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Abstract
Purpose To evaluate 11C-choline PET/CT as a diagnostic tool
for restaging prostate cancer (PCa), in a large, homogeneous
and clinically relevant population of patients with biochemical
recurrence (BCR) of PCa after primary therapy. The second-
ary aim was to assess the best timing for performing 11C-
choline PET/CT during BCR.
Methods We retrospectively analysed 9,632 11C-choline PET/
CT scans performed in our institution for restaging PCa from
January 2007 to June 2015. The inclusion criteria were: (1) prov-
en PCa radically treated with radical prostatectomy (RP) or with
primary external beam radiotherapy (EBRT); (2) PSA serum
values available; (3) proven BCR (PSA >0.2 ng/mL after RP
or PSA >2 ng/mL above the nadir after primary EBRT with
rising PSA levels). Finally, 3,203 patients with recurrent PCa
matching all the inclusion criteria were retrospectively enrolled
and 4,426 scans were analysed.

Results Overall, 52.8 % of the 11C-choline PET/CT scans
(2,337/4,426) and 54.8 % of the patients (1,755/3,203)
were positive. In 29.4 % of the scans, at least one distant
finding was observed. The mean and median PSA values
were, respectively, 4.9 and 2.1 ng/mL at the time of the
scan (range 0.2 – 50 ng/mL). In our series, 995 scans
were performed in patients with PSA levels between 1
and 2 ng/mL. In this subpopulation the positivity rate in
the 995 scans was 44.7 %, with an incidence of distant
findings of 19.2 % and an incidence of oligometastatic
disease (one to three lesions) of 37.7 %. The absolute
PSA value at the time of the scan and ongoing androgen depri-
vation therapy were associated with an increased probability of a
positive 11C-choline PET/CT scan (p < 0.0001). In the ROC
analysis, a PSA value of 1.16 ng/mL was the optimal cut-off
value. In patients with a PSA value <1.16 ng/mL, 26.8 % of 1,
426 11C-choline PET/CT scans were positive, with
oligometastatic disease in 84.7 % of positive scans.
Conclusion In a large cohort of patients, the feasibility of 11C-
choline PET/CT for detecting the sites of metastatic disease in
PCa patients with BCRwas confirmed. The PSA level was the
main predictor of a positive scan with 1.16 ng/mL as the
optimal cut-off value. In the majority of positive scans
oligometastatic disease, potentially treatable with salvage
therapies, was observed.
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Introduction

Prostate cancer (PCa) is the most common solid neoplasm in
men and the third leading cause of cancer-related death in men
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in Western Europe and the US [1, 2]. Although primary treat-
ment of clinically localized PCa is associated with excellent
oncological results, up to half the patients treated with radical
prostatectomy (RP) or external beam radiotherapy (EBRT)
experience biochemical recurrence (BCR) during follow-up
[3–7]. Several tools evaluating numerous clinical and patho-
logical parameters such as prostate-specific antigen (PSA) ki-
netics (such as doubling time and velocity), pathological
Gleason score (GS), pathological Tand N stage are now avail-
able and used by physicians to assess the probability of
harbouring local or systemic recurrence after RP or EBRT
[8–10]. These models are characterized by relatively good
accuracy in distinguishing between local and distant relapse,
but they are not able to provide precise and individual infor-
mation about the site of relapse (e.g. visceral vs. bone metas-
tases, pelvic vs. extrapelvic lesions) and/or the number of
metastases. Therefore, clinicians are currently not able to tar-
get individualized salvage therapies according to the informa-
tion provided by these tools only.

Conventional imaging, including CT, bone scintigraphy
and MRI are characterized by low sensitivity in the detection
of distant lesions of recurrent PCa [8]. Thus, such patients are
generally referred for salvage radiotherapy to the prostate bed
or systemic androgen deprivation therapy (ADT) when local
or systemic relapse, respectively, is suspected [2]. Metastasis-
targeted therapy might play a role in the management of these
patients [11, 12] if an imaging modality able to accurately
define site(s) of metastases is available. In the last decade,
11C-choline and/or 18F-choline PET/CT has been shown to
perform better than conventional imaging in restaging patients
with PCa after BCR [10, 13]. Nonetheless, choline PET/CT
still has relatively low sensitivity, especially in patients with
low PSA levels at the time of imaging [13–15]. Unfortunately,
to obtain the best chance of cure in patients with PCa recur-
rence salvage treatment should be initiated when the PSA
level is low [16–18]. Novel agents have been recently pro-
posed to investigate PCa, including 68Ga-labelled PSMA an-
alogues [19–21].

