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Abstract
Introduction  Conventional imaging modalities have been poor in characterizing the true extent of disease in men with bio-
chemical recurrence following primary treatment for prostate cancer. Functional imaging with positron emission tomography 
(PET) has shown promise of being a superior imaging modality. We conducted a systematic review and meta-analysis to 
define the diagnostic accuracy of PET/CT using 11C-choline, 18F-FACBC, or 68Ga-PSMA in detecting recurrent prostate 
cancer.
Methods  We searched multiple databases in line with the preferred reporting items for systematic review and meta-analysis 
(PRISMA) statement to define the diagnostic accuracy of 11C-choline, 18F-FACBC, or 68Ga-PSMA PET/CT. Only studies 
secondarily staging participants with biochemical recurrence and those with an appropriate reference standard (pathology, 
further imaging, and/or clinical response) were eligible for analysis.
Results  Twenty-one studies with 3202 participants met the inclusion criteria. Of these, 11C-choline, 18F-FACBC, and 
68Ga-PSMA were the tracer investigated in 16, 5, and 1 studies, respectively. The summary sensitivity for each tracer was 
80.9% (95% CI 70.4–88.3%), 79.7% (95% CI 51.9–93.4%), and 76.4% (95% CI 68.3–82.9%), respectively. The correspond-
ing summary specificity was 84.1% (95% CI 70.2–92.2%), 61.9% (95% CI 41.1–79.0%), and 99.8% (95% CI 97.5–100%), 
respectively. Detection rates ranged between 58.6 and 82.8%. All included studies were judged to be at high risk of bias 
primarily due to study limitations pertaining to the reference standard.
Conclusion  There is a lack of high-quality data to verify the accuracy of PET-based imaging using 11C-choline, 18F-FACBC, 
or 68Ga-PSMA. The early results are encouraging that these techniques are superior to conventional imaging modalities, 
which would allow salvage therapies to be optimized.
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Introduction

Local treatment with either surgery or radiation therapy 
remains the gold standard for intermediate- and high risks, 
localized prostate cancer. While these are both effective 
forms of management, approximately 30–40% of cancers 
still recur following treatment [1, 2], manifesting as a rising 
prostate-specific antigen (PSA)—this is termed biochemical 
recurrence (BCR). At this stage of the disease, it is important 
to determine the location and extent of metastases to deter-
mine the next course of management: metastasis-targeted 

and/or systemic treatment [3]. Historically, conventional 
imaging modalities such as computer tomography (CT), 
bone scintigraphy (BS), and magnetic resonance imaging 
(MRI) have been the mainstay in the secondary staging land-
scape [4, 5]. However, the sensitivities of these modalities 
are particularly poor in detecting low-volume metastatic/
locally recurrent disease especially at low levels of PSA 
when salvage therapy would be most effective [6]. It has 
been show that only 14–30% of CT scans are positive in 
detecting recurrent tumors [7, 8]. The yield of BS is even 
lower with fewer than 5% of scans being positive when the 
PSA is less than 7 ng/mL [9].

Over the last decade, there has been substantial develop-
ment in using positron emission tomography (PET) to detect 
metastases in the early BCR stage [10]. PET is an estab-
lished, non-invasive, molecular imaging modality that uses 
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different radiolabeled tracers, a combination of a radionu-
clide and a biologically active molecule, targeted to specific 
receptors to localize disease. Initial results suggest that the 
combination of functional and morphological imaging has 
a superior diagnostic ability than the latter form alone [10]. 
Of the range of radiolabeled tracers that have been evaluated, 
11C-choline and 18F-FACBC (fluciclovine) are two that are 
currently FDA approved in the United States for use in this 
setting [11]. In other parts of the world, 68Ga-PSMA has 
been more routinely employed in clinical practice. Investi-
gations into the use of these tracers, especially 18F-FACBC 
and 68Ga-PSMA, are still in its infancy, and therefore, it 
is important to consider all the available evidences when 
assessing their utility.

