cancers13164193
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers13164193?type=check_update&version=1


Cancers 2021, 13, 4193 2 of 11

cancer patients refractory to chemotherapy yields similar response rates with a comparable safety
profile, but is associated with shorter survival.

Keywords: PSMA; 177Lu-PSMA-617; early-onset prostate cancer; metastatic castration-resistant
prostate cancer; younger

1. Introduction

Prostate cancer is considered a disease of advanced age [1]. Nevertheless, about 10%
of patients are initially diagnosed under the age of 55 years [2]. The increasing incidence of
prostate cancer, especially in this age group, which may be attributed in part to the more
prevalent use of prostate-specific antigen (PSA) testing [3], has led to defining this distinct
phenotype with higher cancer-specific mortality as early-onset prostate cancer (HR 1.22
[95% CI 1.10–1.49] compared to patients aged 60–69 years) [2]. Early-onset prostate cancer
is known to harbor an aggressive disease course yielding an elevated risk of disease pro-
gression and developing metastatic disease [2,4,5]. A large metanalysis on 318,774 prostate
cancer patients showed a comparatively lower rate of organ-confined disease in younger
patients (compared to an age > 55 years at diagnosis and older, p < 0.001) [6]. A large
study of 3,006 prostate cancer patients with stage IV disease revealed that metastatic early-
onset prostate cancer may also be less responsive to androgen deprivation therapy (ADT)
compared to middle-aged (≥56 and ≤65 years) and elderly (≥66 years) patients. Overall
survival (OS) at 5 years was significantly worse in the early-onset patient group than that
in the middle-aged or elderly group (36.3%, 95% CI 25.1–49.3; 62.1%, 95% CI 57.4–66.6;
and 59.8%, 95% CI 57.1–62.5; respectively) [7]. Cancer-specific survival and progression-
free survival (PFS) in the early-onset prostate cancer group were also significantly worse
compared to the middle-aged and elderly groups (p < 0.001 and p = 0.002, respectively) [7].

For patients with metastatic prostate cancer failing castration with ADT, only few
palliative systemic treatments exist. Taxane-based chemotherapy (i.e., docetaxel and cabaz-
itaxel), new generation antihormonal therapy (i.e., abiraterone acetate and enzalutamide),
and, in the presence of symptomatic bone dominant disease, 223Radium dichloride con-
stitute the standard treatment options in all age groups [8–13]. Previous studies reported
a generally less favorable outcome for patients with early-onset prostate cancer (EOPC)
at the metastatic castration-resistant stage but a similar response to chemotherapeutic
agents [14,15]. The overexpression of prostate-specific membrane antigen (PSMA) in
prostate cancer cells is the rationale for radioligand therapy using small-molecule in-
hibitors with high affinity to PSMA, such as PSMA-617, commonly labelled with beta-
emitting 177Lutetium (LuPSMA-RLT). Several studies, including the recently published
phase III VISION trial, revealed the safety and efficacy of LuPSMA-RLT in metastatic
castration-resistant prostate cancer patients after failing at least one line of taxane-based
chemotherapy [16]. To date, however, no dedicated analysis of LuPSMA-RLT in metasta-
sized castration-resistant EOPC patients is available.

This study aimed to investigate the safety and efficacy of LuPSMA-RLT in chemo-
refractory patients with metastasized castration-resistant EOPC. The impact of response to
treatment on survival outcome was of special interest.

2. Materials and Methods
2.1. Patients

We retrospectively analyzed 25 patients with metastasized castration-resistant EOPC
who were treated with 177Lu-PSMA-617 in our institution and were followed-up for a mini-
mum of 6 months. All patients received at least one line of taxane-based chemotherapy prior
to LuPSMA-RLT, which was performed if all remaining standard treatment options failed or
were not applicable. Baseline characteristics are outlined in Table 1. Further eligibility crite-
ria for LuPSMA-RLT included sufficient PSMA-expression in pretherapeutic 68Ga-PSMA-11
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PET/CT scan, estimated glomerular filtration rate (eGFR) of >30 mL/min/1.73 m2, white
blood cells ≥ 2.00 × 109/L, platelets ≥ 75 × 109/L, and hemoglobin (Hb) ≥ 8.0 g/dL.
Three patients with isolated grade III anemia (7.6, 7.7, and 7.7 g/dL) at baseline and
no other treatment alternatives were treated. Next generation sequencing (NGS) was
performed in 6/25 patients. Three patients comprised a BRCA2 point mutation, and
one patient showed a BRCA1 point mutation. Two patients were carriers of an FGFR4
polymorphism and another two harbored a TP53 point mutation.

Table 1. Baseline characteristics.

Variable All Patients (n = 25)

Age at diagnosis, years 54 (51–55)
Age at LuPSMA-RLT initiation, years 62 (57–71)
Time to CR, years 4.5 (1.3–13.8)
Time to LuPSMA-RLT initiation after diagnosis, years 8.3 (4–13.9)

Gleason score *:
<8 8 (38)
≥8 13 (62)

PSA at LuPSMA-RLT initiation (ng/mL) 179 (69.5–1142)
PSA Doubling Time, months 2 (1.2–3.4)
Hemoglobin (g/dL) 11 (9.5–11.9)
White blood cells (109/L) 6.2 (5.1–7.2)
Platelets (109/L) 276 (217–335)
eGFR (mL/min/1.73 m2) 95.3 (72.5–103.8)
Alkaline phosphatase (U/L) 235 (124–568.5)
Lactate dehydrogenase (U/L) 315 (268–509.5)

Disease involvement:
Bone metastases 24 (96)
Lymph node metastases 20 (80)
Visceral metastases 11 (44)

hepatic 7 (28)
pulmonary 4 (16)

Primary 6 (24)

VAS:
<4 11 (44)
≥4 14 (56)

ECOG performance status:
<2 8 (32)
≥2 17 (68)

Previous treatment:
Abiraterone 24 (96)
Enzalutamide 18 (72)
223Radium dichloride 5 (20)
Docetaxel 25 (100)
Cabazitaxel 15 (60)
Nontaxane chemotherapy ** 4 (16)

Data presented as median with interquartile range (IQR), or n (%), LuPSMA RLT: 177Lutetium-PSMA-617 radi-
oligand therapy, CR: castration resistance, PSA: prostate-specific antigen, eGFR: estimated glomerular filtration
rate, VAS: Visual Analogue Score, ECOG: Eastern Cooperative Oncology Group, *: for available patients (n = 21),
** including one or more regimens: cisplatin, etoposide, 5-FU, carboplatin AUC 5, oxaliplatin, capecitabine,
mitoxantrone.

