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Abstract
Purpose  Our objective was to investigate the efficacy of PET/CT with a novel prostate-specific membrane antigen (PSMA)-
targeted PET probe, 18F-FSU-880, for detection and localization of recurrent disease in prostate cancer patients in whom 
recurrence was suspected based on an increase in plasma prostate-specific antigen (PSA) levels after initial treatment.
Methods  This study was a prospective institutional review board-approved study of 72 patients (age 56–84 years, PSA level 
0.22–40.00 ng/ml) with suspected relapse of prostate cancer after primary therapy, including radical prostatectomy (RP) 
(n = 35) or radiation therapy (RT) (n = 37). Patients underwent PET/CT approximately 1 h and 3 h after injection of 18F-
FSU-880 (101.8–380 MBq). The correlation between patient-based detection rate and Gleason score (GS) of the primary 
tumor and plasma PSA levels at the time of PET/CT was evaluated. Maximum standardized uptake values (SUVmax) of the 
positive uptakes at 1 h post-injection were compared with those at 3 h post-injection.
Results  In total, 51 patients (71%) showed at least one positive PSMA PET result. The PSA-stratified detection rates were 
22% (2/9), 36% (4/11), 89% (16/18) and 85% (29/34) for PSA levels of 0.2 to < 0.5, 0.5 to < 1.0, 1.0 to < 2.0 and ≥ 2.0 ng/
ml, respectively. The GS-stratified detection rates were 33% (2/6), 67% (16/24), 70% (16/23) and 89% (17/19) for GS 6, 7, 
8 and 9, respectively. In lesion-based analysis, 157 positive lesions were detected at 3 h post-injection, 18 in the prostate or 
prostate bed, 65 in lymph nodes, 71 in the bone and 3 in the lung. Two local recurrences, eight pelvic lymph nodes and one 
distant lymph node were depicted only at 3 h post-injection. SUV max at 3 h post-injection was significantly higher than 
SUVmax at 1 h post-injection (p < 0.001).
Conclusion  Our preliminary data suggest that 18F-FSU-880 might be a promising new PSMA-targeting tracer for detecting 
recurrence after initial treatment in patients with prostate cancer.
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Introduction

Prostate cancer is one of the most common cancers in men 
worldwide, and the number of newly diagnosed patients is 
increasing [1]. Despite initial therapy, biochemical recur-
rence (BCR) remains a commonly encountered sequel, 
occurring in up to 50% of cases within 10 years [2]. Early 
detection of recurrent disease might provide a chance for 
salvage therapy and improve prognosis. However, it is dif-
ficult to detect sites of recurrence by conventional imaging 
modalities, especially in patients with low plasma levels of 
prostate-specific antigen (PSA) [3]. Hence, there is need for 
improved diagnostic modalities.
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The prostate-specific membrane antigen (PSMA) has 
received attention owing to its high levels of expression 
in prostate cancer cells [4], and the fact that the degree of 
PSMA expression increases with increasing tumor malig-
nancy grade [5, 6]. A variety of PET/CT using 68Ga- and 
18F-labeled PSMA inhibitors have been developed and 
achieved high detection rates in prostate cancer patients 
with BCR [7–16]. Recently, our group developed 18F-
FSU-880, a novel PET probe based on a PSMA-inhibitor 
labeled with 18F [17]. Preclinical studies indicated that 
18F-FSU-880 possesses a seven times higher binding affin-
ity for PSMA than 18F-DCFPyL and shows a favorable 
pharmacokinetic profile with high accumulation in PSMA-
expressing tumors [17]. In addition, we conducted PET/CT 
with 18F-FSU-880 in six patients with metastatic prostate 
cancer. PET/CT with 18F-FSU-880 could visualize meta-
static lesions detected by conventional diagnostic tools, 
such as CT and bone scintigraphy, with no significant 
adverse effects [18]; however, its clinical efficacy is still 
to be investigated.

Therefore, the aim of this study was to investigate the 
efficacy of PET/CT with 18F-FSU-880 for detection and 
localization of recurrent disease in more patients who 
were suspected to have recurrence based on an increase in 
plasma PSA levels after receiving initial treatment of pros-
tate cancer.

