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Imaging Prostate Cancer with ''C-Choline

PET/CT
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The ability of 1'C-choline and multimodality fusion imaging with
integrated PET and contrast-enhanced CT (PET/CT) was investi-
gated to delineate prostate carcinoma (PCa) within the prostate
and to differentiate cancer tissue from normal prostate, benign
prostate hyperplasia, and focal chronic prostatitis. Methods:
All patients with PCa gave written informed consent. Twenty-
six patients with clinical stage T1, T2, or T3 and biopsy-proven
PCa underwent ''C-choline PET/CT after intravenous injection
of 1,112 = 131 MBq ""C-choline, radical retropubic prostatove-
siculectomy, and standardized prostate tissue sampling. Maxi-
mal standardized uptake values (SUVs) of ''C-choline within
36 segments of the prostate were determined. PET/CT results
were correlated with histopathologic results, prostate-specific
antigen (PSA), Gleason score, and pT stage. Results: The SUV
of ""C-choline in PCa tissue was 3.5 * 1.3 (mean *+ SD) and sig-
nificantly higher than that in prostate tissue with benign histo-
pathologic lesions (2.0 = 0.6; P < 0.001 benign histopathology
vs. cancer). Visual and quantitative analyses of segmental ''C-
choline uptake of each patient unambiguously located PCa in
26 of 26 patients and 25 of 26 patients, respectively. A threshold
SUV of 2.65 yielded an area under the receiver-operating-
characteristic (ROC) curve of 0.89 + 0.01 for correctly locating
PCa. The maximal ''C-choline SUV did not correlate significantly
with PSA or Gleason score but did correlate with T stage (P =
0.01; Spearman r = 0.49). Conclusion: ''C-Choline PET/CT
can accurately detect and locate major areas with PCa and dif-
ferentiate segments with PCa from those with benign hyperpla-
sia, chronic prostatitis, or normal prostate tissue. The maximal
tumoral "'C-choline uptake is related to pT stage.
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Prostate carcinoma (PCa) is the most common life-
threatening cancer in men. In 2005, 232,090 new cases were
estimated, and approximately 30,350 men were expected to
die from PCa in the United States (/). Small carcinomas are
present in about 30% of men between 30 and 40 y old and
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in 64% between 60 and 70 y old (/). The accuracy of clinical
examination, ultrasonography, and current radiographic
techniques for detecting localized, curable PCa is limited,
and an accurate imaging method of PCa within the prostate
gland is needed.

Molecular imaging approaches using ''C- or '8F-labeled
choline derivatives and PET have been used for detecting
primary or relapsing PCa (2—4), based on increased content
of phosphorylcholine (5,6), upregulated key enzymes of
choline metabolism (7-9), increased phosphatidylcholine
turnover, and metabolic flux of radiolabeled choline through
phospholipid biosynthesis and degradation in PCa (7-10).
"C-Choline has proven to be an appropriate probe for non-
invasive imaging of PCa deposits in patients (//—13).

Several authors have shown that ''C-choline is rapidly
and preferentially taken up in PCa and its nodal and distant
metastases (2,10,14—18). ''C- and '3F-labeled choline de-
rivatives have a high sensitivity for locating primary PCa to
the correct prostate lobe or sextant (/7,19). Other investi-
gators have reported high '8F-fluoromethylcholine uptake
both in benign prostate hyperplasia (BPH) and in PCa (20).
In most studies, however, imaging results were verified only
by comparing results of prostate biopsy (/9,217) or histopa-
thology (22) in the correct lobe (/7) or sextant (19,21,22) of
the prostate gland.

Therefore, we examined the capability of ''C-choline
and multimodality fusion imaging with integrated PET and
contrast-enhanced CT (PET/CT) to delineate PCa within
the prostate and to differentiate cancerous tissue from normal
prostate, benign prostate hyperplasia, and focal chronic pros-
tatitis. The purpose of our study was to assess the detection
rate for regional involvement of the prostate with PCa through
PET/CT using ''C-choline as the imaging probe.

MATERIALS AND METHODS

The local ethics committee of our university and the national
radiation protection authorities approved our study. All patients
with PCa gave written informed consent.

