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Abstract The objective of the systematic review and
meta-analysis was to evaluate whether the choice between
two radiotracers, ''C-choline (''C-cho) and '|F-fluoro-
choline ('®F-FCH) for PET/CT, and different acquisition
protocols contributed to detect metastases for patients with
biochemical recurrence of prostate cancer after radical
prostatectomy or radiotherapy. We searched in January
2016 in Pubmed and Embase for articles that had used
radiolabeled choline PET/CT in restaging. The meta-anal-
ysis evaluated technical and clinical aspects. Across 18
articles 1 219 of 2 213 patients (54.9 %) had a positive
radiolabeled PET/CT image. Mean of the mean/median
restaging PSA levels was 3.6 £ 2.7 ng/mL. (range
0.5-10.7 ng/mL). Six articles with ''C-cho PET/CT had a
radiation activity of 561 £ 122 MBq and it was
293 4 47 MBq in 12 articles with '®F-FCH PET/CT. The
difference was significant (P = 0.007, ¢ test). Uptake time
was 5 min in articles with ''C-cho PET/CT and it was
29 + 24 min in articles with '"*F-FCH PET/CT. The dif-
ference was significant (P = 0.02, ¢ test). Thereby the
detection rates of metastatic sites in articles with ''C-cho
(30 + 5 %) and ""F-FCH (39 + 5 %) did not differ sig-
nificantly (P = 0.26, ¢ test). In linear regression analyses of
the articles, the radiation activity of "C-cho and '"®F-FCH
was not significantly associated with the detection rate of
metastatic sites (P = 0.75 and P = 0.60). Restaging with
radiolabeled choline PET/CT detected metastatic sites for
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patients with biochemical recurrence and PSA levels of
1-10 ng/mL at clinically relevant level. The -choice
between the two choline radiotracers and different acqui-
sition protocols had no significant impact on detection.
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Introduction

Prostate cancer is the most frequent cancer for old men in
Western societies. For men, the mortality with prostate
cancer is second to that with lung cancer. Patients with
localized disease are mainly treated with radical prostate-
ctomy (RP) and radiotherapy (RT) but up to a third of the
patients develop a recurrence. The first clinical phase of
recurrence is biochemical recurrence with rising serum
PSA levels despite normal findings with conventional
imaging. The Society of Nuclear Medicine gave an indi-
cation for '®F-fluorodeoxyglucose (‘*F-FDG) PET/CT to
patients with biochemical recurrence if the restaging PSA
levels were >10 ng/mL.

For patients with biochemical recurrence, ''C-choline
(!'C-cho) and '®F-fluorocholine ('®F-FCH) PET/CT
detected more sites of recurrence than '*F-FDG PET/CT
[1]. ''C-cho has a half-life of 20 min and '*F-FCH has a
half-life of 110 min. Only "®F-FCH has renal excretion. A
review suggested that detection of prostate cancer might
increase if the radiation activity of ''C-cho was increased
up to 1000 megabequerel (MBq) and the uptake time for
"C-cho was increased up to 10 min [2]. The Food and
Drug Administration (FDA) has approved ''C-cho PET/CT
for restaging. '"®F-FCH is either '®F-fluoromethylcholine or
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18F—ﬂuoroethyl(:holine. As for '"®F-FCH PET/CT, some
specialists in nuclear medicine prefer to combine an early
stationary image of the pelvic region and a late stationary
whole body image [3-5]. A European multicenter study
with restaging including '*F-FCH PET/CT of 1 000
patients found that patients with restaging PSA
levels >2 ng/mL. had a high detection rate [6]. Also
patients with a high Gleason score >7 and a PSA
level <1 ng/mL had a relevant detection rate. '*F-FCH has
been approved as a radiopharmaceutical in fifteen countries
in the European Union.

Salvage radiotherapy for the prostate bed (SRT) is used
for patients with biochemical recurrence after RP. For up to
half of the patients with biochemical recurrence, radiola-
beled choline PET/CT changed the stage of biochemical
recurrence and changed the treatment from SRT. Patients
had most delay of a second biochemical recurrence after
SRT if it was started while they had restaging PSA
levels <0.5 ng/mL.

We aimed with a systematic review and meta-analysis to
evaluate whether ''C-cho and '"F-FCH PET/CT had a
relevant detection rate of metastatic sites for restaging of
patient with PSA levels <10 ng/mL and to evaluate whe-
ther the choice between ''C-cho and '®F-FCH as radio-
tracers for PET/CT and the acquisition protocols might
have a significant impact on detection of metastatic sites.