The objective of this study was to perform a systematic 
review and meta-analysis to assess the diagnostic ability of 
11C-choline, 18F-FACBC, and 68Ga-PSMA PET/CT in 
detecting local recurrent and metastatic disease in men with 
BCR.

Methods

The preferred reporting items for systematic reviews and 
meta-analysis (PRISMA) statement [12] and Cochrane 
Handbook for diagnostic test accuracy [13] framework were 
used for this review. The protocol for this review was pub-
lished in the international prospective register of systematic 
reviews (PROSPERO) (CRD42018094741).

Searches

A search was conducted in the scientific literature data-
bases (MEDLINE, EMBASE, ScienceDirect, The Cochrane 
Library, the HTA database, Google Scholar, and Web of 
Science) up to April 2018. The keywords for the search 
included “prostate cancer” or “prostate” or “prostatic 
neoplasm” or “prostate malignancy”; “positron emission 
tomography” or “PET”; “18F-FACBC” or “fluciclovine” or 
“axumin”; “68-Ga-PSMA” or “prostate-specific membrane 
antigen”; “11C-choline” or “choline”.

Proceedings of international urology meetings held over 
the last 3 years were also searched for relevant abstracts 
which may not have been published at the time of the initial 
literature search.

In addition, the reference lists of all relevant studies were 
checked, the ‘related articles’ and ‘find similar’ features in 
PubMed and Ovid were also used to identify further studies, 
and citation alerts were placed on relevant studies to identify 
any recent publications that should also be included.

Case reports, letters to the editor, editorial comments, and 
conference proceedings were excluded, but no restrictions 

were placed on study location or on the language of 
publication.

Selection of studies

The results of the search were screened initially by title and 
abstract for relevance before full-text review by two inde-
pendent authors (N.S. and M.B.) with a senior author (B.K.) 
consulted to resolve any disagreements. Both retrospective 
and prospective trials in which patients who have evidence 
of biochemical recurrence undergoing PET-based imag-
ing were included. BCR was defined as a PSA > 0.2 ng/mL 
after radical prostatectomy or a rise by at least 2 ng/mL 
above the PSA nadir after radiotherapy [14, 15]. Only stud-
ies using one of the following PET tracers were included: 
68Ga-PSMA, 18F-FACBC (fluciclovine), and 11C-choline. 
Other PET tracers were not included in this review, because 
they are not routinely used in clinical practice and remain 
experimental.

It is not feasible—nor ethical when imaging is negative—
to obtain histological data to confirm the results of stag-
ing results. Therefore, studies which validated the results 
of imaging using a combination of histology, further imag-
ing and/or clinical follow-up with PSA results or response 
to treatment initiated based on the results of PET imaging 
were included. We recognize that this may not reflect the 
true disease state and is not the gold-standard reference, but 
suggests that it is the best possible reference in real-world 
clinical practice.

We excluded studies in which only cases with positive 
PET/CT scans were included and followed-up. In addition, 
studies in which only the outcomes of a single type or site 
of metastasis was included (e.g., bone, local recurrence, or 
nodal) were excluded. Patients who were undergoing PET-
based imaging for primary staging or have already been 
diagnosed with castration-resistant disease were excluded.

Data extraction

The above authors independently extracted data from 
included studies using a data collection form developed a 
priori. Information recorded from each study included pub-
lication details, patient demographics, imaging protocols, 
imaging results, and results of verification. Where a partici-
pant underwent multiple PET/CT scans, only the results of 
the first scan were used for analysis.

Assessment of methodological quality

Studies were assessed for quality using the Quality Assess-
ment of Diagnostic Accuracy Studies-2 (QUADAS-2) tool 
[16] by two independent authors (N.S. and M.B.), with 
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consultation with a senior author (B.K.) to resolve any 
disagreements.