Patients

An unselected population of 26 patients with resectable PCa as
assessed by prostate-specific antigen (PSA), digital rectal exam-
ination, endorectal sonography, and standardized ultrasound-guided
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sextant core biopsy was enrolled in this study between February
2002 and June 2004. In this period, 111 patients were scheduled
for potential resective surgery of the prostate at the local urolog-
ical department. Of these, 24 patients were excluded because of
inadequate tissue sampling of the prostate, 30 patients refused
resective surgery, and 31 patients were scheduled for nonsurgical
therapies after complete clinical staging. Inclusion criteria were
biopsy-proven PCa, clinical stage T1, T2, or T3 before surgical
intervention, and standardized prostate tissue sampling after rad-
ical retropubic prostatevesiculectomy. ''C-Choline PET/CT was
done between 12 and 343 d after biopsy and between 1 and 50 d
before radical retropubic prostatevesiculectomy. No patient was
on antiandrogen medication or had clinical signs of acute prosta-
titis. PSA plasma concentration on the day of the ''C-choline
PET/CT study was determined (Hybritec assay; Table 1).

11C-Choline PET/CT

1C-Choline was synthesized according to the loop methylation
method of Wilson et al. (23). ''C-Choline PET/CT was performed
after 5-8 h of fasting with an integrated PET/CT scanner
(Discovery LS; GE Healthcare) following intravenous injection
of 1,112 = 131 MBq ''C-choline. PET images were acquired
5-10 min after injection starting from the distal margin of the
pelvic floor with a 3-min acquisition time per bed position (20).
Contrast-enhanced CT (140 kV, 160 mAs, pitch 1.5) was acquired
with 120 mL nonionic contrast agent given intravenously as a
bolus (Ultravist; Schering) immediately before the PET acquisition.
PET images were reconstructed with the iterative reconstruction
ordered-subset expectation maximization likelihood algorithm of
the manufacturer after attenuation correction based on the CT
dataset. Consecutive transverse PET/CT slices of 4.25-mm thick-
ness were generated.

Surgery and Histopathology
All patients underwent standardized radical retropubic prostate-
vesiculectomy in conjunction with pelvic lymphadenectomy ac-

TABLE 1
Characteristics of 26 Patients in Study

Characteristic Value

Age (y)
Mean
Range

Serum PSA (n.g/L)
Mean
Range

64
53-74

14.4
2.8-64.3

Gleason score*
Mean
Range

6.7

T stage
pT2a
pT2b
pT2c
pT3a
pT3b
pT4

N WooN O

*Gleason score can range from 2 to 10, with higher scores
indicating more aggressive disease.
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cording to current guidelines (24). Here, we focus on the detection of
PCa within the prostate in relation to histopathologic examination.

The resected prostate was weighed and the surface was marked
with ink followed by standard formalin fixation for 24 h. The
urethral (apical) and the vesical (basal) margins (about 3—4 mm in
thickness) were taken and sectioned parasagitally at 3- to 4-mm
intervals, perpendicular to the marked surface. Then, the prostate
was serially sectioned at 3- to 4-mm intervals perpendicular to the
long axis from apical to basal regions of the gland until the
junction of the seminal vesicles was reached. The transition zone
from prostate gland to seminal vesicles was embedded in separate
cassettes, one for each side. The slices were further formalin fixed
and submitted for paraffin embedding. Then, microslices were
placed on glass slides and stained with hematoxylin and eosin.

Representative slices from the middle of the basal, intermedi-
ate, and apical part of the prostate were selected for comparison
with corresponding PET/CT slices (Fig. 1). Care was taken to
correctly align PET/CT and histopathologic slices. Experienced
pathologists (>10 y experience) performed histopathologic ex-
aminations. Tumor staging was performed according to the guide-
lines of the International Union Against Cancer (25).

PET/CT and histologic slides of the prostate were analyzed in
6 peripheral and 6 central segments, resulting in 36 segments
evaluated in each patient (Fig. 1). In total, 936 histologic segments
were analyzed for presence of normal prostate tissue, BPH, focal
prostatitis (FP), or PCa.

Image Analysis

The PET/CT scans were visually assessed by 2 experienced
nuclear physicians, who were unaware of clinical data and results
of previous imaging studies. The criterion for diagnosing PCa on
visual analysis was mono- or multifocal ''C-choline uptake in the
prostate gland defined by CT as significantly higher than ''C-
choline uptake in periprostatic soft tissue, in pararectal fat tissue,
or in pelvic muscles (/9,22). Care was taken to differentiate
prostatic ''C-choline uptake from rectal activity. Because of
limited spatial resolution of the PET/CT system (5-mm full width
half maximum)—Ilimited delineation of prostate and lower mar-
gins of the seminal vesicals and potential movements of prostate
(26) between CT and PET acquisition—we did not try to deter-
mine capsular invasion on the PET/CT images.