Materials and methods

Patients

This study received the approval of the ethics committee of 
our institute (approval no. CRB5180002) and was registered 
in the Japan Registry of Clinical Trials (registration number 
jRCTs051180037). All patients provided written informed 
consent for participation in the study. All reported investiga-
tions were conducted in accordance with the Declaration of 
Helsinki and with national regulations.

The present study was conducted as a phase 2 clini-
cal study of 18F-FSU-880. We prospectively analyzed 72 
patients (age 56–84 years, PSA level 0.22–40.00 ng/ml) who 
were referred for PET/CT with 18F-FSU-880 from February 
2019 to March 2021. Inclusion criteria were patients with 
prostate cancer (20–85 years) who were suspected as hav-
ing recurrence due to an increase in plasma PSA levels after 
receiving initial definitive treatment. Patients were excluded 
if they had communication difficulty, severely compromised 
general condition or severe renal dysfunction that might 
alter the biodistribution of 18F-FSU-880 (eGFR < 30 ml/
min/1.73 m2). The patients’ characteristics are summarized 
in Table 1.

18F‑FSU‑880 PET/CT

18F-FSU-880 was prepared on a COSMiC-Compact 24XX 
automated synthesis module (NMP Business Support Co., 
Ltd., Hyogo, Japan), following previously published meth-
ods [17], and was filter-sterilized. The PET/CT studies 
were performed with an integrated PET/CT scanner (Dis-
covery IQ; GE Healthcare, Waukesha, WI, USA) with a 
bismuth germanate scintillator arranged in five rings, and a 
16-detector-row CT scanner. Low-dose CT was performed 
for attenuation correction and anatomic correlation with-
out oral/intravenous (iv) contrast. Whole-body PET images 
were acquired from mid-thigh to the skull vertex at 1 h and 
3 h after iv injection of 18F-FSU-880 (101.8–380.0 MBq) 
as has been conducted by Afshar-Oromieh et al. [19] The 
acquisition time was 2 min per bed for 1 h post-injection 
and 3 min per bed for 3 h post-injection scans. Images 
were reconstructed using VuePoint HD, an ordered-subset 
expectation maximization (OSEM)-based algorithm (four 
iterations and 12 subsets).

Image analysis

All PET/CT images were reviewed on a dedicated work-
station (Advantage Workstation v.4.6; GE Healthcare) by 
two board-certified nuclear medicine physicians (YN and 
TO). Any abnormal uptake greater than that of the sur-
rounding background and not associated with physiologic 
uptake was considered positive, although positive lesions 
finally diagnosed as other disease by histology or addi-
tional imaging modalities were considered negative. In 
cases with equivocal findings or discrepancies, the final 
interpretation was decided at a consensus meeting. PET 
positive lesions were classified as local recurrence, lymph 
node metastases, bone metastases and metastases to other 

Table 1   Patients’ characteristics

Characteristic Data

No. of patients (n) 72
Primary therapy
 Radical prostatectomy 35
 Radiation 37

Age (years) 56–84, median 71
Gleason score of the primary tumor
 Gleason 6 6
 Gleason 7 24
 Gleason 8 23
 Gleason 9 19

PSA (ng/ml) 0.22–40.0, median 1.84
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organs. Lymph nodes located below the common iliac 
artery bifurcation were defined as pelvic lymph nodes, 
and those located above the common iliac artery bifurca-
tion were defined as distant lymph nodes. For quantita-
tive analysis, a volume of interest (VOI) was manually 
placed on a PET positive lesion to include the entire lesion 
and exclude any surrounding structures. Maximum stand-
ardized uptake value (SUVmax), defined as the highest 
regional uptake in each VOI, was calculated for each VOI. 
Up to five highest uptake lesions per organ were chosen 
for reliable analysis when there were six or more lesions 
in each organ.

