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Abstract
Purpose The aim of this study was to prospectively compare
diffusion-weighted magnetic resonance imaging (DWI) and

[11C]choline positron emission tomography/computed tomog-
raphy (PET/CT) with computed tomography (CT) for preop-
erative lymph node (LN) staging in prostate cancer (PCa)
patients.
Methods Between June 2010 and May 2012, CT, DWI and
[11C]choline PET/CT were performed preoperatively in 33
intermediate- and high-risk PCa patients undergoing radical
prostatectomy (RP) and extended pelvic lymph node dissec-
tion (ePLND) including obturator fossa and internal, external
and common iliac fields. Patient- and field-based per-
formance characteristics for all three imaging techniques
based on histopathological results are reported. Imaging
techniques were compared by means of the area under the
curve (AUC).
Results LN metastases were detected in 92 of 1,012 (9 %)
LNs from 14 of 33 (42 %) patients. On patient-based analysis,
sensitivity, specificity and accuracy for CT were 57, 68 and
64 %, respectively, for DWI were 57, 79 and 70 %, respec-
tively, and for [11C]choline PET/CT were 57, 90 and 76 %,
respectively. On field-based analysis, these numbers for CT
were 47, 94 and 88 %, respectively, for DWI were 56, 97 and
92 %, respectively, and for [11C]choline PET/CTwere 62, 96
and 92 %, respectively. Neither DWI nor [11C]choline PET/
CT performed significantly better than CT on pairwise com-
parison of patient- and field-based results.
Conclusion All three imaging techniques exhibit a rather low
sensitivity with less than two thirds of LN metastases being
detected on patient- and field-based analysis. Overall diagnos-
tic efficacy did not differ significantly between imaging tech-
niques, whereas distinct performance characteristics, esp.
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patient-based specificity, were best for [11C]choline PET/CT
followed by DWI and CT.
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Introduction

In prostate cancer (PCa) patients evidence of lymph node
(LN) metastases at initial diagnosis is one of the strongest
prognostic factors of poor oncological outcome [1, 2].
Therefore, determination of a patient’s LN status is of crucial
interest.

A patient’s risk of having LN metastases at initial PCa
diagnosis can be estimated by nomograms that are based on
clinical variables such as Gleason score at prostate biopsy,
density of positive cores, prostate-specific antigen (PSA) level
and clinical tumour stage [3]. In intermediate- and high-risk
PCa patients undergoing radical prostatectomy (RP), extended
pelvic lymph node dissection (ePLND) is considered the gold
standard to determine a patient’s LN status [1, 2, 4].

Preoperative conventional imaging techniques such as com-
puted tomography (CT) and magnetic resonance imaging
(MRI) so far have failed to accurately diagnose nodal involve-
ment in PCa. In a meta-analysis of Hövels et al., sensitivities of
around 40 % have been reported for both modalities [5].
However, this number may be overestimated as the meta-
analysis included mainly studies from the last century in which
a limited PLND was performed to determine a patient’s LN
status. Current guidelines recommend an extended instead of a
limited PLND for nodal staging [4, 6], which is due to a high
rate of LN metastases that are located outside of the limited
PLND field [7–10]. In a contemporary cohort of more than
1,500 PCa patients treated with RP and ePLND, an
unsatisfyingly low sensitivity of only 13 % has been reported
for preoperative detection of LN metastasis via CT [11].
Nevertheless, accurate preoperative nodal staging at initial
diagnosis of PCa would be useful to guide treatment decisions,
limit the extent of a PLND on an individual basis or even spare
the invasive procedure of an ePLND to further patients.

As a major drawback of CT and MRI, both rely only on
morphological criteria such as size to determine the dignity of
an LN. However, it has been reported that in newly diagnosed
PCa up to 80 % of LN metastases can be located in normal-
sized LNs (<8 mm) [12]. Therefore, size as a criterion does not
seem sufficient to determine the LN status in PCa patients. This
limitationmight be overcome bymolecular imaging techniques
such as [11C]choline positron emission tomography (PET) in
combination with CT (PET/CT) or diffusion-weighted magnet-
ic resonance imaging (DWI).