The initiation of treatment was decided by a multidisciplinary tumor board of experts.
All patients signed a written informed consent and agreed to the scientific analysis of their
data. The retrospective analysis was approved of by a local committee on ethics.
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2.2. 177Lutetium-PSMA-617 Radioligand Therapy

LuPSMA-RLT was performed every 6–8 weeks with a standard activity of 7.4 GBq and
was modified when necessary. The PSMA-617 ligand was provided by ABX (Advanced
Biochemical Compounds GmbH, Radeberg, Germany) and labelled in-house with 177LuCl3
(ITM Isotopen Technologien München AG, Garching/Munich, Germany) as described in
detail previously [17,18]. In order to limit xerostomia, salivary glands were cooled with
ice packages for 2 h beginning 30 min before the administration. 177Lu-PSMA-617 was
administered intravenously in 30–60 s preceded and followed by 1000 mL 0.9% NaCl
solution infusion. The distribution of the radionuclide was recorded using planar whole-
body scintigraphy at 24 h and 48 h p.i. All treatment cycles were carried out as in-patient
procedures at the nuclear medicine therapy ward.

2.3. Response Assessment

PSMA-based imaging response was performed every 2–3 cycles using the recent con-
sensus on 68Ga-PSMA-11 PET/CT imaging response assessment [19]: partial response (PR,
reduction of uptake and tumor PET volume by >30%), stable disease (SD, uptake and tumor
PET volume ± ≤30%; no new lesions), and progression (PD, appearance of >2 new lesions
or uptake or tumor PET volume ≥30% increased). Prostate-specific antigen (PSA) changes
were classified as: response (≥50% decline 12 weeks after treatment initiation), progression
(≥25% increase exceeding 2 ng/mL, confirmed by a second measurement ≥ 3 weeks apart,
according to the PCWG3 criteria [20]), and stable (values between <50% decline and <25%
increase). Initial PSA change after one cycle was not considered for response assessment if it
was not accompanied by other confirming evidence. The visual analog scale (VAS; ranging
from 0 to 10) and Eastern Cooperative Oncology Group (ECOG) scale were assessed at
baseline and at each treatment cycle and used to evaluate the pain and performance status.

2.4. Toxicity Assessment

Hematological (hemoglobin (Hb), white blood cells (WBC), platelets (PLT)) and renal
(eGFR) toxicity evaluation was performed through a blood workup routine at baseline, prior
to each therapy cycle, 2–4 weeks after each cycle and in 6–12 week intervals throughout
follow-up. The severity of adverse events was graded based on the Common Terminology
Criteria for Adverse Events (CTCAE), version 5.0, with grade ≥ 3 toxicities deemed
significant. Mouth dryness was evaluated at every LuPSMA-RLT cycle using a modified,
patient self-reported eight-item xerostomia questionnaire [21].

2.5. Data Analysis

Statistical analyses were performed using SPSS software (IBM SPSS Statistics 27.0,
Armonk, NY, USA). The significance level was set two-sided at p < 0.05. The presenta-
tion of the results was conducted either as a median with interquartile range (IQR) or
mean ± standard deviation for continuous variables, and categorical variables were pre-
sented as frequencies with respective percentages. The Paired-Samples T Test was used to
compare intraindividual changes in continuous biochemical parameters. Imaging-based
PFS was defined as the time interval from LuPSMA-RLT initiation to the date of the first
progression, or death, if no imaging-based progression occurred (defined according to
the PCWG3 criteria) [20]. Overall survival (OS) was defined as the time from treatment
initiation to death from any cause; censoring was carried out if the patient was alive at
the time of analysis. PFS and OS were calculated based on the Kaplan–Meier method
(log-rank testing).

3. Results

Twenty-five patients with metastasized castration-resistant EOPC were treated with
LuPSMA-RLT for a median of four (IQR 2–6) cycles and 7.7 ± 1.4 GBq per cycle reaching a
cumulative activity of 31.3 ± 21.3 GBq.
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3.1. Response

PSA decline (≥50%) after 12 weeks occurred in 12/25 (48%) patients; 6/25 (24%)
remained stable. Seven (28%) patients showed PSA progression (n = 4) or died (n = 3)
within 12 weeks. Imaging assessment showed PR in 11/25 (44%) patients, and 4 patients
(16%) had SD. Ten (40%) patients had PD (n = 7) or were deceased before the assessment
(n = 3). An example of a disease course on 68Ga-PSMA-11 PET/CT imaging is provided in
Figure 1.
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Figure 1. Maximum-intensity projections of 68Ga-PSMA-11 PET/CT imaging of a metastasized
castration-resistant EOPC patient during LuPSMA-RLT and follow-up. (a) At baseline, PSA:
69.3 ng/mL; (b) after three cycles, PSA at 12 weeks: 6.8 ng/mL; (c) after six cycles, PSA: 2.4 ng/mL;
(d) after eight cycles, PSA: 0.3 ng/mL; (e) restaging 7 months later, PSA: 15.9 ng/mL.

Among 14 (56%) patients with moderate to severe pain at baseline (defined as ≥4 pain
level on a VAS assessment), 9/14 (64%) reported significant improvement of the overall
pain (>2 level VAS decline) during LuPSMA-RLT or follow-up. Of 17 (68%) patients
with ECOG level ≥ 2 at baseline, an improvement in performance status (ECOG level
decline ≥ 1) was observed in 8/17 (47%).

