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Abstract
Purpose The aim of this study was to assess the value of dual-
time point imaging in PET/CT for detection of biochemically
recurrent or persistent prostate cancer, using the prostate-
specific membrane antigen (PSMA) ligand [68Ga]PSMA I&T.
Methods 240 patients who underwent a [68Ga]PSMA I&TPET/
CT in the context of biochemical relapse of prostate cancer were
included in this retrospective analysis. Imaging consisted of a
standard whole-body PET/CT (1 h p.i.), followed by delayed
(3 h p.i.) imaging of the abdomen. PSA-stratified proportions
of positive PET/CT results, standardized uptake values and
target-to-background ratios were analyzed, and compared be-
tween standard and delayed imaging.
Results The overall detection rates of [68Ga]PSMA I&T PET/
CTwere 94.2, 71.8, 58.6, 55.9 and 38.9% for PSA levels of ≥2, 1
to <2, 0.5 to <1, >0.2 to <0.5, and 0.01 to 0.2 ng/mL, respective-
ly. Although the target-to-background ratio improved significant-
ly over time (P < 0.0001), the majority (96.6%) of all lesions
suggestive of recurrent disease could already be detected in stan-
dard imaging. Delayed imaging at 3 h p.i. exclusively identified
pathologic findings in 5.4% (10/184) of abnormal [68Ga]PSMA

I&T PET/CT scans, and exclusively detected 3.4% (38/1134) of
all lesions suggestive of recurrent disease.
Conclusions [68Ga]PSMA I&T PET/CT shows high detec-
tion rates in patients with prostate-specific antigen persistence
or biochemical recurrence of prostate cancer. Delayed imag-
ing can detect lesions with improved contrast compared to
standard imaging. However, the impact on detection rates
was limited in this study.

Keywords Prostate cancer . Detection rate . Delayed
imaging . Dual-phase imaging . PSMA . PET/CT

Introduction

Prostate cancer is the most common malignancy in men and a
major cause of cancer deaths worldwide [1, 2]. After primary
therapy for prostate cancer, a substantial number of patients will
ultimately suffer from biochemical recurrence. In a recent study,
the 5-year biochemical recurrence-free survival rates following
radical prostatectomy or high-dose rate brachytherapy with ex-
ternal beam radiation therapy were 82.1% vs. 80.3%, respective-
ly [3]. Monitoring of prostate specific antigen (PSA) is a reliable
and cost-effective way to detect disease relapse. However, it is
crucial for further treatment planning to detect and differentiate
local, regional, or systemic recurrent prostate cancer. Previously
applied imaging methods such as bone scintigraphy and PET
with radiolabelled choline derivatives exhibit considerable limi-
tations, particularly in the setting of PSA <10 ng/mL [4, 5].

The prostate-specific membrane antigen (PSMA) has
therefore recently gained prominence as a molecular target
for both clinical imaging and radionuclide therapy of prostate
cancer [6–10]. [68Ga]PSMA ligand PET/CT represents a
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highly sensitive clinical imaging procedure for image-based
restaging of prostate cancer in the context of biochemical re-
currence, as well as for evaluation of PSMA-targeted radionu-
clide therapy [7, 8]. As such, several PSMA-targeting PET
radiopharmaceuticals have become available for clinical im-
aging, including [68Ga]PSMA HBED-CC and [68Ga]-
DOTAGA-(3-iodo-y)fk(Sub-KuE)—[68Ga]PSMA I&T [6,
10]. [68Ga]PSMA I&T has recently been introduced as an
alternative to [68Ga]PSMA HBED-CC which is a pure PET
radiopharmaceutical that cannot be labelled with therapeutic
radionuclides [10]. In contrast to other ligands, PSMA I&T
can be labelled alternatively with lutetium ([177Lu]PSMA
I&T) without significant changes in affinity, which may allow
for treatment of prostate cancer [9]. The introduction of this
theranostic PSMA ligand offers new opportunities for diagno-
sis and therapy of recurrent prostate cancer [11, 12]. In a recent
study, the detection rate of PET/CT using [68Ga]PSMA I&T
has been evaluated in a first rather small cohort of patients
with biochemical relapse of prostate cancer, demonstrating
high detection rates that were comparable to [68Ga]PSMA
HBED-CC [13].