Materials and methods
Search strategy

In January 2016, one of the authors (FEVE) undertook a
literature search in the bibliographic database Pubmed. The
search used Medical Subject Heading terms and text words
(“prostatic neoplasms” OR “prostate cancer”) AND
(“prostate specific antigen”) AND (“biochemical failure”
OR “biochemical recurrence”OR “biochemical relapse”
OR “PSA failure” OR “PSA recurrence” OR “PSA
relapse”) AND (“positron emission tomography” OR
“PET”). The search and a search in Embase gave 200
records. A search for relevant articles in reference lists added
20 records (Fig. 1). We searched for ongoing studies at
http://www.ClinicalTrials.gov. The author contacted some
principal investigators for complementary information.
Our search included original full length research articles
of biochemical recurrence after RP and RT. Included
articles used ''C-cho and '"®F-FCH PET/CT as index test to
detect sites of recurrence. Of duplicate articles from an
institution, we selected the article that reported most
patients. Articles published before 2006 were excluded
because the International Society of Urologic Pathology
had changed the classification of the Gleason score in 2005
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Database search in Pubmed and
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18 articles included in the follow-up < 5 years

systematic review

Fig. 1 Flow diagram for selection of articles

[7]. Further, our review excluded articles that undertook
radiolabeled choline PET/CT for less than twenty patients
and articles that did not allow for 2 x 2 tables on patient
basis. Our review also excluded PET/CT articles that
combined the initial RP and RT before the biochemical
recurrence or combined staging and restaging. The review
also excluded some records for administrative reasons.

Data extraction

An author extracted information from the articles to a
database. Clinical items were year of publication, name of
first author, institution, number of patients, median/mean
age of the patients, initial treatment, and median/mean
restaging PSA levels. As a finding with the index test, we
evaluated the detection rate of a metastatic site. Technical
items were type of CT scans, ''C-cho or '"®F-FCH radio-
tracer, radiation activity of the radiotracers, uptake time,
field size for PET/CT imaging, acquisition time for each
bed position (PET field of view), and criteria for a positive
site.

Definitions of items

Biochemical recurrence after RP was defined as a rise
from unmeasurable PSA to levels >0.2 ng/mL for patients
who had no clinical signs of cancer lesions and negative
findings with conventional imaging [8]. Two further PSA
measurements showing persisting or rising PSA levels
confirmed the rise. Biochemical recurrence after initial RT
was defined as a rise of PSA to levels >2.0 ng/mL above
the nadir PSA level after RT [9]. Some articles reported
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Table 1 Assessment of bias in the articles

QUADAS Number on Quality item Positive score for little
issue QUADAS list risk of bias
Patient 1 Was the spectrum of patients representative of the patients who will receive the test Patients with
selection in practice? biochemical
recurrence
2 Were the selection criteria well described? Well described criteria
5 Did the whole sample or a random selection receive verification using a reference  Whole sample
standard?
12 Were the same clinical data available when test results were interpreted as would be  Yes
available when the test is used in practice?
Prospective/retrospective study Prospective study
Consecutive patients? Consecutive patients
Treatment of biochemical recurrence Previously untreated
Index test 8 Was the execution of the index test sufficiently described to permit its replication? PET/CT protocol with
adequate details
10 Was the index test interpreted without knowledge of the reference standard? Yes
Reference 3 Did the reference standard correctly classify the target condition? Histology gave correct
standard classification
6 Did all patients receive the same reference standard regardless of the index test?  Yes
Was the reference standard sufficiently described to permits its replication? Yes
7 Was the reference standard independent of the index test? Yes
11 Was the reference standard interpreted without knowledge of the index? Yes
Flow and 4 Was the interval appropriate between the index test and the reference standard? <30 days
timing
13 Was uninterpreted test results reported? Yes
14 Were withdrawals from the study explained? Yes

Numbering of items in QUADAS-2 [10, 11]. The evaluations were summarized in three categories as shown in Fig. 2

the radiation activity of the radiotracer as MBq per kg
body weight. For these articles, our meta-analysis evalu-
ated the radiation activity calculated for a patient with a
body weight of 80 kg. Uptake time was defined as the
time interval from intravenous injection of the radiotracer
to start of the imaging. For articles reporting a range of
uptake times, our meta-analysis evaluated the longest
uptake time. Torso field was defined as a field from base
of the skull/top of the neck to the bottom of the pelvis/
mid-thigh. The review evaluated the threshold used for
diagnosing a site of recurrence. Our review calculated the
rate of metastatic sites detected with radiolabeled choline
PET/CT as the ratio of patients with a metastatic site
detected with PET/CT in relation to the total number of
examined patients.

