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Abstract 

Prostate-specific membrane antigen (PSMA)-targeted PET imaging for prostate cancer with 
68Ga-labeled compounds has rapidly become adopted as part of routine clinical care in many parts of 
the world. However, recent years have witnessed the start of a shift from 68Ga- to 18F-labeled 
PSMA-targeted compounds. The latter imaging agents have several key advantages, which may lay 
the groundwork for an even more widespread adoption into the clinic. First, facilitated delivery from 
distant suppliers expands the availability of PET radiopharmaceuticals in smaller hospitals operating 
a PET center but lacking the patient volume to justify an onsite 68Ge/68Ga generator. Thus, such an 
approach meets the increasing demand for PSMA-targeted PET imaging in areas with lower 
population density and may even lead to cost-savings compared to in-house production. Moreover, 
18F-labeled radiotracers have a higher positron yield and lower positron energy, which in turn 
decreases image noise, improves contrast resolution, and maximizes the likelihood of detecting 
subtle lesions. In addition, the longer half-life of 110 min allows for improved delayed imaging 
protocols and flexibility in study design, which may further increase diagnostic accuracy. Moreover, 
such compounds can be distributed to sites which are not allowed to produce radiotracers on-site 
due to regulatory issues or to centers without access to a cyclotron. In light of these advantageous 
characteristics, 18F-labeled PSMA-targeted PET radiotracers may play an important role in both 
optimizing this transformative imaging modality and making it widely available. We have aimed to 
provide a concise overview of emerging 18F-labeled PSMA-targeted radiotracers undergoing active 
clinical development. Given the wide array of available radiotracers, comparative studies are needed 
to firmly establish the role of the available 18F-labeled compounds in the field of molecular PCa 
imaging, preferably in different clinical scenarios. 
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Introduction 
As one of the most common malignancies in men 

in the United States and Europe, the incidence of 
metastatic prostate cancer (PCa) continues to rise 
[1-3]. The ability to ascertain the presence and extent 
of metastatic disease has been significantly increased 
through the introduction of imaging agents targeting 
prostate-specific membrane antigen (PSMA) which 
provide superior diagnostic performance compared to 
alternative techniques, with a calculated positive 
predictive value of >95% [4-6]. These PSMA-targeted 
PET radioligands have not only been found to have 
diagnostic accuracy for visualizing sites of PCa, but 
have also paved the way for a theranostic approach 
utilizing alpha/beta-labelled agents, in a manner 
similar to peptide receptor radionuclide therapy for 
neuroendocrine tumors [7-10]. In this regard, the 
theranostic principle is based on the concept of a 
predictive biomarker (e.g. sufficient uptake on a 
PSMA-targeted PET scan in putative sites of disease), 
followed by an indivualized treatment with a 
therapeutic agent, e.g. by targeted ß- treatment using 
177Lu-labeled PSMA inhibiting compounds [11, 12]. 

In general, a PET-based radionuclide for imaging 
PCa should inherit several key properties to generate 
good imaging quality and to satisfy the needs of the 
treating urologist: the compound should (I.) have a 
high affinity towards a target on PCa cells providing 
very high tumor-to-background ratios, (II.) identify 
even very small volume sites of disease, (III.) have a 
biodistribution favorable to the detection of typical 
sites of disease such as the prostate bed, pelvic lymph 
nodes, and bone, (IV.) work reliably among a large 
variety of different clinical contexts including initial 
staging, restaging at the time of biochemical 
recurrence, radiation or surgery planning, (V.) have a 
high radiochemical yield enabling for a high 
throughput of patients, (VI.) have been extensively 
validated in a (pre-)clinical setting, (VII.) outperform 
current state-of-the-art imaging approaches, and 
(VIII.) allow for endoradiotherapy by labelling 
structurally related agents with 177Lu, 90Y, or 
alpha-emitting radionuclides.  

To date, 68Ga-labeled imaging agents are by far 
the most commonly used PSMA-targeted PET 
radiotracers in clinical practice [13]. However, recent 
years have witnessed the beginning of a shift from 
68Ga- to 18F-labeled compounds [14]. The latter 
radionuclide offers several advantages compared to 
68Ga including: a.) flexibility in study design with 
potential for delayed imaging protocols due to a 
longer half-life, b.) lower positron energy with 
resultant short positron range in tissue and improved 
contrast and noise, and c.) potential for distribution by 
commercial vendors through existing shipping 

networks [15, 16]. Notably, such dispatch systems 
from central cyclotron facilities to smaller hospitals 
have led to remarkable cost-savings for [18F]FDG [17]. 
Thus, if a more widespread adoption of 
PSMA-targeted PET imaging is to be pursued in the 
near future, 18F-labeled radiotracers may play a 
pivotal role in meeting this increasing demand in 
patient care. In addition to that, recent studies have 
already suggested that the theoretical improved 
imaging possible with 18F- compared to 68Ga-labeled 
PSMA agents may already have an impact on patient 
care, such as in subjects with biochemically-relapsed 
PCa [18-20]. Nonetheless, 18F labeling chemistry has 
also several drawbacks, e.g. time-consuming labeling 
procedures (e.g. indirect labeling methods instead of 
direct fluorination methods using a single precursor) 
[21], challenging radiosynthesis (e.g. varying 
chemoselectivity for the incorporation of 18F into 
compounds such as peptides) [22], installation and 
maintenance of a costly cyclotron, and limited 
experience with theranostic approaches based on 
18F-labeled compounds as the diagnostic agents [23].  

However, given the increasing use of 18F 
radiochemistry for molecular imaging in PCa, we 
aimed to provide an overview of recently introduced 
18F-labeled radiotracers for PSMA-targeted PET 
imaging. Older, first-generation, 18F-labeled 
radiotracers for PSMA including [18F]DCFBC and the 
phosphonomethyl compound BAY 1075553 will not 
be the focus of this review of more-recently- 
developed agents, but we mention them here to 
acknowledge the important role of such compounds 
in providing early evidence of the feasibility of 
imaging PSMA with 18F-labeled agents [24-30]. This 
review will focus on newer radiotracers including 
clinical development of a number of agents, such as 
the clinically established radiotracers [18F]DCFPyL 
and [18F]PSMA-1007 (Part I) and the recently 
introduced agents [18F]CTT1057, [18F]-FSU-880, 
[18F]JK-PSMA-7 and [18F]AlF-PSMA-11 (Part II) [14, 
31-35]. Figure 1 illustrates the chemical structures of 
selected 18F-labeled compounds [32]. 

18F vs. 68Ga radiochemistry in molecular 
imaging of PCa 

Compared to 18F, 68Ga has multiple drawbacks:  
1.) The lower positron yield (68Ga, 89.14% vs. 18F, 

96.86%) and higher positron energy (68Ga, 1,899 keV 
vs. 18F, 633 keV) of 68Ga may impact image quality and 
degrade diagnostic yield [36]. Among other physical 
properties, those factors contribute to the partial 
volume effect, which in turn has a major impact on 
semi-quantification, e.g. by intra- or inter-lesion 
comparisons using standardized uptake values (SUV) 
[37]. For instance, the image spatial resolution is 
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inferior with 68Ga compared to 18F (2.4 vs 1.4 mm in all 
directions) [38]. Given the presence of multiple 
single-photon emissions, imaging noise is also 
increased with 68Ga [37].  

2.) In light of the large variety of 
commercially-available 68Ga generators, varying 
properties of these generators (e.g. hydrochloric acid 
concentration, eluate processing procedures, or 
cationic/anionic exchange cartridges) have to be 
taken into account [39]. The ability to mass produce 
18F-labeled PSMA inhibitors will provide a supply of 
PET agent that would saturate any demand for such 
agents. Similar supply cannot be met with a 68Ga 
generator-dependent PET agent [36].  

3.) Delivery of 18F-labeled radiopharmaceuticals 
from distant suppliers expands the availability of PET 
radiopharmaceuticals in smaller hospitals operating a 
PET center remote from a cyclotron facility [17]. This 
is particularly important given the growing demand 
for PSMA-targeted PET scans around the globe. 
However, for 68Ga generators, a relatively high 
throughput of patients is needed to reduce the cost 
per injected dose [40]. Thus, commercial sources for 
18F-labeled compounds can offer a cost-effective 
alternative to in-house cyclotrons, as has been proven 
for [18F]FDG [41]. In the U.S., Medicare spending is 
anticipated to double between 2010 and 2030 to 
approximately $1.2 trillion and thus, escalating health 
care expenses increase the demand for such effective 
cost containment strategies [42]. Purchasing [18F]FDG 
from a production supplier located 1200 miles away, 
Durcharme et al. have not only reported on the 

feasibility of incorporating such a concept in the clinic, 
but also summarized practical aspects when receiving 
18F-labeled agents from a distant supplier [17]. In 
addition, compared to 18F, the shorter half-life of 68Ga 
will limit the shipping range of 68Ga-labeled 
PSMA-targeted radiotracers to remote PET facilities.  

4.) The longer half-life of 18F allows for delayed 
imaging protocols. Using [68Ga]PSMA-HBED-CC, 
Hohberg and co-workers reported on a higher lesion 
detection rate for a later imaging time-point as 
compared to early imaging (1h vs 3h post-injection), 
in particular for patients with low PSA levels [43]. 
Schmuck et al. have also shown that in patients with 
biochemical recurrence or PSA persistence after 
primary therapy for PCa, tumor-to-background ratios 
have increased at later imaging time-points using 
[68Ga]PSMA I&T [44]. 18F has a longer half-life and 
thus, one may hypothesize whether even more 
delayed imaging protocols with 18F-labeled PSMA 
radiotracers may also further increase overall 
detection rate. This also applies to increased 
acquisition times, which improves overall imaging 
quality by reducing image noise in PCa molecular 
imaging [45]. 

5.) The success of 18F-labeled, PSMA-targeted 
PET agents is most likely owed to the widespread 
adoption of the most commonly used radiotracer in 
oncology, namely [18F]FDG [46]. Thus, for 18F-labeled 
imaging agents for PCa, existing cylotrons, 
infrastructure, and protocols for production, 
handling, and transport of 18F can be effectively 
utilized.  

 

 
Figure 1. Chemical structure of 18F-labeled radiotracers. [18F]DCFPyL (A), [18F]PSMA-1007 (B), [18F]CTT1057 (C), (D) [18F]JK-PSMA-7 and (E) [18F]AIF-PSMA-11. The 
urea backbone of (A), (B), (D) and (E) is marked in blue, while the phosphoramidate of [18F]CTT1057 in (C) is highlighted in orange. Modified from Behr et al. [32], © by the Society 
of Nuclear Medicine and Molecular Imaging, Inc. 
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Table 1. Head-to-head comparison of 68Ga and 18F radiochemistry for prostate cancer molecular imaging. 

