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Background: Prostate-specific membrane antigen (PSMA)-targeted
2-(3-{1-carboxy-5-[(6-[18F] fluoro-pyridine-3-carbonyl)-amino]-pentyl}-ureido)-
pentanedioic acid (18F-DCFPyL) positron emission tomography/computed tomography
(PET/CT) has shown advantages in primary staging, restaging, and metastasis detection
of prostate cancer (PCa). However, little is known about the role of 18F-DCFPyL PET/CT
in biochemically recurrent prostate cancer (BRPCa). Hence, we performed a systematic
review and meta-analysis to evaluate 18F-DCFPyL PET/CT as first-line imaging modality
in early detection of BRPCa.

Methods: A comprehensive literature search of PubMed, Web of Science, Embase,
and Cochrane Library was conducted until December 2020. The pooled detection
rate on a per-person basis and together with 95% confidence interval (Cl) was
calculated. Furthermore, a prostate-specific antigen (PSA)-stratified performance of
detection positivity was obtained to assess the sensitivity of 18F-DCFPyL PET/CT in
BRPCa with different PSA levels.

Results: Atotal of nine eligible studies (844 patients) were included in this meta-analysis.
The pooled detection rate (DR) of 18F-DCFPyL PET/CT in BRPCa was 81% (95% Cl:
76.9-85.1%). The pooled DR was 88.8% for PSA > 0.5ng/ml (95% CI: 86.2—-91.3%)
and 47.2% for PSA < 0.5ng/ml (95% CI: 32.6-61.8%). We also noticed that the regional
lymph node was the most common site with local recurrence compared with other sites
(45.8%, 95% Cl: 42.1-49.6%). Statistical heterogeneity and publication bias were found.

Conclusion: The results suggest that 18F-DCFPyL PET/CT has a relatively high
detection rate in BRPCa. The results also indicate that imaging with 18F-DCFPyL
may exhibit improved sensitivity in BRPCa with increased PSA levels. Considering the
publication bias, further large-scale multicenter studies are warranted for validation.

Keywords: 18F-DCFPyL, prostate-specific membrane antigen, PET/CT, biochemically recurrent prostate cancer,
imaging

Frontiers in Oncology | www.frontiersin.org

1 April 2021 | Volume 11 | Article 649171


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.649171
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.649171&domain=pdf&date_stamp=2021-04-26
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:sdfyyhyh@163.com
mailto:lzx986084954@126.com
https://doi.org/10.3389/fonc.2021.649171
https://www.frontiersin.org/articles/10.3389/fonc.2021.649171/full

Sun et al.

18F-DCFPyL PET-CT in Prostate Cancer

INTRODUCTION

Prostate cancer (PCa) is the most common form of malignant
tumor among men in the United States and the second most
common cause of cancer-related deaths in aging men (1). After
patients received the initial treatments, follow-up strategies
including physical examination and prostate-specific antigen
(PSA) tests were performed to monitor the progression of
the disease (2). Despite the high success rate of the primary
treatments, PCa recurrence is relatively common, presenting
with a sudden rise or persistently elevated PSA levels. For post
radical prostatectomy (RP), biochemical recurrence (BCR) is
defined as two consecutive PSA values that are >0.2 ng/ml and
rising (3). For post external beam radiation therapy (EBRT), BCR
is defined as an increase in the PSA level by 2ng/ml or more
above the nadir (4). It is reported that BCR will occur in ~20-
40% of the patients undergoing radical prostatectomy (5-7) and
30-50% of men after EBRT (8). Another study also reported
that 13.9% of PCa patients following brachytherapy developed
biochemical failure in the first decade of follow-up (9). Although
the treatment of men with biochemically recurrent prostate
cancer (BRPCa) should be based not only on radiographic
characteristics but also on personal clinical, pathologic, and
genomic characteristics, and optimal timing of systemic therapy
remains controversial (10), the early lesion localization of BRPCa
is still essential to define disease distribution that could, in turn,
help urologists make further possible clinical decisions including
surgery, salvage radiation therapy (RT), androgen deprivation
therapy (ADT), or chemotherapy. However, traditional imaging
methods such as plain X-ray, CT, MRI, or bone scintigraphy
are limited by their low sensitivity while detecting early
recurrent disease (11). Developments of imaging techniques may
enable urologists to localize recurrence or metastasis sites in
BCR patients.