Statistical analysis

Extracted data were collated in Excel (Microsoft Corpo-
ration, Redmond, CA, USA) and analysis performed in R 
Statistical Software (Foundation for Statistical Comput-
ing, Vienna, Austria) using the ‘meta’ and ‘mada’ packages 
[17, 18]. Using a 2 × 2 table that was constructed for each 
study during the data extraction process, pooled estimates 
for sensitivity and specificity were calculated for each bio-
marker using a bivariate random-effects regression model 
[19]. The diagnostic performance of the different radiotrac-
ers was calculated on a per-patient and per-lesion basis. In 
addition, detection rate was meta-analysed with a random-
effects model using DerSimonian and Laird method. Pro-
portions were transformed with the Freeman–Tukey double 
inverse sine transformation, and confidence intervals were 
calculated using the Score method. Heterogeneity within 
and between groups were assessed using the I2 statistic [20]. 
We were unable to perform the intended subgroup analyses 
on PSA level and the receipt of salvage therapy because of 
insufficient data.

Results

The literature flow diagram provides an overview of the 
search and study selection process (Fig. 1). The search 
identified 2978 articles of which 87 were duplicates. After 
two authors independently screened the abstracts and titles, 
191 articles were selected for full-text review. Of these, 21 
studies with 3202 patients met the eligibility criteria and 
their characteristics are outlined in Table 1. 11C-choline, 
18F-FACBC and 68Ga-PSMA were the tracer investigated 
in 16 [21–36], 5 [34, 37–40], and 1 [41] studies, respec-
tively. The included studies were primarily retrospective 
in nature (n = 20) and were conducted in the United States 
or Europe, expect for one which was conducted in Japan 
[23]. The population of men included in each study varied 
widely between the studies with the proportion of those 
initially treated with radical prostatectomy or radiation 
therapy ranging from 0 to 100%, respectively. Seven stud-
ies included patients who had already undergone salvage 
treatment [27, 28, 32, 34, 39–41]. Four studies included 
patients who had the previous negative conventional imag-
ing prior to PET/CT [25, 28, 38, 41]; however, most did 
not explicitly report this in their demographic section. In 

Fig. 1   PRISMA flow diagram
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one study, 27/319 (8.5%) patients were being primarily 
staged, but the authors decided to still include this study 
as the vast majority of patients (91.5%) were being evalu-
ated for BCR [41].

Risk of bias

All 21 included studies were judged at high risk of bias 
(Fig. 2). The major potential source of bias in these stud-
ies was that the reference standard was not likely to local-
ize metastatic disease with a high degree of accuracy. As 
mentioned previously, it is neither feasible nor ethical to 
obtain pathological verification for PET/CT results, espe-
cially in the scenario of a negative scan. Therefore, studies 
used a combination of tissue, further imaging and clinical 

follow-up (e.g., PSA change ± further therapy) to ascertain 
the presence of metastatic disease. While this reflects real-
world clinical practice, it is unlikely to accurately localize 
metastatic disease. For example, if a patient with a single 
positive node that was not amenable to surgery received 
androgen deprivation therapy, and subsequently, their serum 
PSA decreased, this would have been classified as a true 
positive, even though it is possible that there were other 
areas of metastases that were not detected by PET/CT (i.e., 
false negative). Moreover, one study classified all negative 
scans as false negative unless long-term clinical follow-up 
was completely negative, because they assumed that a rising 
or persistent PSA following treatment indicated that there 
was underlying metastatic disease [34]. Furthermore, there 
was often no pre-specified follow-up protocol in these stud-
ies, and therefore, different tests were performed at differ-
ent schedules for cases within and between studies. This 
was likely influenced by the results of the PET/CT and is a 
potential source of bias.

Diagnostic performance

Sixteen studies reported the diagnostic performance of 
11C-choline PET/CT on a per-patient basis with a summary 
sensitivity and specificity for the detection of metastatic dis-
ease of 80.9% (95% CI 70.4–88.3%) and 84.1% (95% CI 
70.2–92.2%), respectively (Fig. 3a). The DOR, posLR, and 
negLR were 25.2, 5.4, and 0.24, respectively.

