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Abstract
Purpose  Despite the existence of various treatment options, the prognosis for patients with metastatic castration-resistant 
prostate cancer (mCRPC) remains unfavorable. One potential therapeutic approach is the use of [225Ac]Ac-PSMA-617, a 
targeted alpha therapy (TAT) that administers alpha-particle radiation specifically to prostate cancer cells expressing PSMA. 
In this study, we report the long-term survival outcomes of this novel therapy in a series of patients with mCRPC who have 
exhausted all standard treatment options.
Methods  The study enrolled patients with mCRPC who had shown resistance to standard lines of therapies, including 
next-generation anti-androgen therapies and taxane-based chemotherapies. These eligible patients received treatment with 
[225Ac]Ac-PSMA-617 at 100-150 kBq/kg doses administered every 8 weeks. The primary objective of the study was to 
assess overall survival (OS), while secondary objectives included evaluating radiological progression-free survival (rPFS), 
monitoring serum prostate-specific antigen (PSA) levels as a measure of biochemical response, and assessing adverse events 
using the CTCAE v5.0 grading system.
Results  Among the 63 initially enrolled patients, a total of 56 patients who had completed at least two cycles of [225Ac]
Ac-PSMA-617 were included in this study. The mean age was 67 years (range, 39-87) and patients received a total of 204 
cycles of [225Ac]Ac-PSMA-617 TAT. 91% of patients exhibited any PSA decline, with 67.8% experiencing a decline of 50% 
or more. The median follow-up was of 22 months (range: 6-59 months). Imaging-based disease progression was observed 
in 68% of patients, and 66% of patients succumbed to the disease. The median OS was 15 months (95% CI: 10-19). In 
univariate analysis, factors such as lack of >50% PSA decline (P=0.031), Eastern Cooperative Oncology Group (ECOG) 
performance status of 2 or higher (P=0.048), and radiological progression (rPD) (P<0.001) were found to be predictors of 
poor OS. However, in multivariate analysis, only rPD emerged as an independent prognostic factor with a hazard ratio (HR) 
of 8.264 (95% CI: 1.429-16.497, P=0.004). The estimated median rPFS was 9 months (95% CI: 7-15). Moreover, patients 
who demonstrated any PSA decline had a median rPFS of 10 months compared to only 3 months in patients without any 
PSA decline (multivariate HR: 6.749; 95% CI: 1.949-23.370; P=0.002). Fatigue was one of the most common treatment-
emergent adverse events, with grades 1/2 occurring in 70% of patients and grades 3 or higher in 3.5% of patients. This fatigue 
was transient and resolved before the next treatment cycle. Additionally, approximately one-third of patients experienced 
xerostomia (grades 1/2: 32.1%).
Conclusion  [225Ac]Ac-PSMA-617 targeted alpha therapy, was found to be well-tolerated with acceptable adverse events and 
effective in the treatment of patients with end-stage mCRPC.
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Introduction

Prostate carcinoma (PCa) is a prevalent cancer among men 
and typically exhibits a slow-growing nature, respond-
ing well to standard therapy options [1]. However, 
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approximately 10-20% of patients experience a breach 
in this indolent course, leading to aggressive metastasis 
after an initial response to androgen deprivation therapy, 
known as metastatic castration-resistant prostate carcinoma 
(mCRPC) [2]. Although multiple systemic therapies are 
available for mCRPC, the survival benefit remains limited 
to a few months [3]. Recent studies investigating radionu-
clide therapy targeting prostate-specific membrane antigen 
(PSMA) have shown promising results, both with beta and 
alpha emitters [2].

Even in patients with advanced disease, beta radionuclide 
therapy utilizing [177Lu]Lu-PSMA-617 has shown promis-
ing results, demonstrating encouraging biochemical and 
radiographic responses while maintaining low toxicity lev-
els. The VISION trial, which showcased improved overall 
survival (OS) and progression-free survival (PFS), resulted 
in the FDA approval of [177Lu]Lu-PSMA-617 radioligand 
therapy for the treatment of PSMA-positive metastatic cas-
tration-resistant prostate cancer (mCRPC) [4]. However, 
the translation of these promising research outcomes into 
clinical practice has not been fully realized, as evidenced by 
a recent meta-analysis reporting non-response and disease 
progression in approximately 37.1% of patients [5]. Further-
more, even among responders, disease progression can still 
occur, and patients with extensive skeletal metastases may 
experience bone marrow failure [6]. These limitations have 
prompted the compassionate use of alpha-based radioligand 
therapy (RLT) as an alternative for patients who are refrac-
tory to beta RLT, owing to the favorable radiobiological 
characteristics associated with alpha emitters.

Targeted alpha therapy (TAT) utilizing [225Ac]Ac-PSMA 
has demonstrated clinical efficacy in previous studies, show-
ing satisfactory biochemical responses and low toxicity 
profiles [7–9]. Several studies have already established the 
effectiveness and safety of TAT [10, 11]. A recent meta-anal-
ysis conducted by Lee et al. revealed that 61% of patients 
achieved a decline of more than 50% in serum prostate-spe-
cific antigen (PSA) levels, and 84% achieved any decline in 
PSA after undergoing [225Ac]Ac-PSMA-TAT [12]. These 
response rates were higher (46% and 75% for more than 
50% decline and any decline in PSA, respectively) com-
pared to the response rates observed in an earlier meta-
analysis of [177Lu]Lu-PSMA-RLT therapy by Yadav et al. 
[5]. Even with this excellent biochemical response following 
[225Ac]Ac-PSMA-TAT, the median PFS and OS (8 and 12 
months for [225Ac]Ac-PSMA-TAT and 11 and 14 months for 
[177Lu]Lu-PSMA-RNT were not that different from [177Lu]
Lu-PSMA-RLT in recent meta-analyses [5, 12]. However, 
it should be noted that many of the studies included in the 
meta-analysis of [225Ac]Ac-PSMA-TAT had relatively short 
follow-up durations and involved patients who had previ-
ously received [177Lu]Lu-PSMA-RLT, which warrants cau-
tion when interpreting this comparison. Nonetheless, this 

raises the question of whether the clinical translation of the 
radiobiological properties of TAT into survival benefits may 
have been influenced by the toxicities associated with pre-
vious therapies, including the [177Lu]Lu-PSMA-RLT that 
patients had received.