The  prostate-specific  membrane antigen (PSMA)
is specifically highly expressed in the surface of PCa
cells (12). Recently, PSMA-targeted positron emission
tomography/computed tomography (PET/CT) is increasingly
used in PCa diagnostics (13, 14). Moreover, PSMA PET/CT has
greater sensitivity and specificity for detecting pelvic nodal or
distant metastases than conventional imaging techniques (15).
Therefore, PSMA radiopharmaceuticals have been increasingly
used to detect small tumor lesions, lymph node, bone, or visceral
metastases because of its high sensitivity even at low PSA
levels. Several PSMA radioligands such as Gallium-68 (68Ga),
Fluorine-18 (18F), Lutetium-177 (177Lu), or Copper-64 (64Cu)
are currently available to obtain effective radiotherapeutics
for theranostic applications (16-20). 68Ga-PSMA PET/CT

Abbreviations: PSMA, prostate-specific membrane antigen; PET/CT, positron
emission tomography/computed tomography; BRPCa, biochemically recurrent
prostate cancer; CI, confidence interval; DR, detection rate; PSA, prostate-
specific antigen; PCa, prostate cancer; BCR, biochemical recurrence; RP,
radical prostatectomy; EBRT, external beam radiation therapy; RT, radiation
therapy; PRISMA, Preferred Reporting Items for Systematic Reviews and
Meta-analyses; QUADAS-2, quality assessment of diagnostic accuracy studies;
18F-DCFPyL, 2-(3-{1-carboxy-5-[(6-[18F] fluoro-pyridine-3-carbonyl)-amino]-
pentyl}-ureido)-pentanedioic acid.

was first introduced to predict biochemical recurrence in PCa
patients after initial therapy (21, 22). It was reported that lesions
suspicious for PCa detected by 68Ga-PSMA PET/CT presented
with excellent contrast as early as 1h post-injection with high
detection rates even at low PSA levels (23). However, despite
the widespread clinical adoption of this agent, there are some
disadvantages related to its short physical half-life (68 min)
and decreasing synthesis yields as generators decay. It is also
difficult and expensive to comply with good manufacturing
practice guidelines, and therefore centralized radiopharmacy
production and distribution are constrained (24). By contrast,
18F-labeled PSMA agents seem to have more advantages as
they provide a longer half-life, allowing for later facilitating
tumor visualization with higher physical spatial resolution (25).
The 2-(3-{1-carboxy-5-[(6-[18F] fluoro-pyridine-3-carbonyl)-
amino]-pentyl}-ureido)-pentanedioic acid (18F-DCFPyL), as a
novel second-generation PSMA agent, binds with higher affinity,
thus allowing earlier detection of local recurrence even at a lower
PSA level (26, 27). To our knowledge, the value of this kind of
radiotracer is still unclear due to the relatively small sizes of the
prior studies. Therefore, we performed a meta-analysis to more
accurately evaluate the diagnostic performance of 18F-DCFPyL
PET/CT in BRPCa patients.

MATERIALS AND METHODS

Search Strategy and Identification of
Eligible Studies

Two reviewers (Sun and Lin) searched the online databases
PubMed, Web of Science, Embase, and Cochrane Library to
identify the relevant articles published until December 2020.
The study was reported according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
(28), and the following keywords were used: “18F-DCFPyL’
OR  “2-(3-{1-carboxy-5-[(6-[18F]fluoro-pyridine-3-carbonyl)-
amino]-pentyl}-ureido)-pentanedioic acid” AND “Biochemically
recurrent prostate cancer.” Articles in all languages were
considered relevant for review, and the references of pertinent
articles were manually screened and checked as well. All
prospective or retrospective studies investigating 18F-DCFPyL
PET/CT and BRPCa were included. Exclusion criteria were as
follows: (I) case series or case reports; (II) review articles and
editorial comments; (IIT) data incomplete or unclear or unusable
with our study or major mistakes; (IV) republished literature;
(V) studies performed on a per-lesion basis.