For quantitative assessment, the middle slice from the apical,
intermediate, and basal part of the prostate was selected and used
for comparative analysis of PET/CT with the corresponding his-
topathologic slide (Fig. 1). Each PET/CT slice was divided into 12
segments as shown in Figure 1. The '"C-choline maximal stan-
dardized uptake value (SUV,,,,) in each segment was determined
using a circular, 1-cm (diameter) region of interest. SUV is defined
as the measured activity concentration divided by the injected
radioactivity normalized to body weight (/9) and was determined
by one of us.

"C-Choline uptake was compared in segments with normal
prostate tissue, BPH, prostatitis, mixed benign findings (normal
tissue, BPH, prostatitis) and in segments with PCa. In addition, a
subgroup analysis was performed in those segments that contain
tumor foci greater than 5 mm in diameter.

Statistical Analysis

Data are presented as mean = SD. SUVs between groups were
compared using the Mann—-Whitney U test. Differences were
considered to indicate statistical significance for 2-tailed P
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FIGURE 1. (A-D) Image analysis of 'C-
choline PET/CT and histopathology. (A)
Assessed cutting planes of prostate are
indicated as dashed lines. (B) ''C-
Choline PET/CT slice from middle third
of prostate: corresponding transversal
whole-gland section (hematoxylin and
eosin). (C) Segmental allocation. (D) Scat-

PCa

Benign

ter plot of 1'C-choline maximal standardized uptake value (SUV,na,) of all 36 segments of this patient. Tumor stage was pT2a; ''C-
choline PET/CT localized PCa correctly to left lower peripheral segment (arrow in B). Scatter plot in D shows higher ''C-choline
SUVnax in segments with PCa than in those with benign histopathologic lesions.

values < 0.05. Statistical analysis was performed with GraphPad
Prism software, version 3.00 (GraphPad Software).

Accuracy was defined as the percentage of all segments in
which the SUV ., correctly predicted the presence or absence of
PCa, calculated with the following equation: (true-positive + true-
negative) + (number of segments).

The receiver-operating-characteristic (ROC) analysis was per-
formed by calculating the sensitivity and specificity for a sample
of threshold values of the SUV,,.x. The readers had no knowledge
of the histopathologic diagnosis during determination of the
SUV.x for the segments. A binormal ROC curve was fitted to
the SUV ..« values with a maximum likelihood estimation (27).
The diagnostic accuracy of correctly identifying the segmental
location of PCa was evaluated by calculating the area A under the
ROC curve using the ROCKIT software (Charles E. Metz, Uni-
versity of Chicago, Chicago, IL).

RESULTS

Characteristics of Patients

Twenty-six patients with pathologically proven PCa were
enrolled in the study (Table 1). Patients had a biopsy-
proven diagnosis of PCa on 54 * 61 d (median, 44 d;
range, 12-343 d) before the PET/CT study and underwent
radical retropubic prostatovesiculectomy within a mean
time of 11 = 13 d (median, 4.5 d; range, 1-50 d) between

PET/CT and surgery. The mean prostate weight was 43 =+
18 g (range, 25-102 g). All patients had adenocarcinoma.
The Gleason score was 6.7 (mean, range 4-9).

Diagnosis

Two experienced observers—unaware of clinical data
and results of previous imaging studies, but with full
knowledge of a prostate biopsy result positive for PCa—
visually assessed PET/CT images and judged 26 of 26
patients positive for PCa. Typical findings of focal or multi-
focal ''C-choline uptake in representative PET/CT slices
are shown in Figure 2, respectively. In 1 of 26 patients,
infiltration into the bladder wall was suspected from the
"C-choline PET/CT study. This patient had a pT4 tumor
stage on histopathologic examination. Microscopic bladder
infiltration in the other patient with a pT4 tumor stage was
not detected with ''C-choline PET/CT.

Histopathology showed 66, 147, 33, 241, and 449 seg-
ments with normal prostate tissue, BPH, prostatitis, BPH
mixed with focal prostatitis, or PCa, respectively. In 177
segments, tumor foci of >5 mm in diameter were observed
by histophathology. ''C-Choline uptake in PCa (SUV .
3.5 = 1.3; mean * SD) was significantly higher (P <
0.001) than that in normal prostate tissue (1.7 = 0.5), BPH

FIGURE 2. Focal (A) and multifocal (B)
distribution of PCa within prostate gland
(arrows). Scatter plots of segmental 1'C-
% choline SUV .« show higher ''C-choline
: SUVmax in most segments with PCa
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x 50 i
g el E 5.0
3 3
® 25 g . @ 25 "
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compared with segments with benign

PCa histopathologic lesions.
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(2.0 = 0.6), focal prostatitis (2.1 = 0.6), BPH mixed with
focal prostatitis (2.1 % 0.7), and all segments with benign
histopathologic lesions together (2.0 = 0.6). In the 177 seg-
ments with tumor foci of >5-mm diameter, SUV,,, was
3.8 = 1.5. ''C-Choline SUVs in BPH, focal prostatitis, and
BPH mixed with focal prostatitis were not significantly
different (Fig. 3; however, they were each significantly
larger than the SUV ., of normal tissue (P < 0.001).