In an effort to address this question, we aimed to inves-
tigate the long-term survival outcomes of patients who 
received [225Ac]Ac-PSMA-617 TAT as a compassionate 
treatment option, considering it as the final therapeutic 
approach available. It is worth noting that only a limited 
number of studies have examined the long-term survival 
outcomes associated with [225Ac]Ac-PSMA-617 TAT [13, 
14]. Further, in order to assess the impact of prior [177Lu]
Lu-PSMA-RLT on the outcomes of [225Ac]Ac-PSMA-617 
TAT, we also conducted a comparison of the survival out-
comes between a cohort of patients who were treatment-
naïve for RLT and patients who had experienced treatment 
failure with prior [177Lu]Lu-PSMA-RLT.

MATERIALS AND METHODS

The retrospective cohort study conducted in this research 
was granted approval by the Institute's ethics review board 
under the reference number IEC-518/2018, RP-18/2018. The 
study was a collaborative effort between the Department of 
Nuclear Medicine and the Department of Medical Oncol-
ogy at the All India Institute of Medical Sciences in New 
Delhi, India.

Patients

Each clinical case underwent a thorough discussion by the 
multidisciplinary tumor board, and it was collectively deter-
mined that referral to the Department of Nuclear Medicine 
for radionuclide therapy was appropriate. Prior to treatment, 
written informed consent was obtained from all patients, 
who were informed that the use of [225Ac]Ac-PSMA-617 
was not yet approved for regular clinical practice and was 
being administered on compassionate grounds. This was 
done after conventional therapies had proven ineffective or 
at the patient's specific request. A summary of the treatment 
protocol is illustrated in Fig. 1.

Eligibility criteria for enrollment in the study

This study included patients diagnosed with prostate ade-
nocarcinoma, confirmed through histological or cytological 
examination, who had undergone medical or surgical cas-
tration and experienced disease progression despite stand-
ard-line treatments. All patients had metastatic castration-
resistant prostate cancer (mCRPC) and exhibited positive 
[68Ga]Ga-PSMA-PET with lesion uptake equal to or greater 
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than that of the normal liver. Eligible patients met specific 
criteria, including adequate bone marrow, liver, and renal 
functions: a hemoglobin level above 8 g/dL, an absolute 
neutrophil count of at least 1.5 x 109/L, platelet count of 60 
x 109/L or higher, bilirubin level below 1.5 times the upper 
normal limit, serum creatinine level below 1.6 mg/dL, and 
a glomerular filtration rate exceeding 40 mL/min/1.73 m2 
(measured using the plasma sample method). Patients with 
Eastern Cooperative Oncology Group (ECOG) performance 
status ≤4 were included.

Progressive disease for study entry was defined as any 
one of the following:

1.	 PSA progression: At least two subsequent PSA read-
ings must be taken, with a minimum gap of one week 
between each. The values must have increased by at least 
25%, and be a minimum of 2 ng/mL, from the initial 
baseline measurement.

2.	 Soft tissue/visceral disease/bone metastases: The pro-
gression of the disease was evaluated using Response 
Evaluation Criteria in Solid Tumors (RECIST 1.1) and 
Prostate Cancer Working Group 3 (PCWG3) criteria.

The study included patients who had undergone a mini-
mum of two cycles of [225Ac]Ac-PSMA-617 therapy, admin-
istered at intervals of 8 weeks. The patients were divided 
into two groups based on their prior exposure to [177Lu]
Lu-PSMA-617 radioligand therapy: Group I consisted of 
patients who had received prior [177Lu]Lu-PSMA-617 ther-
apy, and Group II consisted of patients who had not been 

previously treated with radioligand therapy. Patients with 
severe medical conditions such as congestive heart failure, 
drug allergies, and cord compression, as well as those who 
declined to provide written informed consent, were excluded 
from the study.

[225Ac]Ac‑PSMA‑617 Dosing and administration

Patients in this study received [225Ac]Ac-PSMA-617 via 
intravenous infusion at intervals of 8 weeks. The adminis-
tered dose ranged from 100-150 KBq/kg body weight (2.7-
4.05μCi/Kg BW). To administer the dose, it was dissolved 
in 10 mL of 0.9% normal saline and given over a period of 
5 minutes. Following the infusion, a flush with 20 mL of 
normal saline was performed. The treatment regimen was 
continued until the patients reached a cumulative dose of 74 
megabecquerels (MBq) or 2000 microcuries (μCi).