In other malignancies, tracer uptake in malignant lesions
has been shown to increase over time, and delayed imaging
may contribute to a significantly higher detection rate of me-
tastases [14, 15]. [68Ga]PSMA ligand PET/CT conducted at
60 min after tracer injection is the most widely used protocol
[7, 8], and reported data for [68Ga]PSMA I&Twere acquired
at about 80 min p.i. [13]. Additional benefit from delayed
imaging has been suggested for other ligands such as
[68Ga]PSMA-HBED-CC, demonstrating increasing standard-
ized uptake values (SUVs) over time and improving target-to-
background (T/B) ratios [6, 16]. However, data are limited,
and delayed imaging using [68Ga]PSMA I&T has not been
evaluated systematically before.

Therefore, the aim of this study was to assess the incremen-
tal value of abdominal [68Ga]PSMA I&T PET delayed im-
ages. For this purpose, we compared the detection rates,
SUVs and T/B ratios in a large cohort of prostate cancer pa-
tients using a standard protocol with whole-body imaging at
1 h p.i. and delayed abdominal imaging at 3 h p.i.

Materials and methods

Study population

The study population of this retrospective study consisted of
240 men (69.8 ± 7.5 years; range, 46.4–89.8 years) who were
referred for a [68Ga]PSMA I&T PET/CT for detection of bio-
chemical recurrence or PSA persistence after primary therapy
for prostate cancer between November 2014 and March 2016.
Biochemical failure is usually defined as presence of a PSA
greater than 0.2 ng/mL after prostatectomy or as three

successive rises above nadir following radiation therapy ac-
cording to the American Society for Therapeutic Radiation
and Oncology (ASTRO) definition of failure [17, 18].We also
included patients with a PSA level < 0.2 ng/ml to explore the
prevalence of metastases in this subgroup. Patients were in-
cluded if they had a history of prostate cancer, verified by
histopathological evaluation, and presented with biochemical
recurrence/persistence as determined by PSA levels.
Exclusion criteria were: salvage radical prostatectomy, trans-
urethral resection of the prostate (TURP), cryosurgical abla-
tion of the prostate, high-intensity focused ultrasound (HIFU),
irreversible electroporation (IRE), chemotherapy, radiation
therapy for metastatic disease, bone-targeted therapy with ra-
dium-223, and PSMA-targeted radionuclide therapy. Some
(n = 23) patients have been included in a previous manuscript
evaluating diuretic PSMA imaging, but without analysis of
detection rates [19].

Details on patient characteristics are summarized in
Table 1. 209 (87%) patients had undergone radical surgery,
and 31 (13%) patients external beam radiation therapy
(EBRT) or (combined) brachytherapy for primary treatment.
36 (15%) patients had received androgen deprivation therapy
(ADT) within the last 6 months prior to the examination. All
studies were performed in the course of clinical diagnostic
work-up of patients and [68Ga]PSMA I&T was administered
in compliance with the Declaration of Helsinki, §37 and the
German Medicinal Products Act, AMG §13.2b. Written in-
formed consent was obtained from all patients according to
institutional guidelines. The data analysis was presented to the
local institutional review board, and the need for a formal
review was waived.

Preparation of the PSMA-targeting ligand

[68Ga]PSMA I&T [9] was synthesized by a fully automated,
good manufacturing practice/compliant procedure [20] using
a GRP module (SCINTOMICS GmbH, Fürstenfeldbruck,
Germany) connected to a [68Ge]/[68Ga] generator (30 mCi
Obninsk Generator, Eckert & Ziegler EUROTOPE GmbH,
Berlin, Germany) and equipped with a disposable single-use
cassette kit (ABX, Radeberg, Germany). A standardized la-
beling sequence with 22.5 μg (15 nmol) of unlabeled PSMA
I&T (SCINTOMICS GmbH, Fürstenfeldbruck, Germany)
was used. Before application, the radiopharmaceuticals were
analyzed according to the monographs 2462 (gallium chlo-
ride) and 2482 (gallium edotreotide) of the European
Pharmacopoeia by analytic high-performance liquid chroma-
tography. Radioanalytic high-performance liquid chromatog-
raphy was performed on a Varian ProStar high-pressure gra-
dient system equipped with an utraviolet/visible light (UV/
Vis) detector (Varian ProStar 335) and a radiodetector
(Berthold LB 3800-20 with LB 6657 probe) using an RP-18
column (Gemini C18 5μ 110A, 250 ×; Phenomenex,
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Torrance, CA, USA). The eluent had a linear gradient from
100% solvent A (phosphate buffer/acetonitrile, 85:15) to
100% solvent B (phosphate buffer/acetonitrile, 65:35) over
25 min at a flow of 0.6 ml/min.

