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Abstract

Purpose PET/CT with ®®Ga-labelled prostate-specific mem-
brane antigen (PSMA)-ligands has been proven to establish a
promising imaging modality in the work-up of prostate cancer
(PC) patients with biochemical relapse. Despite a high overall
detection rate, the visualisation of local recurrence may be
hampered by high physiologic tracer accumulation in the uri-
nary bladder on whole body imaging, usually starting 60 min
after injection. This study sought to verify whether early dy-
namic **Ga-PSMA-11 (HBED-CC)PET/CT can differentiate
pathologic PC-related tracer uptake from physiologic tracer
accumulation in the urinary bladder.

Methods Eighty consecutive PC patients referred to **Ga -
PSMA-11 PET/CT were included in this retrospective analy-
sis (biochemical relapse: n = 64; primary staging: n = 8; eval-
uation of therapy response/restaging: n =8). In addition to
whole-body PET/CT acquisition 60 min post injection early
dynamic imaging of the pelvis in the first 8 min after tracer
injection was performed. SUV ,,, of pathologic lesions was
calculated and time—activity curves were generated and
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compared to those of urinary bladder and areas of physiologic
tracer uptake.

Results A total of 55 lesions consistent with malignancy on
60 min whole body imaging exhibited also pathologic **Ga-
PSMA-11 uptake during early dynamic imaging (prostatic
bed/prostate gland: n=27; lymph nodes: n=12; bone:
n=16). All pathologic lesions showed tracer uptake within
the first 3 min, whereas urinary bladder activity was absent
within the first 3 min of dynamic imaging in all patients.
Suvi,ax Was significantly higher in PC lesions in the first 6 min
compared to urinary bladder accumulation (p<0.001). In the
subgroup of PC patients with biochemical relapse the detection
rate of local recurrence could be increased from 20.3 to 29.7%.
Conclusions Early dynamic imaging in ®*Ga-PSMA-11 PET/
CT reliably enables the differentiation of pathologic tracer
uptake in PC lesions from physiologic bladder accumulation.
Performance of early dynamic imaging in addition to whole
body imaging 60 min after tracer injection might improve the
detection rate of local recurrence in PC patients with biochem-
ical relapse referred for ®*Ga-PSMA-11 PET/CT.

Keywords Prostate cancer - Biochemical recurrence -
%8Ga-PSMA-11 PET/CT - Early dynamic imaging

Introduction

Radical prostatectomy (RP) is an established treatment for
patients with clinically localised prostate cancer (PC) [1]. In
30 to 50% of patients after RP biochemical recurrence (BR)
occurs [2] defined as serum prostate-specific antigen (PSA)
levels >0.2 ng/mL confirmed by two consecutive measure-
ments [3]. However, PSA does not reliably assess the exact
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site of recurrence [4, 5]. It is crucial for imaging modalities to
detect local recurrence (LR) at an early stage when disease is
still confined to the prostatic fossa because of higher efficacy
of salvage radiotherapy [3]. Magnetic resonance imaging
(MRI) has proven to be a sensitive method in detecting LR
[6, 7]. On the other hand, as evaluation of the prostatic fossa
with MRI using endorectal coils is limited to the pelvis, addi-
tional imaging modalities are necessary to assess the presence
of LN involvement and distant metastases. Whole body PET-
imaging using either C-11 or F-18 labelled choline has the
potential to detect both LR and metastases [8, 9].
Unfortunately, choline PET lacks sufficient overall accuracy
and sensitivity in detecting recurrent PC lesions [8, 10-15]. As
the majority of PC cells show an overexpression of prostate-
specific membrane antigen (PSMA) on the cell surface [16],
new PET tracers targeting PSMA were designed in the past
few years [17-19]. The Ga-68-labelled PSMA-ligand based
on a HBED-CC conjugate of the PSMA-specific
pharmacophore Glu-NH-CO-NH-Lys (**Ga-PSMA-11) has
especially demonstrated to be a promising PET-radiotracer in
the diagnostic work-up of PC patients with BR [20-22]. With
respect to the overall detection rate, **Ga-PSMA-11 PET
seems to perform better than '*F-choline PET [23-25].

In °®Ga-PSMA-11 PET/CT a whole-body scan conducted
60 min post-injection (p.i.) is usually performed in the clinical
routine [20-22, 26]. However, due to high physiologic urinary
bladder activity at this time point, the detection of LR could be
underestimated by **Ga-PSMA-11 PET/CT [27, 28]. In '®F-
choline PET dynamic acquisition within the first 8 min p.i. has
the power to distinguish tumour from bladder activity, with
tumour related tracer uptake occurring earlier than tracer ac-
cumulation in the urinary bladder. Early dynamic acquisition
enhances the detection rate of LR in BR significantly com-
pared to late imaging alone [9]. As both %8Ga-PSMA-11 and
"F-choline show predominant renal excretion tracer activity
in the urinary bladder might have a negative influence on the
evaluation of LR in *®Ga-PSMA-11 PET too [26, 28]. In
®Ga-PSMA-11 PET biodistribution studies in tumour-
bearing mice demonstrated a rapid tracer clearance from cir-
culation and indicated a high ®*Ga-PSMA-11 uptake in
PSMA -expressing tumour lesions within the first minutes af-
ter tracer injection [29]. To date, in only one study in one
single patient earlier *8Ga-PSMA-uptake in a PC lesion com-
pared to accumulation in the urinary bladder was described on
dynamic PET imaging performed in the first 60 min p.i. [30].