Reference standard for diagnosis of a prostate cancer
sites in the articles was positive if a biopsy of the site was
positive (mainly loco-regional sites) or if a treatment of the
site reduced PSA levels at least 50 % for at least 1 month.
Reference standard was negative if a targeted biopsy was
negative or if treatment of the site did not reduce PSA
levels.

Assessment of quality and strength of evidence

The study quality of articles was assessed by the revised
system of Quality Assessment of Diagnostic Accuracy
Studies, QUADAS-2, as shown in Table 1 [10, 11]. Studies
were interpreted as in a systematic review by Wu et al.
[12]. Our evaluations were categorized in three groups. Our
meta-analysis assessed evidence and strength of a recom-
mendation for management of the sites of recurrence by the
system of Grading of Recommendations, Assessment,
Development, and Evaluation (GRADE).

Statistical analysis

A variable was mainly given as the mean =+ standard
deviation. Our systematic review used parametric statistics.
Missing technical information in the reporting of the PET
acquisition protocols was not substituted. Our meta-anal-
ysis compared groups of articles using ¢ tests. We used
linear regression analyses as we evaluated whether radia-
tion activity of the tracer and uptake time was significantly
associated with detection rate of metastatic sites. Our meta-
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analysis used a P value of <0.05 to indicate statistical
significance. We used Stata 14.0 as statistical software
(StataCorp, College station, TX, USA).

Results

Characteristics of articles

Records with non-choline tracers and duplicate reports were
excluded from the 220 records in our search, as shown in
Fig. 1. All articles reported cohort studies. We found no

randomized trial that compared the diagnostic accuracy
with ''C-cho and '"®F-FCH PET/CT. Our systematic review

Patient selection h I ]

Index test |

Reference standard ]

Patient flow

| | l | I

0 20 40 60 80
Risk of bias (%)

— .

Index test ] |

Reference standard F:I:I
T T 71 T 1

0 20 40 60 80 100
Applicability (%)

Patient selection

Fig. 2 Evaluation of the quality in 18 articles. Regarding bias: green
shows low risk of bias, yellow unclear risk of bias, and red high risk
of bias. Regarding applicability: green indicates high applicability,
yellow unclear applicability, and red low applicability

Table 2 PET/CT acquisition protocols in six articles of ''C-cho

included 18 articles with 2219 patients [3, 13—29]. Mean of
the median/mean age was 68 &+ 4 years. Mean of the
median/mean restaging PSA levels was 3.5 &+ 2.7 ng/mL
(range 0.5-10.7 ng/mL). Table 1 shows how we evaluated
the quality in the articles. Our evaluations were summarized
in three categories and are shown in Fig. 2.

Acquisition protocols for radiolabelled choline PET/
CT

An acquisition protocols for radiolabeled choline PET/CT
was reported in all articles. CT scans were mainly per-
formed with a low dose technique without contrast. The
articles used CT scans to localize the PET site and to
correct attenuation of the imaging. Radiation activity of the
radiotracer was 561 + 122 MBq in articles with ''C-cho
as shown in Table 2, and 293 £+ 47 MBq in articles with
"8E_.FCH as shown in Table 3. The radiation activity with
the two radiotracers differed significantly (P = 0.007,
t test). Most PET/CT imaging used a torso field.

Uptake time was 5 min in articles with ''C-cho PET/CT
as shown in Table 2. In contrast, uptake time varied in
articles with '"®F-FCH PET/CT as shown in Table 3. Five
articles included an early imaging after 1-5 min [19, 23,
25, 26], four articles included only a late imaging after
15-60 min [13, 18, 20, 27], and three articles included an
early and a late imaging [3, 21, 29]. Uptake time was
29 + 24 min in the articles with '*F-FCH PET/CT. The
uptake time with the two radiotracers differed significantly
(P = 0.02, ¢ test). Acquisition times for each bed position
were grossly similar with the two radiotracers.

A site of recurrence was diagnosed with the PET/CT if
the site had an increased uptake compared with that of the
background or with that of a volume of normal tissue.
Fifteen articles reported qualitatively the ratios of uptake
and three articles reported the ratios semi-quantitatively
using a standardized uptake value.

