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The aim of this evaluation was to identify the first indicators of efficacy

for 225Ac-labeled prostate-specific membrane antigen (PSMA)–617

therapy in a retrospectively analyzed group of patients. Methods:
Forty patients with metastatic castration-resistant prostate cancer

were selected for treatment with three 100 kBq/kg cycles of 225Ac-

PSMA-617 at 2-mo intervals. Prostate-specific antigen (PSA) and
blood cell count were measured every 4 wk. PSMA PET/CT or PSMA

SPECT/CT were used for baseline staging and imaging follow-up at

month 6. Follow-up included the duration of PSA response and ra-

diologic progression-free survival at month 6. Patient histories were
reviewed for the duration of previous treatment lines, and a swimmer

plot was used to intraindividually compare the duration of tumor con-

trol by PSMA therapy versus prior treatment modalities. Results:
Thirty-one of 40 patients were treated per protocol. Five patients dis-
continued treatment because of nonresponse, and 4 because of

xerostomia. Of the 38 patients surviving at least 8 wk, 24 (63%) had a

PSA decline of more than 50%, and 33 (87%) had a PSA response of

any degree. The median duration of tumor control under 225Ac-PSMA-
617 last-line therapy was 9.0 mo; 5 patients had an enduring response

of more than 2 y. Because all patients had advanced disease, this

result compares favorably with the tumor control rates associated
with earlier-phase disease; the most common preceding first-, sec-

ond-, third-, and fourth-line therapies were abiraterone (median dura-

tion 10.0 mo), docetaxel (6.5 mo), enzalutamide (6.5 mo), and

cabazitaxel (6.0 mo), respectively. Conclusion: A positive response
for surrogate parameters demonstrates remarkable antitumor ac-

tivity for 225Ac-PSMA-617. Swimmer-plot analysis indicates a

promising duration of tumor control, especially considering the un-

favorable prognostic profile of the selected advanced-stage pa-
tients. Xerostomia was the main reason patients discontinued

therapy or refused additional administrations and was in the same

dimension as nonresponse; this finding indicates that further mod-
ifications of the treatment regimen with regard to side effects might

be necessary to further enhance the therapeutic range.
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Prostate-specific membrane antigen (PSMA)–617 is a small
molecule targeting PSMA. Because of its conjugation to DOTA,

it can be labeled with several radiometals for imaging or radio-

ligand therapy (RLT) of prostate cancer (1).
Several centers worldwide now offer PSMA RLT with the

b-emitter 177Lu as a salvage therapy or in early-phase clinical

trials for patients with metastatic castration-resistant prostate can-

cer. These centers confirmatively reported promising antitumor

activity with regard to prostate-specific antigen (PSA) serum lev-

els or radiologic response (2–9); however, a considerable number

of patients were found to be short responders or nonresponders.

Dose escalation was limited by chronic hematologic toxicity (10).
Because of theoretic advantages in the physics and radiation

biology of a- versus b-particle emitters and promising preclinical

studies, although most of them were done with 213Bi-labeled

PSMA ligands (11–15), we introduced PSMA-targeting a-therapy

(TAT) for salvage therapy of end-stage metastatic castration-

resistant prostate cancer in our hospital. Based on dosimetry esti-

mates (16,17) and preliminary clinical experience with individual

patients (17–19), 225Ac was considered the first-choice radionu-

clide for clinical application, and we defined a 225Ac treatment

activity level that became the basis of our first standard operating

procedure (19).
Here, we report our clinical findings for the first 40 patients

who were treated with the intention of administering this dosing

regimen. Because PSMA TAT was always offered as a last-line

option, that is, after other options had been exhausted, the duration

of tumor control achieved with the approved standard drugs could

serve as an intraindividual reference regarding the respective tumor

aggressiveness. The swimmer plot, with bars showing the duration

of response to the various therapies, is a graphical way of showing

the chronology of each patient’s treatment history at a glance.
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MATERIALS AND METHODS

Patients
225Ac-PSMA RLTwas performed under the conditions of the updated

declaration of Helsinki, paragraph 37 (Unproven Interventions in Clin-

ical Practice), and in accordance with the German Pharmaceuticals Law,
paragraph 13(2b), as a salvage therapy for patients with metastatic

castration-resistant prostate cancer, which had to be progressive and
resistant against or ineligible for approved options. This report describes