The primary objective of our study was to assess tumour
targeting and pharmacokinetic properties of °*Ga-PSMA-11
within 0—8 min after injection in a larger number of PC pa-
tients. We investigated if time-activity curves (TAC) derived
from early tracer kinetics allow differentiating pathologic le-
sions suggestive of PC from physiologic urinary bladder ac-
tivity. The second goal was to evaluate whether early dynamic
PET-acquisition (edPET) could increase diagnostic

@ Springer

performance of ®®Ga-PSMA-11 PET in detecting LR in PC
patients with BR.

Materials and methods

A total of 80 consecutive PC patients who were referred to our
department for a ®*Ga-PSMA-11 PET/CT from November
2013 to December 2014 were retrospectively analysed. In 64
patients **Ga-PSMA-11 PET/CT was performed because of
BR after primary therapy with RP or radiotherapy. Eight pa-
tients were referred for ®*Ga-PSMA-11 PET/CT for primary
staging after diagnosis of PC was confirmed by transrectal
ultrasound (TRUS) guided biopsy. Eight patients were sent
for ®®Ga-PSMA-11 PET/CT for evaluation of therapy re-
sponse and restaging in known PC. We decided not to limit
the study to PC patients with BR but also to include patients
with known PC lesions in order to enhance the power of the
statistical analysis. Patient characteristics are shown in detail
in Table 1. The study was conducted according to the princi-
ples of the Declaration of Helsinki and its subsequent amend-
ments [31]. Written informed consent was obtained from all
patients according to institutional guidelines.

Radiopharmaceutical

PSMA-11 (Glu-NH-CO-NH-Lys(Ahx)-HBED-CC;
HBED=N,N'-bis[2-hydroxy-

5-(carboxyethyl)benzyl]ethylenediamine-N, N'-diacetic acid)
was obtained from ABX advanced biochemical compounds
(Radeberg, Germany) in GMP quality. **Ga-PSMA-11 was
prepared in a procedure similar to that described by Eder
et al. [32], and transferred to a cassette-based automated syn-
thesis module (Modular-Lab PharmTracer; Eckert & Ziegler,
Berlin) based on “acetone-free” cation exchange
postprocessing [33]. Briefly, ®*Ga-chloride was obtained by
elution of a ®*Ge/*®*Ga generator (IGG100; Eckert & Ziegler,
Berlin; 1850 MBq reference activity) with 6 mL 0.1 N HCl
and absorbed on a SCX cation exchange cartridge. The activ-
ity was eluted from the cartridge with a concentrated
NaCl/HCI solution and added to 10 ug PSMA-11, 50 uL
0.2 M ascorbic acid and 0.4 mL 2 M sodium acetate buffer,
pH 4.5, to a total volume of 1-1.5 mL. The resulting solution
was heated to 95 °C for 10 min, diluted with saline and trans-
ferred to a C-18 reversed-phase cartridge. **Ga-PSMA was
eluted with 1 mL ethanol/water (1:1) and diluted with 7 mL
physiological saline solution through a low protein sterile fil-
ter. The resulting solution contained >400 MBq **Ga-PSMA
(with an average radiochemical yield of >80%), and <10%
ethanol in physiological saline solution. Quality control pro-
cedures were applied following the European Pharmacopoeia
monograph “®*Ga-Edotreotide injection” including tests for
identity, radiochemical purity, 68Ge, and ethanol content,



Eur J Nucl Med Mol Imaging (2017) 44:765-775

767

Table 1 Patient characteristics

Group 1 Group 2 Group 2
BR Primary staging  Therapy response/Restaging
Patients (n) 64 8 8
Primary RP 56 _
Primary radiation therapy 8 - -
Age median (range) in years 69 (57-92) 68 (47-77) 69 (60-72)
Primary Gleason score median (range) 7 (6-9)* 8 (7-10) 8 (6-9)
PSA (ng/ml) median (range) 1.7 (0.2-35.1)**  20.8 (13.0-86.0) 10.5 (2.0-244.2)
Salvage radiation therapy 29 - 2
ADT at PET-scan 14 - 4

*In three of 64 patients no PSA within 8 weeks before *® Ga-PSMA-11 PET was available

**In 13 of 64 patients no initial Gleason score could be obtained

RP radical prostatectomy, ADT androgen deprivation therapy

sterility and endotoxins. Reversed-phase HPLC revealed two
major diastereomeric peaks of **Ga-PSMA-11 with a radio-
chemical purity of >92% and <2% free ®®Ga>*. The absence of
colloidal ®®Ga was proved by TLC.