 Disadvantages Advantages 
 
 
68Ga 
 

Lower positron yield and longer positron range lead to an increased partial volume 
effect, which in turn hampers diagnostic accuracy and semiquantitative approaches 
[37] 
Limited time-span between injection of the radiopharmaceutical and start of the 
scan [37] 
Increased imaging noise compared to 18F [37] 
68Ga-based synthesis allows for the production of sufficient radioactivity for 5 to 6 
scans per day (depending on the time point of the generator life span) [36] 
Large variety of commercially available 68Ga generators with varying properties, 
e.g. different hydrochloric acid concentration or eluate processing procedures [39] 
Deterioriating performance of 68Ge / 68Ga generators 

Most commonly used radiotracer in clinical practice to date for prostate cancer 
Easily obtainable via commercially available 68Ga generators 
Extensively tested in large clinical trials, e.g. in a prospective single-arm trial 
enrolling 635 men [47] 
Extensively used in a theranostic setting for subsequent 177Lu-based therapies [12] 
 

18F Installation and maintenance of a costly cyclotron is required [23] 
Time-consuming and challenging radiosynthesis [23] 
No larger prospective trials to date (comparable to 68Ga-PSMA PET [47]) 
Experience with theranostic approaches based on 18F-PSMA PET are limited  

Theoretically, it allows for the injection of less radioactivity, which minimizes 
radiation exposure to both patients and personnel [15] 
Increases the stability of a radiopharmaceutical against metabolism at sensitive 
positions and allows for higher flexibility in the study design [15] 
Allows for delayed imaging protocols, which may increase lesion detection rate (in 
a manner similar to late imaging protocols using 68Ga-labeled PSMA PET 
radiotracers) [15, 43, 44, 93] 
Cyclotron-based synthesis of 18F allows for the production of larger batches on the 
basis of a single synthesis [36] 
Delivery to smaller hospitals operating a PET center remote from a cyclotron 
facility: 
-Expands the armamentarium of available PET radiopharmaceuticals in smaller 
hospitals  
-Cost-effective alternative (compared to in-house productions), as shown with 
[18F]FDG [41] 

 
 
Nonetheless, several drawbacks of 18F-labeled 

compounds have to be considered, in particular when 
compared to current 68Ga-PSMA PET compounds: 

1.) The time-consuming and challenging 18F 
radiochemistry is an important potential limitation 
[23], although centralized production of 18F-labeled 
compounds, as opposed to onsite production, would 
substantially mitigate this drawback. 

2.) Given the increasing availability of 68Ge/68Ga 
generators with a half-life of 271 days, an on-site 
cyclotron is not necessary for having access to 68Ga for 
labeling radiopharmaceutical precursors [37].  

3.) 68Ga-labeled PSMA specific compounds are 
better evaluated based upon their long-standing use 
in daily patient care. For instance, Fendler et al. 
recently evaluated [68Ga]PSMA-11 in a prospective 
single-arm trial enrolling 635 men [47]. 

4.) To date, theranostic experiences with 
177Lu-labeled PSMA inhibitors are based on sufficient 
uptake in a preceding 68Ga-PSMA PET scan [12]. 

5.) The costs for 70 MeV cyclotron can be 
>$13,000,000, while commercial automated 68Ga- 
labeling snythesis units cost approximately $10,000 - 
$50,000 [48, 49] (Table 1). 

Part I: Clinically established 18F-labeled 
radiotracers 
[18F]DCFPyL 

First, Szabo and co-workers reported on nine 
patients with known metastatic PCa. Apart from an 
acceptable safety profile, increased radiotracer 
accumulation was appreciated in presumed primary 
and metastatic sites of disease, along with an effective 

radiation dose comparable to [18F]FDG (0.0319 
mGy/MBq after injection of 370 MBq). In descending 
frequency, the highest radiation dose was recorded in 
the kidneys (most likely caused by specific binding), 
followed by the urinary bladder wall, the 
submandibular glands and the liver. Compared to 
other 18F-labeled PSMA agents, the latter finding of 
less hepatic uptake may play a role for an increased 
detection rate of liver lesions attributable to PCa [14] 
and may aid in the identification of high 
retroperitoneal lymph nodes.  

Not surprisingly, [18F]DCFPyL outperformed 
other molecular imaging agents (99mTc-methylene 
diphosphonate bone scan, Na18F PET/CT) for lesion 
detection in patients with PCa. In a 45-year old man 
with suspected oligometastatic PCa, 87 definitive sites 
of non-physiologic [18F]DCFPyL accumulation were 
detected, while planar bone scan detected only 12 
supicious sites and Na18F PET/CT 39 lesions [50]. The 
same research group also reported on the superiority 
of [18F]DCFPyL compared to conventional imaging on 
a larger basis. In a secondary analysis of the first nine 
patients imaged with [18F]DCFPyL, 138 definitive sites 
of [18F]DCFPyL uptake were recorded, while only 1 
was classified as equivocal. This was in 
contradistinction to CT-and-bone-scan based disease 
patterns (30 definitive, 15 equivocal). Taking into 
account intra-patient clustering effects, lesions which 
have been rated as negative/equivocal on 
conventional imaging would be positive on 
[18F]DCFPyL in the vast majority of the cases (0.72, 
based on a generalized estimating equation regression 
analysis) [5]. In addition, [18F]DCFPyL has also been 
tested in a head-to-head comparison with its 
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68Ga-labeled counterpart, namely [68Ga]PSMA-11. In 
14 patients with biochemically recurrent disease, the 
18F-labeled radiotracer identified more sites of disease 
in three patients and those findings were also further 
corroborated semiquantitatively (higher maximum 
SUV (SUVmax) and tumor-to background ratios). The 
results of this study suggest [18F]DCFPyL is an 
attractive alternative to 68Ga-labeled compounds 
(Figure 2) [18].  

Given the promising data comparing 
[18F]DCFPyL to a 68Ga-based imaging agent, Giesel  et 
al. performed a pilot study investigating the novel 
18F-labeled PSMA-targeted PET compound 
[18F]PSMA-1007 with [18F]DCFPyL. In the twelve 
selected, treatment-naïve patients, no significant 
differences were recorded regarding visual or 
semiquantitative assessment (SUVmax) of putative 
sites of disease. However, distinct characteristics were 
noted between both radiotracers. In an 
organ-to-background analysis, [18F]DCFPyL had 
significant higher radiotracer accumulation in the 
urinary system and lacrimal glands, which may 
hamper diagnostic accuracy in small lymph nodes in 
the (lower) pelvis. This was in contradistinction to 
[18F]PSMA-1007, which demonstrated increased 
uptake levels in the muscle, submandibular and 
sublingual glands, spleen, pancreas, gallbladder, and 
liver. The latter organ uptake may decrease the level 
of certainty of a reader that an equivocal finding in the 
liver is a site of disease, in particular without a 
cross-sectional imaging correlate [51].  

Wondergem et al. compared a 60 vs. 120 min 
time-to-scan interval using [18F]DCFPyL and showed 

that >38% of all investigated patients had more 
suspicious lesions when the later imaging protocol 
was applied. Notably, this led to a change in TNM 
staging in >9% [52]. If there is widespread adoption of 
18F-labeled, PSMA-targeted radiotracers for PCa 
imaging or even an incorporation of those agents in 
clinical guidelines, such observations are of utmost 
importance for establishing adequate imaging 
protocols. Rousseau and co-workers tested 
[18F]DCFPyL in a prospective setting in 130 subjects 
and reported on detection of recurrent PCa in 78% for 
PSA levels of ≥0.5-<1 ng/ml and 92% for ≥2.0 ng/ml 
[53]. Thus, compared to a recent prospective trial 
using [68Ga]PSMA-11, detection rates with 
[18F]DCFPyL were substantially higher, in particular 
in patients with low-level PSA ([68Ga]PSMA-11: 0.5 - 
<1 ng/ml, 57% and 2.0 ng/ml, 86%) [47, 53]. These 
findings further suggest that the inherent advantages 
of 18F-labeled radiotracers over 68Ga-labeled agents 
may translate into clinical practice. Notably, 
management plans changed in >87% after conducting 
an [18F]DCFPyL scan with a change in treatment 
intent in >65% [53]. 

Many pitfalls for both 68Ga- and 18F-labeled 
PSMA-targeting radiotracers have been reported 
since their routine introduction in the clinic [54]. 
These include, but are not limited to: benign sites of 
radiotracer accumulation (e.g. ganglia which can be 
misinterpreted as lymph node metastases or healing 
fractures as bone lesions), benign vascular tumors 
(hepatic hemangioma), pulmonary involvement 
(sarcoidosis or tuberculosis) or even non-prostatic 
malignant tumors such as renal cell carcinoma [55]. To 

 

 
Figure 2. Head-to-head comparison of maximum intensity projections of [68Ga]PSMA-11 and [18F]DCFPyL in a patient with rising levels of prostate-specific membrane 
antigen. For [18F]DCFPyL, additional PSMA-positive supradiapragmatic lesions are noted. Modified from Dietlein et al. [18], © the authors (2015), published under the terms of 
the Creative Commons Attribution 4.0 International supradiaphragmatic (http://creativecommons.org/licenses/by/4.0/). 
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address these manifold pitfalls, framework systems 
for PSMA-targeted PET imaging have been recently 
introduced, and such reporting systems may meet the 
need to harmonize interpretation of PSMA PET-based 
findings [56, 57]. Readers with different levels of 
experience each read 50 [18F]DCFPyL PET/CTs and 
utilized the PSMA reporting and data system 
(PSMA-RADS) framework to classify up to five target 
lesions. Notably, using such a structured reporting 
system, the majority of the PET studies were assigned 
to the highest PSMA-RADS score (PSMA-RADS-4 or 
-5), which indicates that the readers were convinced 
that PCa was either highly likely or certainly present. 
Thus, this study further suggests the high sensitivity 
and specificity of [18F]DCFPyL for assessing sites of 
disease solely on a visual level. Moreover, the high 
concordance rate, even among readers with different 
levels of experience, suggests that this radiotracer is 
nearing readiness to be implemented in the collection 
of data for larger prospective trials [58].  

Beyond its potentially pivotal role in PCa 
imaging, an extensive body of literature has also 
reported on the utility of this radiotracer for non-PCa 
malignancies and malignant-like conditions, e.g. for 
renal cell carcinoma, oncocytoma, and high-grade 
gliomas [59-63]. These findings render this 
radiopharmaceutical an attractive compound for 
other tumor entities, not only for diagnostic purposes, 
but also for selecting patients for radioligand 
treatment (RLT). However, prior to an 
implementation as a potential therapeutic radiotracer, 
reproducible methods for a reliable (peri)therapeutic 
dosimetry are indispensable, which in turn allows for 
maximizing therapeutic efficacy but minimizing 
potential harm [64]. Thus, Plyku et al. calculated the 
absorbed doses of [18F]DCFPyL to the lacrimal and 
salivary glands based on Monte Carlo models, which 
are also known as the potentially dose-limiting organs 
for RLT and thus, this study may lay the groundwork 
for an application of compounds structurally related 
to [18F]DCFPyL in a treatment setting [65].  

The OSPREY trial (“A PrOspective Phase 2/3 
Multi-Center Study of [18F]DCFPyL PET/CT Imaging 
in Patients With PRostate Cancer: Examination of 
Diagnostic AccuracY”, ClinicalTrials.gov Identifier: 
NCT02981368) investigated 385 patients and can 
provide additional insights into the diagnostic 
performance of 18F-DCFPyL. In this study, patients 
with either clinically localized PCa and patients with 
metastatic PCa were included in a prospective trial. 
The primary endpoint is the accuracy of [18F]DCFPyL 
to either detect PCa in pelvic lymph nodes in patients 
scheduled to undergo radical prostatectomy or the 
detection rate of metastatic PCa in patients willing to 
undergo biopsy [66]. OSPREY is being followed by 

another trial known as CONDOR (“A Phase 3, 
Multi-Center, Open-Label Study to Assess the 
Diagnostic Performance and Clinical Impact of 
18F-DCFPyL PET/CT Imaging Results in Men With 
Suspected Recurrence of Prostate Cancer”, 
ClinicalTrials.gov Identifier: NCT03739684) that is 
examining the role of [18F]DCFPyL in biochemical 
recurrence in men with negative or equivocal 
conventional imaging. 