Data Extraction

Two reviewers (Sun and Lin) extracted the following information
independently from each study, and inconsistencies were
resolved by discussion until a consensus was obtained. Extracted
data included country, study period, study design, sample size,
characteristics of participants, technical aspects, and detection
rate (DR) of 18F-DCFPyL PET/CT on a per-person basis.
Quality Assessment of Diagnostic Accuracy Studies (QUADAS-
2) (29) was used for assessing the quality of articles included in
this study.
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Statistical Analysis

All statistical analyses were conducted by Stata (version 15;
StataCorp, Texas, USA). The heterogeneity between different
articles was determined by I? index (30). When significant
heterogeneity was observed (I> > 50%), the random-effect
model was applied. Based on our clinical experience, subgroup
analysis according to mean/median PSA before 18F-DCFPyL
PET/CT scanning was conducted if significant heterogeneity
exists. A PSA-stratified performance of detection positivity was
obtained to assess the sensitivity of 18F-DCFPyL PET/CT in
BRPCa with different PSA levels. Egger’s test was conducted to
estimate publication bias. All tests with two-sided P < 0.05 were
considered statistically significant.

RESULTS

Characteristics of Included Studies

As shown in the PRISMA flow diagram (Figure 1), nine studies
containing 844 patients were finally included for further meta-
analysis (31-39). The QUADAS-2 shows that the quality of
all articles included was not completely satisfactory because
some articles did not detail patient selection information
(Supplementary Materials 1.1, 1.2).

Basic characteristics and technical aspects of the involved
studies were summarized in Tables 1, 2, respectively. On the
whole, all included studies shared a similar type of patients
evaluated and detailed techniques of 18F-DCFPyL PET/CT. We
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3 (n=16) basis: n=2
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FIGURE 1 | Preferred reporting items for systematic reviews and meta-analyses (PRISMA) 2009 flow diagram. From Moher et al. (28).
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TABLE 1 | Summary of the included studies.

References

Study period Country

Study design

Type of patients
evaluated

No. of
patients

Mean/median
age

Gleason Score

Mean/median PSA
values before

Mean/median PSA
doubling time before

PET/CT (ng/ml) PET/CT (months)
Markowski et al. (31) NA USA Prospective single-center Patients with BRPCa 108  Median: 67 Gleason <7 (70.4%)  Median: 0.7 (0.3-1.8) NA
previously treated with RP. (61-71) Gleason >8 (26.8%)
Unknown (2.8%)
Hong et al. (32) 2018-2019 USA Prospective single-center Patients with BRPCa 72 Mean: 71.5 £ 7.2 Gleason <6 (8%) Median: 3.0 NA
previously treated with RP Gleason 7 (51%) (0.23-698.4) Mean:
(58.3%) or RT (41.7%) with Gleason >8 (40%) 15.8 +£58.2
or without ADT.
Wei et al. (33) 2017-2018  Canada Prospective multicenter ~ Patients with BRPCa 79 Median: 75 Gleason <6 (29.1%) Median: 4.8 (2.1-69) Median: 14.4
previously treated with RT (51-88) Gleason 7 (65.9%) (1.9-48.6)
(100.0%) with or Gleason >8 (5.1%)
without additional ADT.
Jansen et al. (34) 2018-2019  Netherlands Retrospective Patients with BRPCa 24 Median: 67 NA Median: 0.7 (0.4-1.9) NA
single-center previously treated with RP 61-77)
without ADT.
Rowe et al. (35) NA USA Prospective single-center Patients with BRPCa 31 Median: 63 NA Median: 0.4 (0.2-28.3) NA
previously treated with RP. (45-74)
Mena et al. (36) NA USA Prospective single-center Patients with BRPCa 90 Median: 66 Gleason <6 (14.4%)  Median: 2.5 Median: 7.0 (0.9-75.2)
previously treated with RP (50-81) Gleason 7 (35.6%) (0.21-35.5)
(42.2%) or RT (30.0%) or Gleason>8 (50.0%)
RP+RT (27.8%) without
ADT.
Rousseau et al. (37) NA Canada Prospective single-center Patients with BRPCa 130  Mean: 69.1 + 6.5 Gleason <6 (13%) Mean: 5.2 + 6.5 Mean: 12.2 +11.8
previously treated with RP Gleason 7 (50%)
(72.3%) or RT (34.6%) with Gleason>8 (37%)
or
without additional ADT.
Wondergem et al. (38) 2016-2018 Netherlands  Retrospective multicenter Patients with BRPCa 248 Median: 71 Gleason <6 (13%) NA Median: 6 (3-12)
previously treated with RP (67-75) Gleason 7 (39%)
or RT with or without ADT. Gleason>8 (34%)
Unknown (14%)
Dietlein et al. (39) NA Germany Retrospective Patients with BRPCa 62 Mean: 68 Gleason <6 (7%) Mean: 3.2 NA