PET/CTacquisition and image reconstruction

All studies were obtained on a dedicated PET/CT system
(Siemens Biograph mCT 128 Flow; Siemens, Knoxville,
TN, USA), equipped with an extended field-of-view LSO
PETcomponent, a 128-slice spiral CTcomponent, and a mag-
netically driven table optimized for continuous scanning. The
patients received an intravenous injection of 98 ± 26 MBq of
the [68Ga]PSMA ligand. Imaging started with a low-dose non-
enhanced helical CT (120kV, mAmodulated, pitch 1.2, recon-
structed axial slice thickness 5.0 mm) performed for attenua-
tion correction of PET acquisitions. Whole-body PET images
were then acquired in all patients using continuous bed motion
(CBM) at a speed of 0.9 mm/s for chest and abdomen and 2.1
mm/s for legs at 1 h p.i. (about 25 min of acquisition time for
an average patient). After completion of the first scan, each
patient received 0.5 mg of furosemide per kilogram of body
weight (maximum, 40 mg) followed by oral hydration with
1.5 L of water. Patients were advised to void the bladder fre-
quently to favour urinary excretion and minimize exposure to
radiation. PET images were acquired directly after the last
voiding of the bladder. At 3 h p.i., delayed PET imaging of
the abdomen was performed at a table speed of 0.5 mm/s
(about 15 min for an average patient). All studies were recon-
structed identically, using time-of-flight and point spread

function (PSF) information combined with an iterative algo-
rithm (Ultra HD®, Siemens Healthcare; 2 iterations, 21 sub-
sets, matrix 200; zoom 1.0; Gaussian filter of 5.0). Intravenous
contrast material was not administered.

Image analysis and quantification of tracer uptake

All PET/CT images were analyzed by one board-certified nu-
clear medicine physician and one board-certified radiologist in
consensus using a dedicated workstation equipped with a
commercial software package (syngo.via; Siemens
Healthcare), which allowed the review of PET, CT and fused
imaging data. All lesions suggestive for recurrent prostate
cancer were noted and grouped with respect to their localiza-
tion into local recurrence, lymph node metastases, bone me-
tastases, and other metastases (e.g. lung) [8].

In PET, any focal uptake of [68Ga]PSMA I&T higher than
background and not associated with physiologic uptake was
judged as tissue suspicious of malignancy. Criteria for inter-
pretation of hybrid [68Ga]PSMA ligand PET/CT have been
recently published [21]. The numbers of detected metastases
per patient was recorded. In case of multiple metastases, only
the five metastases with the highest SUV were further ana-
lyzed in each suggestive anatomical field (i.e. lymph nodes,
bone, other organs). To calculate SUVs, an isocontour volume
of interest including all voxels above 45% of the maximum
was created, covering the whole lesion volume, as performed
recently in a similar way [22]. Within all volumes of interest,
mean and maximum SUVs were measured. Measurements
were performed in images at 1 and 3 h p.i. Background activ-
ity was determined by drawing circular ROIs in gluteal muscle
tissue sparing intramuscular vessels (= background SUVmean),
and T/B ratios were calculated for each lesion [13, 23]. For the
quantitative comparison of tracer uptake in metastases in im-
aging at 1 and 3 h p.i., only abdominal metastases visualized
on both acquisitions were analyzed, i.e. metastases outside the
scan volume of the delayed scan were not included in that
comparison.

Validation criteria

Imaging findings were validated in 46.7% (112/240) of pa-
tients by at least one of the following procedures: (a) histolog-
ical analysis after salvage radical lymph node dissection, CT-
guided biopsy of metastases or transrectal ultrasound-guided
biopsy (n = 16); (b) clinical follow-up including contrast en-
hanced-CT, magnetic resonance imaging (MRI), bone scintig-
raphy (BS) and repeated [68Ga]PSMA ligand PET/CT
confirming the initial suspicious lesion(s) or showing disap-
pearance of suspected metastatic sites after local/systemic
treatment and corresponding PSA decline (n = 99).