Follow‑up

Patients underwent regular monitoring and surveillance 
after each cycle of [225Ac]Ac-PSMA-617 therapy. Follow-
up check-ups were scheduled at 2, 4, and 6-8-week inter-
vals. During these check-ups, comprehensive assessments 
were conducted, including complete blood counts and liver 
and renal function tests, to closely monitor for potential 
side effects. Following the completion or discontinuation 
of therapy, monthly follow-ups were conducted. Addition-
ally, [68Ga]Ga-PSMA PET/CT scans were performed after 
every 2-3 cycles or when deemed necessary. This could be 

Fig. 1   Overview of [225Ac]Ac-PSMA-617 treatment and follow-up
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in cases where new pain sites developed, there was a nota-
ble decrease or doubling of prostate-specific antigen (PSA) 
levels, or during follow-up visits after the completion or 
discontinuation of the [225Ac]Ac-PSMA-617 targeted alpha 
therapy (TAT) regimen.

Treatment outcome measures

The study's primary outcome measure was overall survival 
(OS). Secondary outcome measures included radiological 
progression-free survival (rPFS), the identification of factors 
predicting OS and rPFS, assessment of the PSA response 
rate (PSA-RR), evaluation of molecular response, determi-
nation of the radiological disease control rate (DCR), assess-
ment of clinical response, and analysis of the adverse event 
profile.

Definitions of outcome measures

Overall survival: Time from the commencement of [225Ac]
Ac-PSMA-617 therapy to death due to any cause or the date 
of the last evaluation.

Radiological progression-free survival: Duration between 
the start of treatment and either the documented progres-
sion of the disease as seen on imaging or the patient's death. 
Patients without any signs of tumor progression who were 
still alive at the time of analysis were censored at their latest 
tumor evaluation date.

Biochemical response: The treatment response was 
assessed using the PCWG3 criteria [15]. The PSA-RR 
(Prostate-Specific Antigen Response Rate) was calculated 
by determining the percentage of patients who experienced a 
decrease of at least 50% in their PSA levels from the baseline 
after completing 4 and 8 weeks of [225Ac]Ac-PSMA-617 
RLT cycles. Additional evaluations were conducted at 
monthly intervals following the completion of the [225Ac]
Ac-PSMA-617 treatment regimen.

Radiologic tumor response: Radiological tumor response 
assessment was conducted by a combination of soft tissue 
assessment as per RECIST 1.1 criteria and bone lesion 
assessment according to PCWG3 criteria using a compre-
hensive criterion “PCWG-modified RECIST 1.1” [16]. The 
proportion of patients who attained a complete response or 
partial response was defined as the objective response rate 
(ORR).

Radiological disease-control rate (rDCR): The percentage 
of patients who achieved either a response or stable disease 
according to the PCWG-modified RECIST1.1 criteria

Clinical response: Clinical response criteria were evalu-
ated using Visual Analog Score (VAS) [17], Analgesic Score 
(AS) [17], Karnofsky Performance Status (KPS) [18], and 
Eastern Cooperative Oncology Group (ECOG) Performance 

Status. VAS was used to measure the intensity of pain and 
ranged from 0 (no pain) to 10 (intolerable pain) [17]. AS was 
measured according to the Urological Group of the Euro-
pean Organization of Research and Treatment of Cancer 
(EORTC, Protocol 30921), and was the product of two five-
point scales (type of analgesic and frequency of administra-
tion) [17]. KPS ranged from 100 (no evidence of disease and 
no complaints) to 0 (dead) [18]. ECOG status ranged from 
0 (fully active, able to carry out all pre-disease performance 
without restrictions) to 5 (dead) [18].

Toxicity: Treatment-related adverse events (AEs) were 
documented as per the National Cancer Institute-Common 
Terminology Criteria for Adverse Events, version 5.0 [19].

Discontinuation of [225Ac]Ac‑PSMA‑617 therapy

The administration of treatment was discontinued in the fol-
lowing circumstances: disease progression during the course 
of therapy, an unexpectedly rapid response prior to com-
pleting the treatment plan, or upon reaching the maximum 
prescribed cumulative dose of 74 MBq (2 mCi).

Statistical analysis

Categorical variables were represented as numbers and per-
centages, while continuous data were assessed for normal-
ity using the D'Agostino-Pearson test. Normally distributed 
continuous data were presented with mean, standard devia-
tion, and range, while skewed data were described with 
median and interquartile range (IQR).

The chi-square test or Fisher-exact test was used to ana-
lyze categorical variables between different patient groups, 
and unpaired samples t-test (parametric) or Mann-Whitney 
U test (non-parametric) was used for continuous variables. 
Paired-samples t-test (parametric) or Wilcoxon signed-rank 
test (non-parametric) was employed to compare pre-and 
post-therapy parameters. Kaplan-Meier survival curves were 
generated, and the log-rank test was used to compare overall 
survival (OS) and progression-free survival (PFS) between 
the two groups. Cox proportional-hazards regression model 
was used to identify the factors affecting survival outcomes; 
all variables with P-value <0.1 on univariate Cox-regression 
analysis were included in the multivariate model. All statis-
tical analyses were conducted with MedCalc software, and 
P-value <0.05 was considered statistically significant.

Results

Demographic and clinical characteristics

A total of 63 consecutive patients with metastatic castration-
resistant prostate cancer (mCRPC) were initially enrolled for 
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[225Ac]Ac-PSMA-617 targeted alpha therapy (TAT) treat-
ment between April 2018 and November 2022. However, 7 
patients were excluded from the study as they received only 
a single cycle of [225Ac]Ac-PSMA-617 therapy for various 
reasons. Among these 7 patients, two, unfortunately, passed 
away after the first cycle, three were lost to follow-up, and 
two patients withdrew their consent after the first cycle of 
treatment. Eventually, the analysis included 56 patients who 
had received at least two cycles of [225Ac]Ac-PSMA-617 
treatment. Among the 56 patients, 27 patients (48.2%) had 
experienced disease progression after prior treatment with 
[177Lu]Lu-PSMA-617 radioligand therapy, constituting 
Group I (Gr-I), while 29 patients (51.8%) chose upfront 
[225Ac]Ac-PSMA-617 therapy as their initial treatment 
option and constituted Group II (Gr-II).