[11C]Choline PET/CT and DWI offer the possibility for
visualization of molecular processes and morphology at the
same time. An increased uptake of [11C]choline has been
associated with an increased choline kinase expression in
PCa facilitating its use for LN staging with high specificity
[13]. In contrast to [11C]choline PET/CT, DWI does not
require the administration of an exogenous radiolabelled trac-
er or contrast agent as it derives its image contrast by differ-
ences of water diffusibility. Preliminary data have shown
restricted diffusion in malignant versus benign LNs of PCa
patients [14, 15].

A systematic, standardized comparison of [11C]choline
PET/CT and DWI with CT is essential to assess their clinical
utility. Therefore, we prospectively compared results of CT,
DWI and [11C]choline PET/CT for preoperative LN staging
with histopathology in intermediate- and high-risk PCa pa-
tients undergoing RP and ePLND.

Materials and methods

Patients

The present study was approved by the local Ethics Committee
and all patients signed Review Board-approved consent before
participation. Between June 2010 and May 2012, we included
33 patients scheduled for open RP and ePLND for
intermediate-risk PCa (Gleason score 7 or PSA 10–20 ng/ml
or clinical tumour extension cT2b) or high-risk PCa (Gleason
score 8–10 or PSA >20 ng/ml or clinical tumour extension≥
cT2c) at our institution [16]. In high-risk patients a negative
bone scan was required. Patients who preoperatively had un-
dergone sufficient staging procedures and who did not want to
undergo further examinations before RP aswell as patients with
concomitant cancer or neoadjuvant hormonal treatment or che-
motherapy were not included in the study. Also, because of
limited availability of [11C]choline PET/CT and DWI, not all
patients scheduled for RP could be included. All 33 included
patients underwent DWI and [11C]choline PET/CT including a
diagnostic CT before RP and ePLND. ePLND was performed
according to a predefined template including bilateral dissec-
tion of the obturator fossa and external iliac, internal iliac and
common iliac vessels resulting in eight fields per patient
(Fig. 1). Distally, ePLND was limited by the femoral canal
and proximally by the aortic bifurcation. To minimize patho-
logical understaging andmaximize histological LN yield, tissue
from each anatomic field was examined separately by a spe-
cialized uropathologist. Histopathological findings of resected
LNs were compared with the results of DWI, [11C]choline
PET/CT and CT alone in a patient- and field-based manner.

A field-based analysis instead of an LN-based analysis of
resected LNs was chosen due to the following reasons. An
exact LN matching between histopathology and imaging is
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only feasible by intraoperatively picking solitary LNs that are
anatomically mapped and sent for histopathology separately.
This procedure seemed impossible for all LNs, especially
normal-sized LNs, in patients undergoing a complete
ePLND. Therefore, tissue from each anatomic field was sent
separately for histopathological evaluation, allowing field-
based comparison with preoperatively performed CT,
[11C]choline PET/CT and DWI.

Imaging protocol

[11C]Choline PET/CT

To ensure the same metabolic state patients fasted at least 6 h
before [11C]choline PET/CT scanning. [11C]Choline was syn-
thesized according to the method of Pascali et al. [17] with
minor modifications. Five minutes after injection of 756±
72 MBq [11C]choline, patients underwent [11C]choline PET/
CT (neck to pelvis) on a Siemens Sensation 64 Biograph PET/
CT scanner. First a diagnostic CT scan was performed in the
portal venous phase 80 s after intravenous injection of contrast
agent (Imeron 300) (240 mAs, 120 kV, 0.5 s per rotation, 5-
mm slice thickness) followed by the PET scan. All patients
received diluted oral contrast (300 mg Telebrix) and a rectal
filling with a negative contrast agent (100–150 ml). All PET
scans were acquired in 3-D mode with an acquisition time of
3 min per bed position. The PET/CT scanner has an average
spatial resolution of 4.4 mm at 1 cm and of 5.1 mm at 10 cm
from the centre of the transverse field of view (FOV) [18].
Emission data were corrected for randoms, dead time, scatter
and attenuation and were reconstructed iteratively by an or-
dered subsets expectation maximization algorithm (four

iterations, eight subsets) followed by a post-reconstruction
smoothing Gaussian filter (5 mm full-width at half-
maximum).

