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There is increasing interest in PET/CT with prostate-specific mem-
brane antigen (PSMA) tracers for imaging of prostate cancer be-

cause of the higher detection rates of prostate cancer lesions than

with PET/CT with choline. For 68Ga-PSMA-11 tracers, late imaging

at 180 min after injection instead of imaging at 45–60 min after in-
jection improves the detection of prostate cancer lesions. For
18F-DCFPyL, improved detection rates have recently been reported

in a small pilot study. In this study, we report the effects of PET/CT
imaging at 120 min after injection of 18F-DCFPyL in comparison to

images acquired at 60 min after injection in a larger clinical cohort of

66 consecutive patients with histopathologically proven prostate

cancer. Methods: Images were acquired 60 and 120 min after in-
jection of 18F-DCFPyL. We report the positive lesions specified for

anatomic locations (prostate, seminal vesicles, local lymph nodes,

distant lymph nodes, bone, and others) at both time points by visual

analysis, the image quality at both time points, and a semiquantita-
tive analysis of the tracer activity in both prostate cancer lesions as

well as normal tissues at both time points. Results: Our data

showed a significantly increasing uptake of 18F-DCFPyL between

60 and 120 min after injection in 203 lesions characteristic for prostate
cancer (median, 10.78 vs. 12.86, P , 0.001, Wilcoxon signed-rank

test). By visual analysis, 38.5% of all patients showed more lesions

using images at 120 min after injection than using images at 60 min
after injection, and in 9.2% a change in TNM staging was found. All

lesions seen on images 60 min after injection were also visible on

images 120 min after injection. A significantly better mean signal-to-

noise ratio of 11.93 was found for images acquired 120 min after in-
jection (P , 0.001, paired t test; signal-to-noise ratio at 60 min after

injection, 11.15). Conclusion: 18F-DCFPyL PET/CT images at 120 min

after injection yield a higher detection rate of prostate cancer charac-

teristic lesions than images at 60 min after injection. Further studies
are needed to elucidate the best imaging time point for 18F-DCFPyL.
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In the Western world, prostate cancer has the highest incidence
as compared with other cancers and the third highest mortality rate

(European Cancer Observatory, http://eu-cancer.iarc.fr/). Imaging

is an important pillar on which clinical decision making is based.
For more than a decade, PET/CT has been one of the cornerstones

of oncologic imaging and has been proven useful for a large

number of malignancies. However, the most frequently used tracer
18F-FDG has a relatively low sensitivity for prostate cancer (1)

and therefore PET/CT has had little impact on prostate cancer
imaging and management until recently. This changed after the

introduction of 18F-flurocholine and 11C-choline PET/CT, which is

useful for detection and localization of prostate cancer and in

clinical practice it is used especially for detection of a biochemical
relapse after therapies with curative intent. The relatively low posi-

tive predictive values of 18F-fluorocholine and 11C-choline, particu-

larly due to false-positive inflammatory lymph nodes, has prevented

the wide clinical use of those tracers in primary staging of prostate

cancer. Another known drawback of choline tracers is the moderate
sensitivity of those tracers for lymph node metastases (2).
Lack of specificity of conventional imaging techniques has

encouraged screening of prostate cancer cells for possible antigens

to develop agents capable of specific binding. This resulted in the

development of monoclonal antibodies (mAbs) to target prostate-
specific antigen (PSA) and prostatic acid phosphatase (3). Secretion

of those antigens preclude cell-associated binding, and the presence

of PSA and prostatic acid phosphatase in the plasma effectively

blocks specific antibody binding at the tumor site. Later, prostate-

specific membrane antigen (PSMA) was discovered (4,5); PSMA is
a 750 amino acid transmembrane protein and a highly specific

prostate epithelial cell membrane antigen (6). Physiologic expres-

sion of PSMA is 100–1,000 fold less than baseline expression in

prostate cancer (7), and expression increases as tumor grade in-

creases, with concurrent increase in metastatic sites and castration-
refractory prostate cancer (8). Furthermore, PSMA is internalized

and endosomally recycled, increasing the deposition of radiophar-

maceuticals into the cell over time (9).
In 2006, 111In-capromab, a mAb for targeting PSMA, was re-

ported. However, this tracer has a poor efficacy associated with
binding to the intracellular domain of PSMA, resulting in binding

to nonviable cells, that have damaged cell membranes, only (10).