[18F]PSMA-1007 
Spearheaded by Giesel et al., [18F]PSMA-1007 was 

first tested in a patient with biochemically recurrent 
PCa and this imaging agent detected micrometastases 
along the retroperitoneum and iliac arteries [67]. 
Thereafter, this compound was further evaluated in a 
Phase 1 trial using three healthy volunteers and ten 
PCa patients (injection-to-imaging intervals, 1 h and 3 
h). First and foremost, the authors reported on no 
adverse events and the mean effective dose was 
comparable to other 18F-labeled PSMA PET agents 
(injected amount of radiotracer activity, 200-250 
MBq). The notably reduced renal excretion of 
[18F]PSMA-1007 may further increase diagnostic 
accuracy for small lymph node metastases in the 
pelvis (particularly if located along the ureters) or to 
assess lesions below/adjacent to the urinary bladder, 
i.e. local recurrence (clearance via urinary tract for 
[18F]PSMA-1007 during the first 2 h p.i., 1.2% of the 
injected activity vs. 11% for 18F-DCFPyL) [14, 31]. 
Beyond a report on visual assessment, the authors 
also performed a histopathological comparison of 
patients who underwent prostatectomy and the 
diagnostic findings were validated by examinations of 
harvested tumor tissue [31]. Based on these 
encouraging findings, Rahbar et al. evaluated 100 
patients with biochemical relapse in a retrospective 
setting and distinctive detection frequencies among 
patients with different PSA levels were noted, with 
rates of positive scans as follows: 86%, 89%, 100% and 
100% among patients with PSA levels of ≤0.5, 0.51-1.0, 
1.1-2.0 and > 2.0 ng/ml, respectively [68]. Giesel et al. 
provided further insights on the diagnostic efficacy of 
[18F]PSMA-1007 in >250 patients suffering from 
biochemical recurrence after radical prostatectomy: 
Further improvements in the overall detection rate 
were recorded, in particular in low and ultra-low PSA 
levels of 0.5-<1 and 0.2-<0.5 ng/mL with detection 
rates of 74.5% and 61.5%, respectively [69]. Rahbar and 
coworkers also reported on the superior diagnostic 
performance of [18F]PSMA-1007 in comparison with 
[68Ga]PSMA-11, in particular for segregating local 
recurrence from physiological radiotracer excretion 
[70]. Similar to [18F]DCFPyL, [18F]PSMA-1007 has an 
increased lesion detection rate at 120 min p.i. 
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compared to an early imaging protocol 60 min p.i., 
along with a significant increase in SUVmax [71] 
(Figure 3). The recently launched “[18F]PSMA-1007 
Global Initiative“ aims to establish further phase I/II 
trials and these results may reveal insights into the 
added value of this imaging agent among high-risk 
individuals [72]. Recently, Rauscher et al. reported on a 
matched-pair comparison in patients undergoing 
either [68Ga]PSMA-11 or [18F]PSMA-1007 PET/CT. 
For the latter agent, a higher number of lesions with 
quantitatively increased radiotracer accumulation 
attributed to benign lesions were found, which further 
emphasizes the need of increasing reader’s confidence 
to identify such pitfalls [73]. Thus, incorporation of 
structured reporting systems may be of relevance for 
an accurate scan interpretation, in particular when 
reading an 18F-labeled PSMA PET scan [57].  

Table 2 provides a comparison of the 
performance of [18F]DCFPyL and [18F]PSMA-1007 to 
68Ga-labeled PSMA-targeting radiotracers. 

Part II: Recently introduced 18F-labeled 
radiotracers 
[18F]CTT1057 

Radiochemistry. In brief, for the production of 
[18F]CTT1057, succinimidyl-18F-fluorobenzoate is 
coupled to the primary amine precursor CTT1298. 
Production was carried out on ORA Neptis® Perform 

synthesizer (Optimized Radiochemical Applications, 
Philippeville, Belgium) [32]. 

Preclinical Investigations. While both [18F]DCFPyL 
and [18F]PSMA-1007 are based around an urea moiety 
that binds in the PSMA active side, the novel 
18F-labeled compound CTT1057 is based on a 
phosphoramidate core (Figure 1). Incorporating such 
a phosphoramidate scaffold, the binding to PSMA is 
irreversible (based on IC50 determinations), which 
may result in improved target-to-background ratios. 
A structurally related compound was investigated in 
[PSMA+] xenografts and demonstrated good imaging 
qualities, along with high uptake in sites of disease 
and rapid non-target clearance [74]. Notably, 
[177Lu]CTT1403 is based on the same binding scaffold 
like its PET counterpart CTT1057 and the therapeutic 
efficacy of the 177Lu-labeled compound has already 
been tested in a preclinical setting [75]. 

Clinical Investigations. Using a 3-tesla 
time-of-flight PET/MR system, Behr et al. recently 
reported on the first-in-human study of [18F]CTT1057. 
The authors indicated an acceptable safety profile and 
an average total effective dose of 0.023 mSv/MBq 
with the urinary bladder wall having the highest 
uptake. Notably, small bowel activity was rather 
minimal, which renders this agent a favorable 
diagnostic agent to assess sites of disease in the 
mid-abdomen, e.g. small lymph nodes. The effective 
dose from [18F]CTT1057 was similar to [68Ga]PSMA-11 

 

 
Figure 3. Head-to-head comparison of [68Ga]PSMA-11 vs. [18F]PSMA-1007 PET/CT. Biochemical relapse after prostatectomy, localized in the fossa of the seminal 
vesicle on the left. (A,D) early and (B,E) late [68Ga]PSMA-11 PET/CT scans which showed an equivocal finding. The residual activity of [68Ga]PSMA-11 3 hours p.i. was too low 
for a final interpretation (E). The additionally performed [18F]PSMA-1007 revealed the relapse with a PSMA overexpression, demonstrated on the maximal intensity projection 
(C) and on the coronal tomogram (F). The relapse showed a correlate on the low-dose CT (G). 



Theranostics 2020, Vol. 10, Issue 1 
 

 
http://www.thno.org 

8 

and [18F]PSMA-1007, but slightly higher than 
[18F]DCFPyL [14, 31, 76]. In 5 patients that were 
scheduled for imaging with [18F]CTT1057 followed by 
prostatectomy, 4 out of 5 patients had [18F]CTT1057 
positive lesions corresponding to pathology-proven 
PCa, while one patient had no focal prostatic uptake. 
In a second cohort suffering from metastatic 
castration-resistant PCa, the overall detection rate was 
higher with the novel compound compared to 
conventional imaging modalities, including bone scan 

and CT (Figure 4). Again, a late imaging protocol (90 
min p.i.) increased the overall detection rate. In this 
cohort, all patients had definitive local therapy and 
the lowest PSA level was 0.7 ng/ml. Thus, the 
detection rate may be comparable to clinically 
established agents, such [18F]PSMA-1007, and 
[18F]DCFPyL [32, 53, 68], but future trials will 
investigate the accuracy of this agent in sites of 
disease, in particular in patients with low PSA levels 
[32]. 

 

Table 2. Comparison of [18F]DCFPyL and [18F]PSMA-1007 to 68Ga-labeled PSMA-targeting radiotracers. BR = biochemical 
recurrence. RP = radical prostatectomy. RT = radiation therapy. 

 [18F]DCFPyL [18F]PSMA-1007 [68Ga]PSMA  

Detection rates (benign lesions) on 
a per-patient based analysis 

n/a Matched pair-analysis with 102 subjects 
Approximately 5 times more lesions attributed to benign origin compared to 68Ga-PSMA-11 
(245 vs. 52 lesions) [73]  

Overall detection rates (putative 
sites of disease) on a per-patient 
based analysis 

130 subjects with BR treated with RP 
(72.3%) or RT (34.6%): 110/130 (84.6%) [53] 
62 subjects with BR after RP (61%) or RT 
(39%): 46/62 (74.2%) [19] 

251 subjects with BR treated with RP 
(100%): 204/251 (81.3%) [69]  
100 subjects with BR treated with RP (92%) 
or RT (45%): 95/100 (95%) [68] 
 

635 subjects with BR after RP (41%),  RT (27%) 
or both (32%): 475/635 (75%) [47] 
 

PSA levels 130 subjects with BR treated with RP 
(72.3%) or RT (34.6%) 
60%, 78%, 72%, and 92% for patients with 
PSA levels of ≥0.4 to ≤0.5,≥0.5 to <1.0, ≥1.0 to 
<2.0, and ≥ 2.0 ng/ml [53] 
31 patients with biochemical recurrence 
following radical prostatectomy 
59.1% and 88.9% among patients with PSA 
levels of <1 and >1.0 ng/ml [105] 

100 subjects with BR treated with RP (92%) 
or RT (45%) 
86%, 89%, 100% and 100% among subjects 
with PSA levels of ≤0.5, 0.51-1.0, 1.1-2.0, 
and >2.0 ng/ml [68] 
251 subjects with BR treated with RP 
(100%) 
61.5%, 74.5%, 90.9%, and 94% among 
patients with PSA levels of <0.5, 0.51-1.0, 
1.1-2.0, and ≥2.0 ng/ml [69] 

Metaanalysis including 4,970 subjects 
33%, 45%, 59%, 75%, and 95% among patients 
with PSA levels of 0-0.19, 0.2-0.49, 0.5-0.99, 
1-1.99 and > 2.0 mg/ml [106] 
635 subjects with BR after RP (41%),  RT (27%) 
or both (32%) 
38%, 57%, 84%, 86%, and 97% among patients 
with PSA levels of <0.5, 0.5 to <1.0, 1.0 to <2.0, 
2.0 to <5.0, and >5.0 ng/ml [47] 

PET positivity based on Gleason 
Score 
(derived by biopsy or 
prostatectomy) 

130 subjects with biochemical recurrence 
treated with RP (72.3%) or RT (34.6%) 
≤6: 13%  
7: 50%  
≥8: 37% [53, 107] 

100 subjects with BR treated with RP (92%) 
or RT (45%) 
≤6: 6%  
7: 43% 
≥8: 28% 
not specified: 23% [68, 107] 

Metaanalysis including 1,615 subjects 
7: 72% 
8: 80% [106] 

Change in Management after Scan 130 subjects with BR treated with RP 
(72.3%) or RT (34.6%): 87% [53]  

n/a Metaanalysis including 1,163 subjects: 45% 
[108] 

 
 

Figure 4. Head-to-head comparison of [18F]CTT1057 PET study vs. standard of care bone scan vs. conventional CT. (A) [18F]CTT1057 maximum intensity 
projection (MIP) PET (left) with several matching PSMA avid osseous lesions on standard of care bone scan (right, yellow arrowheads), which can be seen on both imaging 
modalities. However, a PSMA avid lesion on [18F]CTT1057 in the skeleton has no clear bone scan correlate (blue arrow). (B) Axial [18F]CTT1057 PET (upper row, red 
arrowheads) highlights a 3 mm lymph node that is not enlarged by size criteria on conventional CT (lower row), but has marked [18F]CTT1057 uptake. In addition, further 
enlarged PSMA avid retroperitoneal lymph nodes can be detected (red arrowheads), along with PSMA avid lytic osseous metastases (green arrows).  
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Figure 5. Serial [18F]FSU-880 PET imaging. Whole-body distribution of [18F]FSU-880 in a patient suffering from prostate cancer with known metastatic disease. Maximum 
intensity projections of 5 serially performed [18F]FSU-880 PET studies (up to 2 h after radiotracer injection) are displayed. Uptake can be noted in a bone metastasis of the upper 
thoracic vertebrae, which has been already evident in PET 1, but can be even more clearly seen 2 h after administration of [18F]FSU-880 (PET 5, red arrow). Such findings further 
emphasize the importance of late imaging time-points in 18F-labeled PSMA imaging. Modified from Saga et al. [33], © the authors (2018), published under the terms of 
the http://creativecommons.org/licenses/by-nc/4.0/ license. 