The summary sensitivity and specificity calculated from 
the four studies reporting on 18F-FACBC on a per-patient 
basis was 79.7% (95% CI 51.9–93.4%) and 61.9% (95% 
CI 41.1–79.0%), respectively (Fig. 3b). The DOR, posLR, 
and negLR were 8.0, 2.1, and 0.36, respectively. The cor-
responding measures of performance on a per-lesion basis 
were 62.7% (95% CI 56.4–68.5%) and 69.8% (95% CI 
64.5–74.7%), respectively (Fig. 3c).

The sensitivity and specificity on a per-lesion basis of the 
one study which investigated 68Ga-PSMA were 76.4% (95% 
CI 68.3–82.9%) and 99.8% (95% CI 97.5–100%), respec-
tively (Fig. 3d).

Summary receiver operating characteristic (SROC) curve 
for 11C-choline and 18F-FACBC is shown in Fig. 4. SROC 
curves were not constructed for per-lesion data because of 
insufficient studies.

Detection rate

The pooled detection rate from the 16 studies using 11C-cho-
line as the radiotracer was 62.2% (95% CI 48.9–74.4%). 
There was significant heterogeneity observed between and 
within studies (I2 = 97.1%). In the meta-regression analysis, 
neither year of publication (p = 0.44), median age (p = 0.31), 
nor median PSA (p = 0.30) impacted the detection rate of Fig. 2   Risk of bias
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11C-choline. The summary detection rate for the five studies 
using 18F-FACBC was 58.6% (95% CI 41.1–875.2%). There 
was significant heterogeneity observed between and within 
studies (I2 = 88.2%). Only one study reported the detection 
rate using 68Ga-PSMA, 82.8% (95% CI 78.2–86.5%).

Discussion

Our comprehensive review of the literature of using PET/
CT to image men with prostate cancer BCR found that the 
available evidence is of poor quality and lacks the ability to 
provide clear insight into the diagnostic ability of these tests. 
Considering our fairly broad inclusion criteria regarding the 
reference test, it is somewhat concerning that only 21 studies 
had adequately verified the PET/CT results. This concern 
is amplified considering that the pooled specificities of the 
radiotracers ranged from 61.9 to 84.1% on a per-patient basis 

and 69.8 to 99.8% by lesion. This issue is still observed in 
the two studies which histology as the reference standard 
to verify the results of PET/CT; the false-positive rate for 
both 11C-choline and 18F-FACBC was 60% [24, 40]. The 
results seen in our study are supported by a previous meta-
analysis with different inclusion criteria which reported the 
specificity of fluciclovine to be 66% [11]. The impressive 
diagnostic performance of 68Ga-PSMA is consistent with 
the meta-analysis by Perera et al., although their estimates 
were derived from a mixed population of men undergoing 
primary and secondary staging [42]. Aside from the 68Ga-
PSMA study, which reported a high specificity, it is possi-
ble that men are receiving inappropriate metastasis-directed 
treatment due to the relatively high false-positive findings 
when using 11C-choline or 18F-FACBC in the BCR setting. 
Not only is this potentially unnecessary, it could also be 
harmful to patients with salvage radiation therapy and lymph 
node dissection being associated with substantial morbidity 

Fig. 3   Forest plots of test sensitivity and specificity
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[43–45]. This highlights the importance of verifying the 
findings from PET/CT before initiating further treatment 
and also conducting well-designed studies that allow clini-
cians to satisfactorily appraise the diagnostic performance 
of new technologies.