A few years later, mAb targeting to the external domain of PSMA

was reported. Because of the relatively large mass of mAbs, these
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ligands show slow clearance from background and slow target
recognition, prohibiting their success as radiopharmaceuticals
for imaging, because these are preferably administered and sub-
sequently used for imaging on the same day. Furthermore, they
require superior safety profiles, because mAbs have potential side
effects including allergic reactions (11–13). From the late 2000s,
small-molecule PSMA inhibitors, which are approximately
350-fold smaller than mAbs, have been reported (14–18). Those
tracers have rapid target recognition and background clearance,
and no adverse effects have been reported.
In comparison with choline PET/CT, these PSMA tracers have

been shown to detect more lesions at lower PSA levels, increasing
the sensitivity for prostate cancer and increasing the clinical
impact of PET/CT in prostate cancer (17,19). Furthermore, the
specific binding to PSMA increases specificity for prostate cancer
and positive predictive values. Therefore, it is expected that these
tracers may also be useful in primary staging, although scientific
evidence for this is lacking at this point.
At the moment, PSMA tracers labeled with 68Ga are primarily

used in clinical practice; however, there is an increasing interest in
18F-labeled PSMA tracers because of favorable physical and im-
aging characteristics. Positrons emitted by 18F decay have lower
kinetic energies as compared with those emitted by 68Ga, resulting
in a higher resolution of PET images acquired using 18F tracers.
Furthermore, the 110-min half-life of 18F compared with 68 min
for 68Ga enables imaging at later time points without significant
deterioration of image quality or the need for administration of
higher dosages. Literature on PSMA tracer kinetics shows that the
tracer accumulates in prostate cancer cells over time whereas
background activity decreases (20–24). For 68Ga-PSMA tracers,
it has been reported that late imaging at 180 min after injection
instead of imaging at 45–60 min after injection improves detection
of prostate cancer lesions (25). In a recent pilot study published
by Rowe et al., in 9 patients 18F-DCFPyL, one of the available
ligands for PSMA, demonstrated higher tumor radiotracer uptake
and higher tumor-to-background ratios on images acquired 120 min
after injection than images acquired 60 min after injection (26).
To build on these findings of improved lesion detection at

later time points, we assessed whether image acquisition with
18F-DCFPyL at 120 min after injection increases detection of lesions
characteristic for prostate cancer. We studied the effects of PET/CT
imaging at 120 min after injection of 18F-DCFPyL in comparison to
images acquired 60 min after injection in a clinical cohort of 66
consecutive patients with histopathologically proven prostate cancer.

MATERIALS AND METHODS

Patients

From November 3, 2016, 66 consecutive prostate cancer
patients who were referred to our nuclear medicine department

for 18F-DCFPyL PET/CTwere included in the study. 18F-DCFPyL
PET/CT was performed either for primary staging, localization of bio-

chemical relapse after therapy with curative intent, or response mea-
surement of systemic therapy. Follow-up scans of already included

patients and those with deviations from the imaging protocol and scans
of patients with known other malignancies except basal cell carcinoma

of the skin were excluded. All patients gave written consent for the
use of their anonymous data for scientific purposes. Besides the standard

imaging protocol and clinical management, no additional measurements
or actions affecting the patient were performed. The institutional review

board approved this retrospective study, and the requirement to obtain
informed consent was waived.

Imaging
18F-DCFPyL was produced and synthesized by an on-site cyclotron

and radiochemistry facility. Synthesis involves a 2-step reaction, in

which first nucleophilic substitution by 18F takes places on the leaving

group of the precursor and second the protecting butyl groups are

removed by acid hydrolysis. Purification of the compound was per-

formed on a preparative high-performance liquid chromatography col-

umn as described by Boevet et al. (27).