The demographic characteristics, clinical profiles, and 
administered activity of [225Ac]Ac-PSMA-617 treatment 
were found to be comparable between the two groups, 
as indicated in Table 1. The majority of the patients (50 
out of 56; 89%) had a Gleason score higher than 7. All 
patients had received more than two lines of standard treat-
ment (LoTs), with 89.2% (50 out of 56) of patients having 
received at least one line of chemotherapy, and 25% (14 

out of 56) of patients receiving two lines of chemother-
apy. Residual or recurrent disease in the primary site was 
observed in 85.7% (48 out of 56) of patients. Bone metas-
tases were present in 94.6% (53 out of 56) of patients, 
while 43% (24 out of 56) had visceral metastases. The 
pre-treatment levels of prostate-specific antigen (PSA) 
and the extent of disease observed on [68Ga]Ga-PSMA-
PET/CT scans were similar between the groups of patients 
refractory to [177Lu]Lu-PSMA-617 therapy and those who 
were treatment-naïve, indicating a comparable extent of 
disease (P>0.05).

The last cut-off date for the follow-up was February 24, 
2023. The median duration of follow-up from the initiation 
of [225Ac]Ac-PSMA-617 targeted alpha therapy (TAT) was 
22 months, ranging from 6 to 59 months. In the group of 
patients who were refractory to [177Lu]Lu-PSMA-617 ther-
apy, the median follow-up was 21 months (95% CI, 19.8-
23.0), while in the [177Lu]Lu-PSMA-617-naïve group, the 
median follow-up was 22 months (95% CI, 18.3-24.8).

At the time of enrollment, none of the patients exhibited 
grade 3 toxicities. The average hemoglobin level was 10.8 
g/dL (range: 9.9-11.7), the median platelet count was 219 
lakhs/mm3 (range: 172.5-284.5), the average white blood 

Table 1   Comparison of baseline demographics, and clinical characteristics of patients

Variable [177Lu]Lu-PSMA-617-refractory group  
(Gr-I) [N=27]

[177Lu]Lu-PSMA-617-naïve group 
(Gr-II)
[N=29]

P-value

Median Age (years) (IQR) 65 (61 – 70) 70 (61.7 – 74) 0.086
Age cut off >65 years 12 20 0.066
Prostatectomy 7 4 0.257
Prostate EBRT 16 13 0.284
B/L orchidectomy 17 12 0.109
First line anti-androgen (bicalutamide) 27 28 0.892
Docetaxel 26 24 0.194
Cabazitaxel 6 8 0.646
Abiraterone acetate 23 24 0.806
Enzalutamide 18 21 0.643
Distant metastases EBRT 22 21 0.426
68Ga-PSMA PET/CT findings
Primary/local recurrent disease 24 24 0.706
Lymph node 25 28 0.604
Bone 26 27 1.000
Lung 5 6 1.000
Liver 5 5 0.901
Brain 2 1 0.604
Baseline ECOG median (IQR) 3 (2- 4) 3 (2 – 4) 0.987
Mean PSA (ng/mL)
(mean±SD) (range)

337.5 ±634.33 (167.6 to 507.4) 261.9 ±634.33
(76.4 to 447.5)

0.416

[225Ac]Ac-PSMA-617 Cumulative activity (μCi) 
median, IQR

574 (430.7 – 877.2) 792 (403 – 1078) 0.215
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cell (WBC) count was 6668.4/mcL (range: 6083-7252), 
and the average alkaline phosphatase level was 656.4 IU/
mL (range: 42-5501). The median creatinine level was 0.76 
mg/dL (range: 0.3-1.4).

Treatment

The median cumulative radioactivity administered dur-
ing the treatment was 26.4 MBq (IQR: 15-39.9) [715 
μCi, IQR: 403-1078 μCi]. A total of 204 cycles of [225Ac]
Ac-PSMA-617 targeted alpha therapy (TAT) were given: 
26 patients received up to 3 cycles, while the remaining 
30 patients received 4 to 9 cycles (Table 2). The median 
injected cumulative activity of [225Ac]Ac-PSMA-617 TAT 

did not differ significantly between the two groups [Group 
I: 574 μCi (IQR: 430.7-877.2) vs. Group II: 792 μCi (IQR: 
403-1078); P=0.215].

PSA response assessment

After receiving [225Ac]Ac-PSMA-617 treatment, 51 out of 
56 patients (91%) experienced any decline in PSA levels, 
and 38 out of 56 patients (67.8%) showed a PSA decline 
of 50% or more. Subgroup analysis revealed that the PSA 
response rate (PSA-RR) was similar between the [177Lu]
Lu-PSMA-617-naïve group and the [177Lu]Lu-PSMA-
617-refractory group (20/29, 69% vs. 18/27, 66.6%, 
respectively; P=0.854).

Overall and radiological progression‑free survival

Figure 2 provides an overview of the outcomes in the treat-
ment cohort. Among the patients, 37 individuals (66%) died 
during the median follow-up period of 22 months. Specifi-
cally, there were 18 deaths (67%) in the [177Lu]Lu-PSMA-
617-refractory group and 19 deaths (66%) in the [177Lu]
Lu-PSMA-617-naïve group.