3.2. Survival

Mean follow-up was 8.7 ± 6.1 months. Twenty-one (84%) patients died by the time of
this analysis. Median imaging-based PFS was 3.8 months (95% CI 2.3–5.3), and median
OS was 8.5 months (95% CI 6.2–10.8). The Kaplan–Meier survival curves are displayed in
Figure 2.
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Objective imaging response was associated with a significantly longer median OS (PR:
16.0 months, 95% CI 7.6–24.4 vs. SD/ PD or deceased: 4.0 months, 95% CI 0.9–7.1, p = 0.002;
Figure 3a). Three patients died before the first PSMA-based imaging response assessment.
The median overall survival of the remaining 22 patients was: PR (16.0 months, 95% CI
7.6–24.4, p = 0.002), SD (8.5 months, 95% CI 7.2–9.8), and PD or deceased (3.0 months,
95% CI 1.5–4.6; Figure 3b). In patients achieving disease control (PR and SD, n = 15), the
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median PFS was 5.6 months (95% CI 4.5–6.8), and the median OS of 13.0 months (95% CI
5.0–21.0) was significantly longer compared to non-responders (3.0 months, 95% CI 1.5–4.6,
p = 0.001).
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An initial ≥ 50% decline in PSA levels was observed in 9/25 (36%) patients with
no significant contribution to a longer median OS (8.5 vs. 5.5 months, 95% CI 6.1–10.9,
p = 0.601; Figure 4a). PSA decline (≥ 50%) 12 weeks after LuPSMA-RLT initiation (n = 12)
was significantly associated with a longer median OS (16.0 months, 95% CI 7.4–24.6 vs.
4.0 months, 95% CI 1.1–6.9, p = 0.002; Figure 4b).
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3.3. Safety

At baseline, 23 (92%) patients had anemia (16 grade 1, 4 grade 2, 3 grade 3), 1 patient
had (4%) leukopenia (1 grade 1), 5 patients had (20%) thrombocytopenia (4 grade 1, 1
grade 2), and 4 patients had (16%) renal function grade 2. Hb, WBCs, and PLTs showed
a minor yet significant absolute decline through the course of LuPSMA-RLT. Mean Hb
changed from 10.7 ± 1.8 to 10.2 ± 1.9 g/dL (p < 0.001), WBCs from 6.4 ± 1.8 × 109/L
to 5.0 ± 1.7 × 109/L (p < 0.001), and PLTs from 262 ± 92 × 109/L to 182 ± 88 × 109/L
(p = 0.008).

Newly developing grade ≥ 3 hematological toxicity after at least one cycle of LuPSMA-
RLT or during follow-up was observed: significant anemia (grade ≥ 3) in three (12%)
patients, leukopenia in one patient (4%), and thrombocytopenia (grade ≥ 3) in three patients
(12%). During the follow-up period, grade ≥ 3 anemia, leukopenia, and thrombocytopenia
were reversible in 1/5 (20%) patients, 1/1 (100%), and 1/3 (33%), respectively.

Nephrotoxicity (grade ≥ 3) occurred in one (4%) patient, which was reversible during
follow-up. We found no significant xerostomia during LuPSMA-RLT and the follow-up
period; however, grade 1 or 2 xerostomia began in six (24%) of the patients after a median
of two (IQR 1–4) cycles. A summary of the adverse events is shown in Table 2.
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Table 2. Hematologic, renal, and salivary gland toxicity grades based on CTCAE v5.0. at baseline
and after at least one cycle of LuPSMA-RLT or during follow-up.

Toxicity
Baseline, n (%) Post-Therapeutic, n (%)

Grade 1/2 Grade 3/4 Grade 1/2 Grade 3/4

Anemia 20 (80) 3 (12) 20 (80) 5 (20)
Leukopenia 1 (4) 0 (0) 12 (48) 1 (4)

Thrombocytopenia 5 (20) 0 (0) 7 (28) 3 (12)
eGFR * 4 (16) 0 (0) 7 (28) 1 (4)

Xerostomia 0 (0) 0 (0) 6 (24) 0 (0)
* Estimated glomerular filtration rate.

4. Discussion

This retrospective study is the first report addressing the outcome of patients with
metastatic castration-resistant early-onset prostate cancer treated with LuPSMA-RLT. The
observed biochemical response rate of 48% (12/25) at 12 weeks is similar to the findings of
previous studies on patients with different ages at diagnosis, and responders identified by
PSMA-based imaging benefitted from a significantly longer overall survival with a median
of 16.0 months (p = 0.002) [16,22,23]. Disease control was achieved in 60% (15/25), but the
median progression free survival of 5.6 months was relatively short [16,22,23].

In the most recent phase III VISION trial, Sartor et al. showed an imaging PR response
rate of 40% using RECIST criteria and bone scan [16]. Using the same criteria, Hofman et al.
reported an objective response rate of 49% in the phase II TheraP trial [22]. Concordantly,
44% (11/25) of the patients in our study showed a PR in PSMA-based imaging. Our
biochemical response rate (PSA-decline ≥ 50% at 12 weeks) was also comparable to the
findings of the VISION trial (48% vs. 46%) [16]. The prognostic relevance of initial PSA-
decline of ≥50% at 4 weeks after the first cycle of LuPSMA-RLT is unclear [24,25]. In our
study, 9/25 (36%) patients with an initial PSA decline ≥ 50% tended to live longer, but
the difference was not statistically significant (8.5 vs. 5.5 months, p = 0.601). Similarly, in
the WARMTH multicenter study by Ahmadzadehfar et al., PSA response to the first cycle
measured after 8 weeks had no significant impact on overall survival (PSA response ≥ 50%:
41.5%, p = 0.6) [23].

