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Abstract
Objective The aims of this study were to investigate the utility of  [18F]F-Florastamin, a novel prostate-specific membrane 
antigen (PSMA)-targeted PET radiotracer with facile radiochemistry, relative to the conventional imaging for the detection 
of sties of disease and evaluate the effect of multi-timepoint imaging with  [18F]F-Florastamin PET on lesion detectability.
Methods Eight prostate cancer patients with known or suspected recurrence who underwent  [18F]F-Florastamin PET/CT at 
1-h and 2-h imaging time-points were included in this prospective pilot study.  [18F]F-Florastamin PET images were inter-
preted visually and quantitatively at both time points and compared with CIM.
Results [18F]F-Florastamin PET was superior to CT in the detection of active osseous metastases and small-sized metastatic 
lymph nodes that do not fall under the anatomic imaging size criteria for metastasis. Multi-timepoint imaging showed a 
significant reduction in the blood pool, bone marrow and muscular uptake, and increase in liver uptake over time. There is a 
significant improvement in tumor-to-background ratio (TBR) at the 2-h imaging time-point (P = 0.04). The mean percentage 
change in TBR at 2-h was 21% (SD = 0.31).
Conclusions [18F]F-Florastamin is a promising new radioligand for PSMA-targeted PET with suitable lesion detectability 
and high TBR at both time points.

Keywords [18F]F-Florastamin · Prostate-specific membrane antigen PET/CT · Multi-time point imaging · Prostate cancer

Introduction

Imaging based on targeting the prostate-specific mem-
brane antigen (PSMA) with small-molecule positron emis-
sion tomography (PET) radiotracers has revolutionized 
the evaluation of men with prostate cancer [1]. Recently, 
the United States Food and Drug Administration approved 
two commercially available PSMA-targeted PET imaging 
agents,  [18F]F-DCFPyL (piflufolastat F 18, PYLARIFY) 
and  [68Ga]Ga-PSMA-11 [2, 3]. Although both agents are 
urea-based small molecules that target the molecules main 
active site, there are distinct advantages to using fluorine-18 
as a radionuclide in cancer imaging. These include (1) More 
favorable dosimetry/availability allowing for higher injected 
radiotracer dose; (2) Longer half-life of fluorine-18, which 
enables imaging at later time points resulting in higher clear-
ance and lower nonspecific binding; and (3) Lower positron 
emission energy of fluorine-18 results in increased imag-
ing spatial resolution [4–7]. Dietlein et al. demonstrated 
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the benefits of  [18F]F-DCFPyL over  [68Ga]Ga-PSMA-11 in 
terms of image quality and lesion detection [6]. These data 
suggest that future generations of PSMA PET radiophar-
maceuticals should focus on leveraging this radionuclide.

Multiple other  [18F]F-labeled radiotracers for PSMA PET 
that aim to improve upon the performance characteristics 
of  [18F]F-DCFPyL are under investigation [8]. One class 
of compounds incorporates large hydrophobic groups to 
try to take advantage of a secondary binding pocket near 
the PSMA active site [9]. Although a reasonable approach, 
this seems to lead to off-target binding in benign lesions 
that lack PSMA expression [10]. An alternative strategy 
for radiotracer development can be seen in the design of 
 [18F]F-Florastamin, which took the opposite approach of 
employing a minimalist hydrophilic chemical structure to 
drive rapid blood pool clearance and minimize off-target 
binding [11].  [18F]F-Florastamin can be easily synthesized 
in high radiochemical yield through the application of click 
chemistry in the linker portion of the molecule.

A first-in-human study of  [18F]F-Florastamin found high 
lesion detectability and overall favorable imaging character-
istics and dosimetry [11]. In this study, we aimed to investi-
gate (1) the utility of  [18F]F-Florastamin in imaging prostate 
cancer relative to conventional imaging modalities (CIM, 
i.e., computed tomography, magnetic resonance imaging, 
bone scan) and (2) the effect of 1-h and 2-h acquisition time 
on lesion detectability.

Materials and methods

Patients

This prospective pilot study was approved by our local Insti-
tutional Review Board (IRB00231620) and was carried out 
under the auspices of a U.S. Food and Drug Administra-
tion New Drug Application (IND #147289). A total of eight 
patients were enrolled in the study and imaged with  [18F]
F-Florastamin PET/CT.