The median overall survival (OS) for the entire cohort was 
15 months (95% CI, 10-19) as shown in Fig. 3A. Patients 
who had not previously received [177Lu]Lu-PSMA-617 ther-
apy had a slightly higher median OS of 15 months compared 
to those who were refractory to prior [177Lu]Lu-PSMA-617 
RLT, with a median OS of 10 months [HR: 1.124 (95% CI, 

Table 2   Details of the number 
of [225Ac]Ac-PSMA-617 
therapy cycles

Number of cycles Num-
ber of 
patients

2 23
3 3
4 18
5 4
6 3
7 2
8 2
9 1
Overall 56

Fig. 2   Outcomes of [225Ac]Ac-
PSMA-617 treatment in patient 
groups
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0.564-2.293); P=0.739] (Fig. 3B). Similarly, the estimated 
median radiological progression-free survival (rPFS) for 
the entire cohort was 9 months (95% CI, 7-15) as depicted 
in Fig. 4A. The median rPFS was 8 months in the [177Lu]
Lu-PSMA-617-refractory group compared to 11 months in 
patients who received upfront [225Ac]Ac-PSMA-617 treat-
ment (HR: 1.421; 95% CI: 0.733-2.758; P=0.297) (Fig. 4B).

In the univariate analysis, several factors were found 
to be predictive of poor overall survival (OS), including 
the absence of a ≥50% decline in prostate-specific antigen 
(PSA) levels (P=0.031), an Eastern Cooperative Oncology 
Group (ECOG) performance status ≥2 (P=0.048), and the 
presence of radiological progressive disease (rPD) (P < 

0.001). However, in the multivariate analysis using the 
Cox-proportional hazards model, rPD emerged as the sole 
independent predictor of poor OS [HR: 8.264 (95% CI: 
1.429-16.497); P=0.004]. This is further illustrated in 
Table 3 and Fig. 5A.

In terms of radiological progression-free survival 
(rPFS), the absence of any decline in prostate-specific anti-
gen (PSA) levels was found to be a poor predictor [mul-
tivariate HR: 6.749, 95% CI: 1.949-23.370, P = 0.002]. 
Patients who demonstrated any PSA decline had an esti-
mated median rPFS of 10 months, whereas those who did 
not experience any PSA decline had a median rPFS of only 
3 months (P < 0.001) (Table 3, Fig. 5B).

Fig. 3   A Overall survival, B Overall survival between the upfront [225Ac]Ac-PSMA-617 and prior exposure to [177Lu]Lu-PSMA-617 groups

Fig. 4   A Progression-free survival, B Progression-free survival between the upfront [225Ac]Ac-PSMA-617 and prior exposure to [177Lu]Lu-
PSMA-617 groups
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Morphologic Response: PCWG‑modified RECIST 1.1 
criteria

Table 4 and Fig. 2 provide an overview of the morpho-
logic response to [225Ac]Ac-PSMA-617 TAT. The objec-
tive response rate (ORR) was 14.2% (8 out of 56 patients), 
while the rDCR was 32.1% (18 out of 56 patients). Subgroup 

analysis revealed that 26% (7 out of 27) of patients in the 
[177Lu]Lu-PSMA-617-refractory group achieved an imag-
ing-based rDCR, compared to 38% (11 out of 29) in the 
[177Lu]Lu-PSMA-617-naïve group (P=0.336). One patient 
(3.7%, 1 out of 27) who had previously received [177Lu]
Lu-PSMA-RLT achieved a CR from [225Ac]Ac-PSMA-617 
TAT. However, in the [177Lu]Lu-PSMA-617-naïve group, 

Table 3   Predictors of radiological progression-free and overall survival

Variable Median 
rPFS

Univariate HR 95% 
CI, (P-value)

Multivariate HR 95% 
CI, (P-value)

Median 
OS

Univariate HR 95% CI, 
(P-value)

Multivariate 
HR 95% CI, 
(P-value)

Age (Cut-off
≥66 years)
<66 years 8 1.890

[0.951 to 3.758]
0.079

15 1.336
[0.664 to 2.688]; 0.415

≥66 years 11 15
ECOG
(Cut-off ≥2)
< 2 11 1.376 [0.701 – 2.698]

0.352
22 2.018

[1.005 – 4.051]; 0.048
≥2 8 10
Gleasons score
≤7 10 1.118

[0.461 to 2.711]
0.803

27 1.903
[0.853 to 4.243];
0.115

>7 11 14
>50% PSA decline
Yes 10 1.940

[0.853 to 4.415]
0.113

15 2.426
[1.800 to 5.456]
0.031

No 7 12
Any PSA decline
Yes 10 8.497 [2.32 to 31]

<0.001
6.7497
[1.949 to 23.37]; 0.002

15 3.775
[0.804 – 17.726]
0.092

No 3 9
Liver metastases
No 10 2.388

[0.872 to 6.540]
0.090

15 2.600
[0.980 to 6.895]; 0.054

Yes 5 10
Prior [177Lu]Lu-

PSMA-617 therapy
Yes 8 1.421

[0.732 to 2.758]
0.297

10 1.124 [0.564 to 2.293]; 0.739

No 11 15
Radiological PD
Yes - - - 10 3.239 [1.627 to 6.449]; <0.001 8.264 [1.429 to 

16.497];
0.004

No - - - NR
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two patients initially achieved complete remission on interim 
evaluation but experienced disease relapse within a median 
duration of 13 months, resulting in the failure to sustain the 
CR. Disease progression was observed in 74% (20 out of 
27) of patients in the [177Lu]Lu-PSMA-617-refractory group 
and 62% (18 out of 29) in the [177Lu]Lu-PSMA-617-naïve 
group. Among the 38 patients with disease progression, 33 
experienced disease-specific deaths, while the remaining 
five patients were subjected to further treatments.