The aim of this retrospective analysis was to evaluate the
role of 11C-choline PET/CT as a diagnostic tool for restaging
PCa in a large, homogeneous and clinically relevant popula-
tion of patients with recurrent PCa and BCR after radical
therapy. The secondary aim was to determine the best timing
for performing 11C-choline PET/CT during BCR.

Materials and methods

Population characteristics

The clinical records of PCa patients who had undergone a 11C-
choline PET/CT scan in our institution for BCR were retro-
spectively analysed. Between January 2007 and June 2015 a

total of 9,632 11C-choline PET/CTscans were performed. The
inclusion criteria of the present retrospective analysis were:
(1) proven PCa treated with RP (with or without adjuvant
EBRTor adjuvant ADT) or with primary EBRT (with or with-
out adjuvant ADT); (2) PSA serum values from the time of the
scan; (3) proven BCR with rising PSA levels (PSA >0.2 ng/
mL after RP and/or RP with adjuvant EBRT, PSA ≥2 ng/mL
above the nadir after primary EBRT). According to these
criteria, 3,203 consecutive patients with recurrent PCa were
retrospectively enrolled and 4,426 11C-choline PET/CT scans
were evaluated. In 590 of the 3,203 patients enrolled more
than one 11C-choline PET/CT had been performed (range
two to four scans per-patient). Scans in patients referred to
our centre for other indications (e.g. staging) and/or scans in
patients without PSA values at the time of the scan were ex-
cluded from the analysis; thus 5,206 scans were excluded.
Population characteristics are summarized in detail in
Table 1. Data concerning some of the enrolled patients have
already been used in other published studies from the same
institution. This was not considered an exclusion criterion.

Radiopharmaceuticals and imaging protocol

11C-Choline was synthesized according to the solid-phase
method described by Pascali et al. [22], as previously de-
scribed in other studies from the same institution [13].

11C-Choline PET/CT was performed according to local
standard operating procedures. In Bologna, all scans were
obtained using a hybrid PET/CT scanner (Discovery LS,
Discovery STE or Discovery 690; GE Medical Systems,
Waukesha, WI). CT parameters were 120 kVp, 60 mA, 0.8 s
per tube rotation, slice thickness 5 mm, pitch 1.5, and table
speed 30 mm per rotation. CT images were used both for
image fusion and for attenuation correction of emission data.
The patients fasted for at least 6 h before PET scanning and

Table 1 Population characteristics (3,203 patients, 4,426 scans)

Characteristic Value

Age (years)

Mean ± SD 68.8 ± 11.2

Median (range) 67.5 (55 – 91)

PSA trigger (ng/mL)

Mean ± SD 4.9 ± 7.8

Median (range) 2.1 (0.2 – 50)

Gleason score, median (range) 7 (6 – 10)

TNM stage, median (range) T3aN0M0 (T1cN0M0 – T4N1M0)

Primary therapies, no. (%) of patients

RP 2,591 (80.9)

Primary EBRT 612 (19.1)

Ongoing ADT, no. (%) of scans 1,766 (41.8)
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received an intravenous injection of 370 – 555 MBq of 11C-
choline. The PET/CTscan was started 3 – 5 min after radiotracer
injection. Emission data were acquired for five or six bed posi-
tions from the mid-thigh to the base of the skull, taking 3 – 4min
for each bed position (in relation to body weight and volume).
Contrast-enhanced CTwas not performed.