Scatter plots of segmental ''C-choline SUV in 17 of 26
patients showed a higher ''C-choline uptake in >50% of
segments with PCa compared with the maximal SUV ., of
the segments with benign histopathologic lesions (Fig. 4).
In 6 of 26 patients, ''C-choline uptake was higher in 28%—
42% of segments with PCa; in 1 of 26 patients, ''C-choline
uptake was highest in a segment with BPH (Fig. 4).

The reliability of segmental !''C-choline uptake for
detecting PCa was analyzed using ROC analysis. The area
under the ROC curve for diagnosing PCa using segmental
HC-choline SUV . was 0.89 * 0.01 (Fig. 5). For a thresh-
old SUV ..« of 2.65 chosen to yield the maximal accuracy,
we obtained a sensitivity of 0.81 (363/449), a specificity of
0.87 (426/487), a positive predictive value of 0.86 (363/
424), a negative predictive value of 0.83 (426/512), and an
accuracy of 0.84 (789/936). The area under the ROC curve
for 177 segments with tumor foci of >5 mm and a thresh-
old value of SUV . of 3.05 was 0.93. The sensitivity,
specificity, positive predictive value, and negative predic-
tive value for this subgroup of segments with PCa were
0.75, 0.95, 0.84, and 0.91, respectively. The SUV,,, of
small tumors (i.e., pT2a; n = 9 patients) was significantly
less than that of larger tumors (i.e., pT2a; n = 17 patients):
SUViax = 3.8 203 vs. 5.3 £ 1.7 (P = 0.004).

5—
4
3
> 3- | |
-}
3 T
A4 T L I
1 -
0
Normal BPH FP BPH+FP PCa
n=66 147 39 241 449
FIGURE 3. ''C-Choline SUV.x in segments with normal

prostate tissue, benign hyperplasia (BPH), focal prostatitis (FP),
BPH mixed with focal prostatitis (BPH + FP), and segments
with PCa. Data are expressed as mean * SD, with significant
differences (all with P < 0.001) indicated above histograms.
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FIGURE 4. Percentage of segments in each patient with
SUVmax PCa > SUV,,4x Of benign histopathology (class width,
20%) vs. number of patients in respective class (2 patients are
not listed because they had PCa in all segments).

The maximal segmental ''C-choline SUV in all patients
was not related to PSA or Gleason score. However, we did
observe a weak, but significant, correlation of tumoral ''C-
choline SUV .« to pT stage (Fig. 5SB; Spearman r = 0.49,
P = 0.01).

DISCUSSION

Accurate imaging of cancer within the prostate may be
important for patients with a clinical suspicion of PCa and
negative core biopsies. Targeted repeated biopsy might
improve the detection rate of PCa in these patients.

The results of this study indicate that ''C-choline PET/
CT identifies substantial tumor territories within the pros-
tate gland in virtually all patients examined. Visual assess-
ment and quantitative segmental analysis of !''C-choline
uptake detected PCa in 26 of 26 patients and 25 of 26
patients, respectively. In addition, a segmental SUV,,,x >
2.65 had an accuracy of 84% for correctly detecting seg-
ments with PCa. Accordingly, the area under the ROC
curve of 0.89 indicated an accurate detection rate of cancer
within the prostate gland. It might be prudent to consider
that both sensitivity and specificity are influenced by the
highly selected patient population with biopsy-proven PCa.
However, we did not see any alternative to the selection
process, as a close match of segmental mapping of histo-
pathology and imaging was intended. Similar results were
recently reported by Kwee et al. using a dual-phase '8F-
fluorocholine PET technique (21).