Imaging protocol

%8Ga-PSMA-11 PET/CT imaging was performed in a dual-
phase mode using a dedicated PET/CT system (Discovery
690; GE Healthcare, Milwaukee, W1, USA). The acquisition
protocol included an early dynamic imaging of the pelvis cen-
tered on the prostate bed (one bed position with an axial field-
of-view of 15.6 cm) starting immediately after intravenous
injection of ®*Ga-PSMA-11 (median activity: 150 MBg, range
90-202 MBq). Dynamic images were acquired for 8 min with
60 s per frame collected in list mode. For attenuation correc-
tion and anatomic localisation a low-dose CT of the same
region was acquired before tracer injection. Sixty minutes af-
ter tracer injection, a whole-body PET scan (skull base to
upper thighs) in three-dimensional mode was acquired (emis-
sion time 2 min per bed position with an axial field-of-view of
15.6 cm per bed position). In 45 patients a low-dose CT scan
was performed for attenuation correction of the PET emission
data. The low-dose CT scan parameters using “GE smart mA
dose modulation” were: 100 kVp, 15-150 mA, noise index
60, 0.8 s per tube rotation, slice thickness 3.75 mm, and pitch
1.375. Reconstruction was performed with an ordered subset
expectation maximization algorithm (OSEM) with four
iterations/eight subsets. In 35 patients (43.8%) a diagnostic
contrast-enhanced CT (ceCT) scan was performed. The
ceCT scan parameters using “GE smart mA dose modulation”
were: 100-120 kVp, 80-450 mA, noise Index 24, 0.8 s per
tube rotation, slice thickness 3.75 mm, and pitch 0.984. A CT
scan of the thorax, abdomen and pelvis (shallow breathing)
was acquired 40-70 s after injection of contrast agent (60 to
120 mL of Tomeron 400 mg/L, depending on patient body

weight), followed by a CT scan of the thorax in deep
inhalation.

Image analysis

All ®®Ga-PSMA PET/CT images were analysed with dedicat-
ed commercially available software (Hybrid Viewer, Hermes
Medical Solutions, Stockholm), which allowed the review of
PET, CT, and fused imaging data in axial, coronal, and sagittal
slices. PET images were interpreted independently by two
board approved nuclear medicine physicians with more than
10 years of clinical experience, who were aware of all clinical
data available. Any disagreement was resolved by consensus.
In a first step, whole-body images 60 min p.i. were analysed.
Any focal uptake higher than surrounding background activity
that did not correspond to physiologic tracer accumulation
was considered pathologic and suggestive of malignancy.
This interpretation criteria is the result of our clinical experi-
ence and goes in line with published literature [20-22]. A
quantitative cut-off for PC lesions was not described so far.
In addition, semiquantitative analysis of all lesions visually
considered typical for malignancy was performed using the
maximum standardized uptake value (SUV ax). SUV . Was
chosen because SUV,can depends on the volume of interest
drawn by the investigator, whereas SUV,,., is operator inde-
pendent [30]. For calculation of the SUV,,,,« volumes of inter-
est (VOIs) were drawn automatically centered on pathological
lesions with focally increased uptake and a manually adapted
isocontour threshold. In edPET images were analysed, visual-
ly using the same software described above (Hybrid Viewer,
Hermes Medical Solutions, Stockholm) that allowed evalua-
tion of acquired images frame by frame (eight frames with
60 s) fused with low-dose CT. Each lesion with focally in-
creased uptake not representing physiologic uptake was
counted and analysed semiquantitatively with SUV measure-
ments. Only pathologic lesions that were present on whole-
body PET and within the field of view of edPET were taken
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into account. SUV ..« was calculated within VOIs that were
placed over the sites of pathologic tracer accumulation consis-
tent with tumour lesions (prostate bed, LN, bone). In addition,
SUV ax of areas with physiologic tracer uptake was measured
in the urinary bladder, inguinal vessels, gluteal muscle, normal
bone, and normal tissue in prostate bed/vesicourethral anasto-
mosis/seminal vesicles. The latter served as a negative control
group and was chosen because most of LR occur at that site,
only regions with no apparent pathology were included. TAC
of edPET describing SUV .« values versus time of pathologic
lesions and areas with physiologic tracer uptake were derived.

Statistical analysis

8Ga-PSMA-tracer uptake in PCa lesions versus tracer accu-
mulation in the urinary bladder was compared with Wilcoxon
signed rank-sum test for paired observations at each time-
point. To account for the multiple testing problem (eight dif-
ferent time-points; therefore, eight single tests), p-values were
corrected according to the Bonferroni method. Analyses were
repeated for different subgroups. For visualization of the dif-
ferences, TAC were generated. PSA-values were compared
between PET-positive and negative patients using Mann—
Whitney U test. A significance level of a=0.05 (2-tailed)
was applied. Statistical analyses were performed using
SPSS, version 22.0 (IBM Corp., Armonk, NY, USA).