Sixty and 120 min (65 min) after injection of 314 MBq of
18F-DCFPyL (mean; range, 243–369 MBq; depending on body mass

index [BMI]), PET images were acquired on a Siemens Biograph-16

TruePoint PET/CT scanner (Siemens Healthcare). At 60 min after

injection, images were acquired from the inguinal region to the base

of the skull (3 min per bed position). For logistic reasons, images were

acquired from the inguinal region to the basal lung fields only at

120 min after injection. To compensate for radioactive decay, these

images were acquired using a counting time of 5 min per bed position.
Reconstruction was done by means of an iterative 3-dimensional

ordered-subsets expectation maximization algorithm using 4 iterations

and 16 subsets and a 5-mm gaussian filter. Reconstructed images had

an image matrix size of 256 · 256, a pixel spacing of 2.67 · 2.67 mm,

and a slice thickness of 4 mm.
For attenuation correction of the images 60 min after injection, a

diagnostic CT with intravenous contrast administration was acquired

using a tube current of 110 mAs at 110–130 kV (BMI , 25, 110 kV;

BMI $ 25, 130 kV), collimation of 16 · 1.2 mm, and a pitch of 0.95.

A low-dose CT with intravenous contrast administration with a tube

current of 25 mAs at 110 kV, collimation of 16 · 1.2 mm, and pitch of

0.95 was used for attenuation correction of images 120 min after

injection. Both CT images were reconstructed using a slice thickness

of 4 mm and a matrix size of 512 · 512, resulting in voxel sizes of 1.37

· 1.37 mm for CT images used for attenuation correction and 0.98 ·
0.98 mm for diagnostic CT images.

Lesion Selection and Data Extraction

For 18F-DCFPyL PET/CT images acquired at both 60 and 120 min

after injection, prostate cancer depositions with their accompanying

anatomic location were scored by visual analysis by 2 experienced

nuclear medicine physicians. The examined structures included pros-

tate gland, seminal vesicles, local lymph nodes, distant lymph nodes,

bone lesions, and other lesions. Local lymph nodes were defined as

lymph nodes in the true pelvis, and lymph nodes from the aortic bi-

furcation and more cranially, as well as lymph nodes in the inguinal

region, were defined as distant lymph nodes.

For lesions visible at both 60 and 120 min, activity (SUVmax) was
measured by means of volume-of-interest (VOI) analysis (VOI iso-

contour tool; 40% from maximum) using SyngoVia software (Siemens

syngo.via; Siemens Healthcare) in a maximum of 4 lesions per ana-

tomic location. For the prostate and seminal vesicles, only 1 measure-

ment was done. Lesions directly adjacent to organs or tissues with

normal tracer uptake with higher intensity than uptake in the target

lesion were excluded from the analysis. When present, another lesion

from the same anatomic location was included in the analysis.
Activity was also measured in normal tissues including blood, bone

marrow, liver, spleen, duodenum, and kidneys using a standardized

method (sphere VOI, except kidneys). Blood-pool activity was measured

in the abdominal aorta, just cranially from the bifurcation; liver activity

was measured in the right lobe in segment 5/6 (according to the Bismuth

adaptation of the Couinaud classification of liver anatomy (28)); spleen

activity was measured most laterally in the spleen; duodenal activity was

measured in the segment directly anterior to the abdominal aorta; and

bone marrow activity was measured in the vertebral body of L4.
Image quality was assessed by measuring the signal-to-noise ratio

(SNR) in a sphere VOI of approximately 4 cm in the liver, which was
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on visual inspection the most homogeneous organ, considering
18F-DCFPyL uptake, that was included in the field of view (FOV)
at both time points. SNR was calculated by dividing the SUVmean in

the sphere VOI by the SD of the SUV in the sphere VOI.

Statistical Analysis

The Kolmogorov–Smirnov test was used to check for normal dis-
tribution of the data.

According to the presence or absence of normality, the paired t test
or the Wilcoxon signed-rank test was used to test for statistically

significant differences between SUVmax and SNR between the images
acquired at 60 and 120 min after injection. Bland–Altman plots were

used for graphical presentation of the data.

RESULTS

Patients

Between November 3, 2016, and January 26, 2017, 66 patients
were included in the study. One patient was excluded because he
received a deviant dose of 18F-DCFPyL. Therefore 65 patients
were included in the analysis. Twenty-one patients were referred
for 18FDCFPyL PET/CT for primary staging, 34 patients had a
biochemical relapse after therapy with curative intent, 8 patients were
scanned for therapy follow-up, and 2 patients were scanned for other
reasons. Baseline patient characteristics are presented in Table 1.