Clinical response

Table 5 demonstrates the significant reduction observed in 
the visual analog scale (VAS) score after treatment, with 
a median pre-therapy value of 8 compared to a post-ther-
apy value of 5 (P < 0.001). Similarly, there was a notable 
decrease in the median analgesic score (AS) from 3 to 2 (P 
< 0.001). Furthermore, the median Karnofsky Performance 
Score (KPS) showed a significant improvement from 55 to 
70 (P < 0.001), indicating enhanced functional status. Addi-
tionally, the Eastern Cooperative Oncology Group (ECOG) 

status exhibited a significant improvement, with the median 
score decreasing from 3 to 2 (P < 0.001).

Toxicity and adverse events

Table 6 provides information on treatment-emergent adverse 
events (AEs) observed during [225Ac]Ac-PSMA-617 tar-
geted alpha therapy (TAT). The most commonly reported 
symptomatic side effect was fatigue, with grade 1/2 fatigue 
experienced by 70% of patients (39/56) and grade 3 fatigue 
observed in two patients (3.5%). Other frequent grade 1/2 
symptomatic side effects included loss of appetite (43%), 
myalgia (38%), and xerostomia (32%). However, these side 
effects resolved within 5 weeks after treatment. Grade 1/2 
xerostomia was observed only after a median of 3 cycles 
of [225Ac]Ac-PSMA-617 therapy and lasted for a median 
duration of 1 month. One patient experienced grade 3 ascites 
followed by pleural effusion and unfortunately died. Two 
patients discontinued treatment after the second cycle of 
[225Ac]Ac-PSMA-617 due to grade 2 fatigue and anorexia. 

Fig. 5   A Radiological disease progression significantly is associated with overall survival, B Any PSA decline improves radiological progres-
sion-free survival

Table 4   Morphological Tumor Response

Data are presented as No. (%)
Abbreviations: CR, complete response; PD, progressive disease; PR, partial response; RLT: radioligand therapy; SD, stable disease

[177Lu]Lu-PSMA-617 RLT refractory group
(N = 27)

[177Lu]Lu-PSMA-617 RLT naïve group
(N = 29)

CR PR SD PD Not assessed CR PR SD PD Not assessed

1 (3.7%) 2 (7.4%) 4 (14.8%) 20
(74.1%)

- 0 5 (17.2%) 6 (20.7%) 18 (62.1%) -
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Additionally, grade 2 constipation occurred in 13 patients, 
which was successfully managed with the use of laxatives.

Before initiating treatment with [225Ac]Ac-PSMA-617, 
grade 1/2 anemia was present in 52 patients (92.8%), but this 
percentage decreased to 7.1% (4/56) at the end of follow-up. 
Two patients (3.5%) had persistent grade 3 anemia through-
out the follow-up period. Grade 1 leukopenia was observed 
in 12 patients (21.4%) at baseline and remained at a similar 
percentage (19.6%, 11/56) at the end of follow-up. Grade 
3 leukopenia occurred in three patients (5.3%), but it was 
normalized in two patients (3.5%). Seven patients (12.5%) 
experienced grade 3 elevation in alkaline phosphatase 
(ALP), and all of these patients had extensive skeletal 
involvement. No grade 3/4 toxicities related to alanine ami-
notransferase or aspartate aminotransferase were reported. 
Only one patient (1.7%) experienced grade 3 nephrotoxicity. 
There was a significant improvement in mean baseline ALP 
levels after treatment [656.4 ± 900 IU/mL vs. 326 ± 530 
IU/mL, P=0.032]. Statistically significant changes in other 
pre- and post-treatment parameters were observed, but these 
values remained within normal limits (Table 7). In patients 
with grade 3 hematological adverse events, treatment was 
temporarily halted and then reinitiated after the parameters 
improved.

Discussion

Currently, the FDA-approved radionuclide therapies for the 
treatment of metastatic castration-resistant prostate cancer 
(mCRPC) are [223Ra]RaCl2 (limited to skeletal metasta-
sis) and [177Lu]Lu-PSMA-617. Among the different alpha 
emitters, bismuth-213 (with a half-life of 46 minutes) and 
actinium-225 have shown promising potential. However, 
when comparing the two, [225Ac]Ac-PSMA-617, with its 
longer half-life of 10 days, demonstrates a significantly 
higher therapeutic index, making it more suitable for clini-
cal application.

Following the promising initial outcomes of targeted 
alpha therapy using [225Ac]Ac-PSMA-617 for metastatic 
castration-resistant prostate cancer (mCRPC) in a limited 
number of research centers worldwide [7–10, 13, 14], sev-
eral clinical trials are currently in progress. In our short-
term analysis, we investigated the preliminary clinical 
experience of [225Ac]Ac-PSMA-617 targeted alpha ther-
apy in a cohort of 28 patients with mCRPC who had either 
exhausted or showed resistance to beta-emitting [177Lu]
Lu-PSMA-617 radioligand therapy. Our findings revealed 
favorable treatment responses with minimal incidences of 
adverse effects [10].