single-center

previously treated with RP
(61%) or RT (39%).

Gleason 7 (56%)
Gleason>8 (37%)

NA, not available; BRPCa, biochemically recurrent prostate cancer; RF, radical prostatectomy; RT = radiation therapy; ADT, androgen deprivation therapy; PET/CT, positron emission tomography/computed tomography.
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TABLE 2 | Technical aspects of the included studies.

References

Radiotracer

Hybrid imaging modality

Fasting before
radiotracer injection

Mean/median radiotracer
injected activity

Time between
radiotracer injection and
image acquisition

Image analysis

Other imaging
performed for
comparison

Markowski et al. (31)
Hong et al. (32)

Wei et al. (33)

Jansen et al. (34)

Rowe et al. (35)

Mena et al. (36)

Rousseau et al. (37)

Wondergem et al. (38)

Dietlein et al. (39)

18F-DCFPyL
18F-DCFPyL

18F-DCFPyL

18F-DCFPyL

18F-DCFPyL

18F-DCFPyL

18F-DCFPyL

18F-DCFPyL

18F-DCFPyL

NA
PET/CT with low-dose CT

PET/CT with low-dose CT

PET/CT with low-dose CT

NA

PET/CT with low-dose CT

PET/CT with low-dose CT

PET/CT with low-dose CT
or contrast-enhanced CT

PET/CT with low-dose CT

NA
NA

NA

NA

NA

NA

Yes (at least 4 h)

NA

Yes (at least 4 h)

333 MBq

338.8 + 25.3
(270.1-370) MBq

Mean: 333 MBq
(299.7-366.3) MBq

Median: 314.4 MBq
(257.7-328.6) MBq

No more than 333 MBqg

Mean: 299.3 MBq
(229.4-325.6) MBq

369.2 + 47.2
(237-47x4) MBq

Median: 311 MBq
(284-325) MBq
269.8 + 81.8 MBq

60 min
74.4 + 10.4min

60 + 10min

120 &+ 21 min

60 min

120 min

120 min

120 min

120 min

Visual
Visual

Visual

Visual

Visual and
semiquantitative
(SUVmax)

Visual and
semiquantitative
(SUVmax, TV, VOI)
Visual and
semiquantitative
(SUVmax, SUVpeak,
SUL, TLG, SUVratio)

Visual

Visual and
semiquantitative
(SUVmax)

NA

CT, mpMRI, bone scan,
18F-NaF PET/CT, and
8F-fluciclovine PET/CT

CT, mpMRI, and bone
scan
NA

NA

NA

NA

NA

58 Ga-PSMA-11
PET/CT

NA, not available; PET/CT, positron emission tomography/computed tomography; mpMRI, multiparametric magnetic resonance imaging; 18F-DCFPyL, 2-(3-{1-carboxy-5-[(6-[18F] fluoro-pyridine-3-carbonyl)-aminoj-pentyl}-ureido)-
pentanedioic acid; MBqg, megabecquerel.
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TABLE 3 | Main findings of the included studies about 18F-DCFPyL PET/CT in BRPCa patients.