Article No of patients PET/CT acquisition protocol Detection rates
CT Median/mean Uptake time Positive sites Metastatic sites
tracer dose (MBq) (min)

Rinnab [14] 41 Contr 1122 5 36 13
Breeuwsma [15] 70 NM 400 5 57 16
Giovacchini [16] 358 Low 421 5 161 129
Souvatzoglou [17] 43 Low 682 5 43 5
Castellucci [22] 605 NM 370-555 3-5 172 139
Kitajima [24] 115 Low 370-555 5 94 59
Total no patients 1232 563 361
Percentage of patient 46 29

Low low dose, NM not mentioned
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Table 3 PET/CT acquisition protocols in 12 articles of '®F-FCH

Articles No of patients PET/CT acquisition protocol Detection rates
CT Median/mean Uptake time (min) Positive sites Metastatic sites
tracer dose (MBq)

Pelosi [13] 56 Low 185-259 60 24 20
Graute [18] 82 Contr 300 60 51 39
Henninger [19] 35 NM 320 1 19 11
Schillaci [20] 49 Low 370 45 33 29
Marzola [21] 233 NM 240 ~5 to 10/60 126 111
D’ Angelillo [23] 60 Low 320 15-20 60 6
Lepinoy [25] 83 Low 270-360 0 65 41
Piccardo [26] 21 Low 270 0 18 13
Di Biagio [27] 99 NM 302-378 40 83 42
Kjolhede [28] 58 320 1-15 20 16
Quero [29] 65 Low 302-378 10-20/1ate 46 26
Simone [3] 146 NM 320 0-8/30 111 12
Total no patients 987 656 366
Percentage of patients 66 37

min minutes

H(C.cho and ®F-FCH PET/CT and detection
of metastatic sites

Overall, 1219 patients (54.9 %) had positive sites with
radiolabeled choline PET/CT. Six articles reported
detection rates with ''C-cho PET/CT as shown in Table 2
and 12 articles reported detection rates with '|F-FCH
PET/CT as shown in Table 3. Detection rates of meta-
static sites were 30 + 5 % in articles with ''C-cho and
39+ 5% in articles with 'SF-FCH. Summarizing the
articles, detection rates of metastatic sites did not differ
significantly between the two choline radiotracers
(P = 0.26, t test). Figure 3 shows the detection rates of
metastatic sites with the two radiotracers. In linear
regression analysis of articles with ''C-cho PET/CT,
radiation activities of the radiotracer was not significantly
associated with detection rates of metastatic sites
(P = 0.75). Neither did the article with '"®F-FCH PET/CT
show a significant association (P = 0.60). Linear regres-
sion analysis showed no significant association between
uptake time for the two choline radiotracers and rate of
metastatic sites (P = 0.50).

Ongoing studies

Table 4 points out ongoing studies with radiolabeled cho-
line PET. Some centers combined PET and MRI [24, 27].
One study compares ''C-cho PET/CT and ''C-cho PET/
MRI. Another study compares ''C-cho PET/CT and '®F-
FCH PET/CT. Other studies continue to evaluate '*F-FDG

Rate of detection

of metastatic sites
(%)
80 —
60 —
40 —

20 —

*'c-cho 8E.FCH

Fig. 3 Detection rates of metastatic sites summarizing six articles
with ''C-cho PET/CT ('!'C-cho) and 12 articles with '*F-FCH PET/
CT (ISF-FCH). The boxes show the 25, 50, and 75 percentiles, and the
whiskers show the full range

PET/CT [30]. Further studies evaluate a promising new
radiotracer, ®®Ga-prostate specific membrane antigen
(PSMA)-HBED-CC, also called *Ga-PSMA [31].

Discussion

PET/CT in our articles varied regarding the acquisition
protocols. The articles gave ''C-cho with a significantly
higher radiation activity than '®F-FCH. '"®F-FCH PET/CT
used a longer uptake time than ''C-Cho PET/CT. Thereby
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Table 4 Ongoing studies of restaging with radiolabelled choline PET

Name of the study Number in Location for the  Radiolabelled choline
ClinicalTrials study PET method

Oligopelvis (GETUG P07) [32] NCT02274779  France 'E.FCH PET/CT

PET/MRI considered for radiotherapy for men suspected for prostate cancer =~ NCT02131649  Multinational 8E_FCH PET/MRI
recurrence post-prostatectomy (PROPS) multicenter

