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Monitoring therapy response in patients with metastatic castration-
resistant prostate cancer (mCRPC) treated with novel hormonal thera-
pies, taxanes, and newly approved therapies is crucial for optimizing
treatment. [68Ga]Ga-prostate-specific membrane antigen (PSMA)-11
positron emission tomography/computed tomography (PSMA PET/
CT) is a promising target for managing treatment in patients with
prostate cancer. PSMA is overexpressed in patients with mCRPC;
understanding how expression might change in patients undergoing
treatment could determine its potential for guiding clinical decisions.
We examined PSMA expression in patients with CRPC and compared
PET/CT response with prostate-specific antigen (PSA) variation as a
prognostic factor for progression-free survival and overall survival
(PFS and OS, respectively).Methods: This was a single-center, retro-
spective observational cohort study in patients with CRPC enrolled in
the PSMA-PROSTATA registry study (EudraCT: 2015-004589-27). A
first and second (if applicable) PSMA PET/CT were performed to
determine PSMA expression (absence or presence). PET/CT response
was assessed as responders (patients with stable disease, partial or
complete response) versus nonresponders (patients with progressive
disease) by comparing the first with the second PET/CT. PSA variation
(increase or decrease from baseline) was assessed across the same
time period. PFS was defined as the time between second PET/CT
and PSA recurrence or evidence of radiologic progression. Results:
Overall, 160 patients with CRPC were included in the analysis. At first
PET/CT, nearly all (n5 152; 95.0%) patients had PSMA expression
(classified as mCRPC), irrespective of prior systemic therapy. SUVmax

was positively associated with baseline PSA levels and velocity (both
P, 0.001). According to PET/CT response, median SUVmax on first
PET/CT was numerically lower in nonresponders than in responders
(17.5 vs. 20.4; P5 0.127). Similarly, patients with a PSA increase had
significantly lower median SUVmax on first PET/CT (15.8) than did
those with a PSA decrease (30.4; P50.018). PSA change was, on
average, 146% in nonresponders and 257% in responders between
first and second PET/CT (P,0.001). Agreement between PET/CT
and PSA response was 79% (k5 0.553, P, 0.001). Among the 63
patients included in PFS/OS analyses, 76.2% had a relapse and
36.5% died before 24-mo follow-up; median PFS and OS were 6.1

and 24 mo, respectively. PET/CT response, independent of PSA vari-
ation, was a significant prognostic factor for PFS. OS was not signifi-
cantly different between PET/CT responders and nonresponders.
Conclusion: PSMA PET/CT may be a useful imaging method predic-
tive of treatment response in patients with mCRPC, regardless of
ongoing systemic therapy. Data also suggest that response assessed
by PET/CT is a potentially more significant prognostic factor than
PSA for PFS. Further studies are needed to understand the potential
involvement of PSMA expression on survival.
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Prostate cancer (PC) is the most commonly occurring cancer in
men in Europe (1). Approximately 450,000 new cases were diag-
nosed in 2018, and the age-standardized mortality rate was 19.4 per
100,000 men. Localized PC may be treated with radiotherapy or
surgery; however, many patients develop metastatic disease (2). Ini-
tial standard treatment for metastatic PC is androgen deprivation
therapy (ADT), with or without chemotherapy (2,3). Although ini-
tially effective, patients gradually become resistant and ultimately
progress to metastatic castration-resistant PC (mCRPC), an aggres-
sive disease with a median overall survival (OS) of approximately
2.5 y (2–4). Despite multiple available therapies for mCRPC, the
optimal treatment sequence or combinations are unknown (5) and
there remains a high unmet need for treatments with novel mecha-
nisms of action.
Radionuclide therapies provide targeted delivery of therapeutic

radiation to metastatic PC sites and allow for selection of patients
likely to benefit (2). Prostate-specific membrane antigen (PSMA) is
overexpressed in most PC cells and levels correlate with disease
progression, making it a favorable diagnostic and therapeutic target
in mCRPC (2,6,7). [68Ga]Ga-PSMA-11 positron emission tomogra-
phy/computed tomography (PSMA PET/CT) can be used to select
patients for [177Lu]Lu-PSMA-617 therapy, a potential treatment
option with demonstrated effectiveness in mCRPC (2,8,9).
Monitoring therapy responses in patients with mCRPC treated