Results

In 80 patients a total of 78 lesions with pathologic **Ga-
PSMA-ligand uptake in the pelvis could be detected on
whole-body PET 60 min p.i. that were within the field of view
of edPET (prostatic fossa/prostate gland: n = 27; lymph nodes:
n=35; bone lesions: n=16).

For evaluation we divided the patients in two subgroups.
Group 1 comprised PC-patients with BR (n = 64), while group
2 consisted of PC patients referred for primary staging and
response evaluation/restaging (n = 16).

In group 1, 13 out of 64 patients (20%) showed a patho-
logic lesion in the prostate bed 60 min p.i. consistent with LR
(median SUV . 60 min p.i.: 13.7). All of these patients dem-
onstrated also a pathologic tracer uptake at the same location
on edPET. Tracer uptake started at a very early time point of
the dynamic imaging series, judged positive in all the patients
within the first 3 min (median SUV,,,, 3 min: 5.0) with inten-
sity constantly increasing until the end of the dynamic study
(median SUV . 8 min: 8.7). In 22 patients of group 1 a total
of 27 lymph nodes (LN) with pathological tracer uptake in the
pelvic region on images 60 min p.i. were revealed that were
also in the field of view of edPET. However, SUV measure-
ments on dynamic images could be obtained in only eight LN
out of eight patients. In the remaining lymph nodes LN-related
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tracer uptake could not be clearly discriminated from adjacent
blood pool activity of iliacal vessels in the first minutes of
acquisition and, therefore, were not included for SUV mea-
surements. LN considered for SUV measurements showed a
pathologic tracer uptake within the first 3 min (median
SUVax 3 min: 6.7), rising constantly to a median SUV .«
of 10.2 until the end of dynamic acquisition. Pathologic bone
lesions regarded as metastases present in the field of view on
edPET were not found in group 1.

Considering group 2 (non BR), 14 out of 16 patients
(87.5%) demonstrated a pathologic tracer uptake in the
prostate gland/prostate fossa 60 min p.i. with a median
SUVinax of 15.4. All of them also revealed a pathologic
tracer accumulation on edPET at the same area. A patho-
logic tracer uptake in all lesions was observed within the
first 3 min (median SUV ,,x 3 min: 5.6) exhibiting a me-
dian SUV . of 8.2 at 8 min. With respect to LN evalua-
tion eight LN with pathologic ®*Ga-PSMA-11 uptake in the
pelvic region on whole-body PET were found in six pa-
tients. In onlyfour of these LN SUV-calculation on edPET
was possible, due to disturbing uptake in adjacent iliacal
vessels mentioned above. Pathologic tracer accumulation in
these four LN was seen within the first 3 min (median
SUVax 3 min: 7.8), showing a median SUV,,,, of 9.9 at
min 8 (median SUV,,,, of LN on SI: 20.5). As for bone
metastases, in four patients a total of 16 pathologic bone
lesions in the pelvic region were found 60 min p.i. (median
SUVhax: 21.8). All of them were also visualised on edPET
within the first 3 min (median SUV,,,, 3 min: 10.5) with
intensity increasing until the end of dynamic imaging (me-
dian SUV .« 8 min: 14.9).

Pathologic lesions consistent with LR in group 1 could be
verified in 11 out of 13 patients, confirmed either histological-
ly (n=3) or with MRI/CT (n=4) or with follow-up **Ga-
PSMA-11 PET/CT (n =2). two 2 patients salvage radiothera-
py of the prostatic fossa was performed with decreasing PSA,
thereafter indicating a true positive finding. In two patients
verification was not possible because both patients received
androgen deprivation therapy after ®*Ga-PSMA-11 PET/CT
and follow-up imaging was not available. Two LN with path-
ological tracer uptake could be verified histologically, two LN
were classified as pathologic on ceCT, and for the remaining
four LN no verification was possible (partly due to the small
size of LN judged insuspicious on conventional imaging).