40 consecutive patients. All had a PSMA-positive tumor phenotype on
68Ga-PSMA-11 PET/CT or on 99mTc-MIP-1427 scanning (planar
whole-body, torso SPECT/CT). Because of the short tissue-penetration

range of 225Ac-PSMA-617, it has a theoretic advantage regarding he-
matologic toxicity in patients with diffuse-type bone marrow infiltra-

tion; However, some cases of severe xerostomia have been reported
after 225Ac-PSMA-617 (17,19). Neither xerostomia nor hematologic

toxicity was a relevant issue in the literature about 177Lu-PSMA-617;
these side effects were seen only in patients with less advanced disease

(4–7). We tailored consecutive patients to receive either 177Lu-PSMA or
225Ac-PSMA according to Figure 1. Patients were informed about the

experimental nature of this therapy and gave written informed consent.
Our ethical committee approved the retrospective evaluation as an ob-

servational study.

Radiopharmaceuticals and Treatment Regimen

The PSMA-617 precursors were obtained from ABX and labeled

with 225Ac as described previously (17). Today, preparation of imaging
tracers for PSMA PET/CT or SPECT/CT can be considered clinical

routine. The treatment regimen for 225Ac-PSMA-617 was 100 kBq/kg
of body weight administered every 2 mo via a 30-s free-hand injection

through a low–protein-binding sterile filter (Filtropur S 0.2; Sarstedt).
The patients were isolated as inpatients for 48 h, covering urinary

clearance of non–tumor-bound radioactivity.
The standard operating procedure for PSMA TAT, including pre-

scribed versus allowed versus obligatory discontinued comedication, is
summarized in the Supplemental Table 1 (supplemental materials are

available at http://jnm.snmjournals.org).

Follow-up and Response Assessment

PSA, blood cell count, and liver and kidney laboratory values were

routinely checked every 4 wk during the first 24 wk and every 8 wk in
the long-term follow-up. Other side effects were assessed by anamnesis.

Imaging was routinely done at baseline and 6 mo after the first cycle,
or earlier if clinically indicated. Other imaging and long-term imag-

ing follow-up was done only if indicated by the responsible urologist
or oncologist. Surrogate response markers were interpreted in accor-

dance with the recommendation of the Prostate Cancer Clinical Trials
Working Group (PCWG), including best PSA response, PSA response

at defined time points, time to PSA progression (TTP), radiologic
response at month 6, and clinical duration of tumor control (20–22).

Definition of “Duration of Tumor Control”

Evaluated medical records contained robust information about the

chronology of prior treatments. However, the reason for discontinu-
ation of prior treatments could not always be discerned. To address

this problem, we defined ‘‘Duration of Tumor Control’’ as the interval

from the first administration of a particular drug to the initiation of the
next treatment line.

Because PSMA TAT was offered as last-line therapy, the endpoint
‘‘switch to next treatment line’’ was not applicable here. TTP was not

considered an equivalent surrogate for evaluation of PSMA RLT re-
sponse. The methodologic challenge is illustrated in Figure 2: a pa-

tient starting with a serum PSA level of 3,000 ng/mL had a PSA nadir
of less than 0.1 ng/mL but had already relapsed 4 mo later. However,

he was followed during a treatment-free interval of 2 y with a slowly

rising PSA until his PSA finally exceeded 100 ng/mL and he was
considered for a second course of PSMA TAT, which is currently

ongoing. In this case, the TTP would dramatically underestimate the
obvious benefit of PSMA TAT. Thus, for patients with an initial re-

sponse to PSMA TAT, we defined ‘‘Duration of Tumor Control’’ as
either ‘‘PSA relapse to baseline’’ or the occurrence of new clinical

tumor-related symptoms (considering the criterion that was met first).

Swimmer-Plot Analysis

Swimmer-plot analysis, as an early option to obtain a longitudinal
response parameter, is encouraged by the PCWG3 recommendations

(22). In addition to the absolute durations of PSA response and clinical
benefits, we also analyzed the relative contribution of 225Ac-PSMA-

617 to the entire disease course from reaching the castration-resistant
stage to the final switch to palliative care. The rationale is evident

from the patient example in Figure 2. The persistent response at more
than 27 mo implies a dramatic therapeutic benefit for this patient.