Visual Analysis

In 6 patients, no enhanced 18F-DCFPyL uptake was detected.
Five of those patients were scanned for biochemical relapse and
had PSA values of 0.1, 0.2, 0.3, 0.5, and 0.6 ng/mL. The sixth
patient was scanned on suspicion of biochemical relapse after
radiation therapy; however, later PSA measurements showed a
spontaneous PSA decrease (PSA from 4.4 to 3.0 ng/mL).
Enhanced 18F-DCFPyL uptake was encountered in 35 patients

in the prostate, and in 13 patients uptake in a seminal vesicle or
both vesicles was seen. All lesions were present at both time
points. In general, the uptake was more demarcated on images
acquired at 120 min after injection. Twelve of those patients
(7 primary staging, 1 biochemical relapse, and 2 follow-up
androgen-deprivation therapy) showed only increased uptake in
the prostate, without signs of metastases.
Uptake in local and distant lymph nodes was seen in 31 and 14

patients at 60 min after injection and 34 and 17 patients at 120 min
after injection, respectively. In 1 patient, referred for biochemical
relapse after prostatectomy and salvage radiation therapy, both
local and distant lymph nodes were seen on images at 120 min
after injection only. In 2 patients, both staged for primary prostate
cancer (T3aGl9NxMx; initial PSA [iPSA], 35, and T3aGl8NxMx;
iPSA, 140, respectively), local lymph nodes were seen on late
images only (Fig. 1). For 2 other patients, 1 referred for biochemical
relapse after external radiation therapy (PSA, 7.0 ng/mL) and 1 for

TABLE 1
Patient Characteristics

Characteristic n

No. of patients 65

Indication 18F-fluorocholine PET/CT

Primary staging 21

Biochemical relapse 34

Therapy follow-up 8

Other 2

Mean age (y) 62 (range, 52–84)

Mean PSA at scanning (ng/mL) 56 (range, 0.1–1,481)

Gleason score

6 4

7 16

8 18

9 10

Unknown 17

cT stage at diagnosis

x 19

1 5

2 15

3a 18

3b 7

4 1

cN stage at diagnosis

x 42

0 17

1 6

Previous therapy

Prostatectomy 16

External radiation therapy 19

Brachytherapy 1

Previous salvage therapy

External radiotherapy 7

High-intensity focused ultrasound 4

Patients on hormone therapy at scanning

Yes 7

No 58

FIGURE 1. 18F-DCFPyL PET images at 60 min after injection (A) and

120 min after injection (B) of patient scanned for primary staging

(T3aGl9NxMx; iPSA, 35 ng/mL). Images show activity in ureter (yellow

arrow). Additional focus with increased activity is seen on image ac-

quired at 120 min after injection laterally from ureter and dorsally from

left external iliac artery (red arrow). CT (C) and fused PET/CT (D) images

show small lymph node, which corresponds with focally increased
18F-DCFPyL uptake at 120 min after injection (red arrow).
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primary staging (T1Gl8NxMx; iPSA, 68), late images showed both
local and distant lymph node metastases, whereas early images
showed only local lymph nodes. Regarding lesions in the FOV of
both scans, all lymph nodes seen on images at 60 min after injection
were also seen on images at 120 min after injection, whereas images
at 120 min after injection showed more positive local lymph nodes in
16 patients and more positive distant lymph nodes in 7 patients as
compared with images at 60 min after injection.
Enhanced 18F-DCFPyL uptake in skeletal lesions was seen in

21 patients at 60 min after injection and in 17 patients at 120 min
after injection. For 5 patients, the skeletal lesions seen on images at
60 min after injection were outside the FOVof the images at 120 min
after injection. For 1 patient, referred for biochemical relapse after
prostatectomy (PSA, 5.2 ng/mL), images at 60 min after injection
showed no lesions with enhanced uptake, whereas images at 120 min
after injection showed enhanced uptake in a solitary lesion in the
sacrum (Fig. 2). Regarding lesions in the FOV of both scans, all
skeletal lesions detected at 60 min after injection were also visible
on images acquired at 120 min after injection, whereas in 8 patients
more bone lesions were seen at 120 min after injection. In 1 patient
with already-known plural prostate cancer metastases, increased
18F-DCFPyL was found in these lesions, whereas no increased ac-
tivity in other organs was found. In a total of 25 patients (38.5%), the
images at 120 min after injection showed more lesions with enhanced
18F-DCFPyL uptake than the images at 60 min after injection, and all
lesions visible on images at 60 min after injection were also visible at
120 min after injection.
According to the presently used TNM classification (7th ed.),

6 patients (9.2%) had a higher disease stage on images at 120 min
after injection than on images at 60 min after injection. One patient
was upstaged from N0M0 to N1M1a, 2 patients from N0M0 to
N1M0, 2 patients from N1M0 to N1M1a, and 1 patient from N0M0
to N0M1b.