Table 1 Characteristics of study population (n = 240)

Parameter Value

Subjects 240 (100)

Age

Mean ± SD 69.8 ± 7.5

Range 46.4–89.8

Primary treatment

Primary radical prostatectomy 209 (87)

Primary radiation therapy 31 (13)

Primary Gleason score*

Median 7

Range 5-10

PSA (ng/mL)

Mean ± SD 12.9 ± 60.0

Range 0.02–700

ADT (%)

Present 36 (15)

Absent 204 (85)

*Primary Gleason score was available in 200 of 240 patients
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Statistical analysis

Categorical variables are presented with absolute and relative
frequencies. Continuous variables are expressed asmean ± SD
and range. PSA-stratified detection rates were calculated as
the rate of [68Ga]PSMA I&T PET-positive results for five
pooled subgroups (0.01 to 0.2 ng/mL, >0.2 to <0.5, 0.5 to
<1.0 ng/mL, 1.0 to <2.0 ng/mL, and ≥2.0 ng/mL), as de-
scribed previously [8]. We added a subgroup with a lower
limit for PSA of 0.01 to include also patients with very low
PSA levels. PSA-stratified detection rates were calculated
with 95% confidence intervals. The D’Agostino–Pearson om-
nibus normality test was used to test if the values come from a
Gaussian distribution. SUV and T/B ratio measurements at
different imaging time points were compared using a paired
two-sided t test. Fisher’s exact test was used to compare dif-
ferences in detection rates on PET/CT. Statistical significance
was established for p values of ≤0.05. Statistical analysis was
performed using GraphPad Prism 6.0® for Windows.

Results

Detection rate

Of the 240 patients, 184 (76.7%) showed at least 1 localized
area suggestive for recurrent prostate cancer on PET images.
[68Ga]PSMA I&T PET/CT revealed lymph node metastases
in 115 (62.5%) of these patients, bone metastases in 62
(33.7%) patients, and local recurrences in 49 (26.6%) patients.
In addition, we noted pulmonary metastases in 8 (4%) pa-
tients, hepatic metastases in 3 (2%) patients, adrenal metasta-
ses in 2 (1%) patients, a peritoneal metastasis in 1 (0.5%)
patient, a muscular metastasis in 1 (0.5%) patient and a testic-
ular metastasis in 1 (0.5%) patient. The overall detection rates
of [68Ga]PSMA I&T PET/CT were 94.2% (113/120) for a
PSA value of ≥2 ng/mL, 71.8% (28/39) for a PSA value of 1
to <2 ng/mL, 58.6% (17/29) for a PSA value of 0.5 to <1 ng/
mL, 55.9% (19/34) for a PSA value of >0.2 to <0.5, and
38.9% (7/18) for a PSA value of 0.01 to 0.2 ng/mL. When
analysing detection rates of [68Ga]PSMA I&T PET/CT in the
subgroup of patients after radical prostatectomy [PSA, 13.2
± 60.5 ng/mL (range, 0.02–700 ng/mL)], detection rates were
95.7% (89/93) for a PSA value of ≥2 ng/mL, 69.4% (25/36)
for a PSA value of 1 to <2 ng/mL, 60.7% (17/28) for a PSA
value of 0.5 to <1 ng/mL, 55.9% (19/34) for a PSA value of
>0.2 to <0.5, and 38.9% (7/18) for a PSAvalue of 0.01 to ≤0.2
ng/mL. When analysing detection rates of [68Ga]PSMA I&T
PET/CT in the subgroup of patients after radiation therapy
[PSA, 8.4 ± 9.9 ng/mL (range, 0.8–47.5 ng/mL); nadir PSA
2.7 ± 4.3 ng/mL (range, 0.05–21.9)], detection rates were
88.9% (24/27) for a PSA value of ≥2 ng/mL, 100% (3/3) for
a PSAvalue of 1 to <2 ng/mL, and 0% (0/1) for a PSAvalue of

0.5 to <1 ng/mL. Mean PSA was significantly lower in pa-
tients with negative [68Ga]PSMA l&T PET/CT results than in
patients with positive results (1.1 ± 1.3 vs. 16.6 ± 64.8,
P = 0.001). The detection rate of [68Ga]PSMA I&T PET/CT
increased with increasing PSA levels. The contribution of
standard and delayed imaging in [68Ga]PSMA I&T in bio-
chemical relapse of prostate cancer is illustrated in Fig. 1.