The present study represents an extended cohort (N=56) 
investigation with an extended duration of follow-up 
(median follow-up duration of 22 months). Although it does 
not conform to the ideal design of a prospective, two-armed 
randomized controlled trial, this study provides a compre-
hensive and thorough comparison of the long-term survival 
outcomes associated with [225Ac]Ac-PSMA-617 targeted 
alpha therapy in two distinct groups of patients: those who 
were refractory to [177Lu]Lu-PSMA-617 and those who were 
treatment-naïve. The study ensures a complete matching 
of demographics, clinical parameters, and disease burden 
between both groups, thus strengthening the reliability of 
the findings.

This real-world study encompasses a diverse range of 
patients with varying ECOG performance statuses, and 
the administration of [225Ac]Ac-PSMA-617 targeted alpha 
therapy was based on compassionate grounds. In a clinical 
trial setting, many of these patients, who had a poor prog-
nosis, may have been excluded from receiving this therapy. 
Unlike previous reports that primarily included patients with 
ECOG ≤2 [7–9, 13, 14], our study population consisted of 
67.8% (38/56) of patients with ECOG 3/4. This study thus, 
reflected practical scenarios where patients often experience 
a decline in ECOG status to 3/4 after undergoing extensive 
prior treatments and exhibit unfavorable laboratory profiles. 
Despite the inclusion of a challenging patient cohort with 
mCRPC, our results are comparable to or even superior 
to studies involving more selectively chosen patients. We 

Table 5   Comparison of pre and post-therapy clinical response param-
eters

VAS Visual analgesic score, KPS Karnofsky Performance Status

Variables Pre-therapy Post-therapy P value

VAS 8 (0-10) 5 (0-10) <0.001
Analgesic score 3 (0-4) 2 (0-3) <0.001
KPS 55 (40-80) 70 (40-90) <0.001
ECOG 3 (1-4) 2 (0-4) <0.001

Table 6   Toxicity profile of patients

Toxicity type Grade 1/2 Grade 3/4

Anemia 52 (92.8%) 2 (3.5%)
Thrombocytopenia 9 (16%) -
Leukopenia 12 (21.4%) 3 (5.3%)
Nephrotoxicity 2 (3.5%) 1 (1.7%)
Xerostomia 18 (32.1%) -
Fatigue 39 (70%) 2 (3.5%)
Nausea 7 (12.5%) -
Vomiting 12 (21.4%) -
Gastritis 15 (26.7%) -
Anorexia 24 (42.8%) -
Myalgia 21 (37.5%) -
Constipation 13 (23.3%) -
Ascites with pleural effusion - 1 (1.7%)
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believe that this could be attributed to the enhanced radio-
biological characteristics of Actinium-225. Furthermore, we 
propose that the findings of this real-world clinical study can 
be safely and effectively extrapolated to support individual-
ized patient-centered management in future trial designs for 
patients with mCRPC.

In our study, a significant PSA decline of ≥50% was 
observed in 68% (38/56) of patients, and 91% (51/56) of 
patients experienced any PSA decline. The median time of 
disease progression was 9 months. Recent meta-analyses by 
Ballal et al. [20], Lee et al. [12], and Maa et al [11]. have 
reported greater than 50% PSA decline rates of approxi-
mately 59%, 61%, and 65.8%, respectively, in patients treated 
with [225Ac]Ac-PSMA targeted alpha therapy. These meta-
analyses also indicated that over 80% of patients showed any 
PSA decline after receiving [225Ac]Ac-PSMA targeted alpha 
therapy. Notably, the response rates and PSA decline results 
observed with [225Ac]Ac-PSMA-617 treatment were higher 
compared to a prior meta-analysis for [177Lu]Lu-PSMA radi-
oligand therapy by Yadav et al. [5] (46%) and a phase two 
clinical trial of [177Lu]Lu-PSMA-617 by Hofman et al. [21] 
(57%). Our data further demonstrated a positive association 
between any PSA decline and a PSA decline of ≥50% with 
improved survival outcomes. These findings are consistent 
with previous studies that consistently showed better pro-
gression-free survival with any PSA decline [7–10, 13, 14].

Disease progression is inevitable after a certain point for 
all anti-cancer treatment options including approximately 
30% of patients with prostate cancer who develop resistance 
to [177Lu]Lu-PSMA-617 radioligand therapy [5]. A crucial 
question to consider is whether [225Ac]Ac-PSMA-617 ther-
apy can improve disease control following progression with 
[177Lu]Lu-PSMA-617. In our study, the observed objective 
response rate (ORR) and disease control rate (DCR) with 
[225Ac]Ac-PSMA-617 were 14.2% and 32%, respectively. 
Interestingly, we found that the ORRs and DCRs were 

higher in patients who had not received prior [177Lu]Lu-
PSMA-617 treatment (17% and 38%) compared to those 
who were refractory to [177Lu]Lu-PSMA-617 (11% and 
26%). This trend aligns with our earlier short-term results, 
where patients who were naïve to [177Lu]Lu-PSMA-617 
RLT exhibited superior molecular responses compared 
to those with previous exposure (78% vs. 38.5%) [10]. It 
is noteworthy that even among patients who had already 
experienced progression on [177Lu]Lu-PSMA-617 treatment, 
disease control was observed in 26% of cases. Moreover, 
these patients demonstrated an additional extended median 
overall survival of 10 months and a median progression-
free survival of 8 months. This observation suggests that 
Actinium-225-based alpha particle treatment may overcome 
resistance in tumor cells that are resistant to beta particles, 
leading to therapeutic response.