However, in comparison to 38-mo tumor control with docetaxel, the
relative benefit of this treatment line appears less impressive and

might be attributed to an indolent tumor behavior. In contrast, patient
2 presented with a response of only 3 mo to abiraterone, 4 mo to

FIGURE 1. Patient selection criteria. (A) Flowchart showing how pa-

tients were selected to receive PSMA RLT as unproven intervention

in clinical practice. (B) Patients with oligometastatic, hot-spot pattern

of tumor spread were preferably stratified to receive 177Lu-PSMA-617.

(C) Patients with diffuse pattern of bone marrow infiltration were strati-

fied for 225Ac-PSMA-617. mCRPC 5 metastatic castration-resistant

prostate cancer.
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docetaxel, 6 mo to cabazitaxel, and 3 mo to enzalutamide. Consider-
ing the documented tumor aggressiveness, the 14-mo response to
225Ac-PSMA-617 (an average outcome for other patients) is remark-
able. Thus, to eliminate a random bias by selecting patients with

different tumor differentiations, swimmer lanes were normalized to

the duration of previous treatment lines.

RESULTS

Clinical Findings

Of 50 patients scheduled to undergo PSMA RLT in our de-
partment, 45 were considered PSMA-positive; 10% were rejected
after baseline imaging. However, a clear cutoff on what should
be considered adequate uptake on PSMA imaging has not been
elaborated yet. Thus, the current patient selection and tailoring
process is still an individual approach based on visual imaging
interpretation and clinical considerations.
The characteristics of the included patients are summarized in

the first column of Table 1. The median duration of previous
androgen deprivation therapy was 24 mo; the median time from
initial diagnosis to the first cycle of PSMA TAT was 49 mo.
The delay from the first outpatient consultation to the first ad-

ministered treatment averaged 4 wk (range, 0–8 wk). During this
time, 5 patients died. In contrast, only 2 of 40 patients died within
8 wk after the first RLT cycle. This finding suggests a potential
additional indicator of treatment efficacy.
Treatment per protocol was applied to 31 of 40 patients. Eleven

of them had further treatment cycles indicated as consolidation
therapy or as a second treatment series after relapse. Nine patients
discontinued treatment earlier: 5 because of nonresponse or early
PSA relapse; 4 because of intolerable xerostomia or loss of taste,
despite a promising initial PSA response. Consolidation therapy
was offered but, because of the lack of life-threatening situations,
was not strongly recommended to 15 of the other per-protocol
patients, who had partial remissions and PSMA-positive residual
lesions on PSMA imaging at week 24. However, these patients
were reluctant to add elective treatment cycles because they
reported severe xerostomia and wanted to preserve some remain-
ing salivary gland function. No other clinical side effects led to
discontinuation of therapy. The amplitude of hematologic changes
was small (Fig. 3).

Exactly 50% of patients showed up for
the follow-up examination 1 y after the
first treatment; that is, the median overall
survival (OS) was more than 12 mo even if
the worst case was assumed for all patients
lost to follow-up.

Surrogate Markers of Response

Restaging 6 mo after the first treatment
revealed a median radiologic progression-
free survival of 6 mo. The response in
PSMA imaging was closely related to
serum PSA levels, and 19 patients showed
tumor regression. The second modality
regularly confirmed PSMA imaging and
serum PSA findings, but often with an
additional delay of 3–6 mo (Fig. 4).
Any PSA response was observed in 33

of 38 patients who survived at least 8 wk
after the first treatment, and in 24 of them
(63%), PSA decreased by more than 50%.

Median TTP was 7.0 mo. The best PSA response and the PSA
response at defined time points are presented in Figure 5.

Swimmer-Plot Analysis

The median duration of any first-, second-, third-, or fourth-
line therapy, irrespective of the particular treatment modality (i.e.,
each treatment line presents a mixture of abiraterone, docetaxel,
enzalutamide, and others), was 8.0, 7.0, 6.0, and 4.0 mo,
respectively.
The median duration of abiraterone, docetaxel, enzalutamide,

cabazitaxel, and 223Ra, irrespective of treatment line (i.e., irrespective
of whether the respective drug was administered as first-, second-,
third-, or fourth-line treatment), was 10.0, 6.5, 6.5, 6.0, and 4.0 mo,
respectively.
The most common first-line therapy was abiraterone, with a

median duration of 12.0 mo in this setting; administered as second-,
third-, or fourth-line therapy, the median duration of response
dropped to 7.0 mo. The second most common first-line therapy was
docetaxel, with a median duration of 8.0 mo. Docetaxel was also the
most common second-line treatment strategy; however, the median
duration dropped to 6.5 mo if docetaxel was administered as third-
or fourth-line therapy. Enzalutamide was the most common third-
line therapy, with a median duration of 6.0 mo; the duration was
7.0 mo when enzalutamide was given earlier and 5.5 mo when
given later.
In contrast, the median duration of tumor control under 225Ac-