 

[18F]FSU-880  
Radiochemistry. After having synthesized a 

radioiodinated urea compound targeting PSMA 
([123I]IGLCE), Harada et al. substituted the 
iodobenzamido group by a fluorobenzamido using 
[18F]SFB, which led to the development of 
[18F]FSU-880 [77].  

Preclinical Investigations. After synthesizing four 
18F-labeled asymmetric urea compounds on the basis 
of [18F]SFB (including [18F]FSU-880), these radiotracers 
were investigated in a biodistribution study using 
human prostate cancer xenograft-bearing mice (with 
[18F]DCFPyL serving as reference standard). Only 
[18F]FSU-880 demonstrated similar biodistribution 
profiles to [18F]DCFPyL, along with rapid blood 
clearance, increased accumulation in [PSMA+] 
LNCaP tumors, low accumulation in the skeleton, 
almost exclusive excretion from the kidneys and 
moderate to low liver uptake [77].  

Clinical Investigations. In light of these 
encouraging findings, [18F]FSU-880 was tested in six 
PCa patients with known metastatic disease. 
Radiotracer accumulation was noted in all sites of 
disease in the majority of the patients (5/6, with one 
patient under abiraterone acetate showing no uptake). 
No adverse events were recorded. The physiological 
biodistribution was similar to those of other 
small-molecule PSMA-targeting probes, with the 
kidneys receiving the highest dose, followed by the 
liver. Notably, four subsequent scans have been 

performed after injection of the radiotracer, with the 
final scan after 2 h. Again, a time-dependent increase 
in uptake was noted, with higher SUVmax and 
tumor-to-blood ratios in the primary and metastatic 
lesions at later imaging time-points [33]. However, all 
of the included subjects had a Gleason score ≥7 and 
increased PSA-levels of 11.12 – 487 ng/ml. Thus, 
further studies are needed to investigate the 
performance of [18F]FSU-880 in patients with low PSA 
levels, preferably in a head-to-head comparison with 
the clinically established agents [18F]PSMA-1007 and 
[18F]DCFPyL [33]. Figure 5 shows such serially 
performed PET studies with [18F]FSU-880 in a patient 
with bone involvement.  

[18F]JK-PSMA-7 
Radiochemistry. In brief, [18F]JK-PSMA-7 was 

prepared using a two-step reaction: In the first step, 
the radiolabeled active ester was produced by the 
nucleophile reaction of 18F with 2-methoxy-N,N,N- 
trimethyl-5-((2,3,5,6-tetrafluoro-phenoxy) carbonyl) 
pyridine-2-aminium-trifluoromethanesulfonate 
(TFP-OMe-OFT) to generate the ester 2,3,5,6- 
tetrafluorophenyl-6-([18F]fluoro)-2-methoxy-nicotinat
e ([18F]FPy-OMe-TFP). In the second step, 4.6 ± 0.1 mg 
((S)-5-amino-1-carboxypentyl)-carbamoyl)-L-glutamic
-acid (LYS-GLU) was added to [18F]FPy-OMe-TFP and 
subsequently incubated at 45°C for 6 minutes. The 
final product, [18F]JK-PSMA-7, was purified by 
Solid-Phase Extraction (OASIS HLB) and formulated 
in saline. This reaction provided [18F]JK-PSMA-7 in 
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high radiochemical yield, up to 40%, and in a high 
radiochemical purity (> 95%); the specific activity was 
75 – 120 GBq/μmol. The detailed procedure for the 
radiosynthesis using the “minimalist” protocol is 
described elsewhere [34]. 

Preclinical Investigations. As alluded to earlier, 
[18F]JK-PSMA-7 has been compared to [18F]DCFPyL, 
[18F]PSMA-1007 and [68Ga]PSMA-11 in a preclinical 
setting. Zlatopolskiy et al. prepared eight 18F-labeled 
PSMA agents and the most promising one 
([18F]JK-PSMA-7) was evaluated in peripheral ganglia 
of rats. As an underlying rationale, human ganglia are 
known to accumulate PSMA-targeted imaging agents 
and this model mimics small PSMA-expressing 
lesions comparable to the size of small lymph nodes 
(diameter of up to 3.5 mm) [34, 78, 79]. Whereas 
[18F]JK-PSMA-7 showed similar image resolution 
relative to urea-based 18F-labeled radiotracers, it 
demonstrated increased PSMA-specific cellular 
uptake as well as considerably higher imaging 
acutance as compared to [18F]DCFPyL. Furthermore, 
[18F]JK-PSMA-7 demonstrated higher target-to- 
background ratios as compared to all other 
radiotracers [34].  

Clinical Investigations. In vivo data has been 
acquired in a first-in-human study as well as in a 
biodistribution and dosimetry study (n=10) [80], in a 
direct comparison with [68Ga]PSMA-11 (n=10) and in 
clinical applications in a larger clinical population 

(n=124, Figure 6) [81]. These studies demonstrate 
physiologic radiotracer accumulation in a pattern 
resembling the distribution known from other 
PSMA-targeted radiotracers with excretion via 
urinary and biliary pathways. Regarding dosimetry, 
whole body doses similar to other radiotracers were 
reported, with a maximum in the kidneys. High 
uptake in suspicious lesions was found, increasing 
over time, suggesting benefits of a late start of the 
PET/CT acquisition [80]. A pilot study in 10 patients 
who were examined with both PSMA-targeted 
radiotracers demonstrated that [18F]JK-PSMA-7 was at 
least equivalent to [68Ga]PSMA-11, as all [68Ga]PSMA- 
11-positive lesions could be seen with [18F]JK-PSMA-7 
and several additional lesions were detected. In a 
subsequent analysis of a larger clinical cohort, 
[18F]JK-PSMA-7 was found useful in various 
diagnostic scenarios (initial staging, biochemical 
recurrence and therapy monitoring). Notably, in 
patients with biochemical recurrence after 
prostatectomy (PSA level, ≥ 0.17 ng/ml) or in patients 
with biochemical recurrence after radiation therapy 
(PSA levels, ≥ 2 ng/ml), PSMA-positive lesions were 
detected in 44/53 patients (83%) [81]. Direct 
comparison with other 18F-labeled PSMA-targeted 
radiotracers appears warranted, in particular as 
sensitivity for [18F]DCFPyL has been described 
moderately lower in a similar clinical scenario (74.2%) 
[81]. 

 
 

 
Figure 6. Head-to-head comparison of [68Ga]PSMA-11 vs. [18F]JK-PSMA-7. Whole-body distribution of [68Ga]PSMA-11 (A) vs. [18F]JK-PSMA-7 (B) in the same patient. 
[68Ga]PSMA-11 revealed only one PSMA-positive retroperitoneal paraaortal lymph node (blue arrow), whereas the [18F]JK-PSMA-7 PET/CT showed two PSMA-positive 
retroperitoneal lymph nodes (blue arrows). Modified from Dietlein et al. [109], © by the Society of Nuclear Medicine and Molecular Imaging, Inc. 
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[18F]AlF-PSMA-11 
Radiochemistry and Preclinical Investigation. Using 

a direct labeling procedure of PSMA ligands via 
aluminum fluoride 18F-AlF-complexation, the novel 
imaging agent [18F]AlF-PSMA-11 has been compared 
to [68Ga]PSMA-11 in BALB/c nude mice with 
PSMA-expressing tumors. While tumor lesions could 
be appreciated with comparable uptake, [18F]AlF- 
PSMA-11 demonstrated lower renal accumulation, 
which in turn renders this novel 18F-labeled agent as 
an attractive compound for detection of small lesions 
close to the urinary tract. However, as a drawback, 
[18F]AlF-PSMA-11 demonstrated a time-dependent 
increase of radiotracer uptake in the bone, and such 
defluorination may influence the accuracy of lesion 
detection in the skeleton [35]. The favorable binding 
affinities to PCa has also been proven by investigating 
PSMA-high LNCaP vs. PSMA-low PC3 tumors, 
showing a 24-fold higher uptake for [18F]AlF- 

PSMA-11 in the high LNCaP tumors in C57BL6 mice 
[82]. Notably, a recently established automated 
synthesis of this compound will also allow for large 
scale production and gurantaee a high throughput of 
patients in a busy PET practice [83-85]. 

Clinical Investigations. In a recent dosimetry 
study, Piron and coworkers reported on a high safety 
profile in six patients with PCa. In addition, 
[18F]AlF-PSMA-11 has a considerable low mean total 
radiation dose (comparable to [18F]DCFPyL) [86]. 
Besides, a recent head-to-head comparison in 15 
patients afflicted with PCa using both [68Ga]PSMA- 
HBED-CC and [18F]AlF-PSMA-11 showed that in 
additional 22% of the cases, bone lesions were only 
discernible with the latter compound [87]. 

Figure 7 provides schemes showing radio-
synthesis procedures for [18F]CTT1057, [18F]FSU-880, 
[18F]JK-PSMA-7, and [18F]AlF-PSMA-11. 