Quantitative Analysis

From 59 patients, a total of 203 lesions characteristic for
prostate cancer with enhanced 18F-DCFPyL uptake, visible at both

imaging time points, were included in the analysis. Thirty prostate
lesions, 6 seminal vesicle lesions, 125 lymph nodes (81 local and
44 distant lymph nodes), and 42 skeletal lesions were included in
the quantitative analysis. Five prostate lesions and 7 seminal ves-
icle lesions were excluded because these could not be clearly de-
lineated from urine activity in the bladder or urethra, or in the case
of seminal vesicle lesions, extension from the prostate into sem-
inal vesicles was considered as 1 lesion for quantitative analysis.
Overall, a statistically significant increase in uptake over time

was seen in the 203 lesions with enhanced 18F-DCFPyL uptake
characteristic for prostate cancer (Fig. 3). Median SUVmax in-
creased from 10.8 to 12.9 (P , 0.001, Wilcoxon signed-rank test).
Also for all individual anatomic regions, including prostate, sem-
inal vesicles, local lymph nodes, distant lymph nodes, and skeletal
lesions, an overall significant increase in 18F-DCFPYyl uptake
over time was found (Table 2). In 6 of 203 lesions, decreasing
PSMA uptake was observed. One prostate lesion, 1 bone lesion,
and 4 lymph nodes showed a decrease in SUVmax of20.16,20.16,
20.05, 20.04, 20.16, and 20.26, respectively.
Quantitative analysis of normal uptake of 18F-DCFPyL in the

liver, spleen, duodenum, blood pool, and bone marrow was mea-
sured in 65, 63, 65, 62, and 62 patients, respectively (Fig. 4). In
2 patients, activity in the spleen could not be measured because of
previous splenectomy. In 3 patients, blood-pool activity could not
be measured accurately because of high activity in lymph nodes
in the direct vicinity of the aorta. Bone marrow activity could not
be measured in 3 patients who had metastases in the vertebral
body of L4.
In all patients, 18F-DCFPyL activity in the blood pool, bone

marrow, and spleen decreased significantly over time (P ,
0.001, Table 2). Uptake in the liver and duodenum showed a vari-
able course over time on a per-patient basis (Fig. 4); however, by

FIGURE 2. 18F-DCFPyL PET images 60 min after injection (A) and

120 min after injection (B) of patient with biochemical relapse after pros-

tatectomy (PSA, 5.2 ng/mL). Images show clearly increased 18F-DCFPyL

uptake at 120 min after injection (red arrow), which was not scored as

lesion characteristic of prostate cancer at 60 min after injection. Activity

in left ureter is also seen only on images 120 min after injection (yellow

arrow). (C) CT images showed no anatomic substrate. (D) Fused PET/CT

images showed anatomic location of increased uptake in sacral bone.

FIGURE 3. Bland–Altman plot. Difference between 18F-DCFPyL activ-

ity at 120 and 60 min after injection in lesions characteristic of prostate

cancer is plotted against mean activity in each lesion. Plotted as red

dotted line is median activity difference in entire cohort, and blue dotted

lines are 95% limits of agreement. Blue dots 5 prostate lesions; purple

dots 5 seminal vesicle lesions; red dots 5 lymph nodes; green dots 5
skeletal lesions.
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statistical analysis a significant increase in the mean SUVmax over
time was found in the duodenum and a significant decrease in the
right kidney.

Image Quality

The SNR, as measured in the liver in all 65 included patients,
showed a variable course over time on a per-patient basis (Fig. 5).
However, by statistical analysis a significantly better mean SNR at
120 min after injection of 11.93 was found (P , 0.001, paired
t test; SNR at 60 min after injection, 11.15).