The response to LuPSMA-RLT seems to be independent of age at diagnosis, yielding
similar imaging and biochemical response rates in patients with metastasized castration-
resistant EOPC and other age groups. However, the median PFS of 3.8 months (95%
CI 2.3–5.3) in our study group is comparatively short, indicating an earlier progression
in patients with metastasized castration-resistant EOPC. The VISION trial reported an
imaging PFS of 8.7 months for the patients in the 177Lu-PSMA-617 plus Standard Care
arm, and the TheraP trial showed a PFS of 5.1 months in the experimental group receiving
177Lu-PSMA-617 [16,22]. This difference in PFS may have been partly caused by the
higher diagnostic ability of 68Ga-PSMA-11 PET/CT imaging used for treatment assessment
in our study as compared to computer tomography plus bone scan [26]. On the other
hand, a study by Barber et al. investigating the influence of previous chemotherapy
on the outcome of patients receiving LuPSMA-RLT using 68Ga-PSMA-11 PET/CT for
response assessment showed a longer median PFS in both groups compared to our study
on metastasized castration-resistant EOPC [27]. The median PFS in chemo-refractory
patients was 6.0 months (vs. 8.8 months in chemo-naïve) with a mean age of 69 years at
treatment initiation. Furthermore, few reports suggest an association between younger
age at initiation of LuPSMA-RLT and poor outcome. Heck et al. studied 100 patients
with a median age of 72 years (IQR 66–76) and found a significant decrease in the risk
of progression (HR 0.7, 95% CI 0.5–0.9, p = 0.01) and death of any cause (HR 0.7, 95% CI
0.5–1.0, p = 0.07) with every 10-year increase in age [28]. This may be the result of more
metastasized castration-resistant EOPC among patients with younger age at the time of
treatment initiation.
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In our study investigating patients younger than 55 years old at diagnosis, the median
age at treatment initiation was 62 (IQR 57–71). Metastasized castration-resistant EOPC
patients with disease control by PSMA-based imaging during the course of treatment lived
significantly longer than non-responders (13.0 months, 95% CI 5.0–21.0 vs. 3.0 months, 95%
CI 1.5–4.6; p = 0.001). However, the median OS of 8.5 months in the whole study group
was shorter comparing to the reported median OS in the prospective trials with signifi-
cantly higher ages at treatment initiation, such as in the VISION trial (OS, 15.3 months;
age, 70 years), LuPSMA trial (OS, 13.5 months; age, 71 years), and RESIST-PC trial (OS,
14 months; age, 74 years), although the age at diagnosis was not presented [16,29,30]. Simi-
lar median ages at the treatment initiation, ranging from 70 to 75 years, were also reported
by the majority of the previous retrospective studies on patients treated with LuPSMA-
RLT [31–35]. Although the ages at diagnosis were not explicitly displayed, the significantly
older cohorts at LuPSMA-RLT initiation imply the inclusion of a relatively small proportion
of metastasized castration-resistant EOPC patients with a reportedly distinguished, more
aggressive course of disease resulting in shortened sojourn times [2,4,36].

A stronger genetic component with a characteristically higher incidence of germline
alterations such as TMPRSS2–ERG fusions and BRCA1/2 mutations has been considered
responsible for the poor differentiation and higher mortality [37–42]. A study on 333 con-
secutive castration-resistant prostate cancer patients revealed an OS of 5.5 years (95%
CI 3.0–7.5) in CR-EOPC patients compared to 6.7 years (95% CI 5.9–8.4) in those aged
55–64 years, and 7.8 years (95% CI 6.6–9.3) in the age group of 65–74 years at prostate
cancer diagnosis, respectively [15]. In six patients with NGS analysis in our study, four
patients were carriers of BRCA1 (n = 1) / BRCA2 (n = 3), TP53 (n = 2) point mutations,
and FGFR4 (n = 2) polymorphism. BRCA2 mutations may also lead to more rapid taxane
resistance in metastasized castration-resistant prostate cancer patients [43]. A large study
on 2019 patients with prostate cancer showed that BRCA1/2 status is an independent
prognostic value for OS (HR 1.9; 95% CI 1.1–3.3; p = 0.012) [44].

The rate of significant toxicity in our study is comparable to that of previous studies
on heterogenous patients. Hematotoxicity was the most frequent adverse event with newly
appearing grade 3 anemia during LuPSMA-RLT or during follow-up in three (12%) patients,
grade 3 leukopenia in one (4%) patient, and grade 3 thrombocytopenia in three (12%)
patients. These findings are in concordance to the VISION trial with grade ≥ 3 anemia
occurring in 12.9%, grade ≥ 3 leukopenia in 2.5%, and grade ≥ 3 thrombocytopenia in
7.9% [16]. In the phase II LuPSMA trial by Hofman et al., grade ≥ 3 anemia occurred in
13%, grade ≥ 3 leukopenia in 1%, and grade ≥ 3 thrombocytopenia in 13% [29]. In our
study, one patient with a renal impairment at baseline (grade 2) experienced a reduction
to grade 3 due to a complicated suprapubic urinary catheter and coagulum formation
in the urinary bladder. Renal function returned to the baseline level after appropriate
anti-inflammatory treatment. In line with previous studies reporting the renal safety of
RLT with LuPSMA-RLT, no significant treatment-induced nephrotoxicity was observed in
our patient group [45,46].

The main limitations of our study are the small sample size and its retrospective
nature, which inevitably weaken the comparability with the prospective trials and the
conclusions drawn. The short survival of the patients limited the follow-up period in our
study, preventing the assessment of long-term renal safety. To improve the outcome of RLT,
combination therapy by adding antiandrogen therapies or chemotherapeutic agents to
LuPSMA-RLT, or by using the tandem approach with 225Actinum-PSMA-617/177Lutetium-
PSMA-617, may be worth considering. Moreover, genetic sequencing was only performed
in a minority of patients. Considering the strong genetic component in patients with
early-onset prostate cancer, future studies focusing on genetic profiling may provide useful
information that can help personalize LuPSMA-RLT.