PSMA-617, always applied as the last-line therapy, was 9.0 mo.
The absolute values of tumor control, in months, are graphically

summarized in Figure 6A. The swimmer lanes of 225Ac-PSMA-
617, normalized relative to the duration of preceding treatment
lines, are provided as Figure 6B.

DISCUSSION

Here, we report our clinical findings for 40 patients receiving
225Ac-PSMA-617 as a salvage therapy. Dosimetry estimates
and an empiric dose finding—that is, adverse events were used
to define the maximum tolerable treatment activity—have already
been published previously (17). This evaluation was dedicated to
identifying the first indicators to project the clinical efficacy of
PSMA TAT.

FIGURE 2. TTP vs. duration of clinical benefit. After favorable initial PSA and imaging response

to complete remission, patient 14 had TTP of only 1 y (January to December 2015). However,

duration of clinical benefit was more than 1 y longer: because of asymptomatic disease and slow

growth velocity, treatment-free interval could be prolonged until April 2017. Whether patient

will again respond to second series of 225Ac-PSMA-617 is not yet known. (Images courtesy of

Prof. Felix Mottaghy, Rheinisch-Westfälische Technische Hochschule Aachen.)
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In contrast to ‘‘medical research’’ (Declaration of Helsinki, par-
agraphs 1–36), ‘‘unproven intervention in clinical practice’’ (par-
agraph 37) and our national regulatory adaption thereof does not
allow systematic patient selection criteria, randomized controls, or
follow-up examinations exceeding the clinical demand, making
the obligatory retrospective interpretation of derived findings dif-
ficult. Nevertheless, it is explicitly requested that new information
be recorded and, when findings are considered such as would
affect clinical decision making, made publicly available.
In ALSMYPCA (23), the only recent formal clinical trial that

accepted patients who either had received docetaxel or were in-
eligible to receive it, 43% of the recruited patients had been de-
clared unfit for chemotherapy by their supporting oncologist. The
fact that 70% of our patients had prior chemotherapy (despite
approval of secondary hormone manipulation in the predocetaxel
setting) underlines our attempt to use approved treatment lines on

as many patients as possible and for as long as possible before
offering an unproven intervention as a salvage option.

Surrogate Markers of Response

To assess the antitumor activity of new drugs in early-phase
clinical trials, the criteria of the Prostate Cancer Clinical Trials
Working Group 2 (21) recommend PSA response, preferably re-
ported in waterfall graphs, as one of the most established surrogate
parameters. At weeks 8 and 16, we observed a PSA decline of
more than 50% in 24 (63%) of 38 patients. This rate exceeds the
biochemical response rates of 177Lu-PSMA-617, which were re-
ported to range from 30% to 59% (Table 2). In addition, a com-
plete response with regard to PSA and PSMA PET/CT was
achieved in 5 (13%) of 38 225Ac-PSMA-617 patients; in contrast,
under 177Lu-PSMA RLT, complete remissions are anecdotic
(;1%) even in less advanced disease (9,10). However, PSA is

TABLE 1
Patient Characteristics in Comparison to Experience with 177Lu-PSMA and 223Ra

Characteristic This report Münster (4) Bonn (5)

Bad

Berka (6)

TU

Munich (7) ALSYMPCA (27)