References Overall DRona DRinpatients DR in patients DR in patients DR in patients DR in patients Local Regional Distant Bone Organ
per with PSA < 0.5 with PSA > 0.5 with PSA with PSA with PSA > 2 recurrence lymph node lymph node
patient-based ng/ml ng/ml between 0.5 between 1 and 2 ng/ml recurrence recurrence
analysis and 1 ng/ml ng/ml
Markowski et al. 82/108 26/46 56/62 NA NA NA NA NA NA NA NA
(31) (75.9%) (56.5%) (90.3%)
Hong et al. (32) 61/72 4/8 57/64 9/13 5/5 43/46 22/72 34/72 20/72 33/72 11/72
(84.7%) (50%) (89.0%) (69%) (100%) (93.5%) (31%) (48%) (28%) (46%) (16%)
Wei et al. (33) 69/79 NA NA NA NA NA 54/79 21/79 14/79 NA NA
(87.0%) (68%) (27%) (18%)
Jansen et al. (34) 16/24 NA NA NA NA NA NA NA NA NA NA
(66.7%)
Rowe et al. (35) 21/31 NA NA NA NA NA 8/31 14/31 2/31 2/31 0/31
(67.7%) (25.8%) (45.1%) (6.5%) (6.5%) (0%)
Mena et al. (36) 70/90 10/21 60/69 5/10 8/9 47/50 29/90 39/90 17/90 9/90 5/90
(77.8%) (47.6%) (90%) (50%) (88.9%) (94%) (32.2%) (43.3%) (18.8%) (10.0%) (5.5%)
Rousseau et al. 110/130 3/5 107/125 18/23 18/25 /77 35/130 57/130 32/130 26/130 3/130
(37) (84.6%) (60%) (85.6%) (78.3%) (72%) (92.2%) (26.9%) (43.8%) (24.6%) (20.0%) (2.3%)
Wondergem et al. 214/248 17/29 197/217 20/29 35/41 142/149 92/248 136/248 49/248 73/248 12/248
(38) (86.3%) (59%) (90.8%) (69%) (85%) (95%) (87.1%) (54%) (19.8%) (29.4%) (4.8%)
Dietlein et al. (39) 46/62 1/8 45/54 NA NA NA NA NA NA NA NA
(74.2%) (12.5%) (83.3%)
Pooled values 80.2% 47.2% 88.8% 70.3% 82.9% 94.3% 36.6% 45.8% 19.3% 20.5% 4.2%
(95% confidence (75.6-84.7%) (32.6-61.8%) (86.2-91.3%) (60.2-80.5%) (74.5-91.3%) (91.8-96.9%) (33.1-40.2%) (42.1-49.6%) (16.2-22.3%) (17.3-23.6%) (2.6-6.0%)

interval)

NA, not available; DR, detection rate; PSA, prostate-specific antigen; BRPCa, biochemically recurrent prostate cancer; 18F-DCFPyL, 2-(3-{1-carboxy-5-[(6-[18F] fluoro-pyridine-3-carbonyl)-aminoj-pentyl}-ureido)-pentanedioic acid;

PET/CT, positron emission tomography/computed tomography.
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also noticed that the mean/median PSA levels of the included
BRPCa patients before 18F-DCFPyL PET/CT scanning could
be obviously divided into two groups: high-PSA level group
(25, 28, 29) and low-PSA level group (26, 27, 30-33).

The main findings of the included studies about 18F-DCFPyL
PET/CT in BRPCa patients are shown in Table 3. The pooled
DR was 88.8% for PSA > 0.5ng/ml (95% CI: 86.2-91.3%) and
47.2% for PSA < 0.5ng/ml (95% CI: 32.6-61.8%). The pooled
DRs in local recurrence, regional lymph node recurrence, distant
lymph node recurrence, bone, and organ were 36.6% (95% CI:
33.1-40.2%), 45.8% (95% CI: 42.1-49.6%), 19.3% (95% CI: 16.2—-
22.3%), 20.5% (95% CI: 17.3-23.6%), and 4.2% (95% CI: 2.6—
6.0%), respectively.