Statistical analysis

All statistical analyses were performed with JMP version 
14.0.0 software (SAS Institute, Cary, NC). A p value of 
less than 0.05 was considered statistically significant. For 
subgroup analysis, patients were divided into four groups 
depending on their PSA level: 0.2 to < 0.5, 0.5 to < 1.0, 
1.0 to < 2.0 and ≥ 2.0 ng/ml. The correlations between 
patient-based detection rate and Gleason score of the 
primary tumor and PSA levels measured at the time of 
PET/CT were assessed. SUVmax values of the prostate 
cancer lesions at 1 h post-injection and 3 h post-injec-
tion were compared using the Wilcoxon signed rank test. 
Mann–Whitney U test was used to evaluate differences in 
plasma PSA levels between groups with and without path-
ologic positive uptake and between radical prostatectomy 
and radiation therapy cases. The Chi-squared test was used 
to determine whether the detection rate was dependent on 
initial treatment, PSA levels or GS.

Results

Comparison of SUVmax between the two phases

One hundred and fifty-seven positive lesions were detected 
at 3 h post-injection, while 146 lesions were detected at 
1 h post-injection. Two local recurrences, eight pelvic 
lymph nodes and one distant lymph node were depicted 
only in the 3 h post-injection scan. Table 2 demonstrates 
comparisons of SUVmax between the two phases, exclud-
ing two unmeasurable lesions due to their location being 
too close to the bladder. SUVmax was higher at 3 h post-
injection than at 1 h post-injection at all sites, with statisti-
cal significance (p < 0.001). Figure 1 shows the case with 
local recurrence depicted only at 3 h post-injection.  

Patient‑based analysis

One case of positive uptake in the thoracic vertebra was 
later diagnosed as hemangioma based on the findings of 
MRI performed after PET/CT, and was hence considered 
negative. In total, 51 patients (71%) showed positive PSMA 
PET/CT results at 3 h post-injection. Local recurrences, pel-
vic lymph node metastases, distant lymph node metastases, 
bone metastases and other organ metastases were identified 
in 17 patients (24%), 18 patients (25%), 9 patients (13%), 
13 patients (18%) and 3 patients (4%), respectively. Repre-
sentative images of bone metastasis and pelvic lymph node 
metastasis are illustrated in Figs. 2 and 3, respectively. 

The PSA-stratified detection rates were 22% (2/9), 36% 
(4/11), 89% (16/18) and 85% (29/34) for PSA levels of 0.2 
to < 0.5, 0.5 to < 1.0, 1.0 to < 2.0 and ≥ 2.0 ng/ml, respec-
tively (Fig. 4). When patients were divided into two groups 
by a cut-off value of plasma PSA of 1.0 ng/ml, there was 
a significant difference in the detection rates between the 
two groups: 87% (45/52) in patients with PSA levels above 
1.0 ng/mL vs. 30% (6/20) in patients with PSA levels below 
1.0 ng/ml (p < 0.001). In addition, the PSA value was sig-
nificantly higher in patients with positive PET results than 
those with negative results [2.25 (0.25–40.00) vs. 0.85 
(0.22–12.90), mean (range), p < 0.001].

The GS-stratified detection rates were 33% (2/6), 67% 
(16/24), 70% (16/23) and 89% (17/19) for GS 6, 7, 8 and 9, 
respectively (Fig. 5). When patients were divided into two 
groups according to GS, the detection rate in patients with 
GS of 8 and 9 tended to be higher than that in patients with 
GS of 6 and 7 [79% (33/42) vs. 60% (18/30)], although this 
difference was not statistically significant (p=0.087).