Impact of delayed abdominal imaging on detection rates

A total of 1134 lesions suggestive of recurrent disease [646
lymph node metastases, 410 bone metastases, 49 local recur-
rences and 29 other metastases (e.g. hepatic or adrenal)] were
detected in abdominal imaging at 1 and 3 h p.i. when combin-
ing information from both scans. When analyzing the addi-
tional impact of delayed abdominal imaging, lesions sugges-
tive of recurrent disease were exclusively detected in delayed
imaging at 3 h p.i. in 10 (5.4%) patients (local recurrences in 9
patients, and lymph node metastases in 1 patient). The differ-
ence in detection rates between 1 h (174 positive PET/CT
scans) and 3 h p.i. (184 positive PET/CT scans) was not sta-
tistically significant (P = 0.35). The relative PSA-stratified
performance of [68Ga]PSMA I&T PET/CT at 1 and 3 h p.i.
is illustrated in Fig. 2. In total, 20 additional lymph node
metastases, 15 local recurrences, and 3 additional bone metas-
tases were exclusively detected in delayed abdominal imag-
ing. Conversely, 1096 (96.6%) of 1134 abdominal lesions
suggestive of recurrent disease could be detected in imaging
at 1 h p.i. When comparing [68]Ga-PSMA I&T uptake in
malignant lesions at 1 and 3 h p.i., tracer uptake remained
stable over time when analysing the entire study population
(Fig. 3). However, we also observed declining tracer intensity
in metastases over time. Tracer uptake (SUVmax) declined by
28.6 ± 17.2% in 249 (22.0%) tumor lesions (163 lymph node
metastases, 65 bone metastases, 13 local recurrences, and 8
other metastases) in 106 (57.6%) patients over time [SUVmax,
24.8 ± 22.2 (range, 2.1 to 160.5) at 1 h p.i. vs. 18.3 ± 17.8
(range, 1.1–149.6) at 3 h p.i].

The background activity decreased significantly over time
(0.36 ± 0.08 vs. 0.23 ± 0.07, P < 0.0001). Consequently, the
T/B ratio improved significantly in lymph node metastases,
bone metastases and local recurrences (P < 0.0001). Detailed
data on the different regions involved by recurrent disease,
intensity of tracer uptake and T/B ratios at 1 and 3 h p.i. are
listed in Table 2. Example images of metastases at 1 and 3 h
p.i. in [68Ga]PSMA I&T PET/CT are shown in Figs. 4 and 5.

Histopathology and follow-up

In 16 patients, [68Ga]PSMA I&T PET/CT-positive local re-
currences or metastases were histologically confirmed. In 99
patients, follow-up/imaging (PET/CT, CT, MRI, BS)
undisputably proved that the positive findings were
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metastases or local recurrences. In 17 of these patients, radia-
tion therapy or chemotherapy followed by a substantial de-
crease in PSA and/or decreasing PSMA uptake of suspicious

findings in a consecutive [68Ga]PSMA ligand PET/CT scan
proved the malignant nature of PSMA-positive lesions.

Discussion

In the present study, we systematically evaluated the incre-
mental value of [68Ga]PSMA I&T PET delayed abdominal
images. We confirmed the high detection rate of
[68Ga]PSMA I&T PET/CT in the context of biochemical re-
lapse of prostate cancer, enabling lesion detection even in the
setting of low PSA levels ≤0.2 ng/mL in 38.9% of cases.

Recently, [68Ga]PSMA Iigand PET/CT has become a power-
ful tool for localization of disease in patients with elevated PSA
levels after primary therapy for prostate cancer. While there are
numerous studies on the use of the PSMA ligand [68Ga]PSMA
HBED-CC for that purpose [6–8], data on other ligands includ-
ing PSMA I&Tare still limited. Of note, PSMA I&T PSMA is a
theranostic ligand, meaning that it may be labelled with lutetium-
177 ([177Lu]PSMA I&T) which is convenient for therapeutic
concepts in advanced prostate cancer [9, 12].