 
 

 
Figure 7. Scheme showing radiosynthesis procedures for recently introduced PSMA-targeting radiotracers. (A) [18F]CTT1057 (modified from et Behr al. [32], © 
by the Society of Nuclear Medicine and Molecular Imaging, Inc.), (B) [18F]FSU-880 (modified from Harada et al. [77], © by the Society of Nuclear Medicine and Molecular Imaging, 
Inc.), (C) [18F]JK-PSMA-7 (modified from Zlatopolskiy et al. [34], © by the Society of Nuclear Medicine and Molecular Imaging, Inc.) and (D) [18F]AlF-PSMA-11 (modified from Lütje 
et al. [35], © by the Society of Nuclear Medicine and Molecular Imaging, Inc.). DIPEA = diisopropylethylamine. 
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Choosing the appropriate 18F-labeled 
radiotracer  

As demonstrated by the herein reviewed large 
variety of 18F-labeled radiotracers, recent years have 
witnessed a tough competition in PSMA inhibitor 
imaging, which may be mainly driven by the ease of 
radiochemistry and the high incidence of PCa 
compared to other gender-specific tumor entities. 
Notably, PCa is the most common diagnosed cancer 
in men, while ovarian cancer ranks 7th of the most 
commonly diagnosed tumor among women [88]. 
Given the wide array of different 18F-labeled 
compounds for PCa imaging in men, it may be 
challenging to decide which radiotracer to introduce 
in one’s institution. As outlined above, all of these 
imaging agents have demonstrated good imaging 
performance, potentially outperforming current 
diagnostic tools, e.g. Na18F PET, 68Ga-PSMA PET/CT, 
CT, and/or bone scan. However, distinct radiotracer 
characteristics were noted among these 18F-labeled 
radiotracers. [18F]DCFPyL has very low hepatic 
uptake, which allows for the detection of small liver 
lesions even when cross-sectional correlates cannot be 
appreciated [14] or may be of value in later stages of 
disease [51]. [18F]PSMA-1007 and [18F]AlF-PSMA-11 
have very low radiotracer accumulation in the urinary 
system, which renders these imaging agents an 
attractive alternative to identify small lesions in the 
pelvis or for local recurrence [35, 69]. [18F]JK-PSMA-7 
may have higher target-to-background ratios and 
imaging acutance compared to [68Ga]PSMA 
compounds as suggested by pre-clinical and clinical 
data [34, 81]. [18F]CTT1057 has a phosphoramidate 
core which may allow for irreversible binding to sites 
of disease and its theranostic twin has already been 
tested in a preclinical setting [32, 75]. Nonetheless, the 
overall lesion detectability may be substiantially 
hampered by the different binding affinites and thus, 
IC50 values may serve as a reliable metric of which 
agent might generate the necessary radioactivity 
concentration to identify small volume sites of 
disease. For instance, [18F]DCFPyL has the lowest 
binding affinity (IC50 = 12.3 nM), followed by 
[18F]PSMA-1007 (IC50 = 4.2 nM), [18F]FSU-880 (IC50 = 
2.2 nM) and [18F]CTT1057 (IC50 = 0.4 nM) [74, 77, 89]. 
Thus, the affinity of the latter agent would be 
theoretically 30 fold higher compared to [18F]DCFPyL 
(or 10 fold higher compared to [18F]PSMA-1007). 
However, human PSMA-targeted PET imaging is a 
complex interplay of varying factors including 
biodistribution, radiotracer accumulation in putative 
sites of disease, renal excretion or normal variant 
uptake in benign lesions [90]. Thus, it is a matter of 

debate whether IC50 values derived by cell assays 
indeed reflect clinical reality [74]. In this regard, SUV 
may serve as a useful tool in clinical practice. Giesel et 
al. reported on slightly higher SUVmax values for 
[18F]DCFPyL compared to [18F]PSMA-1007 among 
lesions in different organ compartments without 
reaching statistical significance (range, [18F]PSMA- 
1007, 10.2 – 17.7 vs. [18F]DCFPyL, 11.6 – 18.1) [51]. For 
[18F]CTT1057, comparable results have been reported 
(5.9 – 19.1). Uptake of [18F]JK-PSMA-7 has also been 
found to be in the same range (12.8 ± 7.7) [32, 80]. For 
the latter agent, the tumor-to-background ratios (with 
the gluteus muscle serving as reference) were 
significantly elevated, in particular in delayed scans 
[80] and such ratios would allow for a better 
comparison of the performance among all available 
radiotracers. However, considering the varying 
biodistribution of these agents, a semi-quantitative 
assessment of the tumor-to-bloodpool ratio, 
preferably compared to the net influx rate, would be 
desirable [91]. 

Table 3 highlights the advantages and 
limitations of the reviewed 18F-labeled compounds. 

In light of these distinct characteristics among 
different 18F-labeled PSMA PET agents, an argument 
could be made that in the era of precision medicine, 
the use of the right radiotracer depends on what is 
currently needed by the interpreting nuclear medicine 
specialist or referring treating physician. Practically 
speaking, however, it is unlikely that all of these 
agents will become widely available or that they will 
all be available at a given site. However, that should 
not discourage users of other agents to also pursue the 
necessary multi-center prospective data to submit 
New Drug Applications for other 18F-labeled 
PSMA-targeted compounds. Regulatory approval 
should also be sought in other jurisdictions. 
Ultimately, despite the nuanced differences in these 
compounds, all of them provide high diagnostic yield 
and the most-used compound will be that which is 
most widely available and conveniently accessed for a 
reasonable cost. Nonetheless, additional comparative 
studies are needed to firmly establish the role of all 
available 18F-labeled compounds in the field of 
molecular PCa imaging, preferably in different 
clinical scenarios, which will allow for determining 
the true clinical utiltiy and benefit for patients [92]. 
Albeit first results have been recently published [51], 
such head-to-head comparisons on a larger scale are 
urgently needed. If not, we have nothing more than 
an embarrassment of riches, or in this case, 
radiotracers [92]. 
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Table 3. Advantages and limitations of the different 18F-labeled compounds for PSMA PET imaging. 

 Disadvantages Advantages 
 
[18F]DCFPyL 

Reduced binding affinity in vitro [89] 
Clearance via urinary tract for [18F]DCFPyL in the first 2h 
p.i., 11% (vs [18F]PSMA-1007, 1.2%) [14, 31] 

Very low hepatic uptake, which allows for the detection of small liver lesions [14] 
May be of value in later stages of disease [51] 
One of the most extensively validated of the 18F-labeled radiotracers for PSMA PET imaging 
Most likely the first of the herein reviewed compounds that will be approved by the U.S. 
Food and Drug Administration  

[18F]PSMA-1007 Higher hepatic background, which may be a drawback in 
later stages of disease (for the detection of liver lesions) 
[51] 

Very low radiotracer accumulation in the urinary system, which renders this imaging agent 
an attractive alternative to identify small lesions in the pelvis or for local recurrence [69] 

[18F]CTT1057 To date, application to different clinical scenarios on a 
larger scale are still lacking 

Phosphoramidate core may allow for irreversible binding to sites of disease [32, 75] 
Its theranostic counterpart [177Lu]CTT1403 has already been tested in a preclinical setting [32, 
75] 
Minimal small bowel activity, i.e. useful to assess sites of disease in the mid-abdomen, e.g. 
small lymph nodes [32] 

[18F]FSU-880 To date, application to different clinical scenarios on a 
larger scale are still lacking 

Almost exclusive excretion from the kidneys and moderate to low liver uptake [77] 

[18F]JK-PSMA-7  Higher target-to-background ratios and imaging acutance [34, 81] 
Useful in various diagnostic scenarios (initial staging, biochemical recurrence, therapy 
monitoring) [81] 

[18F]AlF-PSMA-11 Time-dependent increase of radiotracer uptake in the 
bone, and such defluorination may influence the accuracy 
of lesion detection in the skeleton [35] 

Very low radiotracer accumulation in the urinary system, i.e. useful to identify small lesions 
in the pelvis recurrence [35] 

 
 

Future Perspectives 
Modification of Current Imaging Protocols. 

[18F]DCFPyL, [18F]CTT1057 and [18F]FSU-880 have 
high urinary excretion and, thus, these agents may 
benefit from modified imaging protocols to improve 
overall detection rate. These strategies include: 
intravenous application of furosemide, oral 
hydration, or voiding prior to imaging [32]. All 
18F-labeled agents have shown better 
target-to-background ratios in delayed scans and 
thus, future protocols should not start imaging 
acquisition prior to 90 min after radiotracer 
administration [31, 32, 52]. Moreover, as suggested by 
Schmuck et al. using [68Ga]PSMA I&T, an early 
dynamic followed by a static delayed image 
acquisition also leads to an improved tumor-to- 
nontumor ratio, in particular in the prostate gland [93] 
and this may be relevant for 18F-labeled PSMA PET 
agents as well. 

Risk Stratification and Application to Theranostics. 
For potential use in a theranostic setting, only 
[177Lu]CTT1403, which is based on the same 
PSMA-binding scaffold as the PET agent 
[18F]CTT1057, has been investigated in a preclinical 
environment [75]. Nonetheless, given the success of 
RLT based on [68Ga]PSMA PET-based imaging, one 
may expect that 18F-targeting PSMA agents will also 
be used to assess treatment rationale for a therapeutic 
approach with alpha- or beta-labeled PSMA ligands 
[12]. The field of PSMA-targeted theranostics has been 
fueled by the prolonged progression-free and overall 
survival in midgut neuroendocrine tumors treated 
with 177Lu-based somatostatin receptor agonists [8]. 
However, as recently outlined by Bodei and 
coworkers, strategies to predict efficacy should be 
implemented in the clinic, otherwise nuclear medicine 

physicians may have to deal with a decline in interest 
by the referring oncologists, in particular as some 
patients may suffer from progressive disease under 
treatment [94]. In patients undergoing RLT, up to 20% 
do not respond with PSA decline and thus, future 
efforts should turn towards selecting patients most 
likely to benefit from such an endoradiotherapy [95]. 
Given the tentatively superior diagnostic performance 
of 18F-labeled PSMA-targeted PET agents [18, 19], risk 
stratification assessments based on these radiotracers 
may pave the way for a more reliable detection of 
treatment responders. However, prior to an 
application in a theranostic setting, 18F-labeled 
PET-based findings should be further validated using 
histopathological reference, which has already been 
demonstrated for [68Ga]PSMA-11 PET [96, 97]. 

Other (pre)clinical competitors in the field of 
PSMA-directed imaging and treatment. Apart from the 
reviewed 18F-labeled PSMA-targeted PET agents, 
other competitors have penetrated the (pre)clinical 
arena for molecular imaging of PCa. For instance, 
Cantiello et al. reported on the superior performance of 
[64Cu]PSMA-617 (half-life, 12.7 h) compared to 
[18F]choline in restaging after biochemical recurrence, 
in particular in subjects with low PSA levels [98]. 
89Zr-labeled monoclonal antibodies specifically 
designed for immuno PET imaging of PSMA 
expression have been also investigated in the 
preclinical and early clinical settings [99-101]. 
Recently, the generator produced radiophar-
maceutical [44Sc]Sc-PSMA-617 has been investigated 
and its long half-life of 4.04h renders it as an attractive 
PET agent for peri-therapeutic dosimetry studies 
[102]. Nonetheless, single photon emission computed 
tomography (SPECT) is more widely available as PET 
and PSMA-targeted SPECT compounds, such as the 
111In-labeled PSMA I&T, are a useful substitute if PET 
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is not available [103]. Moreover, this compound has 
already proven its value in radioguided surgical 
procedures leading to high intraoperative detection 
rates of metastatic PCa lesions [104].  

Conclusions 
Due to inherent advantages, recent years have 

witnessed a shift from 68Ga-labeled PSMA-targeted 
compounds towards 18F-labeled radiotracers. These 
include: [18F]DCFPyL, [18F]PSMA-1007, and four other 
recently-introduced compounds ([18F]JK-PSMA-7, 
[18F]CTT1057, [18F]FSU-880 and [18F]AlF-PSMA-11). 
All of these 18F-labeled PSMA PET imaging agents 
have demonstrated good imaging quality, potentially 
outperforming current imaging modalities. However, 
further research is warranted, e.g. to elaborate on the 
benefit of late imaging time-points or improved 
imaging protocols (e.g. by intravenous application of 
furosemide). 

Acknowledgements 
We thank Professor Dietlein (Department of 

Nuclear Medicine, University Hospital Cologne) for 
providing figures. 