DISCUSSION

Our data demonstrated a higher detection rate of lesions
characteristic of prostate cancer on images acquired at 120 min

after injection than 60 min after injection. According to the presently

used TNM classification (7th ed.), 6 patients (9.2%) had a higher

disease stage on images at 120 min after injection than on images at

60 min after injection. Some changes in clinical management were

not reflected by the TNM stage and therefore the true clinical impact

may be even higher than a change in management in 9.2% of

patients. For example, detection of more local lymph nodes may

change the radiation field for T2c-4N1M0 tumors suitable for

radiation therapy with curative intent (Fig. 6), and the detection of

more suspected local or distant lymph nodes in the case of biochem-

ical failure may change the extent of a salvage lymph node dissec-

tion or may result in abstention from surgery and start of palliative

systemic therapy instead. The exact impact on clinical management

was beyond the scope of this study.
For 68Ga-PSMA-11 PET/CT, increased lesion detection has

been shown in a recent retrospective study by Afshar-Oromieh
et al. (25). They found a better detection rate of lesions characteristic
for prostate cancer at 180 min after injection of 68Ga-PSMA-11 than
at 60 min after injection in a cohort of 112 patients with prostate
cancer. In 4 patients (3.6%), they found lesions on late imaging

TABLE 2
Comparison of 18F-DCFPyL Uptake (SUVmax) 60 and 120 Minutes After Injection in Different Tissues

Tissue n

Acquisition time

(min after injection)

Mean or median

SUVmax

SD or interquartile

range P

Malignant

All lesions 203 60 10.78* 14.57† ,0.001‡

120 12.86* 18.08†

Prostate 30 60 19.17 12.28 ,0.001¶

120 23.27 15.77

Vesicles 6 60 16.57* 12.67† 0.028‡

120 21.03* 18.01†

Lymph nodes total 125 60 8.65* 13,34† ,0.001‡

120 11.05* 17.13†

Local lymph nodes 81 60 7.48* 14.31† ,0.001‡

120 10.25* 17.93†

Distant lymph nodes 44 60 10.77* 11.58† ,0.001‡

120 14.27* 15.18†

Osseous 42 60 11.00* 14.19† ,0.001‡

120 12.83* 18.72†

Normal

Liver 65 60 6.96* 1.68† 0.520‡

120 6.93* 1.41†

Spleen 63 60 5.96 2.16 ,0.001¶

120 4.78 1.73

Kidney 64 60 48.05* 19.65† ,0.001‡

120 41.63* 20.29†

Duodenum 65 60 10.79* 5.06† ,0.001‡

120 12.41* 6.42†

Blood pool 62 60 1.85* 0.47† ,0.001‡

120 1.41* 0.46†

Bone marrow 62 60 1.26 0.29 ,0.001¶

120 0.99 0.18

For data not normally distributed: *median and †interquartile range. ¶Wilcoxon signed-rank test. For data normally distributed: mean,

SD, and ¶Paired t test.
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whereas early images showed no lesions characteristic of prostate
cancer. In 8 patients, they found 1 unclear lesion on images 60 min
after injection, which was clarified on the images at 180 min after
injection. Furthermore, they found a higher SUVmax and contrast

on late images in most patients. These find-
ings are largely in line with our findings.
However, Afshar-Oromieh et al. (25)

also found 12 patients with possible pros-
tate cancer lesions, which could not be
confirmed on late scans, and 2 patients
showed a lesion characteristic of prostate
cancer on early images, which was not de-
tectable at 180 min after injection because
of low contrast. In our cohort, we found
6 lesions with a slight decrease in SUVmax

over time; however, we found no lesions
visible 60 min after injection that were
no longer detectable on later scans. Several
factors may explain this difference. First,
there is a difference between the time point
of image acquisition of the late scan, being
120 min after injection in our cohort com-
pared with 180 min after injection in the
cohort presented by Afshar-Oromieh et al.
(25). Second, different tracers were used,
which may have slightly different biodis-
tribution and biokinetics. Third, there may
be differences in the included patient pop-
ulations, because Ashfar-Oromieh et al.
included mainly patients who showed un-
clear findings, which may be a more chal-
lenging cohort that includes more patients
with lesions presenting with low or de-

creasing PSMA tracer uptake. Conversely, our cohort included
all patients referred for 18F-DCFPyL PET/CT. A fourth difference
is the used radioactive isotope 68Ga in the PSMA tracer in the
study by Ashfar-Oromieh et al. as compared with 18F in the pre-
sent study. In general, the half-life of 110 min for 18F is more
suitable for imaging at later time points than the 68-min half-life
of 68Ga; however, the visualization of prostate cancer lesions was
shown to be independent from the short half-life of 68Ga within a
time window of 4 h after injections of approximately 150 MBq of
68Ga-PSMA-11 in another paper by Afshar-Oromieh et al. (24).
As mentioned before, we found lesions with decreasing