Cancers 2021, 13, 4193 9 of 11

5. Conclusions

The response to radioligand therapy with 177Lu-PSMA-617 seems to be independent
of the presence of early-onset prostate cancer (EOPC); however, the less favorable survival
outcome observed in our study may indicate a more aggressive disease course. Expectedly,
the safety of LuPSMA-RLT does not seem to be compromised in metastasized castration-
resistant EOPC patients. Comparative studies on age at diagnosis of prostate cancer and
the patients’ outcome after LuPSMA-RLT are needed.

Author Contributions: Conceptualization, A.S.; methodology, N.M.; validation, F.G., A.S., D.G.;
formal analysis, N.M.; investigation, N.M.; resources, F.G., A.S., S.B., N.T., J.N.; data curation, N.M.;
writing—original draft preparation, N.M.; writing—review and editing, A.S., D.G., S.B., N.T., J.N.;
visualization, N.M.; supervision, F.G., A.S. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This retrospective study was approved by the institutional
review board (No. 310/18), compliant with the Declaration of Helsinki, §37 (“unproven interventions
in clinical practice”) and the German Medicinal Products Act, AMG §13.2b.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets analyzed and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rebello, R.J.; Oing, C.; Knudsen, K.E.; Loeb, S.; Johnson, D.C.; Reiter, R.E.; Gillessen, S.; Van der Kwast, T.; Bristow, R.G. Prostate

cancer. Nat. Rev. Dis. Primers 2021, 7, 9. [CrossRef] [PubMed]
2. Salinas, C.A.; Tsodikov, A.; Ishak-Howard, M.; Cooney, K.A. Prostate cancer in young men: An important clinical entity. Nat. Rev.

Urol. 2014, 11, 317–323. [CrossRef]
3. Welch, H.G.; Albertsen, P.C. Prostate cancer diagnosis and treatment after the introduction of prostate-specific antigen screening:

1986–2005. J. Natl. Cancer Inst. 2009, 101, 1325–1329. [CrossRef]
4. Shih, H.J.; Fang, S.C.; An, L.; Shao, Y.J. Early-onset prostate cancer is associated with increased risks of disease progression and

cancer-specific mortality. Prostate 2021, 81, 118–126. [CrossRef]
5. Thorstenson, A.; Garmo, H.; Adolfsson, J.; Bratt, O. Cancer Specific Mortality in Men Diagnosed with Prostate Cancer before Age

50 Years: A Nationwide Population Based Study. J. Urol. 2017, 197, 61–66. [CrossRef]
6. Lin, D.W.; Porter, M.; Montgomery, B. Treatment and survival outcomes in young men diagnosed with prostate cancer: A

Population-based Cohort Study. Cancer 2009, 115, 2863–2871. [CrossRef]
7. Kimura, T.; Onozawa, M.; Miyazaki, J.; Matsuoka, T.; Joraku, A.; Kawai, K.; Nishiyama, H.; Hinotsu, S.; Akaza, H. Prognostic

impact of young age on stage IV prostate cancer treated with primary androgen deprivation therapy. Int. J. Urol. 2014, 21, 578–583.
[CrossRef]

8. De Bono, J.S.; Oudard, S.; Ozguroglu, M.; Hansen, S.; Machiels, J.P.; Kocak, I.; Gravis, G.; Bodrogi, I.; Mackenzie, M.J.; Shen, L.;
et al. Prednisone plus cabazitaxel or mitoxantrone for metastatic castration-resistant prostate cancer progressing after docetaxel
treatment: A randomised open-label trial. Lancet 2010, 376, 1147–1154. [CrossRef]

9. De Bono, J.S.; Logothetis, C.J.; Molina, A.; Fizazi, K.; North, S.; Chu, L.; Chi, K.N.; Jones, R.J.; Goodman, O.B., Jr.; Saad, F.; et al.
Abiraterone and increased survival in metastatic prostate cancer. N. Engl. J. Med. 2011, 364, 1995–2005. [CrossRef]

10. Ryan, C.J.; Smith, M.R.; de Bono, J.S.; Molina, A.; Logothetis, C.J.; de Souza, P.; Fizazi, K.; Mainwaring, P.; Piulats, J.M.; Ng, S.;
et al. Abiraterone in metastatic prostate cancer without previous chemotherapy. N. Engl. J. Med. 2013, 368, 138–148. [CrossRef]
[PubMed]

11. Scher, H.I.; Fizazi, K.; Saad, F.; Taplin, M.E.; Sternberg, C.N.; Miller, K.; de Wit, R.; Mulders, P.; Chi, K.N.; Shore, N.D.; et al.
Increased survival with enzalutamide in prostate cancer after chemotherapy. N. Engl. J. Med. 2012, 367, 1187–1197. [CrossRef]
[PubMed]

12. Beer, T.M.; Armstrong, A.J.; Rathkopf, D.E.; Loriot, Y.; Sternberg, C.N.; Higano, C.S.; Iversen, P.; Bhattacharya, S.; Carles, J.;
Chowdhury, S.; et al. Enzalutamide in metastatic prostate cancer before chemotherapy. N. Engl. J. Med. 2014, 371, 424–433.
[CrossRef] [PubMed]

13. Parker, C.; Nilsson, S.; Heinrich, D.; Helle, S.I.; O’Sullivan, J.M.; Fosså, S.D.; Chodacki, A.; Wiechno, P.; Logue, J.; Seke, M.; et al.
Alpha emitter radium-223 and survival in metastatic prostate cancer. N. Engl. J. Med. 2013, 369, 213–223. [CrossRef] [PubMed]

http://doi.org/10.1038/s41572-020-00243-0
http://www.ncbi.nlm.nih.gov/pubmed/33542230
http://doi.org/10.1038/nrurol.2014.91
http://doi.org/10.1093/jnci/djp278
http://doi.org/10.1002/pros.24087
http://doi.org/10.1016/j.juro.2016.06.080
http://doi.org/10.1002/cncr.24324
http://doi.org/10.1111/iju.12389
http://doi.org/10.1016/S0140-6736(10)61389-X
http://doi.org/10.1056/NEJMoa1014618
http://doi.org/10.1056/NEJMoa1209096
http://www.ncbi.nlm.nih.gov/pubmed/23228172
http://doi.org/10.1056/NEJMoa1207506
http://www.ncbi.nlm.nih.gov/pubmed/22894553
http://doi.org/10.1056/NEJMoa1405095
http://www.ncbi.nlm.nih.gov/pubmed/24881730
http://doi.org/10.1056/NEJMoa1213755
http://www.ncbi.nlm.nih.gov/pubmed/23863050