with novel hormonal therapy, taxanes, and radioligand therapy
(RLT) enables clinicians to optimize treatment decisions (5). In PC,
there is increasing evidence to support the superiority of PSMA
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PET/CT over conventional imaging methods and prostate-specific
antigen (PSA) serum levels for predicting early response (7,10,11).
As such, PSMA is emerging as a promising target for PC imaging
(12) and might help avoid the administration of costly therapies that
are ineffective or not well tolerated.
Currently, data regarding PSMA expression in patients with

mCRPC are limited, and it is unclear how treatments may have an
impact. The present study aimed to describe PSMA expression in
patients with mCRPC and examine whether PET/CT response
as compared with PSA variation is a prognostic indicator for
progression-free survival (PFS) and OS.

MATERIALS AND METHODS

Study Design, Setting, and Participants
This single-center, retrospective observational cohort study was con-

ducted at the Metropolitan Nuclear Medicine Centre of the S. Orsola-
Malpighi University Hospital of Bologna, Italy. The study was based
on secondary analysis of patients with mCRPC enrolled in the PSMA-
PROSTATA registry study (EudraCT: 2015-004589-27) between
March 1, 2016, and October 31, 2020, and who underwent [68Ga]Ga-
PSMA-11 PET/CT between January 2016 and October 2019. Inclu-
sion criteria were: age $ 18 y; proven diagnosis of PC; a clinical or
biochemical diagnosis of CRPC; and being eligible for second- or
subsequent-line therapy. Patients with a history of other tumor diag-
nosis (i.e., not PC) or with a life expectancy of #6 mo (as assessed
by each clinician) were excluded.

The Institutional Ethics Committee approved this retrospective
study. All participants included in the study were appropriately
informed of the purpose of this study and provided signed written
informed consent.

Data Collection and Imaging
Data were collected from medical records at baseline (time of first

PET/CT) and during follow-up. Baseline patient characteristics in-
cluded age, clinical characteristics (Gleason score, pathologic stage,
nodal status, tumor burden), treatment history before enrollment in the
PSMA-PROSTATA registry, and PSA values (if available within
#3mo before baseline). PSA kinetics were calculated using published
methodology (13). During follow-up, treatment-related characteristics
were collected.

Radiopharmaceutical usage, PET/CT acquisition, and image inter-
pretation were performed as described previously (14). PET images
were acquired in accordance with the Joint European Association of
Nuclear Medicine and Society of Nuclear Medicine and Molecular
Imaging procedure guidelines for PC imaging (15). First and second (if
applicable) PET/CT parameters were collected by an experienced phy-
sician evaluating the presence of focal uptake suggestive of prostate dis-
ease localization, tumor burden, and SUVmax of the most significant
lesion or lesions. The maximum-intensity-projection and PET/CT
fusion images in axial, coronal, and sagittal slices were assessed at the
reporting stage.

Outcomes
The primary outcome was baseline PSMA expression on first

PET/CT defined both as SUVmax and as the presence of lesions consis-
tent with prostate metastases.

PET/CT response was assessed as responders versus nonresponders
by comparing the first with the second PET/CT, as per PSMA PET/CT
consensus–based response criteria (16): responders were defined as
patients with stable disease, partial response, or complete response;
nonresponders were defined as patients with progressive disease. PSA
variation (11) between baseline and second PET/CT was assessed as
PSA decrease and PSA increase from baseline.

PFS was defined as time to PSA recurrence or evidence of radio-
logic progression. PFS and OS were calculated starting from the
date of the second PET/CT until the date of last visit, death, or
end of the study period (i.e., October 31, 2020), whichever
occurred first.

Statistical Analysis
Continuous data were described using median and interquartile

range; minimum and maximum values (i.e., range) were also reported
in some instances. Categoric data were summarized as absolute and
relative frequencies. Statistical significance was considered for a
P value of less than 0.05.

The overall proportion of patients with PSMA expression on
first PET/CT was calculated and reported with binomial 95% CI.
SUVmax was compared among response and different treatment-
related variable groups using the nonparametric Kruskal–Wallis test
(.2 groups) or the Wilcoxon–Mann–Whitney test (2 groups);
Benjamini and Hochberg correction was applied for multiple com-
parisons. The relationship between SUVmax and PSA parameters
(serum level, doubling time, and velocity) was evaluated using
Spearman correlation.