Image analysis

All 11C-choline PET/CT images were analysed using com-
mercially available software packages (GE or Siemens).
PET images were assessed visually, using transaxial, sagittal
and coronal displays, and interpreted in consensus by two
nuclear medicine physicians (P.C. and F.C.) with more than
5 years experience in 11C-choline PET/CT reading and aware
of the clinical data. Visual interpretation was the main criteri-
on to reach the final diagnosis. Any uptake higher than the
surrounding background activity that did not correlate with
physiological tracer uptake was considered pathological and
suspicious of malignancy. Symmetrical or faint/moderate up-
take in the inguinal lymph nodes (LNs) has never been
regarded as suspicious of malignancy, nor has symmetrical
or faint uptake in the mediastinal LNs. In addition, all patho-
logical lesions were analysed semiquantitatively by calculat-
ing the maximum standardized uptake value (SUVmax). The
SUVmax calculations did not influence the final diagnosis,
because a cut-off to distinguish malignant from benign uptake
has not yet been established. In the case of doubtful lesions a
third nuclear medicine physician (S.F.) was consulted and a
final diagnosis was reached in consensus.

In a patient-based analysis, PET-positive lesions were clas-
sified as local lesions (prostate/prostate bed relapse), pelvic
LNs (iliac and/or pararectal), distant LNs (retroperitoneal
and/or above the iliac bifurcation), bone lesions and other
visceral lesions (thoracic LNs, lung, liver). In a lesion-based
analysis, all lesions were assessed separately. The analysis of
multiple lesions in terms of SUVmax was performed both
considering the four lesions with the highest SUVmax and
considering four representative randomly selected lesions.
Oligometastatic disease was defined as the presence of one
to three lesions regardless of site. Multimetastatic disease
was defined as the presence of four or more lesions. 11C-
Choline PET/CT-positive findings were reported as
Bpositivity rate^ since in the majority of patients histological
confirmation was not available or feasible.

Statistical analysis

The data are reported as means, standard deviations
(SD), medians and ranges. The Mann-Whitney test was
used to compare differences between continuous
nonnormally distributed variables. The chi-squared test
was used for categorical variables. Correlations between

clinical and pathological features and 11C-choline PET/
CT pathological findings were assessed using univariate
and multivariate binary logistic regression analysis. The
effective PSA level at the time of the scan (PSA-trigger)
was coded as a continuous variable. According to EUA
guidelines [2], other factors such as the type of primary inter-
vention (PR vs. EBRT), GS (<7 vs. ≥7), Tstage (<T3 vs. ≥T3),
N stage (N0 vs. N1), M stage (M0 vs. M1), ongoing ADT (yes
vs. no), age (<65 vs. ≥65 years), time from primary therapy to
BCR (TTR, <12 vs. ≥12 months) were coded as categorical
variables. Odds ratios (OR) computed by logistic regression,
together with their 95 % confidence intervals (CIs), are report-
ed. The regression coefficients of each variable are also pro-
vided. The Hosmer-Lemeshow test was used to assess the
goodness of fit in the multivariate analysis. The performance
of 11C-choline PET/CT in relation to the PSA levels at the
time of the scans was assessed by receiver operating charac-
teristic (ROC) curves generated by plotting sensitivity versus
1 − specificity. The best trigger PSA cut-off value for
distinguishing between positive and negative 11C-choline

Table 2 Sites of the positive findings detected on 11C-choline PET/CT
on a per-scan basis in 4,426 scans

Number (%) of scans

Positive scans overall 2,337 (52.8)

Local relapsea

Prostateb 466 (10.6)

Prostate + local LN 122 (2.7)

Local LN 389 (8.8)

Total 977 (22.1)

Distant relapsec

Distant LN 143 (3.2)

Distant LN + bone 51 (1.1)

Bone 503 (11.5)

Otherd 49 (1.1)

Total 746 (16.9)

Local and distant relapse

Prostate + distant LN 19 (0.4)

Prostate + bone 90 (2)

Prostate + local LN + distant LN 49 (1.1)

Prostate + local LN + bone 27 (0.6)

Prostate + distant LN + bone 10 (0.2)

Prostate + local LN + distant LN + bone 32 (0.7)

Local LN + distant LN 170 (3.9)

Local LN + distant LN + bone 76 (1.7)

Local LN + bone 82 (1.9)

Total 555 (12.5)

a Prostate bed or prostate gland and/or pelvic (local) LNs
b Prostate bed or prostate gland
c Retroperitoneal (distant) LNs and/or bone and/or visceral metastasis
d Other visceral metastasis (including thoracic LNs)
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PET/CT findings was determined using Youden’s index. All
tests were two-sided. Statistical significance was assumed for
p values less than 0.05. All statistical analyses were performed
using SPSS statistical software package, version 21 (IBM
Corp., Armonk, NY).