18F-DCFPyL uptake over time. Also, other studies showed de-
creasing PSMA tracer uptake over time in a minority of lesions
(21,25,29). Afshar-Oromieh et al. speculated that decreasing up-
take may be caused by a reduced internalization rate of PSMA
ligands. In our cohort, we found only slight decreasing activity in
6 small lesions. Therefore, the observed decreasing activity in
our cohort may also have contributed to technique-related partial-
volume effects. All lesions with decreasing uptake over time were
still clearly visible at 120 min after injection.
Our data show that 18F-DCFPyL uptake in normal tissue such as

the spleen, bone marrow, and blood pool decreases significantly
over time in all patients. Activity in the liver shows no significant
change over time. Given the increase in 18F-DCFPyL uptake in
suspected malignant lesions, this results in better tumor-to-back-
ground ratios. This underpins our finding of better lesion detection
on images acquired at 120 min after injection. The uptake in the
duodenum shows a significant increase in mean SUVmax,, which
may be an argument for image acquisition at an earlier time point.
However, for several reasons an earlier acquisition time would prob-
ably not affect lesion detection. First, there is a large interpatient
variability in duodenal uptake over time, and 27.7% of the patients

FIGURE 4. Bland–Altman plots. Differences between normal 18F-DCFPyL activity at 120 and

60 min after injection in different tissues plotted against mean activity in each tissue ([A] liver,

[B] spleen, [C] duodenum, [D] blood pool, [E] bone marrow). Plotted dotted line is mean or median

activity difference in entire cohort, and striped lines are 95% limits of agreement. Mean activity is

given for data normally distributed (spleen, duodenum, blood pool) and median activity for data

with nonnormal distribution (liver, bone marrow).

FIGURE 5. Bland–Altman plot. Difference between SNRs measured in

liver at 60 and 120 min after injection plotted against mean SNR in each

patient. Plotted dotted line is mean SNR difference in entire cohort, and

striped lines are 95% limits of agreement.
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in the present cohort showed decreasing activity over time. Second,
the mean SUVmax of the duodenum exceeded the mean SUVmax in
distant lymph nodes at both time points, and therefore duodenal
activity interfered with detection of small lymph node metastases in
the vicinity of the duodenum at both time points. Third, prostate
cancer lesions adjacent to the duodenum are rare and even more
rarely exist without the presence of other lesions at other locations.
Therefore, a change of the therapeutic procedure by lesions adjacent
to the duodenum was unlikely.
Initially, we intended to measure 18F-DCFPyL activity in the kid-

ney over time as well. However, high activity in the urinary bladder
and ureters was seen in many patients at both 60 and 120 min after
injection. Therefore, we initiated administration of diuretics to reduce
activity in the urinary tract and effectuate better interpretability of the
prostate region and lymph nodes adjacent to ureters. Because an
effect of diuretics on SUVs in the kidneys was found, we excluded
the SUV measurements in the kidneys from the analysis.

For practical reasons, the FOV of the images at 120 min after
injection was smaller than the FOV of the images acquired at
60 min after injection to enable acquisition of both scans in time
frames of 30 min. Five bone lesions visible on images at 60 min
after injection were not in the FOV of the images 120 min after
injection. Strictly it cannot be ruled out that those lesions became
undetectable on the images at 120 min after injection; however,
this is highly unlikely given the findings in lesions visible at both
time points. On the other hand, it is also possible that we missed
additional lesions outside the FOV of the images at 120 min after
injection.
Imaging at 120 min after injection may be a logistic challenge