In group 2 pathologic lesions in the prostate gland/
prostate bed (n=14) were either verified histologically
with TRUS-biopsy (n=8), showed a pathologic correlate
in CT/MRI (n=4) or were confirmed with follow-up
%8Ga-PSMA-11 PET/CT (n=2). Pathologic bone lesions
(n=16) could not be verified histologically, but were
positive on ceCT (n=11) and/or confirmed on follow-
up *3Ga-PSMA-ligand PSMA-PET/CT. PSMA-positive
LN were confirmed with follow-up imaging.
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In comparison, urinary bladder activity assessed in all 80
patients was not detectable within the first 3 min on edPET,
starting to become faintly visible in some patients only
5 min p.i. (median SUV,,, 5 min: 1.6) increasing until
the end of the dynamic study (median SUV ., 8 min:
4.3). In the statistical analysis pathologic radiotracer uptake
in all tumour lesions (7 =155) was significantly higher until
6 min p.i. compared to urinary bladder activity (see
Table 2). Regarding only the pathologic lesions in the pros-
tate bed/gland (n=27) revealed the same result (see
Table 3) and the same was true considering all pathologic
bone lesions and all pathologic LN separately (see
supplement). TAC of pathologic lesions and urinary bladder
activity are demonstrated in Fig. la. Inquinal vessel uptake
showed a decreasing uptake pattern on edPET with the
highest SUV,.x within 1 min p.i. (median SUV .«
1 min: 8.1; median SUV . 8 min: 2.7). Background ac-
tivity of gluteal muscle increased within the first minutes
and reached a plateau thereafter; however, never exceeding
a median SUV,,, of 1.6. SUV-measurements of the
vesicourethral anastomosis/seminal vesicle region revealed
a TAC similar to gluteal muscle activity with a median
SUVax not higher than 2.2 at all time frames of edPET.
Respective SUV . values of the regions with physiologic
tracer uptake are listed in Table 4. TAC comparing tumour
lesions to normal tissue are shown in Fig. 1b.

In summary, all pathologic PSMA-positive lesions that
could be included in semiquantitative analysis showed a typ-
ical accumulation type TAC with an early onset of radiotracer
uptake on edPET that differed clearly from the uptake pattern
in the urinary bladder, as well as in normal tissue (see patient
on Fig. 2).

Using these characteristic shapes of TAC with an early
PSMA-11 uptake and a rising TAC-pattern on edPET as
criteria typical for malignancy in a second step we reevaluated
the prostatic fossa of all 64 PC-patients referred for BR (group
1). In six patients (9.4%) who were judged negative or equiv-
ocal for LR on whole-body PET 60 min p.i., pathologic tracer
accumulation in the prostate bed adjacent to the urinary blad-
der was detected on edPET, representing a finding highly sus-
picious of LR. An example of a patient with an equivocal
finding 60 min p.i. and a clear positive lesion in the prostate
bed on edPET is shown in Fig. 3. In four of these patients LR
was confirmed with ceCT/MRI (n = 2), with follow-up imag-
ing (n=1) and a falling PSA after salvage radiotherapy to the
prostate bed (rn = 1). In 2 patients no validation of the findings
of edPET could be obtained. In 9 patients (14.1%) with an
equivocal finding in the prostatic fossa 60 min p.i. no patho-
logic tracer uptake on edPET was found, making a LR unlike-
ly. In four of these nine patients, follow-up imaging could not
demonstrate LR, one patient received RT of the prostate bed
with no adequate fall of PSA thereafter, and in the remaining
four patients no follow-up data were available to confirm the
negative finding on edPET. In total in 23.5% of PC patients
with BR the findings obtained by edPET helped to distinguish
tracer activity in the urinary bladder and urethra from probable
pathologic tracer-uptake in the prostatic fossa.

Correlation of PSA-values and PET-positivity regarding
LR demonstrated that the median PSA-value of patients
judged negative for LR was significantly lower than in pa-
tients in whom LR could be detected (1.0 vs. 4.8 ng/mL;
p=0.01). The median PSA value of the subgroup positive
only on edPET was lower than in patients who revealed a
positive finding on both edPET and on whole-body PET

Table2  SUV,.. values of all ®*Ga-PSMA-11 positive tumour lesions and urinary bladder

Total tumour lesions, group 1+ 2 (n=55) Urinary bladder activity p-value*

Median 95% CI for median Mean SD Range Median Mean SD Range

SUVmaX SUVmax
1 min 29 2.5-33 4.0 35 0.3-14.8 0.5 0.6 0.3 0.0-1.2 <0.001
2 min 5.5 4.5-7.5 7.1 4.5 1.9-24.1 1.1 12 0.6 0.4-2.8 <0.001
3 min 6.3 5.6-8.5 9.0 6.0 2.3-272 1.3 1.3 0.5 0.5-2.2 <0.001
4 min 7.5 6.4-8.9 10.4 7.0 3.1-29.2 1.2 1.4 0.7 0.5-3.3 <0.001
5 min 7.7 6.9-10.1 10.9 7.3 2.3-31.0 1.6 1.7 0.7 0.9-3.2 <0.001
6 min 8.5 7.1-10.7 11.7 7.8 3.1-33.1 2.0 29 23 0.8-10.6 <0.001
7 min 9.1 8.0-10.9 12.4 8.1 3.1-36.0 3.0 5.5 7.5 1.3-332 1.000
8 min 10.3 9.2-11.9 13.2 8.6 45444 43 84 12.3 1.6-57.0 1.000
60 min 15.7 - 213 17.6 4.6-115.5 - - - - -

1 min to 8 min representing each time frame of early dynamic PET. 60 min: SUV ,,,« value of tumour lesions on whole-body PET 60 min p.i.. (Tables of
urinary bladder activity compared to lesions in prostate bed/gland, lymph nodes and bone of group 1 and 2 separately are listed in supplement 1-6)