DWI

DWI was performed on a 1.5 T MR unit (Siemens Magnetom
Avanto) with a six-channel body phased array coil placed
anteriorly and the integrated spine coils positioned posteriorly.
Images were acquired in the transverse plane over the region
of the pelvis using a single-shot spin-echo sequence with an
imaging time of 4:04 min. The technical parameters were as
follows: repetition time (TR)∞, echo time (TE) 69 ms, echo
train length 154, b values of 50, 300 and 600 s/mm2, parallel
imaging technique with a turbo factor of 2, spectral fat satu-
ration, FOV 30 cm, matrix 154×192, slice thickness 5 mm
and intersection gap 1 mm. The apparent diffusion coefficient
(ADC) map was automatically calculated by the MR unit.

Image analysis

CT images were analysed for morphological criteria indicating
malignancy (size, shape and regional grouping) by one board-
certified radiologist blinded to all other data.With a time interval
of at least 8 weeks the same radiologist reviewed DWI images
by means of visual analysis. For every LN the signal intensity
on the ADC map was visually assessed as either isointense/
hyperintense or hypointense to muscle on the same image slice.
A signal hypointense to muscle was regarded as restricted
diffusion indicating malignancy. LNs with both hyper- and
hypointense areas were recorded as hypointense as they indicate
regions with restricted diffusion combined with necrosis. A
board-certified nuclear medicine physician blinded to all other
data analysed [11C]choline PET/CT images for any focally
increased, non-physiological [11C]choline uptake as well as
morphological criteria of malignancy suggesting LNmetastasis.

For each of the eight anatomic fields applied for LN resec-
tion the presence of LN metastases was rated on a 5-point
scale (1=tumour manifestation, 2=probable tumour manifes-
tation, 3=equivocal, 4=probably benign, 5=benign). The
category 3 (equivocal) was taken, e.g. when an LN measuring
7–8mmwith the impression of a fatty hilus was present on CT
scan, when a small LN with isointense signal to muscle was
present on DWI or a small LN exhibited a faint uptake in the
[11C]choline image. For comparison with histopathology,
fields with scores of 1 and 2 were considered positive for
LN metastasis, and fields with scores of 3, 4 or 5 were
considered negative for LN metastasis.

Statistical analysis

Sensitivity, specificity, positive predictive value (PPV), nega-
tive predictive value (NPV) and proportion of correct

Fig. 1 Extended pelvic lymph node dissection included bilateral dissec-
tion of 1+2=right and left common iliac vessels, 3+4=right and left
internal iliac vessels, 5+6=right and left external iliac vessels and 7+8=
right and left obturator fossa
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classifications (accuracy) of CT, [11C]choline PET/CT and
DWI were assessed using binary ratings (1 and 2=positive,
3–5=negative), the gold standard being histopathological
results.

In order to assess overall predictive performance, the areas
under the receiver-operating characteristic curve (AUC) based
on the 5-point scale ratings and their 95 % confidence intervals
(CI) were computed and pairwise comparisons to CT were
undertaken at a two-sided significance level alpha=5 % for
each test.

For the patient-based analysis, the comparison of AUCs
accounted for imaging on the same set of patients as described
by DeLong et al. [19]. Additionally, for the field-based data,
the repeated measurements within patient were accounted for
by the non-parametric method of Obuchowski in computing
the 95 % CIs and the pairwise comparisons [20].