Lesion‑based analysis

In total, 157 positive lesions were detected at 3 h post-injec-
tion, 18 in the prostate or prostate bed, 65 in lymph nodes, 
71 in bones and three in the lungs. The distribution of posi-
tive lesions stratified by PSA levels is listed in Table 3. Local 
recurrences were not detected in patients with PSA levels 

Table 2   SUVmax of the detected lesions at each phase

*Wilcoxon signed rank test

n 1 h 3 h p value*

Total 144 10.1 ± 10.6 16.7 ± 15.9  < 0.001
Local recurrence 14 6.5 ± 3.3 10.6 ± 5.4  < 0.001
Lymph node
 Pelvic 31 8.1 ± 8.0 13.3 ± 13.8  < 0.001
 Distant 25 19.3 ± 17.1 29.7 ± 23.7  < 0.001

Bone 71 8.3 ± 7.5 15.2 ± 12.1  < 0.001
Other organ 3 10.2 ± 5.6 17.3 ± 9.4   0.125
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less than 1.0 ng/ml. In patients with PSA levels less than 
0.5 ng/ml, only pelvic lymph nodes were detected. All but 
one case of distant lymph node metastases were present in 
patients with PSA levels greater than 2.0 ng/ml.

Diagnostic performance according to initial 
treatment methods

The PSA level at the time of PET/CT was significantly lower 
in patients initially treated with radical prostatectomy (RP) 
than in those initially treated with radiation therapy (RT) 

[1.00 (0.22–12.9) vs. 2.33 (0.75–40.0), median (range), 
respectively, p < 0.001]. The overall detection rate of recur-
rence tended to be higher in patients who received RT 
than those underwent RP, although [81% (30/37) vs. 60% 
(21/35), p = 0.049]. In patients with PSA levels greater than 
0.5 ng/ml, no significant difference in the detection rate was 
observed between patients who underwent RP and those 
who received RT [73% (19/26) vs. 81% (30/37), p = 0.452]. 
After stratification of patients who underwent RP by PSA, 
the detection rates were 22% (2/9), 38% (3/8), 100% (8/8) 
and 80% (8/10) for PSA levels of 0.2 to < 0.5, 0.5 to < 1.0, 

Fig. 1   18F-FSU-880 PET/CT scan images in a 79-year-old man with 
suspected recurrence after radical prostatectomy (RP) (Gleason score 
(GS) 4 + 4, PSA 1.00  ng/ml). 18F-FSU-880 PET/CT showed focal 
uptake on the right side of the prostate bed only at 3 h post-injection 
(yellow arrow in b, SUVmax, 6.8). Radiation therapy (RT) was sub-

sequently administered, which resulted in a decrease in PSA levels to 
0.01 ng/ml. a Transaxial PET/CT fusion images at 1 h after injection; 
b transaxial PET/CT fusion images at 3 h after injection (color figure 
online)

Fig. 2   18F-FSU-880 PET/CT scan images in a 64-year-old man with 
suspected recurrence after radiation therapy (RT) for prostate cancer 
(Gleason score (GS) 4 + 5, PSA 2.84  ng/ml). 18F-FSU-880 PET/CT 
showed focal uptake in the thoracic spine, suggesting bone metasta-
sis. SUVmax was 5.5 and 16.2 at 1 h and 3 h post-injection, respec-
tively. The patient proceeded with salvage RT for the bone lesion, 

which resulted in his plasma PSA level decreasing to 0.76  ng/ml. 
a Maximum intensity projection image 1  h after injection; b maxi-
mum intensity projection image 3 h after injection; c transaxial PET/
CT fusion image at 1  h after injection; d transaxial PET/CT fusion 
images at 3 h after injection
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1.0 to < 2.0 and ≥ 2.0 ng/ml, respectively. For patients who 
received RT, the detection rates were 33% (1/3), 80% (8/10) 
and 88% (21/24) for PSA levels of 0.5 to < 1.0, 1.0 to < 2.0 
and ≥ 2.0 ng/ml, respectively. None of the patients who 
received RT had a PSA level of less than 0.5 ng/ml.

Table 4 shows a comparison of the detection rates of 
recurrence between the two treatment methods stratified by 
tumor location. The frequency of local recurrence was sig-
nificantly higher in patients who received RT than those who 

underwent RP (p = 0.018). No significant differences were 
observed between the two groups for the other locations.