Therapy modality/drug 225Ac-PSMA-

617

117Lu-PSMA-

617

117Lu-PSMA-

617

177Lu-PSMA-

I&T

177Lu-PSMA-

I&T

223Ra

Patients in experimental arm (n) 40 59 52 56 22 614

Median age (y) 70 72 71 72 71 71

Age $75 y (%) 30 28

ECOG score 5 0/1 (%) 80 54 75 100 100 87

ECOG score $ 2 (%) 20 46 25 0 0 13

Median PSA (ng/mL) 169 346 194 43.2 349 146

Median alkaline phosphatase (IU/L) 181 188 122 148 211

Alkaline phosphatase . 220 IU/L (%) 40.0 45.7 43

Median hemoglobin (g/dL) 10.9 10.6 12.6 12.2

Hemoglobin # 10 g/dL (%) 35.0 5.4

Bone metastasis (%) 97.5 93 100 76.8 95

,20 lesions (%) 20 5.8 (,6 lesions) 59.0

.20 lesions (%) 32.5 73.1 31.8

Superscan pattern (%) 45 8.8

Visceral metastasis (%) 40 32 0

Lung (%) 22.5 15 11.5 12.5 14 0

Liver (%) 22.5 34 13.5 8.9 18 0

Brain (%) 5 — 3.8 1.8 — 0

Other (%) 7.5 7 — 8.9 — 0

Prior docetaxel (%) 70 80 56 45 95 57

Prior abiraterone (%) 85 80 44 38 86 —

Prior enzalutamide (%) 60 92 27 20 63 —

Prior cabazitaxel (%) 17.5 29 NA — 27 —

Prior 223Ra (%) 22.5 10 44 2 14 —

Other (%) 40 — — — — —

Median OS (mo) .12 8 15 .28 NR 14.9

Progression-free survival/TTP (mo) 7.0 4.5 NR 13.7 5.5 3.6

ECOG 5 Eastern Cooperative Oncology Group clinical performance; NA 5 not applicable; NR 5 not reported.
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only a surrogate for response, and an improved PSA response is
not necessarily predictive of a longer progression-free survival and
OS in 225Ac-PSMA patients than in 177Lu-PSMA patients. The
drugs cabozantinib and tasquinimod presented significant antitu-
mor activity by biomarker and imaging response in phase 2 trials
(24,25) but failed to demonstrate improvement in median OS in
succeeding phase 3 trials (26,27). However, the PSA response
rates for cabozantinib and tasquinimod have been remarkably
lower than those of either 177Lu-PSMA-617 or 225Ac-PSMA-617.

Comparison to Historical Controls

Another way to cope with the lack of randomized controls would
be comparison to historical controls. However, prognostic baseline
findings have a significant impact on progression-free survival and
OS. For example, abiraterone demonstrated a progression-free
survival and OS of 16.5 and 35.3 mo, respectively, in the predocetaxel

setting but only 5.6 and 15.8 mo, respectively, in the postdocetaxel
setting (28,29). The situation is similar for enzalutamide: OS was
32.4 mo in the predocetaxel setting but only 18.4 mo in the post-
docetaxel setting (30,31). In contrast, the absolute improvement of
OS for the newly approved drugs, versus placebo, was 3.4 mo (34.7
vs. 30.3) for abiraterone, 2.2 mo (32.4 vs. 30.2) for enzalutamide,
2.4 mo (15.1 vs. 12.7) for cabazitaxel, and 3.6 mo (14.9 vs. 11.3) for
223Ra (23,28–31). Thus, different inclusion criteria had a higher
impact on the observed OS than the treatment-related absolute ben-
efit itself had. It is difficult to compare PSMA RLTwith these recent
phase 3 trials because the stringent inclusion criteria of formal
clinical trials translate into artificial patient collectives (e.g., either
0% or 100% previous docetaxel), not ideally reflecting clinical
reality (23,28–31). Because the recently approved drugs were
developed simultaneously, there are no large numbers of histor-
ical controls that already had access to various secondary hormone
manipulations.
The baseline characteristics provided in the actual reports about

177Lu-PSMA RLT (Table 1) were closer to those found in today’s
clinical practice and more appropriate to serve as comparators.
Nevertheless, the reported cohorts present remarkable heterogene-
ity. An initial read of Table 1 demonstrates that progression-free
survival (4.5 vs. 13.7 mo) and OS (8 vs..28 mo) differ by a factor
of 3 among different centers (4,6). However, the prognostic factors
have been identified to serve as tools for comparison of studies
with different inclusion criteria: Eastern Cooperative Oncology
Group performance score, site of visceral metastasis, and high
baseline PSA have the highest effect on OS (32–34).
In comparison to Baum et al., who reported the longest progression-