Statistical analysis was conducted using SPSS version 20
(2011) (IBM Corp., Armonk, NY, USA), R version 2.15.2
(2012) (R Core Team) and MedCalc version 12.4.0 (2013)
(MedCalc Software, Mariakerke, Belgium) [21].

Results

Of 33 patients, 4 (12%) had intermediate- and 29 (88%) high-
risk PCa according to preoperative risk factors (Table 1). In
total, 1,012 LNs were dissected with a mean number of 31
LNs per patient (median 30, range 9–61). On histopatholog-
ical examination, LN metastases were detected in 92 (9 %)
LNs of 14 (42 %) patients. All patients with LN metastases
belonged to the high-risk group [14 of 29 high-risk PCa
patients (48 %)], whereas no patients of the intermediate-risk
group had involved LNs [0 of 4 patients (0 %)].

Patient-based analysis

In all three modalities, eight patients with LN metastasis were
true-positive and six patients with LN metastasis were false-
negative resulting in a sensitivity of 57.1% for CT, [11C]choline
PET/CTand DWI (Table 2). Specificity and accuracy were best

Table 1 Patient characteristics

Characteristic Value

Age, years

Mean (median) 66 (67)

IQR (range) 61–71 (46–81)

Preoperative PSA, ng/ml

Mean (median) 22 (14)

IQR (range) 7–29 (3–96)

Gleason score at prostate biopsy, no. of patients (%)

6 1 (3)

7 9 (27)

8 14 (42)

9 9 (27)

Clinical tumour stage, no. of patients (%)

cT1 7 (21)

cT2 21 (64)

cT3 3 (9)

cT4 2 (6)

D’Amico risk stratification, no. of patients (%)

Intermediate-risk 4 (12)

High-risk 29 (88)

Pathological Gleason score, no. of patients (%)

6 1 (3)

7 16 (49)

8 5 (15)

9 11 (33)

Pathological tumour stage, no. of patients (%)

pT2 6 (18)

pT3 24 (73)

pT4 3 (9)

Pathological LN status

No. of patients (%) 33 (100)

pN0 19 (58)

pN1 14 (42)

No. of LNs (%) 1,012 (100)

pN0 920 (90.9)

pN1 92 (9.1)

IQR interquartile range

Table 2 Results of lymph node (LN) metastasis detection by patient-based analysis

PPV positive predictive value, NPV negative predictive value, CT computed tomography, [11C]choline PET/CT=[11C]choline positron-emission
tomography/computed tomography, DWI diffusion-weighted magnetic resonance imaging
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for [11C]choline PET/CT with 89.5 and 75.8 % followed by
DWI with 78.9 and 69.7 % and CTwith 68.4 and 63.4 %.

These results were consistent in the subgroup of high-risk
PCa patients with a patient-based sensitivity, specificity and
accuracy of 57.1, 66.7 and 62.1 %, respectively, for CT, 57.1,
80.0 and 69.0 %, respectively, for DWI, 57.1, 86.7 and
72.4 %, respectively, for [11C]choline PET/CT.

On pairwise comparison of the AUCs of all patients with
intermediate- or high-risk PCa, no significant difference could
be established between CT and DWI (p =0.32) or CT and
[11C]choline PET/CT (p =0.21) (Fig. 2). All patients were
negative for bone metastases by either technique.

Field-based analysis

Histopathological LN metastases were present in 34 of 261
(13 %) fields. An example of a true-positive field by CT,
[11C]choline PET/CT and DWI is given in Fig. 3.

On field-based analysis, [11C]choline PET/CT exhibited
the best sensitivity with 61.8 % followed by DWI with
55.9 % and CT with 47.1 % (Table 3). Specificity and accu-
racy were comparably high for all three techniques with 96.0
and 91.6 % for [11C]choline PET/CT, 96.5 and 91.9 % for
DWI and 94.3 and 88.1 % for CT.