Funding 
Progenics Pharmaceuticals, The Prostate Cancer 

Foundation Young Investigator Award, and National 
Institutes of Health grants CA134675, CA183031, 
CA184228, and EB024495. This publication was 
funded by the German Research Foundation (DFG) 
and the University of Wuerzburg in the funding 
programme Open Access Publishing. 

Competing Interests 
Martin G. Pomper is a coinventor on a patent 

covering [18F]DCFPyL and is entitled to a portion of 
any licensing fees and royalties generated by this 
technology. This arrangement has been reviewed and 
approved by the Johns Hopkins University in 
accordance with its conflict-of-interest policies. He 
has also received research funding from Progenics 
Phamaceuticals, the licensee of [18F]DCFPyL. Michael 
A. Gorin has served as a consultant to, and has 
received research funding from, Progenics 
Phamaceuticals. Steven P. Rowe has received research 
funding from Progenics Phamaceuticals.  

References 
1. Weiner AB, Matulewicz RS, Eggener SE, Schaeffer EM. Increasing incidence of 

metastatic prostate cancer in the United States (2004-2013). Prostate Cancer 
Prostatic Dis. 2016; 19: 395-7. 

2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA Cancer J Clin. 2018; 
68: 7-30. 

3. Bray F, Lortet-Tieulent J, Ferlay J, Forman D, Auvinen A. Prostate cancer 
incidence and mortality trends in 37 European countries: an overview. Eur J 
Cancer. 2010; 46: 3040-52. 

4. Perera M, Papa N, Christidis D, Wetherell D, Hofman MS, Murphy DG, et al. 
Sensitivity, Specificity, and Predictors of Positive (68)Ga-Prostate-specific 
Membrane Antigen Positron Emission Tomography in Advanced Prostate 
Cancer: A Systematic Review and Meta-analysis. Eur Urol. 2016; 70: 926-37. 

5. Rowe SP, Macura KJ, Mena E, Blackford AL, Nadal R, Antonarakis ES, et al. 
PSMA-Based [(18)F]DCFPyL PET/CT Is Superior to Conventional Imaging for 
Lesion Detection in Patients with Metastatic Prostate Cancer. Mol Imaging 
Biol. 2016; 18: 411-9. 

6. Ceci F, Castellucci P, Graziani T, Farolfi A, Fonti C, Lodi F, et al. 
(68)Ga-PSMA-11 PET/CT in recurrent prostate cancer: efficacy in different 
clinical stages of PSA failure after radical therapy. Eur J Nucl Med Mol 
Imaging. 2019; 46: 31-9. 

7. Rahbar K, Ahmadzadehfar H, Kratochwil C, Haberkorn U, Schafers M, Essler 
M, et al. German Multicenter Study Investigating 177Lu-PSMA-617 
Radioligand Therapy in Advanced Prostate Cancer Patients. J Nucl Med. 2017; 
58: 85-90. 

8. Strosberg J, El-Haddad G, Wolin E, Hendifar A, Yao J, Chasen B, et al. Phase 3 
Trial of (177)Lu-Dotatate for Midgut Neuroendocrine Tumors. N Engl J Med. 
2017; 376: 125-35. 

9. Werner RA, Weich A, Kircher M, Solnes LB, Javadi MS, Higuchi T, et al. The 
theranostic promise for Neuroendocrine Tumors in the late 2010s - Where do 
we stand, where do we go? Theranostics. 2018; 8: 6088-100. 

10. Sathekge M, Bruchertseifer F, Knoesen O, Reyneke F, Lawal I, Lengana T, et al. 
(225)Ac-PSMA-617 in chemotherapy-naive patients with advanced prostate 
cancer: a pilot study. Eur J Nucl Med Mol Imaging. 2019; 46: 129-38. 

11. Herrmann K, Larson SM, Weber WA. Theranostic Concepts: More Than Just a 
Fashion Trend-Introduction and Overview. J Nucl Med. 2017; 58: 1S-2S. 

12. Hofman MS, Violet J, Hicks RJ, Ferdinandus J, Thang SP, Akhurst T, et al. 
[(177)Lu]-PSMA-617 radionuclide treatment in patients with metastatic 
castration-resistant prostate cancer (LuPSMA trial): a single-centre, 
single-arm, phase 2 study. Lancet Oncol. 2018; 19: 825-33. 

13. Lutje S, Heskamp S, Cornelissen AS, Poeppel TD, van den Broek SA, 
Rosenbaum-Krumme S, et al. PSMA Ligands for Radionuclide Imaging and 
Therapy of Prostate Cancer: Clinical Status. Theranostics. 2015; 5: 1388-401. 

14. Szabo Z, Mena E, Rowe SP, Plyku D, Nidal R, Eisenberger MA, et al. Initial 
Evaluation of [(18)F]DCFPyL for Prostate-Specific Membrane Antigen 
(PSMA)-Targeted PET Imaging of Prostate Cancer. Mol Imaging Biol. 2015; 17: 
565-74. 

15. Werner RA, Chen X, Rowe SP, Lapa C, Javadi MS, Higuchi T. Moving into the 
next era of PET myocardial perfusion imaging: introduction of novel 
(18)F-labeled tracers. Int J Cardiovasc Imaging. 2018. 

16. Werner RA, Chen X, Rowe SP, Lapa C, Javadi MS, Higuchi T. Recent 
paradigm shifts in molecular cardiac imaging-Establishing precision 
cardiology through novel (18)F-labeled PET radiotracers. Trends Cardiovasc 
Med. 2019. 

17. Ducharme J, Goertzen AL, Patterson J, Demeter S. Practical Aspects of 
18F-FDG PET When Receiving 18F-FDG from a Distant Supplier. J Nucl Med 
Technol. 2009; 37: 164-9. 

18. Dietlein M, Kobe C, Kuhnert G, Stockter S, Fischer T, Schomacker K, et al. 
Comparison of [(18)F]DCFPyL and [ (68)Ga]Ga-PSMA-HBED-CC for 
PSMA-PET Imaging in Patients with Relapsed Prostate Cancer. Mol Imaging 
Biol. 2015; 17: 575-84. 

19. Dietlein F, Kobe C, Neubauer S, Schmidt M, Stockter S, Fischer T, et al. 
PSA-Stratified Performance of (18)F- and (68)Ga-PSMA PET in Patients with 
Biochemical Recurrence of Prostate Cancer. J Nucl Med. 2017; 58: 947-52. 

20. Ferreira G, Iravani A, Hofman MS, Hicks RJ. Intra-individual comparison of 
(68)Ga-PSMA-11 and (18)F-DCFPyL normal-organ biodistribution. Cancer 
Imaging. 2019; 19: 23. 

21. Chen Y, Pullambhatla M, Foss CA, Byun Y, Nimmagadda S, 
Senthamizhchelvan S, et al. 
2-(3-{1-Carboxy-5-[(6-[18F]fluoro-pyridine-3-carbonyl)-amino]-pentyl}-ureido
)-pen tanedioic acid, [18F]DCFPyL, a PSMA-based PET imaging agent for 
prostate cancer. Clin Cancer Res. 2011; 17: 7645-53. 

22. Richter S, Wuest F. 18F-Labeled Peptides: The Future Is Bright. Molecules. 
2014; 19: 20536-56. 

23. Jacobson O, Kiesewetter DO, Chen X. Fluorine-18 radiochemistry, labeling 
strategies and synthetic routes. Bioconjug Chem. 2015; 26: 1-18. 

24. Cho SY, Gage KL, Mease RC, Senthamizhchelvan S, Holt DP, Jeffrey-Kwanisai 
A, et al. Biodistribution, tumor detection, and radiation dosimetry of 
18F-DCFBC, a low-molecular-weight inhibitor of prostate-specific membrane 
antigen, in patients with metastatic prostate cancer. J Nucl Med. 2012; 53: 
1883-91. 

25. Rowe SP, Gage KL, Faraj SF, Macura KJ, Cornish TC, Gonzalez-Roibon N, et 
al. (1)(8)F-DCFBC PET/CT for PSMA-Based Detection and Characterization of 
Primary Prostate Cancer. J Nucl Med. 2015; 56: 1003-10. 

26. Rowe SP, Macura KJ, Ciarallo A, Mena E, Blackford A, Nadal R, et al. 
Comparison of Prostate-Specific Membrane Antigen-Based 18F-DCFBC 
PET/CT to Conventional Imaging Modalities for Detection of Hormone-Naive 
and Castration-Resistant Metastatic Prostate Cancer. J Nucl Med. 2016; 57: 
46-53. 

27. Turkbey B, Mena E, Lindenberg L, Adler S, Bednarova S, Berman R, et al. 
18F-DCFBC Prostate-Specific Membrane Antigen-Targeted PET/CT Imaging 
in Localized Prostate Cancer: Correlation With Multiparametric MRI and 
Histopathology. Clin Nucl Med. 2017; 42: 735-40. 



Theranostics 2020, Vol. 10, Issue 1 
 

 
http://www.thno.org 

15 

28. Mena E, Lindenberg ML, Shih JH, Adler S, Harmon S, Bergvall E, et al. Clinical 
impact of PSMA-based (18)F-DCFBC PET/CT imaging in patients with 
biochemically recurrent prostate cancer after primary local therapy. Eur J Nucl 
Med Mol Imaging. 2018; 45: 4-11. 

29. Lesche R, Kettschau G, Gromov AV, Bohnke N, Borkowski S, Monning U, et 
al. Preclinical evaluation of BAY 1075553, a novel (18)F-labelled inhibitor of 
prostate-specific membrane antigen for PET imaging of prostate cancer. Eur J 
Nucl Med Mol Imaging. 2014; 41: 89-101. 

30. Beheshti M, Kunit T, Haim S, Zakavi R, Schiller C, Stephens A, et al. BAY 
1075553 PET-CT for Staging and Restaging Prostate Cancer Patients: 
Comparison with [18F] Fluorocholine PET-CT (Phase I Study). Mol Imaging 
Biol. 2015; 17: 424-33. 

31. Giesel FL, Hadaschik B, Cardinale J, Radtke J, Vinsensia M, Lehnert W, et al. 
F-18 labelled PSMA-1007: biodistribution, radiation dosimetry and 
histopathological validation of tumor lesions in prostate cancer patients. Eur J 
Nucl Med Mol Imaging. 2017; 44: 678-88. 

32. Behr SC, Aggarwal R, Van Brocklin HF, Flavell RR, Geo K, Small EJ, et al. 
First-in-Human Phase I study of CTT1057, a Novel (18)F Labeled Imaging 
Agent with Phosphoramidate Core Targeting Prostate Specific Membrane 
Antigen in Prostate Cancer. J Nucl Med. 2018. 

33. Saga T, Nakamoto Y, Ishimori T, Inoue T, Shimizu Y, Kimura H, et al. Initial 
evaluation of PET/CT with (18) F-FSU-880 targeting prostate-specific 
membrane antigen in prostate cancer patients. Cancer Sci. 2019; 110: 742-50. 

34. Zlatopolskiy BD, Endepols H, Krapf P, Guliyev M, Urusova EA, Richarz R, et 
al. Discovery of (18)F-JK-PSMA-7, a novel PET-probe for the detection of small 
PSMA positive lesions. J Nucl Med. 2018. 

35. Lütje S, Franssen MG, Herrmann K, Boerman OC, Rijpkema M, Gotthardt M, 
et al. In vitro and in vivo characterization of a 18F‐AlF‐labeled PSMA ligand for 
imaging of PSMA‐expressing xenografts. J Nucl Med. 2019; 60: 1017-22. 