In a recent pilot study, Berliner and colleagues have reported
on the detection rate of [68Ga]PSMA I&T PET/CT in 80 patients
with biochemical relapse of prostate cancer. They observed a
detection rate of 0.52, 0.55, 0.70 and 0.93 at 0.2 to <0.5 ng/

a 1 + 3h p.i. 1h p.i. 3h p.i.

b

Fig. 2 Detection rates of [68Ga]PSMA I&T PET/CT scans in patients
with biochemical relapse divided in five subgroups in relation to PSA
levels. (a) Histograms of absolute numbers of [68Ga]PSMA I&T PET/
CT-positive and PET/CT-negative patients in relation to PSA levels at 1
and 3 h p.i. (b) [68Ga]PSMA I&T detection rates with 95% confidence

intervals divided in relation to PSA levels. The difference in detection
rates between 1 h (174 positive PET/CT scans) and 3 h p.i. (184 positive
PET/CTscans) was not statistically significant (P = 0.35). PSA = prostate-
specific antigen

240 patients

[
68

Ga]PSMA I&T

negative

56 (23%)

[
68

Ga]PSMA I&T 

positive 

184 (77%)

[
68

Ga]PSMA I&T 

positive at 3h p.i.

184 (77%)

[
68

Ga]PSMA I&T 

positive at 1h p.i. 

174 (73%)

[
68

Ga]PSMA I&T 

exclusively 

positive at 3h p.i.

10 (5.4%)

Fig. 1 Contribution of standard and delayed imaging in [68Ga]PSMA
I&T in biochemical relapse of prostate cancer. Only a minority of patients
(n = 10) were exclusively identified as having recurrent disease in delayed
imaging at 3 h p.i. (P = 0.35)
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mL, 0.5 to <1.0 ng/mL, 1.0 to <2.0 ng/mL, and ≥2.0 ng/mL,
respectively [13]. In that study, [68Ga]PSMA I&T PET/CT
yielded similar results compared to other studies using
[68Ga]PSMA HBED-CC [7, 8]. The detection rates in our study
(0.56, 0.59, 0.72 and 0.94) were very similar, underlining the
high sensitivity of [68Ga]PSMA I&T. Interestingly, that group
reported very low SUV values of metastases detected on
[68Ga]PSMA I&T PET, which were much lower than previously
reported values for [68Ga]PSMAHBED-CC [7, 23]. This may in
part be explained by the fact that they used a PET/CT scanner
with a reconstruction techniquewithout PSFmodelling and time-
of-flight (TOF) reconstructions. Considerably higher SUVs have
been consistently reported when using PSF and TOF reconstruc-
tions [24], and a state-of-the art PET system was used in this
study.

When looking at the incremental value of delayed imaging
at 3 h p.i., we only observed a limited benefit in clinical

routine. When looking at the entire study population, SUVs
in metastases and local recurrences showed some increase in
the intensity of [68Ga]PSMA I&T uptake over time, but that
difference was not consistently significant for all localizations
of disease or types of SUVmeasurement. However, due to the
significant decrease in background activity, the T/B ratio con-
siderably improved over time (P < 0.0001). Nevertheless, that
higher lesion contrast did not translate into significantly higher
overall detection rates (P = 0.35), although pathologic
[68Ga]PSMA I&Taccumulation could be exclusively detected
on delayed images in 10 additional patients. 9 of these 10
patients had local recurrences, underlining that these may be
particularly difficult to depict on non-diuretic standard im-
ages. A recent study has evaluated various diuretic protocols
for [68Ga]PSMA I&T PET/CT, and shown that early co-
injection of a radiotracer with furosemide may provide good
image quality of the prostate bed even in images at 1 h p.i.

Table 2 Prevalence of lesions, intensity of tracer uptake and target-to-background ratios in different organs involved by recurrent disease in abdominal
imaging at 1 and 3 h p.i. (n = 184)

Parameter Lymph node metastases P Bone metastases P Local recurrences P

1 h p.i. 3 h p.i. 1 h p.i. 3 h p.i. 1 h p.i. 3 h p.i.

[68Ga]PSMA I&T-positive
patients (%)*

114 (62) 115 (63) 1.0 62 (34) 62 (34) 1.0 34 (18) 49 (27) 0.07

Number of metastases (n)* 626 646 407 410 34 49

SUVmean

Mean ± SD 14.9 ± 13.8 15.6 ± 14.8 0.10 18.3 ± 16.9 19.8 ± 20.3 0.05 10.5 ± 7.7 11.4 ± 8.4 0.18

Range 1–95 1.7–101 0.9–72.2 0.8–104.6 2.9–29.9 2.6–36.9

SUVmax

Mean ± SD 22.3 ± 21.8 22.7 ± 22.8 0.44 27.6 ± .25.6 29.7 ± 30.7 0.10 15.6 ± 11.5 16.6 ± 12.1 0.23