Despite the above concerns regarding false-positive 
results, the results from our study allude to the promise of 
PET-based imaging in the early BCR setting, especially with 
68Ga-PSMA. Guidelines have previously recommended 
against performing conventional imaging in the BCR set-
ting when the PSA is below 20 ng/mL due to poor yield. 
The detection rate across the three radiotracers ranged from 
55.8 to 82.8% in our study even when the median PSA was 
less than 5 ng/mL in the majority of included studies. These 
finding are consistent with the literature with detection rates 
commonly in the 20–45% range and extending up to 67% 
when PSA is less than 1.0 ng/mL [11]. This has important 
clinical implications, because salvage therapy is most effec-
tive when performed early before disease becomes widely 
disseminated. There was a delay to BCR, distant metastases, 
and cancer-specific mortality amongst patients with a pre-
salvage PSA ≤ 0.5 ng/mL compared to those with a serum 
PSA above this cut-off (p < 0.001) [46]. PSA level has been 
shown to be a predictor of oncological success with sal-
vage lymph node dissection and radiation therapy [47, 48]. 
The current literature into the efficacy of salvage treatment 
has predominantly relied on conventional imaging modali-
ties to guide management, and therefore, it can be reason-
ably assumed that outcomes can be improved using these 
potentially superior PET-based techniques. Accordingly, the 
guidelines have been revised to recommend imaging with 

68Ga-PSMA if available in the BCR setting or alternatively, 
11C-choline.

There were insufficient data and there was substantial 
heterogeneity between the included studies to determine 
which of the imaging modalities is the most accurate. A 
single included study evaluated patients with BCR to both 
11C-choline and 18F-FACBC found that the diagnostic per-
formance of fluciclovine was superior to 11C-choline [34]. 
However, when stratifying patients by PSA level, there was 
only a difference in sensitivity amongst patients with a PSA 
less than 1 ng/mL. PSMA is the newest of the radiotrac-
ers and appears to be the one with the most promise with 
the highest absolute sensitivity and specificity amongst the 
radiotracers included in this study but this estimate was 
derived from only one study. In a cohort of men undergo-
ing salvage lymph node dissection after both 68Ga-PSMA 
and 18F-fluoroethylcholine, it was reported that the former 
imaging modality had a higher sensitivity (86.9 vs 71.2%), 
specificity (93.1 vs 86.9%), positive predictive value (75.7 
vs 67.3%), and negative predictive value (96.6 vs 88.8%) 
[49]. PET/CT with any of 11C-choline, 18F-FACBC, or 
68Ga-PSMA seems to be superior to conventional imaging 
given the comparatively higher detection rates and the yield 
of these modalities following negative conventional imag-
ing; hence, these functional modalities should be preferred if 
accessible to accurately characterize disease and guide man-
agement. Similarly, early data suggest that 68Ga-PSMA may 
be the most accurate, but high-quality comparative studies 
are required to provide clarity to this space.

There are several limitations of the current study that 
should be considered. First, estimates of detection rates and 

Fig. 4   Summary receiver 
operating characteristic (SROC) 
curve for 11C-choline and 
18F-FACBC (per-patient)
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diagnostic performance were mostly derived from small, 
retrospective, single-institutional studies. This reduces our 
confidence in the estimates and is reflected by the wide con-
fidence intervals. Furthermore, there was significant hetero-
geneity observed between the studies regarding population 
baseline characteristics, imaging protocols, clinician expe-
rience, and follow-up, which could all influence the diag-
nostic performance. However, this may be a more accurate 
reflection of real-world clinical practice and increases the 
generalizability of results to different settings.

Conclusion

PET-based imaging with 11C-choline, 18F-FACBC, and 
68Ga-PSMA demonstrates the potential to detect disease 
in the early BCR setting, where conventional modalities are 
less useful. There are some concerns regarding false-positive 
findings especially with 18F-FACBC that should be consid-
ered before initiating salvage therapy. Moreover, there is a 
lack of high-quality studies which validate the findings from 
PET/CT against a reliable reference standard, and therefore, 
it is challenging to accurately characterize the diagnostic 
performance of these tests.
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