36. Rowe SP, Drzezga A, Neumaier B, Dietlein M, Gorin MA, Zalutsky MR, et al. 
Prostate-Specific Membrane Antigen-Targeted Radiohalogenated PET and 
Therapeutic Agents for Prostate Cancer. J Nucl Med. 2016; 57: 90S-6S. 

37. Sanchez-Crespo A. Comparison of Gallium-68 and Fluorine-18 imaging 
characteristics in positron emission tomography. Appl Radiat Isot. 2013; 76: 
55-62. 

38. Kim JH, Lee JS, Kim JS, Chung J, Lee MC, Lee DS. Physical performance 
comparison of Ga-68 and F-18 in small animal PET system. J Nucl Med. 2010; 
51: 1423. 

39. Hofman MS, Hicks RJ. Gallium-68 EDTA PET/CT for Renal Imaging. Semin 
Nucl Med. 2016; 46: 448-61. 

40. Pelletier-Galarneau M, Ruddy TD. Editorial commentary: Potential for 
personalized imaging with new radiotracers and cardiac PET. Trends 
Cardiovasc Med. 2019. 

41. Berger M, Gould MK, Barnett PG. The cost of positron emission tomography 
in six United States Veterans Affairs hospitals and two academic medical 
centers. AJR Am J Roentgenol. 2003; 181: 359-65. 

42. Gaudette E, Tysinger B, Cassil A, Goldman DP. Health and Health Care of 
Medicare Beneficiaries in 2030. Forum Health Econ Policy. 2015; 18: 75-96. 

43. Hohberg M, Kobe C, Tager P, Hammes J, Schmidt M, Dietlein F, et al. 
Combined Early and Late [(68)Ga]PSMA-HBED-CC PET Scans Improve 
Lesion Detectability in Biochemical Recurrence of Prostate Cancer with Low 
PSA Levels. Mol Imaging Biol. 2018. 

44. Schmuck S, Nordlohne S, von Klot CA, Henkenberens C, Sohns JM, 
Christiansen H, et al. Comparison of standard and delayed imaging to 
improve the detection rate of [(68)Ga]PSMA I&T PET/CT in patients with 
biochemical recurrence or prostate-specific antigen persistence after primary 
therapy for prostate cancer. Eur J Nucl Med Mol Imaging. 2017; 44: 960-8. 

45. Smith R, Tao D, Heath CL, Hope T. 68Ga-PSMA PET/MRI: Determining ideal 
acquisition times to reduce noise and increase image quality. J Nucl Med. 2018; 
59: 1444. 

46. Farwell MD, Pryma DA, Mankoff DA. PET/CT imaging in cancer: current 
applications and future directions. Cancer. 2014; 120: 3433-45. 

47. Fendler WP, Calais J, Eiber M, Flavell RR, Mishoe A, Feng FY, et al. 
Assessment of 68Ga-PSMA-11 PET Accuracy in Localizing Recurrent Prostate 
Cancer: A Prospective Single-Arm Clinical Trial. JAMA Oncol. 2019. 

48. [Internet] Cost / Benefit Comparison for a 45 MeV and 70 MeV Cyclotrons, 
Conducted by Juptier TM for the U.S. Department of Energy. May, 26, 2005. 
https://www.isotopes.gov/outreach/reports/Cyclotron.pdf  

49. Heidari P, Szretter A, Rushford LE, Stevens M, Collier L, Sore J, et al. Design, 
construction and testing of a low-cost automated (68)Gallium-labeling 
synthesis unit for clinical use. Am J Nucl Med Mol Imaging. 2016; 6: 176-84. 

50. Rowe SP, Mana-Ay M, Javadi MS, Szabo Z, Leal JP, Pomper MG, et al. 
PSMA-Based Detection of Prostate Cancer Bone Lesions With (1)(8)F-DCFPyL 
PET/CT: A Sensitive Alternative to ((9)(9)m)Tc-MDP Bone Scan and Na(1)(8)F 
PET/CT? Clin Genitourin Cancer. 2016; 14: e115-8. 

51. Giesel FL, Will L, Lawal I, Lengana T, Kratochwil C, Vorster M, et al. 
Intraindividual Comparison of (18)F-PSMA-1007 and (18)F-DCFPyL PET/CT 
in the Prospective Evaluation of Patients with Newly Diagnosed Prostate 
Carcinoma: A Pilot Study. J Nucl Med. 2018; 59: 1076-80. 

52. Wondergem M, van der Zant FM, Knol RJJ, Lazarenko SV, Pruim J, de Jong IJ. 
(18)F-DCFPyL PET/CT in the Detection of Prostate Cancer at 60 and 120 
Minutes: Detection Rate, Image Quality, Activity Kinetics, and Biodistribution. 
J Nucl Med. 2017; 58: 1797-804. 

53. Rousseau E, Wilson D, Lacroix-Poisson F, Krauze A, Chi K, Gleave M, et al. A 
Prospective Study on (18)F-DCFPyL PSMA PET/CT Imaging in Biochemical 
Recurrence of Prostate Cancer. J Nucl Med. 2019. 

54. Sheikhbahaei S, Afshar-Oromieh A, Eiber M, Solnes LB, Javadi MS, Ross AE, 
et al. Pearls and pitfalls in clinical interpretation of prostate-specific membrane 
antigen (PSMA)-targeted PET imaging. Eur J Nucl Med Mol Imaging. 2017; 44: 
2117-36. 

55. Sheikhbahaei S, Werner RA, Solnes LB, Pienta KJ, Pomper MG, Gorin MA, et 
al. Prostate-Specific Membrane Antigen (PSMA)-Targeted PET Imaging of 
Prostate Cancer: An Update on Important Pitfalls. Semin Nucl Med. 2019; 49: 
255-70. 

56. Rowe SP, Pienta KJ, Pomper MG, Gorin MA. Proposal for a Structured 
Reporting System for Prostate-Specific Membrane Antigen-Targeted PET 
Imaging: PSMA-RADS Version 1.0. J Nucl Med. 2018; 59: 479-85. 

57. Werner RA, Bundschuh RA, Bundschuh L, Fanti S, Javadi MS, Higuchi T, et al. 
Novel Structured Reporting Systems for Theranostic Radiotracers. J Nucl Med. 
2019; 60: 577-84. 

58. Werner RA, Bundschuh RA, Bundschuh L, Javadi MS, Leal JP, Higuchi T, et al. 
Interobserver Agreement for the Standardized Reporting System 
PSMA-RADS 1.0 on (18)F-DCFPyL PET/CT Imaging. J Nucl Med. 2018; 59: 
1857-64. 

59. Yin Y, Campbell SP, Markowski MC, Pierorazio PM, Pomper MG, Allaf ME, et 
al. Inconsistent Detection of Sites of Metastatic Non-Clear Cell Renal Cell 
Carcinoma with PSMA-Targeted [(18)F]DCFPyL PET/CT. Mol Imaging Biol. 
2018. 

60. Rowe SP, Gorin MA, Hammers HJ, Som Javadi M, Hawasli H, Szabo Z, et al. 
Imaging of metastatic clear cell renal cell carcinoma with PSMA-targeted 
(1)(8)F-DCFPyL PET/CT. Ann Nucl Med. 2015; 29: 877-82. 

61. Li J, Xu R, Kim CK, Benard F, Kapoor A, Bauman G, et al. 18F-DCFPyL 
PET/CT in Oncocytoma. Clin Nucl Med. 2018; 43: 921-4. 

62. Salas Fragomeni RA, Pienta KJ, Pomper MG, Gorin MA, Rowe SP. Uptake of 
Prostate-Specific Membrane Antigen-Targeted 18F-DCFPyL in Cerebral 
Radionecrosis: Implications for Diagnostic Imaging of High-Grade Gliomas. 
Clin Nucl Med. 2018; 43: e419-e21. 

63. Salas Fragomeni RA, Menke JR, Holdhoff M, Ferrigno C, Laterra JJ, Solnes LB, 
et al. Prostate-Specific Membrane Antigen-Targeted Imaging With 
[18F]DCFPyL in High-Grade Gliomas. Clin Nucl Med. 2017; 42: e433-e5. 

64. Eberlein U, Cremonesi M, Lassmann M. Individualized Dosimetry for 
Theranostics: Necessary, Nice to Have, or Counterproductive? J Nucl Med. 
2017; 58: 97S-103S. 

65. Plyku D, Mena E, Rowe SP, Lodge MA, Szabo Z, Cho SY, et al. Combined 
model-based and patient-specific dosimetry for (18)F-DCFPyL, a 
PSMA-targeted PET agent. Eur J Nucl Med Mol Imaging. 2018; 45: 989-98. 

66. [Internet] Study of 18F-DCFPyL PET/CT Imaging in Patients With Prostate 
Cancer (OSPREY). 2018. https://clinicaltrials.gov/ct2/show/NCT02981368  

67. Giesel FL, Kesch C, Yun M, Cardinale J, Haberkorn U, Kopka K, et al. 
18F-PSMA-1007 PET/CT Detects Micrometastases in a Patient With 
Biochemically Recurrent Prostate Cancer. Clin Genitourin Cancer. 2017; 15: 
e497-e9. 

68. Rahbar K, Afshar-Oromieh A, Seifert R, Wagner S, Schafers M, Bogemann M, 
et al. Diagnostic performance of (18)F-PSMA-1007 PET/CT in patients with 
biochemical recurrent prostate cancer. Eur J Nucl Med Mol Imaging. 2018; 45: 
2055-61. 

69. Giesel FL, Knorr K, Spohn F, Will L, Maurer T, Flechsig P, et al. Detection 
efficacy of [(18)F]PSMA-1007 PET/CT in 251 Patients with biochemical 
recurrence after radical prostatectomy. J Nucl Med. 2018. 

70. Rahbar K, Weckesser M, Ahmadzadehfar H, Schafers M, Stegger L, Bogemann 
M. Advantage of (18)F-PSMA-1007 over (68)Ga-PSMA-11 PET imaging for 
differentiation of local recurrence vs. urinary tracer excretion. Eur J Nucl Med 
Mol Imaging. 2018; 45: 1076-7. 

71. Rahbar K, Afshar-Oromieh A, Bogemann M, Wagner S, Schafers M, Stegger L, 
et al. (18)F-PSMA-1007 PET/CT at 60 and 120 minutes in patients with 
prostate cancer: biodistribution, tumour detection and activity kinetics. Eur J 
Nucl Med Mol Imaging. 2018; 45: 1329-34. 

72. [Internet] JOIN THE [18F]PSMA-1007 GLOBAL ACADEMIC INITIATIVE. 
2019. https://www.psma-imaging.org/#further-readings  

73. Rauscher I, Kronke M, Konig M, Gafita A, Maurer T, Horn T, et al. 
Matched-pair comparison of (68)Ga-PSMA-11 and (18)F-PSMA-1007 PET/CT: 
frequency of pitfalls and detection efficacy in biochemical recurrence after 
radical prostatectomy. J Nucl Med. 2019. 

74. Ganguly T, Dannoon S, Hopkins MR, Murphy S, Cahaya H, Blecha JE, et al. A 
high-affinity [(18)F]-labeled phosphoramidate peptidomimetic 
PSMA-targeted inhibitor for PET imaging of prostate cancer. Nucl Med Biol. 
2015; 42: 780-7. 