PET/CT response was reported for patients who underwent a second
PET/CT. Response groups (responders vs. nonresponders) were com-
pared with respect to treatment-related variables, baseline SUVmax,
and PSA level variation from baseline to second evaluation using the
Wilcoxon–Mann–Whitney test for continuous data and the x2 test or
the Fisher exact test for categoric variables, as appropriate. Concor-
dance between PSA variation and PET/CT response was assessed with
Cohen’s k-coefficient.

In patients who underwent a second PET/CT, PFS and OS analyses
were conducted to assess whether PSA variation and PET/CT response
were significant predictors. Kaplan–Meier curves were constructed
and compared using the log-rank test. A multiple Cox regression
model was then estimated to assess whether PSA variation and
PET/CT response remained significant after adjustment for age, num-
ber of therapy lines, and SUVmax/PSA baseline value.

Further details on methodology can be found in the supplemental
materials (supplemental materials are available at http://jnm.snmjournals.
org) (11,13,16–19).

Data Sharing
Qualified researchers may request data from Amgen clinical studies.

Complete details are available at: https://www.amgen.com/science/
clinical-trials/clinical-data-transparency-practices/clinical-trial-data-
sharing-request/.

RESULTS

Baseline Patient Disposition and Clinical Characteristics
A total of 1,012 individuals were enrolled in the PSMA-

PROSTATA registry between March 2016 and October 2020. Of
these, 160 men with CRPC met the study eligibility criteria and
were included in the analysis (Fig. 1). The median age was 72 y
(range, 67–77 y), median Gleason score was 8 (range, 7–9), most
patients (n5 120/160 [75%]) had undergone radical prostatectomy,
and 10% had undergone external beam radiation therapy (Table 1).
The median time from primary radical treatment to first PET/CT
was 6.1 y (range, 2.9–12.2 y). About half of the patients (49.4%;
n 5 79/160) had received$1 life-prolonging therapy before enroll-
ment. There was no association between time from radical treatment
to baseline PET/CT and number of prior systemic life-prolonging
therapies. The median PSA level at first PET/CT was 11.7 ng/mL
(interquartile range [IQR], 2–68 ng/mL), median PSA doubling time
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was 5.2mo (IQR, 2.9–10.6mo), and median PSA velocity was
6.8 ng/nL/mo (IQR, 2.5–23.6 ng/nL/mo).

Baseline PSMA Expression
PSMA expression at first PET/CT was confirmed in 152 of 160

(95.0%) patients (95% CI, 90.4–97.8); these patients were classified
as having mCRPC. The distribution of metastatic sites in patients
with mCRPC is shown in Supplemental Table 1. PSMA expression
at first PET/CT varied by site of relapse or metastasis (Table 2);
SUVmax was significantly higher in metastasis involving bone than in
relapse or metastasis of other sites (P-adjusted5 0.023 vs. nodes;
P-adjusted5 0.003 vs. prostate bed relapse; P-adjusted5 0.047 vs.
visceral). SUVmax was significantly lower in patients with prostate bed
relapse than in those with node lesions (P-adjusted5 0.023).
Of the 79 of 160 patients who received systemic therapy before

their first PET/CT, 78 (98.7%) expressed PSMA; among the 81
patients who did not receive prior systemic therapy (excluding
ADT), 74 (91.4%) expressed PSMA (between-group difference
P5 0.075). Baseline SUVmax was significantly higher in patients
who received systemic treatment before first PET/CT than in those
who did not (P5 0.009; Table 3). There was no significant differ-
ence in SUVmax by type of last systemic treatment received before
first PET/CT.

Correlation of Baseline PSMA
Expression and PSA Parameters
SUVmax at first PET/CT was significantly

and positively associated with baseline serum
PSA levels (Spearman r, 0.377; P, 0.001)
and PSA velocity (Spearman r, 0.294,
P, 0.001), but not with PSA doubling time
(Spearman r, 20.071; P5 0.373). When
analyzed according to last systemic treatment
received before first PET/CT, positive asso-
ciations were observed for SUVmax at first
PET/CT and baseline serum PSA levels
in subgroups who received abiraterone/
enzalutamide or no systemic treatment
(P5 0.011 and P, 0.001, respectively).
There was no association in subgroups who
received docetaxel/cabazitaxel or palliative/
[223Ra]Ra-NaCl/PSMA-RLT (a-/b-emitter
prostate-specific membrane antigen–
radioligand therapy).