Key inclusion criteria were: (1) males ≥ 18 years of age, 
(2) able to provide signed, informed consent and confirm 
that they are able and willing to comply with all protocol 
requirements, (3) histologically confirmed adenocarcinoma 
of the prostate, (4) evidence of recurrence (biochemical 
recurrence and/or new or progressive metastatic disease on 
CIM), and (5) willingness to be imaged prior initiation of 
new systemic therapy for recurrent and/or progressive meta-
static disease. Laboratory inclusion criteria were: (1) ade-
quate hepatic function with serum bilirubin ≤ 1.5 times the 
upper institutional limits of normal, (2) ALT and AST ≤ 2.5 
times the upper institutional limits of normal, (3) adequate 
renal function with serum creatinine ≤ 1.5 times the upper 
institutional limits of normal, (4) adequate hematologic 

function with absolute neutrophil counts ≥ 1500/mm3 and 
platelets ≥ 100,000/mm3, and (5) all electrolytes must be 
within normal limits or judged not clinically significant by 
the investigator. Exclusion criteria were (1) prior adminis-
tration of any radioisotope within five physical half-lives 
prior to study drug injection and (2) subjects with any medi-
cal condition or other circumstances that, in the opinion of 
the investigator, would compromise obtaining reliable data, 
achieving study objectives, or completion.

Radiochemistry and image acquisition

[18F]F-Florastamin was synthesized adopting the two-step 
synthesis that has been previously published [11]. Purifica-
tion by HPLC afforded the final radiotracer product in 1 mL 
ethanol and 14 mL normal saline. The final product passed 
all good manufacturing practice requirements for purity, ste-
rility, and apyrogenicity used for PET products. The average 
 [18F]F-Florastamin specific activity at the time of injection 
was 63,538 mCi/µmole, resulting in approx. 0.1 µg of carrier 
product mass for an injected dose of 10 mCi.

Patients were imaged with a protocol appropriate for 
determining dosimetry. Scans were acquired on either a 
General Electric DVCT 64-slice scanner (GE Healthcare, 
Waukesha, WI, USA, 7 patients) or a Siemens Biograph 
mCT 128-slice scanner (Siemens Healthineers, Erlangen, 
Germany, one patient). The use of two different scan-
ners mirrors the typical oncology PET workflow at our 
institution. Although this could have introduced an addi-
tional source of variability, a previous study in our center 
showed no significant variability in the mean liver uptake 
(SUVmean) between the two scanners [12]. Similarly, our 
study showed no significant difference in liver SUVmean 
between two scanners at different time points.

Immediately after a slow intravenous injection of 
10 ± 1 mCi of  [18F]F-Florastamin, an initial low-dose X-ray 
CT transmission scan was obtained. Next, a series of four 
whole-body PET emission acquisitions were obtained, ini-
tially at one minute per bed position to capture blood clear-
ance, then increased to two and then four minutes per bed 
position to maintain reasonable counting statistics over 
decay. At 120 min following the injection of  [18F]F-Floras-
tamin, a second low-dose X-ray CT transmission scan was 
obtained followed by a PET emission acquisition, again at 
four minutes per bed position. The field-of-view for all scans 
was the mid-thighs through the skull vertex.

A total of five whole-body PET emission acquisitions 
were obtained for radiation dosimetry purposes, which is 
not the aim of the current study. We visually determined 
that the two later imaging time-points, obtained 1-h and 2-h 
following the radiotracer injection, have the highest uptake 
and highest conspicuity for lesion detection and were thus 
included in image analysis.
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Image analysis

To evaluate the effect of  [18F]F-Florastamin uptake time 
on background uptake and lesion detectability, 1-h and 
2-h  [18F]F-Florastamin PET/CT images were interpreted 
both visually and semi-quantitatively. Two readers, a 
nuclear medicine physician (RMB) and a nuclear radiolo-
gist (LBS) recorded the number and location of abnormal 
uptake “suspicious” or “equivocal” for sites of metastatic 
prostate cancer on  [18F]F-Florastamin PET (defined as a 
focal or diffuse area of increased activity above nearby 
background at a site outside of the normal biodistribu-
tion of radiotracer). Equivocal was defined as “equivocal 
radiotracer uptake in lesions that are not clearly benign” 
or “high radiotracer uptake in lesions that are atypical for 
prostate cancer”. Lesions were also categorized based on 
the location (lymph node, bone, and prostate bed/other). 
Disagreement was resolved by a third reader (SPR).