free survival and OS of all groups (6), our patient cohort was
remarkably more challenging with regard to all relevant prog-
nostic parameters: time from diagnosis to first treatment cycle
(7.5 vs. 49 mo), percentage of patients with an Eastern Cooper-
ative Oncology Group performance score of 2 or more (0% vs.
20%), baseline PSA level (43 vs. 169 ng/mL), number of patients
with visceral metastases (twice as many), and number of patients
who had undergone previous chemotherapy or secondary hormone
therapy (more than twice as many) (Table 1). Regarding site of
metastasis, baseline PSA level, clinical performance score, and
previous therapies, our cohort was somewhat comparable to those

of the Münster (4) and Munich (7) groups.
In addition, considering that our depart-
ment offered both 177Lu-PSMA RLT and
225Ac-PSMA TAT and that one of our main
stratification criteria was the presence of
diffuse-type bone or bone marrow in-
volvement, our patient cohort included a
remarkably high percentage (45%) with a
superscan pattern (Table 1). This subgroup
was not highlighted by most other centers
(4–7); however, in the ALSYMPCA trial,
such an advanced tumor spread was found
in less than only 10% of the patients (23).
Despite our even more challenging patient
cohort, our median TTP and OS for 225Ac-
TAT appeared preferable to those found
for 177Lu-PSMA by the Münster (4) and
Munich (7) groups (median TTP, 7.0 vs.
4.5 and 5.5 mo; median OS, .12 vs.
8 mo). Nevertheless, a comparison be-
tween heterogeneous patient cohorts and

FIGURE 3. White blood cell count (A) and platelet count (B) during 24 wk.

FIGURE 4. (A) Patient with diffuse spine metastases at baseline presented with complete re-

mission regarding serum PSA and PSMA scan at month 6. (B) At month 9, bone scan became

confirmative, presenting favorable response; however—most probably because of unspecific

bone reactions—some residual lesions did not diminish completely.
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historical controls will always be affected by several uncertainties
and possible bias effects.

Swimmer-Plot Analysis

In recent years, as several new drugs for metastatic castration-
resistant prostate cancer received approval, it became apparent
that the respective sequence of treatment modalities is important
with regard to potential cross-resistance between drugs with a

similar mechanism of action (35,36). There-
fore, the updated PCWG3 criteria (22) now
recommend reporting the number and se-
quence of lines of prior systemic treatment
rather than continuing to use the nomencla-
ture ‘‘predocetaxel vs. postdocetaxel.’’ The
PCWG3 criteria also introduce the ‘‘no
longer clinically benefiting’’ concept, which
leaves more room for individualized provider–
patient decisions, such as on whether to
continue therapy even in the face of PSA
progression as long as clinical symptoms
remain sufficiently controlled. The swim-
mer plot has been suggested as a preferable
way to visualize the sequence and duration
of different treatment options (22). For a
heterogeneous patient collective without
matching controls, such as the group of pa-
tients evaluated in this report, this kind of

analysis demonstrates some welcome advantages. Using a patient as
that patient’s own intraindividual comparator attenuates the random
effects normally introduced by the selection bias. Visual presenta-
tion also simplifies the interpretation if an observed effect is not
only statistically significant but also clinically relevant in compar-
ison to the typical course of disease.
It is well in line with the literature and the theoretic background

of cross-resistance and advancing tumor dedifferentiation (35,36)

FIGURE 5. Waterfall graphs of PSA response. Patients who died before week 8 (red) or dis-

continued because of xerostomia (yellow) were classified as progression.

FIGURE 6. Swimmer plots showing duration of tumor control in months (A) and relative to duration of previous treatment lines (B).
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that each of the approved drugs (abiraterone, enzalutamide, doce-
taxel, cabazitaxel) performed best when used in earlier treatment
lines. Tumor control was longer with 225Ac-PSMA-617 therapy
than with most of the preceding treatment modalities (with first-
line abiraterone being the only exception) even when given in the
last-line setting. After the castration-resistant stage was reached,
the duration of tumor control achieved with PSMA TAT contrib-
uted approximately 30% (mean) to the remaining lifetime (Fig. 3).
Whether 225Ac-PSMA-617 can benefit from being given as an
earlier treatment line should be elaborated in additional studies.
One critical observation during this evaluation was the high

number of patients who, despite a promising PSA response,
discontinued therapy because of intolerable xerostomia. However,
our treatment regimen was based on dosimetry and empiric dose
escalation of the first treatment cycle, with only a limited number of
observations available for succeeding cycles (17). It was reported that
salivary gland uptake is dependent on tumor load and that the tumor-
sink effect may have a protective effect for the first injection (37).
Because we often observed that there was already a remarkable PSA
response after cycle 1 (Fig. 1), we consider it reasonable to deescalate
the treatment activity of the second and third administrations for
these patients. The masses of the salivary glands are independent
of body weight, and no other organs were found to be dose-limiting;
thus, we also presumed that the treatment activity could be simplified
to a fixed dose. As a consequence, we adopted our standard operating
procedure accordingly (Supplemental Table 1). It is hoped that treat-
ment deescalation will improve tolerability without loss of too much
antitumor activity. Furthermore, blocking or displacement strategies
should be developed to reduce the dose to critical organs, as was
already done in a preclinical study for the kidneys (38).