Cancers 2021, 13, 4193 10 of 11

14. Caffo, O.; Ortega, C.; Di Lorenzo, G.; Sava, T.; De Giorgi, U.; Cavaliere, C.; Macrini, S.; Spizzo, G.; Aieta, M.; Messina, C.; et al.
Clinical outcomes in a contemporary series of “young” patients with castration-resistant prostate cancer who were 60 years and
younger. Urol. Oncol. 2015, 33, 265.e15–265.e21. [CrossRef]

15. Humphreys, M.R.; Fernandes, K.A.; Sridhar, S.S. Impact of Age at Diagnosis on Outcomes in Men with Castrate-Resistant Prostate
Cancer (CRPC). J. Cancer 2013, 4, 304–314. [CrossRef]

16. Sartor, O.; de Bono, J.; Chi, K.N.; Fizazi, K.; Herrmann, K.; Rahbar, K.; Tagawa, S.T.; Nordquist, L.T.; Vaishampayan, N.; El-
Haddad, G.; et al. Lutetium-177-PSMA-617 for Metastatic Castration-Resistant Prostate Cancer. N. Engl. J. Med. 2021. [CrossRef]
[PubMed]

17. Ahmadzadehfar, H.; Rahbar, K.; Kürpig, S.; Bögemann, M.; Claesener, M.; Eppard, E.; Gärtner, F.; Rogenhofer, S.; Schäfers, M.;
Essler, M. Early side effects and first results of radioligand therapy with (177)Lu-DKFZ-617 PSMA of castrate-resistant metastatic
prostate cancer: A two-centre study. EJNMMI Res. 2015, 5, 114. [CrossRef] [PubMed]

18. Kratochwil, C.; Giesel, F.L.; Stefanova, M.; Benešová, M.; Bronzel, M.; Afshar-Oromieh, A.; Mier, W.; Eder, M.; Kopka, K.;
Haberkorn, U. PSMA-Targeted Radionuclide Therapy of Metastatic Castration-Resistant Prostate Cancer with 177Lu-Labeled
PSMA-617. J. Nucl. Med. 2016, 57, 1170–1176. [CrossRef] [PubMed]

19. Fanti, S.; Goffin, K.; Hadaschik, B.A.; Herrmann, K.; Maurer, T.; MacLennan, S.; Oprea-Lager, D.E.; Oyen, W.J.; Rouviere, O.;
Mottet, N.; et al. Consensus statements on PSMA PET/CT response assessment criteria in prostate cancer. Eur. J. Nucl. Med. Mol.
Imaging 2021, 48, 469–476. [CrossRef] [PubMed]

20. Scher, H.I.; Morris, M.J.; Stadler, W.M.; Higano, C.; Basch, E.; Fizazi, K.; Antonarakis, E.S.; Beer, T.M.; Carducci, M.A.; Chi, K.N.;
et al. Trial Design and Objectives for Castration-Resistant Prostate Cancer: Updated Recommendations From the Prostate Cancer
Clinical Trials Working Group 3. J. Clin. Oncol. 2016, 34, 1402–1418. [CrossRef] [PubMed]

21. Eisbruch, A.; Kim, H.M.; Terrell, J.E.; Marsh, L.H.; Dawson, L.A.; Ship, J.A. Xerostomia and its predictors following parotid-sparing
irradiation of head-and-neck cancer. Int. J. Radiat. Oncol. Biol. Phys. 2001, 50, 695–704. [CrossRef]

22. Hofman, M.S.; Emmett, L.; Sandhu, S.; Iravani, A.; Joshua, A.M.; Goh, J.C.; Pattison, D.A.; Tan, T.H.; Kirkwood, I.D.; Ng, S.; et al.
[(177)Lu]Lu-PSMA-617 versus cabazitaxel in patients with metastatic castration-resistant prostate cancer (TheraP): A randomised,
open-label, phase 2 trial. Lancet 2021, 397, 797–804. [CrossRef]

23. Ahmadzadehfar, H.; Rahbar, K.; Baum, R.P.; Seifert, R.; Kessel, K.; Bögemann, M.; Kulkarni, H.R.; Zhang, J.; Gerke, C.; Fimmers,
R.; et al. Prior therapies as prognostic factors of overall survival in metastatic castration-resistant prostate cancer patients treated
with [(177)Lu]Lu-PSMA-617. A WARMTH multicenter study (the 617 trial). Eur. J. Nucl. Med. Mol. Imaging 2021, 48, 113–122.
[CrossRef]

24. Gafita, A.; Heck, M.M.; Rauscher, I.; Tauber, R.; Cala, L.; Franz, C.; D’Alessandria, C.; Retz, M.; Weber, W.A.; Eiber, M. Early
Prostate-Specific Antigen Changes and Clinical Outcome After (177)Lu-PSMA Radionuclide Treatment in Patients with Metastatic
Castration-Resistant Prostate Cancer. J. Nucl. Med. 2020, 61, 1476–1483. [CrossRef] [PubMed]

25. Soydal, C.; Araz, M.; Urun, Y.; Nak, D.; Ozkan, E.; Kucuk, N.O. Prognostic importance of PSA response in patients who received
Lutetium-177 PSMA treatment for castration resistant prostate cancer. Q. J. Nucl. Med. Mol. Imaging 2019. [CrossRef]

26. Zhao, R.; Li, Y.; Nie, L.; Qin, K.; Zhang, H.; Shi, H. The meta-analysis of the effect of 68Ga-PSMA-PET/CT diagnosis of prostatic
cancer compared with bone scan. Medicine 2021, 100, e25417. [CrossRef] [PubMed]