Range 1.7–160.5 2.3–149.9 1.4–109.7 1.1–160.3 4.2–45.3 4.2–51

T/B Ratio

Mean ± SD 65.2 ± 65.7 120.2 ± 150.6 <0.0001 84.4 ± 75.1 144.9 ± 147.5 <0.0001 43.5 ± 33.5 70.3 ± 45.4 <0.0001

Range 5.3–486.4 6.8–936.9 3.8–355 6.8–843.7 10.7–144.3 18.3–175.9

*Metastases outside the scan volume of the delayed scan were not included. Detailed data for 29 metastases in various other regions (e.g. hepatic or
adrenal) are not shown. T/B - target-to-background

ba c ***
***

***

*

T
/B

 R
at

io

Fig. 3 Comparison of tracer accumulation in lesion suggestive of recurrent disease at different imaging time points. [68Ga]PSMA I&T uptake remained
stable over time (a, b), but the target-to-background ratio improved significantly over time (c). * ≤ 0.05; ** < 0.01 *** < 0.0001
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[19], questioning the need for routine delayed imaging. Early
co-injection of radiotracer and furosemide causes a significant
reduction of bladder activity at 1 h p.i. which may allow for
better detection of local recurrences [19]. Such an approach
may be particularly attractive with regard to busy clinical de-
partments. However, one may hypothesize that early co-
injection may also cause accelerated excretion of radiotracers,
limiting tracer availability and potentially affecting detection
rates. In this study, the vast majority (96.6%) of lesions sug-
gestive of recurrent disease could already be detected in im-
aging at 1 h p.i., showing that delayed imaging in
[68Ga]PSMA I&T PET does not increase the number of de-
tected metastases to a significant extent. Other studies have
looked into the additional value of delayed imaging in
[68Ga]PSMA-HBED-CC PET, and found that a 3-h delay af-
ter injection was optimal timing for [68Ga]PSMA-HBED-CC
PET/CT [25]. In that study, only 63% of lesions suggestive of
recurrent disease could be detected at 1 h p.i. [25]. However,
the examined patient cohort was very small and the optimal
imaging timing for [68Ga]PSMA-HBED-CC needs to be also
evaluated in larger patient cohorts. In another study evaluating

the usefulness of dual-time point (biphasic) [68Ga]PSMA-
HBED-CC PET/CT in patients with prostate cancer, an in-
crease in SUVmax was observed between 1 and 3 h p.i. in both
lymph node metastases (P = 0.002) and bone metastases
(P < 0.001) [23], consistent with findings from this study
using a different ligand. Interestingly, we also observed de-
clining tracer activity in a substantial number of metastases
(22.0%), even in metastases with very high PSMA ligand
uptake at 1 h p.i. We hypothesize that this may in part be
explained by the fact that physical half-life of 68Ga is relative-
ly low, and a substantial part of previously bound
[68Ga]PSMA I&T will have decayed at 3 h p.i. In addition,
only <1.5% of the injected activity is found per liter of blood
at 1 h p.i. because of rapid clearance, limiting the available
tracer for continued accumulation [10]. Furthermore, given
the relatively low injected activities in this study, the residual
activity at 3 h p.i. is limited, influencing image noise and the
reliability of quantification, which may have contributed to
declining SUVs. Given the high detection rates at 3 h p.i.,
one could speculate that dosage could be further reduced with
modern scanners when imaging at 1 h p.i. is performed.

a

d

b c

e f

Fig. 4 [68Ga]PSMA I&T PET/
CT in a 78-year-old man with
biochemical relapse of prostate
cancer (PSA 0.7 ng/mL). The
target-to-background ratio of a
lymph node metastasis (arrow)
improves over time (1 h p.i., 17.3
(a-c); 3 h p.i., 46.7 (d-f))

da b

c

e

f

Fig. 5 [68Ga]PSMA I&T PET/CT in an 81-year-old man with biochemical relapse of prostate cancer (PSA 0.34 ng/mL). At 1 h p.i., the local recurrence
cannot be depicted (a–c). However, tumor tissue (d–f) is clearly visible at 3 h p.i. (arrow)
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However, although robust qualitative assessment of the pres-
ence of tumor lesions is possible, quantitative uptakemeasure-
ments may be less reliable with low activities.