Baseline PSMA Expression According to
PET/CT Response and PSA Variation
Overall, 70 patients underwent a second

PET/CT scan: 45 patients (64.3%) were
nonresponders and 25 (35.7%) were respond-
ers (Supplemental Table 2). There was no
significant difference in median time from
first to second PET/CT scans between non-
responders and responders (8.5 [IQR, 6.4–
12.2] vs. 5.8 [IQR, 5.0–13] mo, respectively;
P5 0.216).
Nonresponders had numerically lower

median SUVmax on first PET/CT than re-
sponders (17.5 [IQR, 12.0–55.5] vs. 20.4
[IQR, 8.0–35.0], respectively; P5 0.127)
(Supplemental Table 3). Similarly, non-
responders had numerically lower median

SUVmax on first PET/CT than responders in those who received
the same therapy before and after first PET/CT (P5 0.064). In
patients who received different therapy before and after first PET/CT,
there was no significant difference in median SUVmax between nonre-
sponders and responders (P5 0.568). Considering the last treatment
type before second PET/CT, there were no significant differences
in SUVmax between nonresponders and responders in any of the
treatment subgroups (abiraterone/enzalutamide, docetaxel/cabazi-
taxel/chemotherapy or palliative/[223Ra]Ra-NaCl/PSMA-RLT).
Patients with a PSA decrease between first and second PET/CT

had significantly higher median SUVmax on first PET/CT versus
patients with a PSA increase (30.4 [IQR, 13.0–55.5] vs. 15.8 [IQR,
7.3–27.6], respectively; P5 0.018; Supplemental Table 3). This
was particularly evident in patients who received different treat-
ment before and after first PET/CT (P5 0.039). Differences were
also observed in the subgroup who received docetaxel/cabazitaxel/
chemotherapy before second PET/CT (n5 15, P5 0.068).
There was a significant difference in PSA change between non-

responders and responders at second PET/CT (P, 0.001). The
median change in PSA between first and second PET/CT was
146% (IQR, 15.6–463) in nonresponders and 256.9% (IQR, 24.6
to 216.6) in responders. Analysis of concordance showed a
78.6% agreement between PET/CT response and PSA variation,

PET/CT downstaging
PET/CT upstaging

Study
population
eligible for
analysis

mCRPC
n = 152

Non-mCRPC
n = 8

Patients who underwent a
life-prolonging therapyc

at enrollment
n = 81 (50%)

[68Ga]Ga-PSMA-11 PET/CT

Clinical diagnosis of PCb at enrollment with no history of
other malignancy and life expectancy >6 months

n = 160 (10%)

All patients enrolled in the PSMA-PROSTATA registry from 1 March 2016 to 31 October 2020a

N = 1,012 (100%)

Clinical diagnosis of hormone-naïve
PC at enrollment

n = 852 (90%)

Patients who did not
receive a life-prolonging

therapyc at enrollment
n = 79 (50%)