Suspected sites of metastases or tumor on  [18F]F-Flo-
rastamin PET were also quantified using maximum stand-
ardized uptake values  (SUVmax) corrected for lean body 
mass at 1-h and 2-h imaging time points. To measure back-
ground average SUV  (SUVmean), volumes of interest (VOI) 
were placed in the reference region of liver parenchyma 
(right lobe), ascending aorta blood pool, vertebral body 
not involved with disease (L3 or T12 vertebra), and within 
the left deltoid muscles. Tumor-to-background ratio (TBR) 
and tumor-to-Liver ratio (TLR) were defined as 

Tumor SUVmax

Background Blood pool SUVmean
 and Tumor SUVmax

Liver SUVmean
 , respectively. The 

number of lesions on CIM were also recorded by one 
reader (RBM).

Statistical methods

Normal distribution of data was assessed using Shap-
iro–Wilk test. Continuous variables with normal distribu-
tion were presented as mean (standard deviation, SD), 
non-normal variables were as median (Interquartile range, 
IQR) and categorical variables as frequency and percent-
ages. A lesion-by-lesion comparison of suspected sites of 
disease was carried out between  [18F]F-Florastamin PET 
and CIM. Differences in background uptake, tumor 
 SUVmax, TBR and TLR at 1-h and 2-h time-points were 
compared using paired sample t test. These comparisons 
are presented as mean difference (standard deviation). The 
percentage difference in TBR at 2-h is calculated as: 
TBR(2 h)−TBR(1 h)

TBR(1 h)

 . The distribution of percentage change in 
TBR at the 2-h imaging time point was depicted using a 
histogram. Statistical significance was defined as P < 0.05. 
Data were analyzed using IBM SPSS statistics (version 26, 
Chicago, IL, USA).

Results

Study subject demographic and clinical information

Eight patients with prostate cancer and suspected recur-
rence or progression based on CIM findings were enrolled 
and imaged with  [18F]F-Florastamin PET/CT. The mean 
age of enrolled patients was 68.5 years (SD: 7.8; range 
54–79). Patients had a median PSA level of 4.45 ng/mL 
(IQR: 2.3—102.5). Of the eight imaged patients, 6 (75%) 
had undergone prior treatment with radical prostatectomy 
and 5 (62.5%) had undergone prior treatment with radia-
tion therapy. Two patients had biochemical progression 
without findings of disease on CIM, two patients had bio-
chemical progression with equivocal findings on CIM, and 
four had findings suspicious for new or progressing meta-
static disease on CIM. The median time interval between 
CIM and  [18F]F-Florastamin PET/CT was 14 days (inter-
quartile range 20). Table 1 summarizes additional clinical 
characteristics of the included patients. Of eight patients, 
four had complete CIM including a whole-body bone scan 
and CT of chest, abdomen and pelvis; two had a whole-
body bone scan and CT of chest; one had a whole-body 
bone scan and CT of abdomen and pelvis; and one had 
pelvis and lumbar spine MRI performed 2 months after 
 [18F]F-Florastamin PET/CT.

[18F]F‑Florastamin PET versus CIM

The added value of  [18F]F-Florastamin PET relative to 
CIM in each patient is described in Table 1. Overall,  [18F]
F-Florastamin PET was superior to CT in differentiating 
active osseous metastases from treated sclerotic lesions 
(2 patients) and improved the detection of small (sub-cen-
timeter) metastatic lymph nodes that do not fall under the 
anatomic imaging size criteria for metastasis (4 patients). 
Figure 1 shows a prostate cancer patient with biochemical 
recurrence, with focal intense  [18F]F-Florastamin uptake 
in normal-sized retroperitoneal lymph nodes, most consist-
ent with nodal metastases.

Table 2 summarizes the number of detected lesions 
(suspicious vs equivocal) with each modality categorized 
by lesion type. Overall, 36 sites of PET-positive  [18F]
F-Florastamin uptake (24 suspicious, 12 equivocal for 
metastatic disease) were detected on 2-h imaging includ-
ing 8 osseous lesions (5 suspicious, 3 equivocal) and 13 
lymph nodes (11 suspicious, 2 equivocal). Other lesions 
include a focal  [18F]F-Florastamin-avid prostatic lesion 
in a patient who had not undergone prostatectomy and 
multiple suspicious pulmonary nodules (one patient). In 
contrast, 31 lesions were identified on CT (22 suspicious, 
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9 equivocal) including 9 sclerotic osseous lesions, 8 sub-
centimeter lymph nodes (equivocal), 1 equivocal focal 
lesion in the prostate gland and multiple suspicious pul-
monary nodules. Of note, patient #6 was not included in 
this analysis as (1) extensive osseous metastases made it 
difficult to count the number of lesions, and (2) CIM in 
this patient was not comparable with other patients (pel-
vis and lumbar spine MRI performed 66 days after  [18F]
F-Florastamin PET).