*: p-value from Wilcoxon rank-sum test for paired observations; corrected for multiple testing according to the Bonferroni method
SD standard deviation, CI confidential interval
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Table 3  SUV,,, values of all *Ga-PSMA-11 positive tumour lesions in the prostate bed/prostate gland and urinary bladder

Tumour lesion prostate, group 1 +2 (n=27) Urinary bladder activity p-value*

Median 95% CI for median Mean SD Range Median Mean SD Range

SUV nax SUV ax
1 min 2.0 1.6-2.8 25 1.7 0.3-9.5 0.5 0.6 0.3 0.0-1.2 <0.001
2 min 4.7 43-5.1 54 2.5 1.9-12.7 1.1 1.1 0.5 0.4-2.8 <0.001
3 min 5.5 5.0-5.9 6.6 34 2.3-16.0 1.2 1.2 0.5 0.5-2.2 <0.001
4 min 6.4 5.2-6.8 7.7 4.7 4.1-23.7 1.2 1.3 0.7 0.5-3.3 <0.001
5 min 6.2 5.9-75 8.1 45 2.9-20.4 1.5 1.7 0.7 0.9-3.2 <0.001
6 min 6.8 6.1-7.9 8.7 4.8 3.8-23.7 2.0 2.6 2.0 1.0-10.6 <0.001
7 min 7.5 6.2-9.0 9.2 5.1 4.4-245 3.0 3.9 39 1.3-20.9 <0.001
8 min 8.7 6.7-9.9 10.0 5.3 4.5-24.5 43 6.0 5.5 1.6-27.9 0.017
60 min 15.1 - 19.0 14.6 5.2-66.4 - - - - -

1 min to 8 min representing each time frame of early dynamic PET. 60 min: SUV ., value of tumour lesions on whole-body PET 60 min p.i

*: p-value from Wilcoxon rank-sum test for paired observations; corrected for multiple testing according to the Bonferroni method

SD standard deviation, CI confidential interval

60 min p.i. (3.5 vs. 4.8 ng/mL); however, a statistical signifi-
cant difference could not be shown (p =0.210).

Discussion

We conducted a retrospective study in order to investigate the
feasibility and potential benefit of early dynamic acquisition
in PC patients referred for ®*Ga-PSMA-11 PET/CT.
Although until now in ®*Ga-PSMA-11 PET no standard
imaging protocol was defined, whole-body PET acquistion
60 min p.i. is usually applied in clinical routine [26].
However, at this time point intense physiological urinary blad-
der accumulation is present [26, 28]. Small local recurrences
adjacent to the bladder might be overlooked. In order to im-
prove the assessment of areas in the vicinity of the urinary

bladder, several ways to reduce urinary bladder activity are
described. Methods such as administration of diuretics,
voiding the bladder directly before the PET exam, or starting
PET acquisition from the thigh do not reduce urinary bladder
activity sufficiently [30]

Therefore, the primary aim of the study was to analyse
®8Ga-PSMA-11 pharmacokinetics on early dynamic PET-
acquisition and to explore whether by means of time—activity
curves it is possible to differentiate PC lesions from urinary
bladder activity. In a recently published study Sachpekidis
et al. performed dynamic ®®Ga-PSMA-11 PET imaging during
the first 60 min of PET acquisition in 24 PC patients referred
for primary staging. They could demonstrate that **Ga-
PSMA-11 uptake in PC lesions constantly increased on dy-
namic PET-imaging. PC related **Ga-PSMA-11 uptake was
significantly higher than tracer accumulation in normal

Fig. 1 Time—activity curves of — @— tumour lesions total -- A-- inquinal vessel
pathologic lesions compared to — O — tumour prostate bed - y-- dluteal muscle
urinary bladder activity (/a) and — @ — urinary bladder - - @-- anastomosis/seminal vesicle
time-activity curves of pathologic --O-- bone
lesions compared to physiologic a b
. . 'Y
radiotracer uptake in normal 10 A / 10
tissue (1b) 9 . 9]
i 'Y o
8 ] ‘____./ o / 8 -
571 g 57
5 5] L] O——0p S g
£ 0/ o/ s
> 51 e = 5]
£ 4] . £ 4]
> ]
8 %] ./ /./ é 8]
= B /-/. 27
14 " L 14
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@ Springer

time p.i. [min]



Eur J Nucl Med Mol Imaging (2017) 44:765-775 771

Table 4 SUV,,,, values of
tissues with physiologic 68Ga- Inquinal vessel Gluteal muscle Anastomosis/seminal vesicle Normal bone