PSA decrease
n = 20

PSA increase
n = 5

PSA decrease
n = 10

PSA increase
n = 35

PET/CT non-responders
n = 45

PET/CT responders
n = 25

Second [68Ga]Ga-PSMA-11 PET/CT
n = 70

FIGURE 1. Patient disposition. aPSMA-PROSTATA registry enrollment criteria: patients enrolled in
the trial were men with proven diagnosis of PC, who had received radical prostatectomy or radio-
therapy as definitive therapy, who had proven biochemical recurrence (defined as 2 consecutive
PSA assays $ 0.2 ng/mL), who had PSA levels between 0.2 and 2.0 ng/mL, were aged $ 35 y, and
who had provided written informed consent. Patients were excluded if they were unable to lie flat, to
be still, or to tolerate PET/CT scanning or had a history of treatment for another cancer within 1 y
before [68Ga]Ga-PSMA-11 PET/CT. Use of concomitant therapies, including ADT, were allowed.
Follow-up data from routine clinical, pathologic, PET/CT imaging, and PSA levels were collected
from patient records. bPatients eligible for study inclusion had proven diagnosis of CRPC as defined
by the European Association of Urology guidelines as: serum testosterone, 50 ng/dL or 1.7 nmol/L
plus either biochemical progression (rising serum PSA levels) or radiologic progression (appearance
of new lesions). cLife-prolonging therapy included novel hormone therapy (abiraterone, enzaluta-
mide), taxanes (docetaxel, cabazitaxel), [223Ra]Ra-NaCl, and PSMA-RLT. CRPC 5 castration-resis-
tant prostate cancer; mCRPC 5 metastatic castration-resistant prostate cancer; PC 5 prostate
cancer; PET/CT 5 positron emission tomography/computed tomography; PSA 5 prostate-specific
antigen; PSMA5 prostate-specific membrane antigen; PSMA-RLT 5 a-/b-emitter prostate-specific
membrane antigen-radioligand therapy.
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significantly higher than expected from random chance (Cohen’s
k5 0.553, P, 0.001; Supplemental Fig. 1). However, 5 of 70
patients (7.1%) were responders according to second PET/CT but
reported an increase in PSA, and 10 of 70 (14.3%) were nonrespond-
ers according to second PET/CT but reported a decrease in PSA.

Association of PET/CT Response and PSA Variation with PFS
and OS
Sixty-three patients with follow-up after second PET/CT were

included in analyses of PFS and OS. Of these, 48 (76.2%) patients
had a relapse, 23 (36.5%) died, and 33 (52.4%) were lost before

TABLE 1
Patient Characteristics

Characteristic Overall (N 5 160) mCRPC (n 5 152) nmCRPC (n 5 8)

Before PET/CT

Median age (y) 72 (IQR, 67–77) 72 (IQR, 67–76) 77 (IQR, 73–78)

Gleason score (n)

5 3 (1.9%) 3 (2.0%) 0

6 3 (1.9%) 3 (2.0%) 0

7 58 (36.3%) 56 (36.8%) 2 (25.0%)

8 40 (25.0%) 37 (24.3%) 3 (37.5%)

9 53 (33.1%) 50 (32.9%) 3 (37.5%)

10 3 (1.9%) 3 (2.0%) 0

TNM classification (n)

T2 27 (16.9%) 25 (16.4%) 2 (25.0%)

T3 92 (57.5%) 87 (57.2%) 5 (62.5%)

T4 5 (3.1%) 5 (3.3%) 0

Missing 36 (22.5%) 35 (23.0%) 1 (12.5%)

N1 41 (25.6%) 40 (26.3%) 1 (12.5%)

M1 34 (21.3%) 33 (21.7%) 1 (12.5%)

R1 43 (26.9%) 38 (25.0%) 5 (62.5%)

Primary therapy with radical intent (n)

Radical prostatectomy 120 (75.0%) 114 (75.0%) 6 (75.0%)

Associated with PLND 55 (34.4%) 50 (32.9%) 5 (62.5%)

EBRT 16 (10.0%) 15 (9.9%) 1 (12.5%)

Adjuvant/salvage radiotherapy (n) 88 (55.0%) 85 (55.9%) 3 (37.5%)

Median time from primary radical treatment
to PET/CT (y)

6.1 (IQR, 2.9–12.2) 6.1 (IQR, 2.8–12.6) 7.5 (IQR, 4.9–10.9)

No. of prior systemic life-prolonging therapies (n)*

No systemic therapy 81 (50.6%) 74 (48.7%) 7 (87.5%)

1 therapy line 38 (23.8%) 37 (24.3%) 1 (12.5%)

2 therapy lines 22 (13.8%) 22 (14.5%) 0

$3 therapy lines 19 (11.9%) 19 (12.5%) 0

At time of first PET/CT

Median PSA (ng/mL) 11.7 (IQR, 2–68) 13.1 (IQR, 2.1–77) 1.0 (IQR, 0.5–4.1)

Median PSA doubling time (mo) 5.2 (IQR, 2.9–10.6) 5.0 (IQR, 2.9–10.6) 6.4 (IQR, 5.9–12.3)

.6 mo (n) 71 (44.4%) 66 (43.4%) 5 (62.5%)

.10 mo (n) 43 (26.9%) 41 (27.0%) 2 (25.0%)