Quantitative Synthesis

The forest plot of the overall DR of 18F-DCFPyL PET/CT
in BRPCa was shown in Figure 2. The random effect model
demonstrated that the pooled overall DR of 18F-DCFPyL
PET/CT in BRPCa was 81% (95% CI: 76.9-85.1%). For I? =
53.2%, high heterogeneity was found.

In order to identify the source of high heterogeneity, we
performed the subgroup analysis (Figure 3) according to the PSA
level with a cutoff value of 1 ng/ml before 18F-DCFPyL PET/CT
scanning. The results revealed that the pooled overall DR in
the low-PSA level group was 73% (95% CI: 67-80%), and the

pooled overall DR in the high-PSA level group was 84% (95% CI:
77-85%). For I> = 0 and 28.9%, no high heterogeneity was found.

Lastly, we performed the analysis of detection rate of 18F-
DCFPyL PET/CT in BRPCa stratified by different PSA levels
(Figure 4). The pooled DR was 47.2% for PSA < 0.5 ng/ml (95%
CL: 32.6-61.8%), 70.3% for PSA 0.5-1ng/ml (95% CI: 60.2—
80.5%), 82.9% for PSA 1-2ng/ml (95% CI: 74.5-91.3%), and
94.3% for PSA >2ng/ml (95% CI: 91.8-96.9%).

Publication Bias

We quantified publication bias by the Egger method. Publication
bias was found in the overall DR of 18F-DCFPyL PET/CT
in BRPCa (P = 0.021). The Egger graph was shown in
Supplementary Material 2.

DISCUSSION

Although several meta-analyses have evaluated the diagnostic
performance of PET/CT in BRPCa (40-45), to our knowledge,
this is the first systematic review that focuses on the role of
18F-DCFPyL PSMA PET/CT in early detection of recurrent
lesions in BRPCa patients. Besides, our data include the most
up-to-date studies that have been published over the past year.
Crocerossa et al. (42) reported that the overall DR of 68Ga-
PSMA PET/CT was 72.4%. Fanti et al. (43) reported that the

Etienne Rousseau (2019)
M. Wondergem (2019)
Dietlein (2017)

Overall (I-squared = 53.2%, p = 0.029)

NOTE: Weights are from random effects analysis

Study Overall detection rate of 18F-DCFPyL PSMA PET/CT %
D in biochemically recurrent prostate cancer ES (95% Cl) Weight
|
Markowski MC (2020) —o+ 0.76 (0.68, 0.84) 12.20
Hong Song (2020) —§+— 0.85 (0.76, 0.93) 11.85
Wei Liu (2020) E-*— 0.87 (0.80, 0.95) 13.29
1
Bernard H.E. Jansen (2020) —0—5— 0.67 (0.48, 0.86) 3.89
1
Steven P. Rowe (2020) —0—%— 0.68 (0.51, 0.84) 4.86
L]
Esther Mena (2019) —+—  0.78(0.69, 0.86) 11.46

1

1
-~ 0.85(0.78,0.91) 15.15
& 0.86(0.82,0.91) 18.55
0.74 (0.63, 0.85) 8.75

<> 0.81(0.77, 0.85)

100.00

-.947

tomography.

FIGURE 2 | Forest plot for overall detection rate of 18F-DCFPyL PSMA PET/CT in biochemically recurrent prostate cancer. 18F-DCFPyL, 2-(3-{1-carboxy-5-[(6-[18F]
fluoro-pyridine-3-carbonyl)-amino]-pentyl}-ureido)-pentanedioic acid; PSMA, prostate-specific membrane antigen; PET/CT, positron emission tomography/computed

.947
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overall DR of 11C-choline PET/CT was 62% (95% CI: 53-71%).
Von Eyben and Kairemo (44) reported that the overall DR of
18F-fluorocholine PET/CT was 66%, and our result suggests that
the overall DR of 18F-DCFPyL PET/CT is 81% (95% CI: 76.9-
85.1%). In conclusion, it shows that 18F-DCFPyL PET/CT has
a relatively higher overall DR in BRPCa than other techniques
mentioned above, which may enable physicians to make earlier
clinical decisions for preventing further metastasis. Nevertheless,
the results should be prudentially concluded due to the existence
of publication bias (P = 0.021).