Multi‑time point imaging with  [18F]F‑Florastamin

On visual assessment most lesions appeared more conspicu-
ous at the 2-h imaging time-point (Fig. 2). In two patients, 
several equivocal lesions at 1-h were re-categorized as 

suspicious at the 2-h imaging time-point (one lymph node 
metastasis and three pulmonary nodules). However, these 
additional lesions did not alter disease staging or would have 
led to a change in available treatment options.

Table 3 summarizes the mean difference (SD) in back-
ground uptake, tumor  SUVmax, TBR and TLR between 2 
and 1-h imaging time points. Analysis of background uptake 
at the 1-h versus 2-h time points demonstrated a significant 
reduction in the blood pool, bone marrow, and muscular 
uptake over time. Liver parenchymal  SUVmean was signifi-
cantly increased at the 2-h imaging time point (mean differ-
ence = 0.41, P = 0.02).

There was a significant improvement in TBR at the 2-h 
time point, with a mean difference of 0.33 (P = 0.04). In 
an analysis based on the location of lesions, improved 

Fig. 1  a Coronal contrast-enhanced CT of a 54-year-old patient with 
prostate cancer and serum PSA of 2.7  ng/mL shows normal-sized 
(sub-7 mm short axis) para-aortic lymph nodes (red arrows). b, c Cor-
onal  [18F]F-Florastamin PET/CT demonstrates focal intense uptake 

associated with retroperitoneal lymph nodes (orange arrows); physi-
ologic excreted ureteric and bladder radioactivity is seen below the 
pathologic lymph nodes

Table 2  Number of lesions detected with each modality by lesion type

Lesions were categorized as either suspicious or equivocal
Patient #6 was not included in this table due to extensive osseous metastatic disease (too many lesions to count)
a Other lesions include a prostatic lesion in a patient who had not undergone prostatectomy and multiple suspicious pulmonary nodules in 
another patient

All lesions Bone lesions Lymph node lesions Other  lesionsa

Suspicious Equivocal Suspicious Equivocal Suspicious Equivocal Suspicious Equivocal

[18F]F-Florastamin PET/CT (1 h) 21 15 5 3 11 3 5 9
[18F]F-Florastamin PET/CT (2 h) 24 12 5 3 13 1 6 8
CT 22 9 9 0 0 8 13 1
Bone scan NA NA 6 2 NA NA NA NA
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TBR is seen at 2-h for osseous lesions but not for lymph 
node or other lesion types. No significant difference in 
values of  SUVmax or TLR was observed between 1 and 2-h 

imaging. The percentage change in tumor to background 
uptake ratio at 2-h imaging is depicted in Fig. 3. The mean 
percentage change in TBR at 2-h was 21% (SD = 0.31).

Fig. 2  Serial  [18F]F-Florastamin PET images of a 79-year-old pros-
tate cancer patient with a PSA of 2.1  ng/mL. Maximum intensity 
projection (MIP) PET images 60 min after radiotracer injection show 
a focal uptake in the retroperitoneum representing a small left para-

aortic lymph node metastasis (green arrow). At 2 h post-radiotracer 
injection, there are more conspicuous foci of uptake in the abdomen/
pelvis representing additional metastases in the left common and left 
external iliac nodal chain (red arrows)

Table 3  Effect of time of 
18F-Florastamin PET/CT image 
acquisition on background 
uptake and tumor-to-
background ratio

Data presented as mean difference (standard deviation) between 2 and 1-h imaging. P-value < 0.05 was 
considered statistically significant (*)

Background uptake SUVmean(2 h)–SUVmean(1 h) P value

Liver  + 0.41 (0.39) 0.02*
Blood pool  − 0.22 (0.11)  < 0.001*
Bone marrow  − 0.16 (0.14) 0.01*
Muscle  − 0.17 (0.12) 0.008*

Tumor uptake SUVmax(2 h)–SUVmax(1 h) P value

All lesions  + 0.12 (0.72) 0.58
Bone  + 0.18 (0.72) 0.20
Lymph nodes  − 0.23 (2.21) 0.70
Others  + 0.72 (1.13) 0.22

Tumor to background ratio TBR(2 h)–TBR(1 h) P value

All lesions  + 0.33 (1.04) 0.041*
Bone  + 0.25 (0.38) 0.004*
Lymph nodes  + 0.24 (1.6) 0.60
Others  + 0.99 (1.43) 0.19

Tumor to liver ratio TLR(2 h)–TLR(1 h) P value

All lesions  − 0.17 (0.58) 0.051
Bone  − 0.08 (0.32) 0.21
Lymph nodes  − 0.45 (0.94) 0.10
Others  + 0.10 (0.19) 0.28
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Discussion