Median PSA velocity (ng/nL/mo) 6.8 (IQR, 2.5–23.6) 7.8 (IQR, 2.7–25.5) 1.5 (IQR, 0.5–4.5)

Ongoing second-line therapy (n) 19 (11.9%) 19 (12.5%) 0

Ongoing ADT (n)† 106 (66.3%) 101 (66.4%) 5 (62.5%)

*Excluding ADT.
†At time of PSMA ongoing ADT is , 90 d.
ADT 5 androgen deprivation therapy; EBRT 5 external beam radiation therapy; IQR 5 interquartile range; PET/CT 5 positron

emission tomography/computed tomography; PSA 5 prostate-specific antigen; nm/mCRPC 5 nonmetastatic/metastatic castration-
resistant prostate cancer; PLND 5 pelvic lymph node dissection; TNM 5 tumor, node, metastasis.
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24-mo follow-up. The median PFS was 6.1mo, and 24-mo OS
was 49%.
PFS was significantly different between PET/CT response

groups (log-rank test P5 0.005; Fig. 2A). After adjusting for
SUVmax at first PET/CT, age, and number of therapy lines,
PET/CT nonresponders showed an increased risk of progression
compared with responders (hazard ratio [HR], 3.0 [95% CI,

1.4–6.7]; P5 0.006). PFS was also significantly different between
PSA variation groups (i.e., increase vs. decrease from baseline;
log-rank test P5 0.031; Fig. 2B). After adjusting for PSA at base-
line, age, and number of therapy lines, patients with a PSA
increase between first and second PET/CT had a higher risk of
progression than did those with a decrease (HR, 2.1 [95% CI,
1.0–4.7]; P5 0.059).

TABLE 2
PSMA Expression at First PET/CT by Site of Relapse/Metastasis (n 5 152)

Site of relapse/metastasis No. of patients (n) Median SUVmax Min–max SUVmax

Bones 100 (65.8%) 24.0 (IQR, 14.3–37.9) 3.8–127.0

Nodes* 91 (59.9%) 16.7 (IQR, 11.0–28.0) 2.1–138.0

Prostate bed relapse 32 (21.1%) 10.1 (IQR, 7.9–19.9) 3.0–68.0

Visceral 22 (14.5%) 17.5 (IQR, 6.0–27.0) 4.6–45.0

*Pelvic and distant.
IQR 5 interquartile range; PET/CT 5 positron emission tomography/computed tomography; PSMA 5 prostate-specific membrane

antigen; SUVmax 5 maximized standardized uptake value.

TABLE 3
PSMA Expression at First PET/CT by Systemic Treatment (n 5 160)

Variable
No. of

patients (n)
Proportion of patients
expressing PSMA* (n)

Median SUVmax in lesion
with highest value P

Received systemic treatment before
first PET/CT†

0.009

No 81 (50.6%) 74 (91.4%) 16.7 (IQR, 8.0–34.0)

Yes 79 (49.4%) 78 (98.7%) 29.0 (IQR, 15.0–37.7)

No. of prior therapy lines if received
systemic treatment before first
PET/CT

0.087

1 38 (23.8%) 37 (97.4%) 19.9 (IQR, 12.9–37.0)

2 22 (13.8%) 22 (100%) 32.4 (IQR, 20.4–37.0)

3 13 (8.1%) 13 (100%) 29.0 (IQR, 20.0–39.0)

4 6 (3.8%) 6 (100%) 25.9 (IQR, 9.8–38.0)

Last systemic treatment before first
PET/CT

0.698

Abiraterone or enzalutamide 28 (17.5%) 28 (100%) 24.2 (IQR, 13.9–39.0)

Docetaxel or cabazitaxel 24 (15.0%) 23 (95.8%) 27.5 (IQR, 15.3–37.4)

Palliative, [223Ra]Ra-NaCl or
PSMA-RLT

27 (16.9%) 27 (100%) 30.0 (IQR, 17.0–39.0)

Ongoing systemic treatment at time of
first PET/CT

0.931

No 141 (88.1%) 133 (94.3%) 20.4 (IQR, 12.0–37.0)

Yes 19 (11.9%) 19 (100%) 19.7 (IQR, 9.9–35.0)

Second PET/CT 0.277

No 90 (56.3%) 86 (95.6%) 26 (IQR, 14–37)

Yes 70 (43.8%) 66 (94.3%) 18 (IQR, 9.2–37.7)