Discussion

This was a prospective study assessing the clinical efficacy 
of PET/CT with 18F-FSU-880 in prostate cancer patients 
with suspected recurrence after initial treatment. 18F-FSU-
880 PET/CT scans of 72 patients referred for localization of 

Fig. 3   18F-FSU-880 PET/CT 
scan images in a 78-year-old 
man suspected to have recur-
rence after radiation therapy 
(RT) for prostate cancer (GS 
3 + 4, PSA 5.13 ng/ml). Focal 
uptake was observed in a 6 mm 
lymph node behind the left 
external iliac vein (red arrow in 
c) (SUVmax, 10.7, 26.4 at 1 h 
post-injection and 3 h post-
injection, respectively). Salvage 
RT was performed, which 
resulted in his plasma PSA 
level decreasing to 0.01 ng/ml. 
a Transaxial PET/CT fusion 
images at 1 h after injection; 
b transaxial PET/CT fusion 
images at 3 h after injection; 
c transaxial CT (color figure 
online)

Fig. 4   Detection rate according 
to PSA levels
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relapse sites were analyzed. We found a significant correla-
tion between higher PSA levels at PET/CT and higher PET/
CT positivity, which was considered consistent with other 
previous reports [9, 12, 13]. Higher PET/CT positivity also 
correlated with higher GS. We consider that these findings 
were reasonable, based on several basic studies employing 

surgical specimens of prostate cancer, in which positive rela-
tionships between GS and PSMA expression were shown 
[20, 21]. In addition, in the recent study including big cohort 
of patients with recurrent prostate cancer after prostatec-
tomy, the significant association between GS and detection 
rate was described [22].

PET/CT with 18F-FSU-880 achieved a high detection 
rate (87%) in patients with plasma PSA levels greater than 
1.0 ng/ml. A meta-analysis demonstrated that the detection 
rate of 18F-labeled PSMA-targeted PET/CT in patients with 
PSA greater than 1.0 ng/ml was approximately 90% [23]. 
In the present patient group, the performance of 18F-FSU-
880 was comparable to that of other 18F labeled PSMA PET 
agents. On the other hand, in patients with PSA levels below 
1.0 ng/ml, the detection rate was only 30% (6/20), which 
was lower than those reported for other PSMA-targeted 
imaging probes, especially for 18F-labeled probes [23]. The 
reason for the low detection rate in patients with PSA lev-
els below 1.0 ng/ml might be that local recurrences were 
not detected in this patient group. In a previous study using 
18F-PSMA-1007, local recurrences were detected in 18.5% 
and 21.3% of patients with PSA levels of 0.2 to < 0.5 ng/
ml and 0.5 to < 1.0 ng/ml, respectively [9]. However, in the 
current study, local recurrence was not identified in any 
of the cases with PSA levels below 1.0 ng/ml. Physiologi-
cal urinary excretion might impair detection of small local 
recurrences at the early stage of recurrence by 18F-FSU-880 
PET/CT. To resolve this problem, injection of furosemide 
or early dynamic scans commencing at the first minute after 
injection were considered. Although furosemide injection 
caused reduction of bladder activity, which led to better 
assessment of the prostate region [24], the routine use of 
diuretics needs to be carefully considered because of the 
potential side effects, such as dehydration. In other studies, 

Fig. 5   Detection rate according 
to Gleason scores

Table 3   Distribution of positive lesions stratified by PSA levels (3 h 
post-injection)

PSA levels (ng/ml) 0.2– < 0.5 0.5– < 1.0 1.0– < 2.0  ≥ 2.0

Total 3 7 27 120
Local recurrence 0 0 8 10
Lymph node
 Pelvic 3 2 10 24
 Distant 0 1 0 25

Bone 0 3 9 59
Other organ 0 1 0 2

Table 4   Comparison of patient-based detection rates between the 
treatment methods stratified by tumor location (3 h post-injection)

RP radical prostatectomy, RT radiation therapy
*Chi-squared test

RP (n = 35) (%) RT (n = 37) (%) p value*

Total 21 (60) 30 (81) 0.049
Local recurrence 4 (11) 13 (35) 0.018
Lymph node
 Pelvic 9 (26) 9 (24) 0.892
 Distant 2 (6) 7 (19) 0.090

Bone 5 (14) 8 (22) 0.419
Other organ 2 (6) 1 (3) 0.523
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dynamic imaging also achieved better detection of local 
recurrence [25, 26], although Chevalme et al. reported that 
early dynamic imaging added value in only 5% of all cases 
[27].