Similar results were observed in the subgroup of high-risk
PCa patients. Field-based sensitivity, specificity and accuracy
of high-risk patients were 47.1, 92.5 and 86.6 %, respectively,
for CT, 55.9, 94.7 and 89.7%, respectively, for DWI and 58.8,
94.3 and 89.7 %, respectively, for [11C]choline PET/CT.

Despite a tendency towards better diagnostic performance,
we observed no significant differences between the AUC of
CT and DWI (p =0.08) or [11C]choline PET/CT (p =0.07) in
the overall patient group (Fig. 4).

Discussion

Conventional imaging techniques such as CT and MRI have
failed to accurately detect LN metastases in newly diagnosed
PCa patients because they rely on size and morphology of an
LN to distinguish between benign or malignant disease.

The present study is to our knowledge the first that pro-
vides a systematic, prospective comparison of DWI and
[11C]choline PET/CT in comparison with CT for preoperative
detection of LNmetastases in intermediate- and high-risk PCa
patients undergoing RP. As a result, both DWI and
[11C]choline PET/CT exhibited a low sensitivity similar to
that of CT with less than two thirds of LN metastases being

AUC (95% CI) 
CT 0.707 (0.527-0.887) 

PET/CT 0.805 (0.653-0.956) 
DWI 0.741 (0.568-0.913) 

Fig. 2 Receiver-operating characteristic curves for CT, [11C]choline
PET/CTand DWI on a patient-based analysis. AUC area under the curve,
CI confidence interval

Fig. 3 Example of a true-positive
LN field (arrows indicate a
suspicious LN in imaging) along
the internal iliac vessels of a
64-year-old patient with pT3b,
Gleason score 8 PCa. CT
demonstrates a round moderately
enlarged LN of 11 mm (a). It
shows a moderately high uptake of
[11C]choline illustrated in the
[11C]choline PET (b) and the fused
data set of the [11C]choline
PET/CT examination (c). DWI
exhibits a hyperintense signal both
in the b=50 s/mm2 (d) and
b=500 s/mm2 (e) images with
restricted diffusion compared to the
surrounding muscle in the
ADC map (f)
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detected on patient- or field-based analysis. For all three
imaging techniques we observed a sensitivity of 57.1 % for
each on patient-based analysis. On field based-analysis, sen-
sitivity was slightly better for [11C]choline PET/CT with
61.8 % and DWI with 55.9 % compared to CT with 47.1 %
but altogether still low. Hampered by a limited spatial resolu-
tion in the range of 4–5 mm of PET/CT scanners [22] and
about 6 mm for reliable judgement of ADC values in DWI
[14], the detection of metastases in small LNs is still insuffi-
cient with these imaging techniques, especially when up to
80 % of LN metastases in PCa are present in normal-sized
LNs (<8 mm) [12].

Comparing overall diagnostic efficacy by means of AUC,
neither DWI nor [11C]choline PET/CT performed significant-
ly better than CT on patient- and field-based data. However,
advantages of both molecular imaging techniques compared
to conventional CT were observed in specificity, as they
provide information on molecular processes in LNs. On
patient-based analysis, we observed the highest specificity
for [11C]choline PET/CTwith 89.5 % followed by DWI with
78.9 % and CT with 68.4 %. Due to a high rate of correctly
identified negative LN fields, specificity was similar on field-
based analysis for [11C]choline PET/CT with 96.0 %, DWI
with 96.5 % and CT with 94.3 %.

Similar to our study, Budiharto et al. staged 36 PCa patients
with DWI and [11C]choline PET/CT who were scheduled for
RP and ePLND and had an increased risk for LN metastasis
[23]. As only patients with no LN involvement on preopera-
tive CT were enrolled, their results cannot be directly com-
pared but are consistent with ours. While specificities of DWI
and [11C]choline PET/CT were high with 97.6 and 99.7 %,
respectively, sensitivities were extremely low with 18.8 and
9.4 %, respectively.