27. Barber, T.W.; Singh, A.; Kulkarni, H.R.; Niepsch, K.; Billah, B.; Baum, R.P. Clinical Outcomes of (177)Lu-PSMA Radioligand Ther-
apy in Earlier and Later Phases of Metastatic Castration-Resistant Prostate Cancer Grouped by Previous Taxane Chemotherapy. J.
Nucl. Med. 2019, 60, 955–962. [CrossRef] [PubMed]

28. Heck, M.M.; Tauber, R.; Schwaiger, S.; Retz, M.; D’Alessandria, C.; Maurer, T.; Gafita, A.; Wester, H.-J.; Gschwend, J.E.; Weber,
W.A.; et al. Treatment Outcome, Toxicity, and Predictive Factors for Radioligand Therapy with 177Lu-PSMA-I&T in Metastatic
Castration-resistant Prostate Cancer. Eur. Urol. 2019, 75, 920–926. [CrossRef] [PubMed]

29. Hofman, M.S.; Violet, J.; Hicks, R.J.; Ferdinandus, J.; Thang, S.P.; Akhurst, T.; Iravani, A.; Kong, G.; Ravi Kumar, A.; Murphy, D.G.;
et al. [(177)Lu]-PSMA-617 radionuclide treatment in patients with metastatic castration-resistant prostate cancer (LuPSMA trial):
A single-centre, single-arm, phase 2 study. Lancet Oncol. 2018, 19, 825–833. [CrossRef]

30. Calais, J.; Gafita, A.; Eiber, M.R.; Armstrong, W.R.; Gartmann, J.; Thin, P.; Nguyen, K.; Lok, V.; Gosa, L.; Grogan, T.; et al.
Prospective phase 2 trial of PSMA-targeted molecular RadiothErapy with 177Lu-PSMA-617 for metastatic Castration-reSISTant
Prostate Cancer (RESIST-PC): Efficacy results of the UCLA cohort. J. Nucl. Med. 2021. [CrossRef]

31. Rathke, H.; Holland-Letz, T.; Mier, W.; Flechsig, P.; Mavriopoulou, E.; Röhrich, M.; Kopka, K.; Hohenfellner, M.; Giesel,
F.L.; Haberkorn, U.; et al. Response Prediction of (177)Lu-PSMA-617 Radioligand Therapy Using Prostate-Specific Antigen,
Chromogranin A, and Lactate Dehydrogenase. J. Nucl. Med. 2020, 61, 689–695. [CrossRef] [PubMed]

32. Yordanova, A.; Linden, P.; Hauser, S.; Feldmann, G.; Brossart, P.; Fimmers, R.; Essler, M.; Holdenrieder, S.; Ahmadzadehfar,
H. The value of tumor markers in men with metastatic prostate cancer undergoing [(177) Lu]Lu-PSMA therapy. Prostate 2020,
80, 17–27. [CrossRef]

33. Rahbar, K.; Boegemann, M.; Yordanova, A.; Eveslage, M.; Schäfers, M.; Essler, M.; Ahmadzadehfar, H. PSMA targeted ra-
dioligandtherapy in metastatic castration resistant prostate cancer after chemotherapy, abiraterone and/or enzalutamide. A
retrospective analysis of overall survival. Eur. J. Nucl. Med. Mol. Imaging 2018, 45, 12–19. [CrossRef] [PubMed]

http://doi.org/10.1016/j.urolonc.2015.02.016
http://doi.org/10.7150/jca.4192
http://doi.org/10.1056/NEJMoa2107322
http://www.ncbi.nlm.nih.gov/pubmed/34161051
http://doi.org/10.1186/s13550-015-0114-2
http://www.ncbi.nlm.nih.gov/pubmed/26099227
http://doi.org/10.2967/jnumed.115.171397
http://www.ncbi.nlm.nih.gov/pubmed/26985056
http://doi.org/10.1007/s00259-020-04934-4
http://www.ncbi.nlm.nih.gov/pubmed/32617640
http://doi.org/10.1200/JCO.2015.64.2702
http://www.ncbi.nlm.nih.gov/pubmed/26903579
http://doi.org/10.1016/S0360-3016(01)01512-7
http://doi.org/10.1016/S0140-6736(21)00237-3
http://doi.org/10.1007/s00259-020-04797-9
http://doi.org/10.2967/jnumed.119.240242
http://www.ncbi.nlm.nih.gov/pubmed/32111687
http://doi.org/10.23736/s1824-4785.19.03165-0
http://doi.org/10.1097/MD.0000000000025417
http://www.ncbi.nlm.nih.gov/pubmed/33847640
http://doi.org/10.2967/jnumed.118.216820
http://www.ncbi.nlm.nih.gov/pubmed/30683770
http://doi.org/10.1016/j.eururo.2018.11.016
http://www.ncbi.nlm.nih.gov/pubmed/30473431
http://doi.org/10.1016/S1470-2045(18)30198-0
http://doi.org/10.2967/jnumed.121.261982
http://doi.org/10.2967/jnumed.119.231431
http://www.ncbi.nlm.nih.gov/pubmed/31653712
http://doi.org/10.1002/pros.23912
http://doi.org/10.1007/s00259-017-3848-4
http://www.ncbi.nlm.nih.gov/pubmed/29026946


Cancers 2021, 13, 4193 11 of 11

34. Bräuer, A.; Grubert, L.S.; Roll, W.; Schrader, A.J.; Schäfers, M.; Bögemann, M.; Rahbar, K. (177)Lu-PSMA-617 radioligand therapy
and outcome in patients with metastasized castration-resistant prostate cancer. Eur. J. Nucl. Med. Mol. Imaging 2017, 44, 1663–1670.
[CrossRef]