Results

Overall results

11C-Choline PET/CT was positive in 52.8 % of scans (2,337
of 4,426) and in 54.8 % of patients (1,755 of 3,203). The
median PSA value at the time of the scan was 2.1 ng/mL
(range 0.2 – 50 ng/mL). Table 2 shows the sites of positive
findings detected on 11C-choline PET/CT. Of the positive
scans, 57.1 % (29.4 % of all scans) showed at least one distant
finding (extrapelvic LNs and/or bone lesions and/or other vis-
ceral lesion). 11C-choline PET/CT-positive patients showed
significantly higher PSA levels (Mann-Whitney test) than
11C-choline PET/CT-negative patients (p < 0.0001); Table 3).
No significant difference (p > 0.05) was observed in SUVmax
between the different types of lesions in the analysis consid-
ering the four lesions with the highest SUVmax or in the
analysis considering four representative lesions.

The analysis of the SUVmax values measured in this large
patient series is summarized in Table 4. In both the univariate
and the multivariate binary logistic regression analyses, PSA
at the time of the scan and ongoing ADTwere both associated
with an increased probability of a positive 11C-choline PET/
CT scan (PSA-trigger, OR 1.18, 95 % CI 1.15 – 1.20;
p = 0.0001; ongoing ADT, OR 2.77, 95 % CI 2.21 – 3.48;
p = 0.0001). Other factors included in the univariate and mul-
tivariate analyses (age, type of primary treatment, GS, TTR

and TNM) were not significant predictors (p > 0.05).
Univariate analysis demonstrated no change in the effect of
the single variables. In the multivariate analysis, and the
Hosmer-Lemeshow test showed no lack of fit in the model.
In the ROC analysis (Fig. 1), a PSAvalue of 1.16 ng/mL was
the optimal cut-off value for distinguishing between positive
and negative 11C-choline PET/CT findings, with an area under
the curve (AUC) of 0.739 (95 % CI 0.724 – 0.755).

Subpopulations

According to the indications proposed in the European
Association of Urology (EAU) guidelines [2], 11C-choline
PET/CT is suggested for restaging PCa patients with rising
PSA levels between 1 and 2 ng/mL after primary therapy. In
our patient series, 995 11C-choline PET/CT scans were per-
formed in patients with a PSAvalue in this range at the time of
the scan. The overall positivity rate in scans in patients with a
PSA value in this range was 44.7 % (445 of 995), with an
incidence of distant findings (extrapelvic LNs and/or bone
lesions and/or visceral metastasis) of 19.2 % (42.9 % of pos-
itive scans). Oligometastatic disease (one to three lesions re-
gardless of site) was observed in the 37.7 % of patients
(84.3 % of positive scans).

According to the ROC analysis, the overall population was
divided in two subpopulations with PSA levels lower and
higher than the cut-off value. In the subpopulation of patients
with PSA <1.16 ng/mL the overall detection rate calculated
from 1,426 scans was 26.8 % (382 of 1,426 scans), with an
incidence of distant findings of 12 % (44.7 % of positive
scans). Oligometastatic disease was observed in the 22.7 %
of patients (84.7 % of positive scans). In the subpopulation of
patients with PSA >1.16 ng/mL the overall detection rate cal-
culated from 3,000 scans was 65.1 % (1,954 of 3,000 scans),

Table 4 SUVmax analysis in the
overall population on a per-scan
basis

SUVmax p value

Local Pelvic
LNs

Extrapelvic
LNs

Bone Viscera

Mean 4.6 5.3 5.7 6.8 6.5 >0.05
Median 4.0 4.3 4.7 6.0 4.2

SD 2.5 3.6 3.6 3.7 4.9

Range 1.1 – 17.3 1.1 – 25.6 1.1 – 22.5 1.2 – 29.0 2 – 19.0

Table 3 PSA values at the time
of the scan in PET-positive and
PET-negative patients on a per-
scan basis

PET result Number of scans PSA (ng/mL) p value

Mean Median SD Range

Negative 2,148 2.14 1.14 3.52 0.2 – 50 <0.0001
Positive 2,278 7.25 3.60 9.60 0.2 – 50

Total 4,426 4.83 2.10 7.80 0.2 – 50
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with an incidence of 32 % (49.1 % of positive scans).
Oligometastatic disease was observed in the 37.5 % of pa-
tients (57.6 % of positive scans).