Of all our nine included studies, Jansen et al. (34) and Rowe
et al. (35) reported a relatively low overall DR (66.7 and 67.7%,
respectively.) in comparison with Song et al. (32), Liu et al.
(33), Rousseau et al. (37), and Wondergem et al. (38) (84.7,
87.0, 84.6, and 86.3%, respectively). This is mainly because the
participants in the former two studies had lower PSA levels
before 18F-DCFPyL PET/CT (0.7 and 0.4 ng/ml, respectively).
Another possible reason is that these two studies did not detail the
distribution of Gleason scores of their participants. In addition,
prior published studies have shown that PSA doubling time
was a strong predictor for developing metastatic disease using
conventional imaging (46, 47). However, we did not further

analyze the association between PSA doubling time and a positive
DR, since there were only four of our included studies (33, 36-38)
reporting the specific mean/median PSA doubling time before
18F-DCFPyL PET/CT. Lastly, Markowski et al. (31), Jansen et al.
(34), and Rowe et al. (35) included patients who were only treated
with RP previously. Liu et al. (33) included patients who were
only treated with RT previously. Other five studies included
patients who were treated with RP or RT previously. Since the
definition of BCR after RP is different from that after RT, patients
who received different types of therapies could also possibly affect
the DR of 18F-DCFPyL PET/CT.

High heterogeneity (I> = 53.2%) was found in the overall
DR of 18F-DCFPyL PET/CT in BRPCa patients. When the
included studies were classified by the mean/median PSA level
with 1 ng/ml before 18F-DCFPyL PET/CT scanning in subgroup
analysis, the I decreased from 53.2 to 0% and 28.9%, respectively
(Figure 3). Thus, it shows that the 18F-DCFPyL may exhibit
highly consistent sensitivity in BRPCa with higher PSA levels,
which is in accordance with our clinical experience.

However, we did not perform a detailed analysis about the
DR of 18F-DCFPyL PET/CT in local recurrence, regional lymph
node recurrence, distant lymph node recurrence, bone, and
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tomography/computed tomography.

organ. The reasons are as follows. For one thing, since the place
for cancer to metastasize varies between individuals in clinical
practice, it is much more reasonable to evaluate DR in recurrent
sites on a per-lesion basis. However, all included studies in our
meta-analysis only reported DR in recurrent sites on a per-person
basis but not on a per-lesion basis. For another, due to the lack
of specific corresponding relation between PSA levels and DR
in different recurrent sites in our included studies, we could not
conduct the analysis of DR in different recurrent sites stratified
by different PSA levels.

Treglia et al. (40) previously reported that 18F-labeled
PSMA PET/CT had a better DR in BRPCa patients while
PSA level was rising. Similarly, our meta-analysis also
illustrated a trend that 18F-DCFPyL PSMA PET/CT may

exhibit improved sensitivity in BRPCa with increased
PSA levels (Figure4). For PSA 1-2ng/ml and PSA
> 2ng/ml, the overall DR of 18F-DCFPyL PET/CT

significantly rose up to 82.9% (95% CI: 74.5-91.3%) and
94.3% (95% CI: 91.8-96.9%), respectively. By contrast, for
PSA <0.5ng/ml and 0.5-1ng/ml, the overall DRs were
only 47.2% (95% CIL 32.6-61.8%) and 70.3% (95% CI:
60.2-80.5%), respectively.

Thus, an optimal PSA threshold that would justify 18F-
DCFPyL PET/CT imaging is necessary to be established.
For 11C-choline PET/CT, Castellucci et al. (48) showed an
optimal cutoft point for trigger PSA of 2.43 ng/ml. For 68Ga-
PSMA PET/CT, Hope et al. (49) reported an optimal PSA
threshold of 1.5ng/ml. For 18F fluorocholine PET/CT, Gauvin
et al. (50) suggested that a trigger PSA of 2.6ng/ml had
a sensitivity of 84% and specificity of 65% for a positive
scan. However, the optimal PSA threshold for 18F-DCFPyL
PET-CT has not been suggested yet. Our study revealed that