CONCLUSION

Clinical antitumor activity is highly supported by a positive
response by surrogate parameters such as radiologic progression-
free survival and PSA. As far as a reliable interpretation can be
allowed (considering the differences in baseline patient charac-
teristics), clinical efficacy against tumor seems higher for 225Ac-
PSMA TAT than for 177Lu-PSMA RLT, but coradiation to the
salivary glands also seems higher. Swimmer-plot analysis provides
the first longitudinal indicators of the clinical efficacy of PSMA
TAT with regard to the duration of tumor control. It is hoped
that minor modifications to the treatment regimen will further re-
fine the therapeutic range of this novel treatment concept.
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Bräuer et al. (4) 177Lu-PSMA-617 6 GBq 53% (31/59)

Ahmadzadehfar et al. (5) 177Lu-PSMA-617 6 GBq 44% (23/52)

Baum et al. (6) 177Lu-PSMA I&T 3.6–8.7 GBq 59% (33/56)

Heck et al. (7) 177Lu-PSMA I&T 7.4 GBq 33% (6/19)

Rathke et al. (10) 177Lu-PSMA-617 6–9.3 GBq 30% (12/40)

*If groups double reported overlapping patient cohorts, only publication with highest patient number was included.

225AC-PSMA: DURATION OF TUMOR CONTROL • Kratochwil et al. 801



15. Nonnekens J, Chatalic KL, Molkenboer-Kuenen JD, et al. 213Bi-labeled prostate-

specific membrane antigen-targeting agents induce DNA double-strand breaks in

prostate cancer xenografts. Cancer Biother Radiopharm. 2017;32:67–73.

16. Kratochwil C, Schmidt K, Afshar-Oromieh A, et al. Targeted alpha therapy of

mCRPC: dosimetry estimate of 213bismuth-PSMA-617. Eur J Nucl Med Mol

Imaging. 2018;45:31–37.

17. Kratochwil C, Bruchertseifer F, Rathke H, et al. Targeted a-therapy of Metastatic

Castration-Resistant Prostate Cancer with 225Ac-PSMA-617: dosimetry estimate

and empiric dose finding. J Nucl Med. 2017;58:1624–1631.

18. Sathekge M, Knoesen O, Meckel M, Modiselle M, Vorster M, Marx S. 213Bi-

PSMA-617 targeted alpha-radionuclide therapy in metastatic castration-resistant

prostate cancer. Eur J Nucl Med Mol Imaging. 2017;44:1099–1100.

19. Kratochwil C, Bruchertseifer F, Giesel FL, et al. 225Ac-PSMA-617 for PSMA-

targeted a-radiation therapy of metastatic castration-resistant prostate cancer.

J Nucl Med. 2016;57:1941–1944.

20. Bubley GJ, Carducci M, Dahut W, et al. Eligibility and response guidelines for

phase II clinical trials in androgen-independent prostate cancer: recommenda-

tions from the Prostate-Specific Antigen Working Group. J Clin Oncol. 1999;

17:3461–3467.

21. Scher HI, Halabi S, Tannock I, et al. Design and end points of clinical trials for

patients with progressive prostate cancer and castrate levels of testosterone:

recommendations of the Prostate Cancer Clinical Trials Working Group. J Clin

Oncol. 2008;26:1148–1159.

22. Scher HI, Morris MJ, Stadler WM, et al. Trial design and objectives for castration-

resistant prostate cancer: updated recommendations from the Prostate Cancer Clin-

ical Trials Working Group 3. J Clin Oncol. 2016;34:1402–1418.

23. Parker C, Nilsson S, Heinrich D, et al. Alpha emitter radium-223 and survival in

metastatic prostate cancer. N Engl J Med. 2013;369:213–223.
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