PSMA-11 tracer uptake

Median Range Median Range Median Range Median Range

SUVnax SUV nax SUV nax SUVnax
Imin 8.1 2-13.1 0.8 0.1-1.7 1.1 0.1-1.9 0.8 0.8-1.6
2min 5.0 30-80 14 0639 22 0.9-4.1 1.3 1.4-2.0
3min 44 23-73 1.7 0635 22 1.2-3.8 13 1.7-2.4
4min 3.8 23-65 1.6 05-3.1 22 1.1-33 1.6 1.6-2.5
Smin 3.2 19-56 15 04-27 2.1 1.3-35 1.9 1.5-2.2
6min 3.0 14-54 16 04-28 22 1.1-3.5 2.6 1.4-1.7
7min 2.6 1.647 1.6 04-25 2.1 1.3-3.8 2.6 1.3-1.7
8min 2.7 1.7-47 15 04-25 22 1.0-34 2.7 1.3-1.8

1 min to 8 min representing each time frame of early dynamic PET

prostate tissue. However, they did not investigate ®*Ga-  uptake on early dynamic imaging within the first 8 min p.i.
PSMA-11 pharmacokinetics of the urinary bladder [34]. To  comparing PC-related uptake to urinary bladder activity in a
the best of our knowledge this is the first study to assess ®*Ga-  larger cohort of PC patients. To date, for only one single pa-
PSMA-11 pharmacokinetics of pathologic and physiologic tient earlier **Ga-PSMA-11 uptake in a PC recurrence lesion

w
L)

SUVmax: 3.9 SUVmax: 9.4 SUVmax: 11.9 SUVmax: 13.7

SUVmax: 9.1 SUVmax: 15.9 SUViax: 17.8 SUVmax: 19.9
Fig. 2 a ®®Ga-PSMA-11 PET/CT in a PC patient with biochemical pathologic lesion in the right seminal vesicle on fused PET/CT
recurrence (PSA: 2.2 ng/mL). b Maximum intensity projection (a), (SUVmax: 48.2) and corresponding nodular lesion with faint contrast

fused PET/CT (b), and ceCT (c) of whole-body PET 60 min p.i. with a enhancement on CT (red arrows), yellow arrow: urinary bladder activity
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SUVmax: 1.3

SUVmax: 1.4

SUVimax: 1.4

SUVax: 2.0

Fig. 3 a ®Ga-PSMA-11 PET/CT of a PC patient with biochemical
recurrence (PSA: 4.46 ng/mL). b Maximum intensity projection (a),
fused PET/CT (b), and ceCT (c¢) with markedly increased tracer
accumulation adjacent to the urinary bladder (red arrow) with no
pathologic finding on CT (blue arrow). A differentiation of physiologic
urethra activity and local relapse was not possible. ¢ Early dynamic PET
comprising pelvic region of patient on Fig. 3a with fused PET/CT (low-
dose CT) displaying an early and constantly rising focal tracer uptake at

@ Springer

SUVax: 2.4 SUVax: 2.7

the same area (red arrow), a finding highly suspicious for local
recurrence. Images 1-8 representing min 1-8 post injection and
corresponding SUV ¢ value listed below image. d Early dynamic PET
comprising pelvic region of patient on Fig. 3a with fused PET/CT (low-
dose CT) displaying a slice centered on urinary bladder (vellow arrow):
absent radiotracer activity in the urinary bladder in first 5 min and starting
to become faintly visible 6 min p.i
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compared to accumulation in the urinary bladder on dynamic
PET-imaging was described [30].

Kabasakal et al. performed early static imaging of the pel-
vis 5 min p.i. in a series of 28 PC patients referred to PSMA-
PET for assessment of BR or staging of primary tumour de-
scribing significant tracer uptake in PC lesions at that time
point [35]. Although tumour related tracer uptake was signif-
icantly lower on early images compared to whole body imag-
ing 60 min p.i. assessment of the prostate bed was found easier
on early images, due to absent bladder activity.

This observation goes in line with the findings of our study.
All pathologic lesions suggestive of PC that were evaluated
(n=55) demonstrated an increased tracer accumulation within
the first 3 min of edPET when tracer activity within the urinary
bladder was still not visible in all of the patients. Tracer accu-
mulation in the urinary bladder started to become discernable
only 5 min p.i. in some patients. Median SUV ..« of all tumour
lesions (7 =55) in the time frames 1-6 min p.i. was signifi-
cantly higher than in the urinary bladder (p < 0.001). This was
also the case when only pathological lesions in the prostate
bed/prostate gland (n=27) were considered. TAC of lesions
consistent with PC showed a characteristic course with a steep
early onset of tracer accumulation within 1-2 min p.i. and a
constant ascent until the end of edPET. TAC of the urinary
bladder in contrast showed a late onset of radiotracer accumu-
lation starting to rise at min 5. We also evaluated radiotracer
uptake on edPET in normal tissue to exclude unspecific effects
of'tracer uptake found in PC lesions. Blood pool activity mea-
sured over inquinal vessels showed a high radiotracer uptake
within the first minutes with the highest median SUV,,,, at
min 1. However, compared to pathologic PC lesions TAC of
vessel activity showed a steep descent until 8 min p.i.. TACS
of background activity measured over gluteal muscle, in the
vesicourethral anastomosis/seminal vesicle where no patholo-
gy was present and over normal bone exhibited a low ascent in
the first minutes, reaching a plateau thereafter. We could dem-
onstrate that the urinary bladder and normal tissue showed a
different behavior of **Ga-PSMA-ligand uptake in the first
8 min p.i. compared to pathologic prostate lesions. On
edPET evaluation of the prostate bed was not hampered by
adjacent bladder activity, as is the case on whole body imaging
60 min p.i.