Detecting recurrent prostate cancer with C-11 choline positron emission NCT02355054 Missouri, USA "'C-cho PET/CT or
tomography: an expanded access study 1_cho PET/MRI

Detecting recurrent prostate cancer with 11C-choline positron emission NCT02531672 MSKCC, New "'C—cho PET/CT
tomography York, USA

Expanded access to diagnostic imaging for staging of recurrent prostate cancer NCT02260817 Illinois, USA 'C-cho PET/CT

Surveillance or metastasis-directed therapy for oligo-metastatic prostate cancer

recurrence (STOMP) [33]

"'C-cho PET/CT
or 'F-FCH PET/CT

Ghent, Belgium

MSKCC Memorial Sloan Kettering Cancer Center

the articles with both radiotracers had a clinically relevant
detection rate of metastatic sites at early restaging with
median/mean restaging PSA levels of 1-10 ng/mL.

Regarding imaging, recent guidelines for prostate cancer
have included radiolabeled choline PET/CT in restaging
and it may expand in future. Radiolabeled choline PET/CT
was often given with a radiation activity of 370-680 MBq
for ''C-cho and a radiation activity of 270-320 MBq for
'8E_ECH. Uptake time for ''C-cho PET/CT was 5 min.
Massaro et al. [4] analyzed five different acquisition pro-
tocols for '®F-FCH PET/CT. The investigators preferred a
combination of an early static imaging of the pelvic region
and a late static imaging of the whole body. However, only
three of 12 articles with '®F-FCH PET/CT (25 %) used the
recommended dual-phase imaging. A review regarding
staging with radiolabeled choline PET/CT suggested that
detection of prostate cancer increased as radiation activity
and uptake time for "'C-cho was increased [2]. In contrast,
our meta-analysis of restaging with radiolabeled choline
PET/CT did not find similar trends for detection of meta-
static sites. Whereas FDA approved ''C-cho PET/CT for
restaging of prostate cancer, the GRADE system clearly
did not give preference of ''C-cho for '*F-FCH.

Further our findings have implications for treatment.
Many patients with prostate cancer in the United States of
America underwent PET/CT staging and restaging with
only "E_.EDG PET/CT [30]. In contrast, our present meta-
analysis added to our preference of radiolabeled choline
PET/CT over '®F-FDG PET/CT to detect sites of recurrent
prostate cancer [1]. All articles in our present meta-analysis
undertook radiolabeled choline PET/CT in an early phase
of biochemical recurrence with a median/mean restaging
PSA level <10 ng/mL. This PSA level was the threshold to
trigger restaging with '"®F-FDG PET/CT. Hence compared
with '"*F-FDG PET/CT, radiolabeled choline PET/CT may
detect sites of recurrence in an earlier phase of biochemical
recurrence. A rationale for restaging with PET/CT is
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detection of sites outside the prostate bed because SRT is
not a relevant treatment for these sites. Therefore, we
evaluated the detection rate of metastatic sites by restaging
with radiolabeled choline PET/CT. The articles detected
metastatic sites for a third of the patients.

Our meta-analysis also has implications for future
research. Ongoing studies may evaluate the external
validity of our meta-analysis. Consensus may standardize
execution and reporting of radiolabeled choline PET/CT.
Radiation activity and uptake time of choline radiotracers
did not seem to have a significant influence on detection of
metastatic sites. Thus centers using ''C-cho PET/CT might
be able to collaborate with centers using '*F-FCH PET/CT.
Further studies may point to the best radiotracer and
acquisition protocol for use of PET/CT in restaging of
prostate cancer. ¢sGa-PSMA PET/CT may detect sites of
recurrence for half of the patients with biochemical recur-
rence after RP who have restaging PSA levels as low as
0.2-0.5 ng/mL. However, guidelines 2016 recommend that
restaging PET/CT only use radiolabeled choline PET/CT.

Overall, our meta-analysis had strength. It showed that
the acquisition protocols reflected and exploited the dif-
ferences in metabolism of the two radiolabeled choline
tracers. Our meta-analysis also had limitations. All articles
had a median/mean restaging PSA level >0.5 ng/mL. The
articles often relied on indirect evidence of prostate cancer
and abstained from verifying histologically the metastatic
sites found with the PET/CT imaging.

Conclusion

Restaging with radiolabelled choline PET/CT detected
metastatic sites for patients with restaging PSA levels of
1-10 ng/mL at clinically relevant level. The choice
between the two choline radiotracers and different acqui-
sition protocols had no significant impact on detection.
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