the pooled overall DR of 18F-DCFPyL PET/CT was 88.8%
for PSA > 0.5ng/ml (95% CI: 86.2-91.3%) and 47.2% for
PSA < 0.5ng/ml (95% CI: 32.6-61.8%). Basing on the above
results and considering the high cost of PET/CT scans, we
assumed that a PSA threshold of 0.5ng/ml for 18F-DCFPyL
PET/CT might be reasonable and cost-effective. That means 18F-
DCFPyL PET/CT could detect recurrent sites in BCR patients
at lower PSA levels compared with other targeted radiotracers.
Moreover, its higher sensitivity enables urologists to tailor
earlier salvage procedures or medical treatment and potentially
influence outcome. Nevertheless, our results were based on
only nine studies published in recent years. Further large-scale
studies are warranted to prove its significant advantages and
clinical values.

Over the past decades, a variety of targeted radiotracers
including 11C/18F-choline, 18F-fluciclovine, 68Ga-PSMA, and
18F-PSMA have been proposed. In 2012, choline was approved
by the U.S. Food and Drug Administration (FDA) as an imaging
agent to be used to detect PCa during PET imaging. However,
choline is accumulating not only in malignant tissues but
also in inflammatory diseases. It means that choline PET/CT
imaging may be limited for the differentiation of malignant
and benign lesions, which is particularly important in lymph
nodes (51). The use of fluciclovine was approved by the U.S.
FDA in May of 2016, and its rational biodistribution and
slow renal excretion make it suitable for imaging of suspected
PCa recurrence following treatment (52). Similarly, a major
disadvantage of the 18F-fluciclovine PET tracer is its nonspecific
uptake by benign inflammatory prostatic tissue (53). In addition,
the review of the data demonstrated lower detection rates of
18F-choline, 18F-fluciclovine for each respective PSA cohort
(54). Thus, PCa-specific PET/CT radiotracers such as 68Ga-
PSMA and 18F-PSMA seem to show superiority and provide
new insight into the early patterns of disease spread. Until
now, 68Ga-PSMA is the most commonly used radiotracer in
clinical practice (55). It is the first drug for PET imaging of
PSMA-positive lesions in men with PCa approved by the U.S.
FDA in December of 2020 whether or not the cancer has
spread to other parts of the body (56). However, recent years
have witnessed the beginning of a shift from 68Ga to 18F-
labeled compounds (57). 18F-DCFPyL, the second-generation
18F-labeled PSMA radiotracers, has also received increasing
recognition recently since it was proposed (58). Because of the
lower positron emission energy of 18F-DCFPyL, the distance
to decelerate the positron in human tissue is much shorter
in comparison with 68Ga-PSMA, resulting in a higher image
resolution. Furthermore, production volume and a longer half-
life offer practical advantages over 68Ga-PSMA (10). Given the
above diagnostic advantages, the role of 18F-DCFPyL PET/CT
may extend beyond BRPCa to the initial staging of high-risk PCa
in the future.

The study has several limitations. Firstly, none of the included
studies has complete histologic validation. In a lack of histological
validation, it cannot be excluded that some lesions detected
by 18F-DCFPyL PET/CT may represent false-positive findings.
Secondly, we did not further analyze the pooled DR of 18F-
DCFPyL PET/CT based on recurrent sites. Thirdly, patients who
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receive ADT or not after RP or RT may share different BCR
progression, PSA levels, and metastatic sites. All these conditions
could possibly affect the DR of 18F-DCFPyL PSMA PET/CT.
However, due to the lack of this specific information in our
included studies, we could not conduct the subgroup analysis
of overall DR divided by patients with or without ADT and it
might be a confounder in our study. Lastly, publication bias was
observed in our study. Large-scale and well-designed studies are
warranted for a valid conclusion.

CONCLUSION

Despite some limitations, our meta-analysis revealed that 18F-
DCFPyL PET/CT has a relatively high DR in BRPCa. To prove
our results, future large-scale and well-designed studies are
needed to provide more powerful evidence.
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