According to the statistical analysis, ongoing ADT was a
significant predictor associated with an increased probability
of a positive scan. In the 1,766 scans performed in patients
with rising PSA values during ADT, the overall detection rate
was 66.1 % (1,168 of 1,766 scans), with an incidence of dis-
tant findings of 43.7 % (66.1 % of positive scans).
Oligometastatic disease was observed in the 45 % of patients
(68.7 % of positive scans). These results are summarized in
Table 5 and Fig. 2. PET/CT imaging in two example patients
is presented In Figs. 3 and 4.

Discussion

During the last decade choline PET/CT has been widely used
to restage PCa patients who experience BCR [23, 24]. EAU
guidelines [2] suggest the use of choline PET/CT in patients
with BCR and rising PSA levels between 1 and 2 ng/mL. This
indication was proposed on the basis that to obtain the best
chance of cure in patients with PCa recurrence salvage treat-
ment should be initiated when the PSA level is low [25, 26]
and that choline PET/CT shows relatively low sensitivity in
patients with low PSA levels at the time of imaging [13–15].
Furthermore, metastasis-directed therapies with salvage radio-
therapy or salvage pelvic LN dissection has shown promising
results in terms of BCR-free survival and ADT-free survival
[11, 12]. In this context, the availability of a diagnostic test
capable of differentiating single metastatic, oligometastatic
and multimetastatic disease at recurrence could be crucial
and would substantially affect the clinical decision-making
process. In our patient series, 995 11C-choline PET/CT scans
were performed in patients with a PSA value in the range
proposed by the EAU guidelines (1 – 2 ng/mL), with an over-
all positivity rate of 44.7 % of the 995 scans. In this large
subpopulation, 11C-choline PET/CT showed the presence of
oligometastatic disease eligible for treatment with salvage
therapy, in 37.7.% of all the scans (375 of 995) and 84.3 %
of the positive scans.

In daily clinical practice, choline PET/CT has been shown
to be of value in patient management, leading to a change in
the management decision in approximately 50 % of patients
[27–29]. However, despite a wide bibliography [23, 26], there
is still no consensus as to the proper indication for choline
PET/CT in patients with BCR. Considering our results, we
also determined the optimal cut-off value for predicting posi-
tive and negative scans in a statistically relevant ROC analysis
performed on 4,426 scans. A PSA value of 1.16 ng/mL was

Table 5 Positivity rates on a per-scan basis of 11C-choline PET/CT in the overall population and in different subpopulations (patients with local and
distant findings, and patients with oligometastatic and multimetastatic findings)

Overall positivity
(%)

Local relapse
a (%)

Distant relapse
b (%)

Oligometastatic
c (%)

Multimetastatic
d (%)

PSA range (ng/mL)

1 – 2 (995 scans) 44.7 25.5 19.2 37.7 7

<1.16 (1,426 scans) 26.8 14.8 12.0 22.7 4.1

>1.16 (3,000 scans) 65.1 33.1 32 37.5 27.6

Ongoing ADT PSA mean (1,766 scans) 66.1 21.4 43.7 45.0 21.1

Overall population (4,426 scans) 52.8 23.4 29.4 36.4 16.4

a Prostate bed or prostate gland and/or pelvic LNs
b Retroperitoneal (distant) LNs and/or bone and/or visceral metastasis
c One to three lesions
dMore than three lesions

Fig. 1 ROC analysis including 4,426 scans: the optimal cut-off value
was 1.16 ng/mL with an AUC of 0.739
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found to be the optimal cut-off value. In patients with a PSA
value lower than 1.16 ng/mL (1,426 scans), 11C-choline PET/

CT showed the presence of oligometastatic disease in the
84.7 % of positive scans. On the contrary, in patients with a
PSA value higher than 1.16 ng/mL (3,000 scans) limited dis-
ease (one to three lesions) was observed in the 57.6 % of
positive scans. According to our results obtained in a large,
homogeneous and clinically relevant population, 11C-choline
PET/CT could have a role even in patients with low PSA
levels during BCR, detecting the presence of a limited number
of lesions treatable with salvage therapy in approximately one
third of patients (Fig. 2). 11C-choline PET/CT could be sug-
gested to select patients suitable for salvage therapy (accord-
ing to the good performance for detecting oligometastatic dis-
ease in patients with low PSA levels observed in this study)
since the best chance of cure in in patients with PCa recurrence
is when the cancer burden is low.