Routine introduction of dual-phase imaging may be diffi-
cult in busy clinical environments, and seems to have limited
benefit for patients. Based on our data, imaging at 1 h p.i. is
sufficient for [68Ga]PSMA I&T, and imaging with one single
acquisition with a 3-h delay would only optimize the lesion
contrast. Indeed, clinical routine in most institutions for the
reasons stated is a 1 h post-injection acquisition. One could
argue that a single delayed whole-body acquisition at 3 h p.i.
may represent an interesting alternative to early whole-body
imaging, because the T/B ratio is higher at 3 h p.i. However,
image noise is also higher in delayed images. In addition,
given the low residual activity at 3 h p.i., the time needed to
acquire PET images with a good diagnostic quality is twice as
high compared to early imaging.

In addition to 68Ga-labelled PSMA ligands, 18F-labelled
radiotracers such as 2-(3-(1carboxy-5-(6-[18F]fluoro-pyri-
dine-3-carbonyl)amino]-pentyl)-ureido)-pentanedioic acid
(18F-DCFPyL) offer some advantages including improved im-
age resolution, longer half-life and increased production yield,
and PSA-stratified performance has been shown to be non-
inferior to 68Ga-PSMA-HBED-CC [26, 27].

When looking at patients after radiation therapy in this
study, it is important to consider that the definition of bio-
chemical recurrence is complex. There is an ongoing discus-
sion about how to define failure following both radical pros-
tatectomy and radiation therapy [17]. Biochemical recurrence
has usually been defined as PSA >0.2 ng/mL after prostatec-
tomy. After radiation therapy, recurrence may be defined as
three consecutive rises in PSA according to the ASTRO def-
inition, or alternatively as PSA +2 ng/ml above nadir accord-
ing to the Phoenix criteria [17, 18]. However, the latter results
in substantially lower estimates of biochemical recurrence at
5 years [17]. As shown by our data, metastases may now
frequently be found at PSA <2 ng/mL above nadir after radi-
ation therapy, or at ≤0.2 ng/mL after prostatectomy (38.9% of
cases). This demonstrates that in the era of highly sensitive
imaging and highly sensitive PSA testing, many of these pa-
tients can now be classified as having metastatic disease,
questioning older definitions.

Some limitations of the present study should be acknowl-
edged. First, we only evaluated one late imaging time point in
this study. Additional time points may be included in future
studies to further refine protocols. A recent study looked at
multiple time points (5 min, and 1, 2, 3, 4 and 5 h after injec-
tion) using [68Ga]PSMA-HBED-CC in four patients [25].
However, such an approach would be difficult in larger patient
cohorts. In addition, refinement of the CT protocol including
full-dose CT and administration of i.v. contrast material may
further improve the detection rate. However, the benefit of a
full-dose, contrast-enhanced CT protocol has been shown to

be limited in this context [8]. Second, due to the retrospective
nature of the study, a histopathological reference standard was
only available in some patients. Therefore, we may have
missed some true lesions, e.g. in poorly differentiated prostatic
carcinoma [28]. Also, false positive results cannot be excluded
completely. However, any uptake of [68Ga]PSMA ligands
above background activity seems to be highly specific for
prostate cancer and is, therefore, regarded as true positive,
unless otherwise proven [8, 13]. Afshar-Oromieh and col-
leagues did not observe false positive results in their study
including histopatholgical evaluation of 42 patients [7].
Although follow-up was not available in all patients, due to
the fact that many patients were examined on an outpatient
basis, imaging-based or other validation of the observed me-
tastases was available in a substantial part of patients in this
study and undisputably proved that the positive findings were
metastases or local recurrences. Moreover, we restricted the
delayed imaging to an abdominal scan volume due to time
constraints. Therefore, we could not compare tracer uptake
in all metastases with delayed [68Ga]PSMA I&T PET scans.
However, it is unlikely that the observed results would be
different in other anatomical regions. Finally, although de-
layed imaging did not significantly improve overall detection
rates, delayed imaging may nevertheless have clinical value,
e.g. improving reader confidence. However, such additional
aspects were not assessed in this study.

Conclusion

[68Ga]PSMA I&T PET/CT shows high detection rates in pa-
tients with PSA persistence or biochemical recurrence of pros-
tate cancer. Delayed imaging can detect lesions with improved
contrast compared to standard imaging. However, the impact
on detection rates was limited in this study.
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