for nuclear medicine departments because most schedules are
appointed on image acquisition 60 min after injection as is the
current practice for 18F-FDG PET/CT. A doubling of the waiting
time doubles the number of shielded rooms needed for patient
preparation. A longer waiting time could be a trade-off between
the benefits according to the SNR and the signal quality due to
radioactive decay of the tracer. Consequently, we extended the
counting time per bed position 120 min after injection by 120 s
(3 vs. 5 min, respectively) to compensate for decay, which comes
with the cost of valuable camera time. Given the excellent SNRs at
both time points, it could be possible to shorten the counting time at
120 min after injection. This is also supported by a previous study
with 68Ga-PSMA-11, in which imaging at later time points without
adjustments of counting times showed superior image quality for
images 180 min after injection in comparison to images 60 min
after injection (21). Because of the pharmacokinetics of PSMA
ligands, the decay of the radioisotope seems not essential for
PET imaging with PSMA tracers in a time window of at least
3 h. Although there are practical challenges as mentioned above,
the higher diagnostic outcome of images at 120 min after in-
jection, as found in our data, should be a leading factor in de-
cision making regarding scan protocols. Waiting times of more
than 120 min after injection of 18F-DCFPyL may even result in a
better detection rate.
A potential limitation of our study is the use of CT with diagnostic

properties and intravenous contrast for attenuation correction for the
images 60 min after injection, whereas attenuation correction for
images 120 min after injection was done with a low-dose CT without
intravenous contrast. Literature on the effects of intravenous contrast-
enhanced CT on SUV measurements in 18F-DCFPyL PET/CT is ab-
sent. However, the used technique is similar to 18F-FDG PET/CT.
Studies on this topic in 18F-FDG PET/CT have shown that the clinical
impact of contrast-enhanced CT on SUV measurements is absent or
negligible (30–32). The standardization protocol for 18F-FDG PET/CT
by Boellaard et al., however, advises that no contrast agent should be
used until it has been established that attenuation artifacts are com-
pletely absent when used during attenuation-corrected CT (33). Be-
cause the 18F-DCFPyL PET/CT images were acquired in a standard
clinical setting and given the advantages of enhanced CTs with in-
travenous contrast, especially the characterization of lymph nodes
adjacent to vascular structures or ureters, total-body images at
60 min after injection were acquired in combination with intrave-
nous contrast-enhanced CT. SUVs measured in tissue that show
contrast enhancement such as the lymph nodes, blood pool,
spleen, and liver may therefore be somewhat higher in the early
phase. In lesions characteristic for prostate cancer, we found a
significant increase in SUVmax over time. If intravenous contrast
affected the SUV measurements, the found difference would be
even higher in reality.

FIGURE 6. 18F-DCFPyL PET/CT of patient scanned for primary stag-

ing (T2Gl9NxMx; iPSA, 34 ng/mL). PET images at 60 min after injection

(A) and 120 min after injection (B) show focally increased uptake in right

obturator fossa (red arrow), which corresponds to small lymph node on

CT (C) and fused PET/CT (D) images. PET images at 120 min after injection

(F) additionally show focal uptake laterally from rectum (orange arrow),

which was not seen at 60 min after injection (E), corresponding to small

lymph node on CT (G) and fused PET/CT (F) images. Activity in right ureter

was seen on images at 120 min after injection only (yellow arrow), and at

both time points activity in prostate was detected (green arrow, E, F, and

H). Additionally (not shown) focally increased uptake in right costa 8 was

found at both time points. Before 18F-DCFPyL PET/CT, brachytherapy was

scheduled for this patient, but after PET/CT patient was referred for radia-

tion therapy on prostate, local lymph nodes, and solitary bone metastasis.
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Another limitation of the presented data is the lack of a reference
with the accepted gold standard, which is histopathologic confirma-
tion of the included lesions. However, it is practically impossible and
ethically inappropriate to get histopathologic confirmation of all
lesions included in this study. Furthermore, PSMA tracers with 68Ga
have been proven to be highly specific for prostate cancer, and
therefore lesions with increased 18F-DCFPyL, which fit the pattern
of metastatic spread of prostate cancer, should be considered as
highly suggestive of prostate cancer (34–36).

CONCLUSION

Our data show a significantly increasing uptake of 18F-DCFPyL
between 60 and 120 min after injection in lesions characteristic for
prostate cancer. In 38.5% of all patients more lesions are seen, and
in 9.2% a change in TNM staging is found using images 120 min
after injection as compared with 60 min after injection.
Further studies are needed to elucidate the best imaging time

point for 18F-DCFPyL.
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