75. Choy CJ, Ling X, Geruntho JJ, Beyer SK, Latoche JD, Langton-Webster B, et al. 
(177)Lu-Labeled Phosphoramidate-Based PSMA Inhibitors: The Effect of an 
Albumin Binder on Biodistribution and Therapeutic Efficacy in Prostate 
Tumor-Bearing Mice. Theranostics. 2017; 7: 1928-39. 

76. Afshar-Oromieh A, Zechmann CM, Malcher A, Eder M, Eisenhut M, Linhart 
HG, et al. Comparison of PET imaging with a (68)Ga-labelled PSMA ligand 
and (18)F-choline-based PET/CT for the diagnosis of recurrent prostate 
cancer. Eur J Nucl Med Mol Imaging. 2014; 41: 11-20. 

77. Harada N, Kimura H, Onoe S, Watanabe H, Matsuoka D, Arimitsu K, et al. 
Synthesis and Biologic Evaluation of Novel 18F-Labeled Probes Targeting 



Theranostics 2020, Vol. 10, Issue 1 
 

 
http://www.thno.org 

16 

Prostate-Specific Membrane Antigen for PET of Prostate Cancer. J Nucl Med. 
2016; 57: 1978-84. 

78. Werner RA, Sheikhbahaei S, Jones KM, Javadi MS, Solnes LB, Ross AE, et al. 
Patterns of uptake of prostate-specific membrane antigen (PSMA)-targeted 
(18)F-DCFPyL in peripheral ganglia. Ann Nucl Med. 2017; 31: 696-702. 

79. Rischpler C, Beck TI, Okamoto S, Schlitter AM, Knorr K, Schwaiger M, et al. 
(68)Ga-PSMA-HBED-CC Uptake in Cervical, Celiac, and Sacral Ganglia as an 
Important Pitfall in Prostate Cancer PET Imaging. J Nucl Med. 2018; 59: 
1406-11. 

80. Hohberg M, Dietlein M, Kobe C, Dietlein F, Zlatopolskiy B, Krapf P, et al. 
Biodistribution and radiation dosimetry of the novel 18F-labeled 
prostate-specific membrane antigen-ligand PSMA-7 for PET/CT in prostate 
cancer patients. J Nucl Med. 2018; 59: 88. 

81. Dietlein M, Hohberg M, Kobe C, Dietlein F, Zlatopolskiy B, Krapf P, et al. 
Performance of the novel 18F-labeled prostate-specific membrane 
antigen-ligand PSMA-7 for PET/CT in prostate cancer patients. J Nucl Med. 
2018; 59: 452. 

82. Boschi S, Lee JT, Beykan S, Slavik R, Wei L, Spick C, et al. Synthesis and 
preclinical evaluation of an Al(18)F radiofluorinated 
GLU-UREA-LYS(AHX)-HBED-CC PSMA ligand. Eur J Nucl Med Mol 
Imaging. 2016; 43: 2122-30. 

83. Kersemans K, De Man K, Courtyn J, Van Royen T, Piron S, Moerman L, et al. 
Automated radiosynthesis of Al[(18)F]PSMA-11 for large scale routine use. 
Appl Radiat Isot. 2018; 135: 19-27. 

84. Al-Momani E, Israel I, Samnick S. Validation of a [Al(18)F]PSMA-11 
preparation for clinical applications. Appl Radiat Isot. 2017; 130: 102-8. 

85. Giglio J, Zeni M, Savio E, Engler H. Synthesis of an Al(18)F radiofluorinated 
GLU-UREA-LYS(AHX)-HBED-CC PSMA ligand in an automated synthesis 
platform. EJNMMI Radiopharm Chem. 2018; 3: 4. 

86. Piron S, De Man K, Van Laeken N, D'Asseler Y, Bacher K, Kersemans K, et al. 
Radiation dosimetry and biodistribution of (18)F-PSMA-11 for PET imaging of 
prostate cancer. J Nucl Med. 2019. 

87. Alonso O, Giglio J, Savio E, Engler H. PET/CT evaluation of prostate cancer 
patients with Al18F-PSMA-HBED-CC: a head-to-head comparison with 
68Ga-PSMA-HBED-CC. J Nucl Med. 2018; 59 1499. 

88. Reid BM, Permuth JB, Sellers TA. Epidemiology of ovarian cancer: a review. 
Cancer Biol Med. 2017; 14: 9-32. 

89. Robu S, Schmidt A, Eiber M, Schottelius M, Gunther T, Hooshyar Yousefi B, et 
al. Synthesis and preclinical evaluation of novel (18)F-labeled 
Glu-urea-Glu-based PSMA inhibitors for prostate cancer imaging: a 
comparison with (18)F-DCFPyl and (18)F-PSMA-1007. EJNMMI Res. 2018; 8: 
30. 

90. Werner RA, Bundschuh RA, Bundschuh L, Lapa C, Yin Y, Javadi MS, et al. 
Semiquantitative Parameters in PSMA-Targeted PET Imaging with 
[(18)F]DCFPyL: Impact of Tumor Burden on Normal Organ Uptake. Mol 
Imaging Biol. 2019. 

91. Ilan E, Velikyan I, Sandström M, Sundin A, Lubberink M. Tumor-to-blood 
ratio for assessment of somatostatin receptor density in neuroendocrine 
tumors using 68Ga-DOTATOC and 68Ga-DOTATATE. J Nucl Med. 2019, July 
13; jnumed.119.228072. 

92. Rowe SP, Pomper MG, Gorin MA. Molecular Imaging of Prostate Cancer: 
Choosing the Right Agent. J Nucl Med. 2018; 59: 787-8. 

93. Schmuck S, Mamach M, Wilke F, von Klot CA, Henkenberens C, Thackeray JT, 
et al. Multiple Time-Point 68Ga-PSMA I&T PET/CT for Characterization of 
Primary Prostate Cancer: Value of Early Dynamic and Delayed Imaging. Clin 
Nucl Med. 2017; 42: e286-e93. 

94. Bodei L, Herrmann K, Baum RP, Kidd M, Malczewska A, Modlin IM. Caveat 
Emptor: Let Our Acclaim of the Apotheosis of PRRT Not Blind Us to the Error 
of Prometheus. J Nucl Med. 2019; 60: 7-8. 

95. Baum RP, Kulkarni HR, Schuchardt C, Singh A, Wirtz M, Wiessalla S, et al. 
177Lu-Labeled Prostate-Specific Membrane Antigen Radioligand Therapy of 
Metastatic Castration-Resistant Prostate Cancer: Safety and Efficacy. J Nucl 
Med. 2016; 57: 1006-13. 

96. Zamboglou C, Carles M, Fechter T, Kiefer S, Reichel K, Fassbender TF, et al. 
Radiomic features from PSMA PET for non-invasive intraprostatic tumor 
discrimination and characterization in patients with intermediate- and 
high-risk prostate cancer - a comparison study with histology reference. 
Theranostics. 2019; 9: 2595-605. 

97. Zamboglou C, Schiller F, Fechter T, Wieser G, Jilg CA, Chirindel A, et al. 
(68)Ga-HBED-CC-PSMA PET/CT Versus Histopathology in Primary 
Localized Prostate Cancer: A Voxel-Wise Comparison. Theranostics. 2016; 6: 
1619-28. 

98. Cantiello F, Crocerossa F, Russo GI, Gangemi V, Ferro M, Vartolomei MD, et 
al. Comparison Between (64)Cu-PSMA-617 PET/CT and (18)F-Choline 
PET/CT Imaging in Early Diagnosis of Prostate Cancer Biochemical 
Recurrence. Clin Genitourin Cancer. 2018; 16: 385-91. 

99. Holland JP, Divilov V, Bander NH, Smith-Jones PM, Larson SM, Lewis JS. 
89Zr-DFO-J591 for immunoPET of prostate-specific membrane antigen 
expression in vivo. J Nucl Med. 2010; 51: 1293-300. 

100. Osborne JR, Green DA, Spratt DE, Lyashchenko S, Fareedy SB, Robinson BD, 
et al. A prospective pilot study of (89)Zr-J591/prostate specific membrane 
antigen positron emission tomography in men with localized prostate cancer 
undergoing radical prostatectomy. J Urol. 2014; 191: 1439-45. 

101. Pandit-Taskar N, O'Donoghue JA, Durack JC, Lyashchenko SK, Cheal SM, 
Beylergil V, et al. A Phase I/II Study for Analytic Validation of 89Zr-J591 

ImmunoPET as a Molecular Imaging Agent for Metastatic Prostate Cancer. 
Clin Cancer Res. 2015; 21: 5277-85. 

102. Eppard E, de la Fuente A, Benesova M, Khawar A, Bundschuh RA, Gartner 
FC, et al. Clinical Translation and First In-Human Use of [(44)Sc]Sc-PSMA-617 
for PET Imaging of Metastasized Castrate-Resistant Prostate Cancer. 
Theranostics. 2017; 7: 4359-69. 

103. Rauscher I, Maurer T, Souvatzoglou M, Beer AJ, Vag T, Wirtz M, et al. 
Intrapatient Comparison of 111In-PSMA I&T SPECT/CT and Hybrid 
68Ga-HBED-CC PSMA PET in Patients With Early Recurrent Prostate Cancer. 
Clin Nucl Med. 2016; 41: e397-402. 

104. Maurer T, Weirich G, Schottelius M, Weineisen M, Frisch B, Okur A, et al. 
Prostate-specific membrane antigen-radioguided surgery for metastatic 
lymph nodes in prostate cancer. Eur Urol. 2015; 68: 530-4. 

105. Rowe SP, Campbell SP, Mana-Ay M, Szabo Z, Allaf ME, Pienta KJ, et al. 
Prospective Evaluation of PSMA-Targeted (18)F-DCFPyL PET/CT in Men 
with Biochemical Failure after Radical Prostatectomy for Prostate Cancer. J 
Nucl Med. 2019. 

106. Perera M, Papa N, Roberts M, Williams M, Udovicich C, Vela I, et al. 
Gallium-68 Prostate-specific Membrane Antigen Positron Emission 
Tomography in Advanced Prostate Cancer-Updated Diagnostic Utility, 
Sensitivity, Specificity, and Distribution of Prostate-specific Membrane 
Antigen-avid Lesions: A Systematic Review and Meta-analysis. Eur Urol. 
2019. 

107. Treglia G, Annunziata S, Pizzuto DA, Giovanella L, Prior JO, Ceriani L. 
Detection Rate of (18)F-Labeled PSMA PET/CT in Biochemical Recurrent 
Prostate Cancer: A Systematic Review and a Meta-Analysis. Cancers (Basel). 
2019; 11. 

108. Han S, Woo S, Kim YJ, Suh CH. Impact of (68)Ga-PSMA PET on the 
Management of Patients with Prostate Cancer: A Systematic Review and 
Meta-analysis. Eur Urol. 2018; 74: 179-90. 

109. Dietlein F, Hohberg M, Kobe C, Zlatopolskiy B, Krapf P, Endepols H, et al. A 
novel 18F‐labeled PSMA ligand for PET/CT imaging of prostate cancer 
patients: First ‐in‐ man observational study and clinical experience with 18F‐
JK‐PSMA‐7 during the first year of application. J Nucl Med. 2019. 