PSMA-targeted PET radiotracer uptake is seen in gan-
glia, most commonly in celiac and stellate ganglia, which 
could be misinterpreted as metastatic lesions [28]. In previ-
ous reports, 89–97% of patients demonstrated uptake in at 
least one ganglion [28, 29]. However, in our study, uptake 
in ganglia was hardly noticeable and there were only few 
cases in which differentiation between physiological uptake 
in ganglia and pathological uptake in metastatic nodes was 
considered problematic.

We compared the detection rate and site of recurrence 
between RT and RP groups. The detection rate tended to be 
higher in patients who received RT than those who under-
went RP. However, in patients with PSA levels higher than 
0.5 ng/ml, there was no significant difference between the 
two groups. This tendency was considered to be due to the 
absence of cases with PSA levels below 0.5 ng/ml in the RT 
group. Following stratification by PSA levels, there were 
no significant differences in detection rates between the 
two groups. As for the site of recurrence, the frequency of 
local recurrence was significantly higher in patients who 
received RT than those who underwent RP. Aizawa et al. 
reported that of 268 patients with high-risk prostate cancer 
treated with intensity-modulated radiation therapy (IMRT), 
97 patients developed BCR, and among them, clinical failure 
was detected by CT or bone scintigraphy in only 45 patients 
[30]. Local recurrences might explain some of these cases 
where the site of recurrence could not be identified.

In this study, 18F-FSU-880 uptake was analyzed at 1 h 
and 3 h post-injection, which showed that more lesions 
were detected and SUVmax was significantly higher at 3 h 
post-injection. A previous study on 18F-PSMA-1007 demon-
strated that SUVmax at 2 h post-injection was significantly 
higher than that at 1 h post-injection, and recommended 
that 18F-PSMA-1007 PET-CT scans should be performed 
at 2 h post-injection [31], which is in accordance with our 
results showing that delayed images are superior to images 
obtained 1 h post-injection. In addition, some reports proved 
that images at 3 h post-injection sometimes provided addi-
tional information as compared to inconclusive uptakes in 
the prostate bed at 1 h post-injection in 68 Ga-labeled PSMA 
targeting images [19, 25]. Therefore, PSMA-targeted PET/
CT at dual time points might be useful.

There are several limitations to this study. First, the sam-
ple size was small and lack of histopathological confirma-
tion in most cases is a major limitation of this study, similar 
to most previous investigations about PSMA-targeted PET/
CT. However, pathological confirmation of all lesions for 
research purposes is not realistic from an ethical point of 
view, and some lesions were too small and/or too deeply 

seated to perform biopsy. However, when histopathologic 
validation was available, the results confirmed the high posi-
tive predictive value of 18F-FSU-880 PET-CT scans. Addi-
tionally, previous studies have revealed that histopathologic 
confirmation indicated a high correlation between PSMA 
positive lesions and histopathologic findings [32, 33]. Sec-
ond, the impact of 18F-FSU-880 PET/CT on treatment deci-
sion was not evaluated because this was a preliminary study 
focusing on the detection rate of 18F-FSU-880 PET/CT. 
PSMA-targeted imaging was previously reported to lead to a 
change in treatment in approximately 60% of BCR cases [14, 
34]. In future, we need to investigate this PSMA-compound 
from the point of view of clinical impact. Third, we only 
analyzed 1 h and 3 h post-injection images. Therefore, it 
remains unknown whether waiting for 3 h after administra-
tion is the most optimal timing.

Conclusion

Our preliminary data suggest that 18F-FSU-880 might be a 
promising new PSMA-targeting tracer for detecting recur-
rence after primary treatment in patients with prostate can-
cer. However, small local recurrence and metastatic nodes 
close to the bladder might have been masked due to the uri-
nary excretion characteristics of this tracer, which remains 
an issue to be overcome to improve the detection rate.
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