*SUVmax . 2.1.
†ADT was not considered.
IQR 5 interquartile range; PET/CT 5 positron emission tomography/computed tomography; PSMA 5 prostate-specific membrane

antigen; PSMA-RLT5 a-/b-emitter prostate-specific membrane antigen-radioligand therapy; SUVmax 5 maximized standardized uptake value.
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When PET/CT response and PSA variation groups were com-
bined, PET/CT nonresponders with an increase in PSA had a sig-
nificantly higher risk of disease progression than did PET/CT
responders with a decrease in PSA (HR, 3.4 [95% CI, 1.4–8.0];
P5 0.006; Fig. 2C). PET/CT nonresponders with a decrease in
PSA were also at higher risk of progression than were PET/CT
responders with a decrease in PSA (HR, 2.8 [95% CI, 1.0–8.0];
P5 0.050). There was no difference in progression risk in
PET/CT responders with an increase in PSA compared with
PET/CT responders with a decrease in PSA (HR, 1.8 [95% CI,
0.5–7.0]; P5 0.394). PET/CT nonresponders appeared to have
lower OS than responders (Fig. 3A); however, the difference
between the 2 Kaplan–Meier curves was not significant
(P5 0.180). There was no difference in OS between patients with
a decrease in PSA and those with an increase (P5 0.932;
Figure 3B).

DISCUSSION

The present retrospective analysis of a large, single-center regis-
try examined PSMA expression in patients with CRPC. Monitoring
therapy response is important for treatment decisions in patients
with mCRPC, and previous evidence suggest that PET/CT may aid
in predicting early response to therapy (7,10,11,20,21); however,
data are limited. Findings in this study suggest that PSMA expres-
sion on PET/CT could be more prognostic than PSA parameters
for PFS and might be a promising tool for guiding clinical deci-
sions in patients with advanced PC.
Consistent with the literature, most patients (95%) in our analysis

had PSMA expression at baseline, as determined by PET/CT im-
aging (6). Interestingly, PSMA expression was higher in patients
with prior systemic treatment, although this was irrespective of the
number and type of therapy line. Higher PSMA expression in these
patients may be due to more advanced and aggressive disease. The
type of prior treatment did not influence PSMA expression; of par-
ticular note, there was no difference in PSMA expression in the
18% of patients last treated with abiraterone or enzalutamide before
first PET/CT compared with patients last treated with other sys-
temic therapies. Studies have shown that enzalutamide may affect
the expression of PSMA on the PC cell surface early after treatment
initiation (from 14 to 25 d) (22,23). Conversely, PSMA variations
in patients treated with abiraterone or enzalutamide were not
observed when treated over a longer period (87–110 d) (24), suggest-
ing that the upregulation of PSMA expression after abiraterone or
enzalutamide is transient. These findings are in line with the absent
effect of abiraterone or enzalutamide on PSMA expression in our
study, although further research is needed given the small number of
patients. Variations in PSMA expression were observed according to
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the site of relapse or metastasis, and the highest SUVmax occurred in
metastasis involving the bone. It should be noted that the study
included both patients who did and patients who did not undergo radi-
cal prostatectomy, which may explain why a relatively high propor-
tion of patients had prostate bed relapse (21%).
As expected, we found that PSMA expression at first PET/CT

correlated with PSA levels and velocity, but not doubling time.
We also confirmed the general relationship understood to exist
between high PSMA expression and advanced stage disease (6).
However, higher PSMA expression may also correlate with

treatment response; in a retrospective study conducted in patients
with mCRPC who had received [177Lu]Lu-PSMA-617, higher
PSMA expression was associated with longer OS, longer PFS, and
higher PSA variation (25). In our analysis, PET/CT nonresponders
had numerically lower SUVmax on first PET/CT than responders.
The lack of statistical significance may relate to the low number of
patients who underwent a second PET/CT. There was also no sig-
nificant difference in SUVmax between nonresponders and respond-
ers when analyzed by last treatment received before second
PET/CT. Patients with an increase in PSA levels had significantly
lower SUVmax at baseline than patients with a PSA decrease, with
good agreement between PET/CT response and PSA variation.
These findings are consistent with another retrospective study that
demonstrated correlations between SUVmax and PSA response in
patients with mCRPC (21), suggesting that PSMA expression on
PET/CT may be a predictive marker of treatment response. This
could potentially enable better patient selection for therapies target-
ing PSMA; patients with lower expression at baseline are less
likely to respond to further lines of therapy, possibly due to more
aggressive and undifferentiated disease.
Previous studies have demonstrated a higher accuracy of PET/