Finally, we confirmed in our patient series previous results
already presented in the literature [30, 31], confirming the
high positivity rate of 11C-choline PET/CT in patients in
whom the scan was performed for rising PSA values during
ADT. 11C-Choline PET/CT was positive in 66 % of the

Fig. 3 A 61-year-old patient with PCa treated in March 2009 with RP +
pelvic lymph node dissection (GS 4 + 4, pT3N0Mxwith initial PSA 8 ng/
mL, PSA nadir after therapy 0.2 ng/mL). No adjuvant ADT was
administrated. BCR occurred 19 months after RP. PSA at the time of
the investigation was 5.2 ng/mL. 11C-Choline PET/CT images show focal

intense uptake in the sixth hepatic segment. An ultrasound-guided
biopsy was subsequently performed to confirm the presence of a
metastatic lesion from PCa. a MIP image (arrow SUVmax 19.0); b
PET, CT and fused images of the hepatic lesion

Fig. 2 11C-Choline PET/CT performance in terms of positivity rates in
different subpopulations (patients with local and distant findings, and
patients with oligometastatic and multimetastatic findings)
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enrolled patients during ADT. Moreover, 68 % of the positive
scans showed oligometastatic disease. Although it was not an
aim of our study, we suggest that using a metabolic radiophar-
maceutical, such as choline in castrate-resistant patients could
have a role as a predictor of therapy response [32, 33]. Indeed,
despite the advent of new receptor radiotracers such as 68Ga-
PSMA [34], it seems from a theoretical perspective more ap-
propriate to use a metabolic tracer in the assessment of re-
sponse to therapy.

The main limitation of the study was the lack of
histological confirmation for the majority of lesions
found. This approach was not always feasible in pa-
tients with recurrence. This is a limitation in many ret-
rospect ive studies designed with similar aims.
Accordingly, we report the results of our study only in
terms of positivity rate. Finally, we note that in 18 % of
our patient population more than one 11C-choline PET/
CT scan had been performed, and this may have caused
a selection bias. However, the objective of the analysis
was to assess different parameters (including PSA at the
time of the scan and ongoing ADT) and their associa-
tion with the extension of the disease assessed by 11C-
choline PET/CT. In this context, a scan-based analysis
should be more appropriate and complete, and include a
greater amount of data.

Conclusion

To the best of our knowledge, this study included the
largest series of consecutive PCa patients with BCR
(median PSA 2.1 ng/mL) investigated with 11C-choline
PET/CT yet reported. The overall positivity rate of 11C-
choline PET/CT calculated from 4,426 scans was
52.8 % and PSA was the main predictor of a positive
scan with an optimal cut-off value of 1.16 ng/mL. In
patients with a PSA value between 1 and 2 ng/mL, the
positivity rate among the 995 scans was 44.7 %. In
84.3 % of the positive scans oligometastatic disease
potentially treatable with salvage therapies was ob-
served. According to our results, 11C-choline PET/CT
could also be suggested in patients with low PSA levels
since there is a reasonably high probability of detecting
oligometastatic disease.
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Fig. 4 A63-year-old patient with PCa treated in 2012with RP + pelvic LN
dissection (GS 5 + 4, T3N1Mx;,initial PSA 12 ng/mL). BCR occurred
12 months after RP. The patients was referred for ADT. Despite ADT
during the previous 3 months, PSA increased to 1.9 ng/mL. The patient
was referred for restaging with 11C-choline PET/CT. 11C-Choline PET/CT

images show two osteolytic lesions with intense tracer uptake in L2 and in
C3. a MIP image (dotted arrow L2 uptake, SUVmax 4.3; solid arrow C3
uptake, SUVmax 11.0); b PET, CT and fused images of the lesion in L2; c
PET, CT and fused images of the lesion in L2
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