The first-in-human trial by Lee et al. supports the feasibility 
and safety of PET imaging with  [18F]F-Florastamin.  [18F]
F-Florastamin PET can assess PSMA expression levels 
with excellent specificity without significant nonspecific 
organ uptake, has favorable biodistribution, and provides 
a relatively low radiation exposure compared to other  [18F]
F-labelled PSMA imaging agents [11]. This demonstrates 
that the facile radiochemistry and simple chemical structure 
of  [18F]F-Florastamin may have advantages relative to larger 
and more complex molecules such as  [18F]F-PSMA-1007.

There are multiple conclusions can be drawn regarding 
the results of our study. First,  [18F]F-Florastamin is a sensi-
tive means of detecting sites of prostate cancer. Although the 
lesion detection efficiency was similar between  [18F]F-Flo-
rastamin PET and CIM, this would seem to at least partially 
reflect that some lesions visible on CIM (such as a subset 
of densely sclerotic bone lesions) likely reflect previously 
viable sites of disease that have been effectively treated. 
Essentially, CIM is a record of all sites of disease over time, 
whereas tumor-specific agents such as  [18F]F-Florastamin 
will only have uptake in sites of viable tumor.

In keeping with previously published studies [13–16], 
our work suggests that later imaging, at 2 h post-injection, 
will improve lesion visibility and background tissue clear-
ance. Later acquisition was associated with decreased blood 
pool, bone marrow, and muscular background uptake and 
increased hepatic uptake. In our study, on visual assessment 

most lesions appeared more conspicuous at the 2-h imag-
ing time-point, and few equivocal lesions at 1-h imaging 
were re-categorized as suspicious at 2-h. In addition, our 
data demonstrated significant improvement in TBR at 2-h 
imaging. In subgroup analysis, the difference in TBR only 
reached statistical significance for osseous lesions and not 
other lesions. However, it is important to note that the small 
number of patients/lesions limits the subgroup analysis, and 
the result should be interpreted with caution.

Several studies support the benefit of later acquisi-
tion for PSMA-radiotracers [13–15, 17]. It has been sug-
gested that a further increase in radiotracer accumulation 
on late imaging can predict the likelihood of malignancy, 
as benign lesions usually show a decrease in SUV on late 
scans [18]. For PSMA radiotracers, late imaging (at 2-h for 
 [18F]F-based and at 3 h for  [68Ga]Ga-based tracers) offers 
substantial advantages and can more definitively evaluate 
the disease status when there is an equivocal abnormality on 
early images [14, 16, 17, 19–21]. Hohberg et al. showed that 
in patients with biochemical recurrence with low PSA levels 
(< 2 μg/L),  [68Ga]Ga-PSMA-HBED-CC PET/CT imaging 
3 h post-injection frequently improved the visibility of small 
PSMA-positive lesions. They suggested that additional late 
PET imaging restricted to the lower abdomen and pelvis 
can be recommended when the PSA level is low without 
ADT [16].

Imaging at later acquisition times can reduce scanner 
availability; hence it can be challenging to integrate it into 
clinical practice. Further studies are needed to optimize 

Fig. 3  The percentage change 
in tumor to background uptake 
ratio at 2-h imaging time-point
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PSMA-PET acquisition protocols and determine which 
patients will benefit from delayed imaging.

Our study has a number of limitations. Perhaps the most 
noteworthy is the heterogeneity of the baseline conventional 
imaging. Other limitations include small sample size, heter-
ogeneity in treatments received prior to enrollment, and lack 
of ground-state standard-of-truth, as histopathologic confir-
mation was not practically available in all patients. Our study 
aimed to assess the added value of  [18F]F-Florastamin PET/
CT relative to CIM, and the effect of  [18F]F-Florastamin 
uptake time on lesion detectability, independent of the refer-
ence standard. A more fundamental evaluation of diagnostic 
accuracy was not the initial purpose of our study and was 
not feasible due to a lack of adequate reference standard. 
Future studies with larger sample size are needed to further 
elaborate the latter.

Conclusions

[18F]F-Florastamin is a promising new radiotracer for 
PSMA-targeted PET for which there is a facile synthetic 
approach [22]. The agent demonstrates high TBR at mul-
tiple time points, suitable lesion detectability, and has the 
intrinsic advantages of radiofluorination.  [18F]F-Florastamin 
should be explored in larger studies to understand its poten-
tial role as an imaging agent for prostate cancer.
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