CT in patients with CRPC compared with biochemical response
and other conventional methods, supporting its utility as a reliable
parameter to predict response to systemic treatment for mCRPC
(7,10,11,20,21). Although 1 study reported that the performance of
PET/CT was not superior to conventional imaging in differentiating
progressive disease from response to treatment, this may be due to
the small number of patients involved (20). Our analysis suggests
that PET/CT might be more reliable than PSA for predicting
response to therapy; however, our findings were not statistically
significant given the small sample size.
Response at first PET/CT and PSA decrease from baseline were

both significant prognostic factors for PFS. The combined analysis
suggested that PET/CT response may be a more significant prog-
nostic factor than PSA variation. In line with recommendations
from the Prostate Cancer Clinical Trials Working Group 3 (26),
this suggests that therapy should not be discontinued based only on
PSA variation. As PSA may not always predict response to therapy,
PET/CT may be a more reliable option for early prediction; how-
ever, the burden of disease or response to therapy may be under-
estimated if the timing of PET/CT is not optimal (27). Consensus is
needed on the appropriate point at which to repeat PET/CT.
In the current analysis, we did not observe any relation between

PET/CT response or PSA variation and OS in patients with
mCRPC. A retrospective study in patients with mCRPC reported
similar results, with no correlations observed between PET para-
meters and OS (21); however, the findings may be explained by
the limited number of patients included in these analyses.
As with all retrospective single-centered studies, our findings

may not be representative of the general population with mCRPC.

The retrospective design and consequent number of patients lost to
follow-up also mean that associations between PET/CT response
and OS should be interpreted with caution. Further, assessment of
response to therapy was not possible in patients without a second
PET/CT. A further limitation is the heterogeneity of the cohort of
enrolled patients, in terms of therapy management, baseline char-
acteristics, and enrollment. Only those with a suspicion of progres-
sion were included, and consequently, a substantial proportion of
patients did not undergo PSMA PET/CT during the study period;
however, the use of established imaging protocols implemented by
experienced operators is a strength of the study.
Finally, in advanced PC, pre- and postdiagnosis management

can vary as there are no precise guidelines on the order and dura-
tion of second-line therapies, and serious adverse effects may be
experienced, particularly by elderly patients and those with comor-
bidities. This complicates the interpretation of data on the efficacy
and usefulness of diagnostic investigations. The ability of PSMA
PET/CT to detect recurrence at an earlier stage of disease sug-
gests greater opportunities for life-prolonging treatment; however,
given the often indolent clinical course of recurrent PC, the poten-
tial benefits of earlier, aggressive therapeutic intervention in
patients with limited recurrence will need to be weighed carefully
against the risk of associated toxicities and quality of life impair-
ment (28).

CONCLUSION

Our findings suggest that PSMA expression on PET/CT may be
a predictive marker of treatment response in patients with mCRPC
regardless of ongoing systemic therapy at the time of PET/CT.
The data also suggest that PET/CT response is a more significant
prognostic factor for PFS than PSA variation; however, larger
studies are warranted to confirm these findings and to further
explore PSMA expression in relation to patient survival.
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KEY POINTS

QUESTION: What is the prognostic value (for OS and PFS) of PSMA
PET response and how does this compare with PSA response?

PERTINENT FINDINGS: In this retrospective, observational study,
nearly all patients with CRPC (95%) had PSMA expression on
PET/CT, regardless of prior systemic therapy, and were classified
as having mCRPC. PSMA expression was significantly associated
with PSA level and velocity; PSA change between first and second
PET/CT was 146% in nonresponders and 257% in responders,
with a 79% agreement between PET/CT and PSA response;
and PET/CT response, despite PSA variation, was a significant
prognostic factor for PFS.

IMPLICATIONS FOR PATIENT CARE: Understanding the
impact of treatment on PSMA expression could inform utility of
[68Ga]Ga-PSMA-11 PET/CT for guiding clinical decisions in
patients with mCRPC.
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