35. Yadav, M.P.; Ballal, S.; Bal, C.; Sahoo, R.K.; Damle, N.A.; Tripathi, M.; Seth, A. Efficacy and Safety of 177Lu-PSMA-617 Radioligand
Therapy in Metastatic Castration-Resistant Prostate Cancer Patients. Clin. Nucl. Med. 2020, 45, 19–31. [CrossRef] [PubMed]

36. Bleyer, A.; Spreafico, F.; Barr, R. Prostate cancer in young men: An emerging young adult and older adolescent challenge. Cancer
2020, 126, 46–57. [CrossRef] [PubMed]

37. Gerhauser, C.; Favero, F.; Risch, T.; Simon, R.; Feuerbach, L.; Assenov, Y.; Heckmann, D.; Sidiropoulos, N.; Waszak, S.M.;
Hubschmann, D.; et al. Molecular Evolution of Early-Onset Prostate Cancer Identifies Molecular Risk Markers and Clinical
Trajectories. Cancer Cell 2018, 34, 996–1011.e8. [CrossRef]

38. Weischenfeldt, J.; Korbel, J.O. Genomes of early onset prostate cancer. Curr. Opin. Urol. 2017, 27, 481–487. [CrossRef] [PubMed]
39. Chalmers, Z.R.; Burns, M.C.; Ebot, E.M.; Frampton, G.M.; Ross, J.S.; Hussain, M.H.A.; Abdulkadir, S.A. Early-onset metastatic

and clinically advanced prostate cancer is a distinct clinical and molecular entity characterized by increased TMPRSS2-ERG
fusions. Prostate Cancer Prostatic Dis. 2021, 24, 558–566. [CrossRef] [PubMed]

40. Hussein, S.; Satturwar, S.; Van der Kwast, T. Young-age prostate cancer. J. Clin. Pathol. 2015, 68, 511–515. [CrossRef] [PubMed]
41. Edwards, S.M.; Kote-Jarai, Z.; Meitz, J.; Hamoudi, R.; Hope, Q.; Osin, P.; Jackson, R.; Southgate, C.; Singh, R.; Falconer, A.; et al.

Two percent of men with early-onset prostate cancer harbor germline mutations in the BRCA2 gene. Am. J. Hum. Genet. 2003,
72, 1–12. [CrossRef]

42. Kote-Jarai, Z.; Leongamornlert, D.; Saunders, E.; Tymrakiewicz, M.; Castro, E.; Mahmud, N.; Guy, M.; Edwards, S.; O’Brien, L.;
Sawyer, E.; et al. BRCA2 is a moderate penetrance gene contributing to young-onset prostate cancer: Implications for genetic
testing in prostate cancer patients. Br. J. Cancer 2011, 105, 1230–1234. [CrossRef] [PubMed]

43. Nientiedt, C.; Heller, M.; Endris, V.; Volckmar, A.L.; Zschabitz, S.; Tapia-Laliena, M.A.; Duensing, A.; Jager, D.; Schirmacher, P.;
Sultmann, H.; et al. Mutations in BRCA2 and taxane resistance in prostate cancer. Sci. Rep. 2017, 7, 4574. [CrossRef] [PubMed]

44. Castro, E.; Goh, C.; Olmos, D.; Saunders, E.; Leongamornlert, D.; Tymrakiewicz, M.; Mahmud, N.; Dadaev, T.; Govindasami, K.;
Guy, M.; et al. Germline BRCA mutations are associated with higher risk of nodal involvement, distant metastasis, and poor
survival outcomes in prostate cancer. J. Clin. Oncol. 2013, 31, 1748–1757. [CrossRef] [PubMed]

45. Yordanova, A.; Becker, A.; Eppard, E.; Kürpig, S.; Fisang, C.; Feldmann, G.; Essler, M.; Ahmadzadehfar, H. The impact of repeated
cycles of radioligand therapy using [(177)Lu]Lu-PSMA-617 on renal function in patients with hormone refractory metastatic
prostate cancer. Eur. J. Nucl. Med. Mol. Imaging 2017, 44, 1473–1479. [CrossRef] [PubMed]

46. Rosar, F.; Kochems, N.; Bartholomä, M.; Maus, S.; Stemler, T.; Linxweiler, J.; Khreish, F.; Ezziddin, S. Renal Safety of [177Lu]Lu-
PSMA-617 Radioligand Therapy in Patients with Compromised Baseline Kidney Function. Cancers 2021, 13, 3095. [CrossRef]

http://doi.org/10.1007/s00259-017-3751-z
http://doi.org/10.1097/RLU.0000000000002833
http://www.ncbi.nlm.nih.gov/pubmed/31789908
http://doi.org/10.1002/cncr.32498
http://www.ncbi.nlm.nih.gov/pubmed/31553489
http://doi.org/10.1016/j.ccell.2018.10.016
http://doi.org/10.1097/MOU.0000000000000422
http://www.ncbi.nlm.nih.gov/pubmed/28661899
http://doi.org/10.1038/s41391-020-00314-z
http://www.ncbi.nlm.nih.gov/pubmed/33420417
http://doi.org/10.1136/jclinpath-2015-202993
http://www.ncbi.nlm.nih.gov/pubmed/25837493
http://doi.org/10.1086/345310
http://doi.org/10.1038/bjc.2011.383
http://www.ncbi.nlm.nih.gov/pubmed/21952622
http://doi.org/10.1038/s41598-017-04897-x
http://www.ncbi.nlm.nih.gov/pubmed/28676659
http://doi.org/10.1200/JCO.2012.43.1882
http://www.ncbi.nlm.nih.gov/pubmed/23569316
http://doi.org/10.1007/s00259-017-3681-9
http://www.ncbi.nlm.nih.gov/pubmed/28337529
http://doi.org/10.3390/cancers13123095

	Introduction 
	Materials and Methods 
	Patients 
	177Lutetium-PSMA-617 Radioligand Therapy 
	Response Assessment 
	Toxicity Assessment 
	Data Analysis 

	Results 
	Response 
	Survival 
	Safety 

	Discussion 
	Conclusions 
	References