In a recent meta-analysis including 441 PCa patients, PET/
CT with either [18F]choline or [11C]choline as a tracer was
shown to have a patient-based sensitivity of 49.5 % and spec-
ificity of 95 % for preoperative LN staging [24]. However, in
several studies of the meta-analysis imaging studies were not
confirmed by histopathology but were correlated to risk of
developing LN metastases or follow-up. Furthermore, the

meta-analysis combined studies with inhomogeneous patient
cohorts, namely patients with low-risk PCa as well as patients
with bone metastasis.

In contrast to [18F]choline, [11C]choline offers the benefit
of excretion into the urinary system only in a minority of cases
resulting in low background radioactivity combined with high
uptake into tumour tissue [25–27]. Therefore, the evaluation
of primary tumours of the urinary tract may be hampered with
[18F]choline PET/CT [28], whereas comparable results have
been reported for preoperative LN staging of PCa patients
with both tracers.

In a recent prospective study evaluating [18F]choline PET/
CT, a sensitivity of 73.2 % and a specificity of 87.6 % were
reported comprising 41 LN-positive patients among 210 pa-
tients (20 %) [27]. Although LNs were dissected according to
an ePLND template for histopathological evaluation of the LN
status, the median number of removed LNs per patient was

Table 3 Results of lymph node (LN) metastasis detection by field-based analysis

PPV positive predictive value, NPV negative predictive value, CT computed tomography, [11C]choline PET/CT=[11C]choline positron-emission
tomography/computed tomography, DWI diffusion-weighted magnetic resonance imaging

AUC (95% CI) 
CT 0.731 (0.600-0.861) 
PET/CT 0.820 (0.741-0.899) 
DWI 0.768 (0.634-0.903) 

Fig. 4 Receiver-operating characteristic curves for CT, [11C]choline
PET/CT and DWI on a field-based analysis. AUC area under the curve,
CI confidence interval
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only five. Compared to a median number of 30 dissected LNs
per patient in our study, this is a relatively low LN count.
According to an autopsy study, an LN count of approximately
20 should be achieved to determine the LN status of a patient
with PCa cancer [29]. Therefore, a PLND with less than 20
LNs may not be representative and has a risk of
underestimating nodal involvement, subsequently adding a
bias when assessing the diagnostic performance of imaging
techniques.

In a prospective study evaluating [11C]choline PET/CT in
57 PCa patients undergoing RP and ePLND, [11C]choline
PET/CT exhibited a sensitivity of 60 % and a specificity of
97.6 % for preoperative LN staging [22]. A median number of
14 LNs per patient were dissected. Compared to preoperative
clinical nomograms, [11C]choline PET/CT showed equal sen-
sitivity but superior specificity. The diagnostic performance of
[11C]choline PET/CT was in line with our results. However,
the potential incremental value of [11C]choline PET/CT com-
pared to CT alone was not assessed in their study.

For DWI, high sensitivity and specificity have been dem-
onstrated for nodal evaluation of head and neck cancers [30]
and preliminary, retrospective data have recently been pub-
lished for PCa [14, 31]. In an LN-based analysis, DWI
displayed a sensitivity and specificity of 86.0 and 85.3 %
resulting in superior performance compared to conventional
MRI which exhibited a sensitivity and specificity of 82.0 and
54.4%, respectively (p <0.01) [14]. As a substantial limitation
of this study clinical follow-up instead of histopathology was
used in 19 of 29 patients (66 %) as reference for the patient’s
LN status.

In conclusion, CT, DWI and [11C]choline PET/CT exhib-
ited in the present study a rather low sensitivity with less than
two thirds of LN metastases being detected on patient- and
field-based analysis. We observed similar overall diagnostic
efficacy for all three imaging techniques, whereas distinct
performance characteristics, esp. patient-based specificity,
were best for [11C]choline PET/CT followed by DWI and CT.

Conflicts of interest None.
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