The second goal of the study was to evaluate whether in-
tegration of edPET and the application of the different TAC
pattern mentioned above could enhance diagnostic perfor-
mance of ®*Ga-PSMA-11 PET/CT. In PC patients with BR
detection of local relapse at an early stage is a prerequisite
for a successful SRT [3]. ®*Ga-PSMA-11 PET/CT has shown
high overall accuracy in detecting recurrent PC [20-22].
However, detection rates of LR of up to 35.1% of patients
using a standard acquistion protocol with imaging 60 mi p.i.

seem relatively low [20, 21]. With '®F-choline PET early dy-
namic acquisition of the pelvic region within the first 8 min
p-i. helps to distinguish LR from urinary bladder activity and
is generally accepted part of the standard '®F-choline PET
acquisition protocol in the assessment of PC-patients with
BR [36, 37]. Simone et al. demonstrated a significant increase
in diagnostic accuracy in '®F-choline PET with the help of
early dynamic phase compared to standard whole body imag-
ing 10-20 min post injection. The majority of LR were only
visible on early dynamic images, resulting in a detection rate
of LR in 67.1% of patients [9].

With respect to the detection rate of PC in the prostatic
fossa, Kabasakal et al. could not find a difference between
early static images 5 min p.i. and late imaging 60 min p.i. in
%8Ga-PSMA-ligand PET [35]. The lack of difference in the
detection rate between the two phases found by this group
may be partially contributed to the fact that only eight patients
with BR after operation and/or radiotherapy were included in
the study, with relatively high PSA values (median PSA:
10.59 ng/mL) representing high tumour volume that in our
experience is easier to discriminate on whole-body PET
60 min p.i.. Nonetheless, Kabasakal et al. concluded that early
images could be helpful in the assessment of the prostate bed
and structures in the proximity of the urinary bladder.

In our study in the subgroup of patients evaluated for
BR (n=64) in 9.4% of cases an early focal tracer uptake in
the prostate bed suggestive of LR could be found that was
concealed by high radioactivity in the urinary bladder
60 min p.i.. Furthermore, with regard to assessment of
LR, in our experience equivocal findings in areas close to
urinary bladder are quite common on whole-body PET
60 min p.i.. In fact, in 14.1% of our patient cohort with
BR LR adjacent to the urinary bladder could not be ruled
out on images 60 min p.i.. However, as there was no path-
ologic tracer uptake within the first minutes of ed PET
suggestive of malignancy, we concluded that LR was un-
likely. Thus, in 23.5% of patients edPET contributed to the
final interpretation of **Ga-PSMA-ligand PET. The detec-
tion rate of LR with whole-body PET 60 min p.i. alone and
in combination with edPET was 20.3 and 29.7%, respec-
tively. The still somewhat low detection rate in comparison
to other studies and MRI may be partially contributed to
the fact that patients evaluated for BR in our study had a
relatively low PSA value (median PSA: 1.7 ng/mL) includ-
ing 24 patients with PSA <1.0 ng/mL. In addition we also
assessed whether median PSA values of patients positive
for LR only on edPET differed from those who were pos-
itive on both edPET and whole-body PET 60 min p.i.. The
median PSA-value of patients who showed LR only on
edPET was lower (3.5 vs. 4.8 ng/mL); however, it did
not reach statistical significance (p =0.210).
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As verification of positive findings on edPET not visible on
whole-body PET 60 min p.i. was not available in all the cases
the results have to be interpreted with caution. Further analy-
ses with larger patient cohorts are required to correlate lesions
that are judged pathologic only on edPET with other imaging
modalities (MRI, TRUS) and preferably with histology, in
order to address the question if they represent true positive
PC lesions.

Despite this major limitation, the results of our study are
encouraging enough to recommend application of edPET in
addition to whole body PET 60 min p.i. in all PC patients with
BR referred for ®*Ga-PSMA-11 PET/CT. Our data indicate
that early dynamic imaging might increase the detection rate
of LR compared to image acquisition 60 min p.i. alone.

Conclusions

With this study we could demonstrate that early dynamic im-
aging in ®*Ga-PSMA-11 PET/CT in PC-patients can reliably
discriminate pathologic tracer uptake in PC lesions from phys-
iologic tracer accumulation in the urinary bladder. Early dy-
namic imaging improves the detection rate of LR in **Ga-
PSMA-11 PET/CT. We conclude that early dynamic acquisi-
tion in combination with whole body imaging 60 min p.i.
should be applied in PC patients with biochemical relapse
referred for **Ga-PSMA-11 PET/CT.
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