According to a meta-analysis, the short-term evidence 
of [225Ac]Ac-PSMA-617 shows a molecular response rate 
of approximately 54% across seven studies involving 124 
patients [20]. However, in the current study, only one patient 
achieved a sustained complete image-based response to 
treatment. Two patients without prior exposure to [177Lu]
Lu-PSMA-617 RLT and with extensive bone metastases 
initially showed promising complete molecular responses 
but experienced disease progression within a median of 13 
months after treatment. It is important to note that despite 
the favorable response (69% PSA-RR) and improved radio-
logical progression-free survival (rPFS) (median 11 months) 
in the upfront [225Ac]Ac-PSMA-617 treatment group, it 
does not appear to have a significant impact on overall sur-
vival (OS) (median 15 months). Sathekge et al.[14] have 
also reported estimated median PFS and OS durations of 
15.2 months (95% CI, 13.1-17.4) and 18 months (95% CI, 
16.2-19.9), respectively in their cohort. Our findings, along 
with the results reported by Sathekge et al. [14], suggest that 
achieving sustained disease-free survival in these patients 

Table 7   Comparison of pre and 
post-[225Ac]Ac-PSMA-617 TAT 
laboratory parameters

TAT​ targeted alpha therapy, ALP Alkaline phosphatase, SGOT serum glutamic-oxaloacetic transaminase, 
and SGPT Serum glutamic pyruvic transaminase

Laboratory parameters Pre-therapy Post-therapy P-value

Hematotoxicity
Hemoglobin g/dL 10.8 (9.9 to 11.7) 10.2 (9.5 to 10.8) 0.0016
Platelets lakhs/cu.mm 219 (172.5 to 284.5) 192 (150 to 240) 0.0017
Leukocytes cells/cu.mm 6668.4 (6083 to 7252) 5983.4 (5471.9 to 6494.8) 0.027
Nephrotoxicity
Creatinine mg/dL 0.76 (0.3 – 1.4) 0.84 (0.64 to 0.95) 0.170
Hepatotoxicity
sBilirubin mg/dL 0.53 (0.23 to 0.76) 0.61 (0.34 to 0.81) 0.1886
SGOT 53 ± 764 (11-590) 42± 60 (11-480) 0.4834
SGPT 50.6 ± 232.6 (10-687) 36 ± 17 (5 – 189) <0.0001
ALP 656.4 ± 900 (42 – 5501) 326 ± 530 (11-5600) 0.032
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remains challenging. Despite a prolonged rPFS, it does not 
necessarily correspond to a prolonged OS. This emphasizes 
the need for further investigation into optimizing treatment 
strategies, considering factors such as treatment sequence, 
combination therapies, and individual patient characteristics. 
Alternatively, it could also imply that an upfront treatment 
with [225Ac]Ac-PSMA-617 treatment is not necessary except 
in circumstances where diffuse bone marrow involvement 
is present.

While there is increasing evidence supporting the supe-
riority of [225Ac]Ac-PSMA-617 over [177Lu]Lu-PSMA-617 
RLT, concerns regarding its toxicity persist. Xerostomia has 
been consistently reported as the most common treatment-
related adverse event, accounting for approximately 77.1% 
of cases according to a recent meta-analysis of 201 patients 
[11]. However, all studies agree that dry mouth symptoms 
are transient, with only a limited number of cases (3.0%) 
reaching grade 3 xerostomia [11, 12]. In our previously pub-
lished short-term data [10], we observed grade 1/2 xerosto-
mia in 29% (8/28) of patients, and our long-term follow-up 
results showed a similar prevalence (32%). Importantly, 
none of our patients discontinued treatment due to xeros-
tomia, unlike 10% of participants in other groups. Various 
techniques, such as saline irrigation and steroid injection, 
have been shown to improve salivary gland function and 
enhance treatment tolerability, but high-level evidence on 
different techniques is currently lacking in the literature [22].

The hematologic toxicities associated with [225Ac]
Ac-PSMA-TAT in our study were predominantly of grade 
1/2, with minimal occurrences of grade 3/4 toxicities as 
reported in other studies (ranging from 1.8% to 7%) [9, 
10]. In contrast, Feuerecker et al. [23] reported higher rates 
of grade 3/4 hematological toxicities, including anemia, 
thrombocytopenia, and leukopenia (35%, 19%, and 27%, 
respectively). However, a pooled analysis of 6 studies by Ma 
et al. [11] reported relatively lower rates of grade 3 anemia, 
leukopenia, and thrombocytopenia (7.5%, 4.5%, and 5.5% 
respectively, out of 201 patients). Nephrotoxicity, specifi-
cally grade 3 impairment of kidney function, was observed 
in only 1.7% of our patients compared to rates reported by 
Sathekge et al. (5.6-6.8%) [9, 13, 14]. A meta-analysis by 
Ma et al. [11] also indicated that only 3.0% of 201 patients 
experienced grade 3 nephrotoxicity. Fatigue, dysgeusia, nau-
sea, and constipation were additional toxicities observed at 
varying rates in different studies, but these were transient 
and did not disrupt the treatment regimen.

Limitations

Although the treatment protocol, follow-up, and patient groups 
based on prior exposure to [177Lu]Lu-PSMA-617 RLT were 
well-matched, the retrospective design and the low patient 
number of this study are its main limitations.

Conclusion

In conclusion, the use of [225Ac]Ac-PSMA-617 TAT in this 
cohort of heavily pre-treated mCRPC patients was seen to 
be safe with promising benefits in median OS and rPFS. 
Moreover, reasonable disease control and survival benefits 
were also observed even in patients refractory to [177Lu]
Lu-PSMA-RLT. Further research is warranted to optimize 
treatment strategies, taking into account factors such as 
treatment sequence, combination therapies, and individual 
patient characteristics so as to contribute to improved overall 
survival.
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