Nevertheless, there was some overlap of ''C-choline
uptake in segments with benign lesions and those with
cancer, leading to an unreliable location by visual diagnosis
of PCa in 1 of 26 patients. However, an imprecise assign-
ment of PET/CT with histologic image plane cannot be
excluded as a potential cause. Many small tumor areas with
low ''C-choline uptake—hidden within areas of normal
tissue, hyperplasia, or focal prostatitis—will almost certainly
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x : . . : . ';; L . . . amination. Maximal ''C-choline uptake
£ 41 : 0 R BT (SUVhay) is plotted against tumor stage
2 21 7 2 (B), Gleason score (C), and serum PSA
concentration (D). 'C-Choline SUVax
0 H ; é ; ;3 ; 0 0 1'0 2‘0 3'0 4'0 5‘0 showed weak, but significant, correlation
Gleason score PSA with pT stage (Spearman r = 0.49; P =
0.01).

escape PET/CT detection. Some small tumor foci of <3-4
mm in cross-sectional diameter might have been missed on
histology and are a potential source of inaccurate segmental
PET/CT classifications. Because of the limited resolution
and the 4.25-mm slice thickness of the imaging system, we
do not see any possibility to correct for this inaccuracy.
However, as long as combined with larger ''C-choline
PET/CT—positive tumor territories (observed in this study
in 25 of 26 patients), small tumor areas not detected pre-
operatively are probably of minor concern as long as major
tumor territories are accurately located and targeted biopsy
is facilitated.

Increased ''C-choline or '8F-methylcholine uptake was
observed in inflammatory lesions (28) and might contribute
to the attenuated differentiation of benign from malignant
tissue in some segments. Metabolically active, cytokine-
stimulated tissue in segments with BPH (29,30) might also
show upregulated choline metabolism and, thus, hamper
differentiation of cancerous from benign tissue. However,
we found that !'C-choline uptake in benign hyperplasia and
foci with chronic prostatitis were significantly lower than
a substantial fraction of segments with PCa in nearly all
patients.

We observed 86 false-negative segments of 449 segments
with tumor involvement shown by histopathology (19.2%).
From these 449 tumor-involved segments, 177 had tumor
foci of >5 mm in diameter. In these 21 of 177 segments
(11.8%), in which a clear ''C-choline PET/CT signal would
be expected, a false-negative imaging result may be due to
a misalignment of imaging and prostate tissue cutting
plane. The lower false-negative detection rate in the latter
subgroup might be attributed to the increased tumor size.

We did not try to determine capsular infiltration with
"C-choline PET/CT and believe that prediction of T
staging with "'C-choline PET/CT will be difficult or im-
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possible because of the inherent physical limitations of the
PET equipment used. Accordingly, microscopic infiltration
of the bladder wall was not detected with ''C-choline PET/
CT in 1 patient, probably due to limited resolution of the
imaging system. We observed substantial radioactivity
content within the bladder in 9 of 26 patients, which might
hamper imaging of the prostate when filtered backprojec-
tion and ®8Ge transmission data are used for image recon-
struction. Use of an advanced iterative reconstruction
algorithm in conjunction with low-noise CT data for
transmission correction provided high-quality PET/CT im-
ages that could be exactly overlaid with the CT image set.
Therefore, radioactivity uptake in the bladder or rectum
could be easily differentiated from intraprostatic radioac-
tivity distribution.

In agreement with Breeuwsma et al., we observed a weak
correlation of maximal segmental SUV with tumor stage
(31). Accordingly, we also observed a lower SUV ., in
tumors of stage pT2a compared with those with stage >
pT2a. This might suggest an association between the extent
of PCa within the prostate and upregulation of choline
metabolism in tumor tissue. In agreement with other
authors, we did not observe a correlation of tumoral !!C-
choline SUV ., with serum PSA concentration, Gleason
score, or Ki67 labeling index (22,31,32), indicating that
biologic aggressiveness may not be a dominant influencing
factor of choline metabolism in PCa (37,32). The weak
correlation of !''C-choline SUV,,,x with serum PSA re-
ported by Yamaguchi et al. (/7) might be influenced by a
relatively large BPH-related component of the serum PSA
concentration (33). Because of our recruitment strategy,
there were no patients with Tla or T1b disease in the study
population and all patients with Tlc disease had a histo-
pathologic diagnosis from the resected prostate. Therefore,
results and conclusions of this study are limited to
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stage = T2a PCa. From a clinical perspective, ''C-choline
PET/CT might be used efficiently for stereotactic tissue
sampling in patients with clinical suspicion of PCa and
negative core biopsies. Farsad et al. (22) reported a similar
approach, in which they successfully performed ''C-choline
PET/CT-guided rebiopsy in 3 of 36 patients, who had
initially negative core biopsies.

CONCLUSION

The results of this study show that ''C-choline is accu-
mulated preferentially within PCa tissue, and major terri-
tories with PCa can be imaged precisely, located, and
differentiated from benign tissue with ''C-choline PET/CT.
Provided that these findings are confirmed in a larger
cohort, ''C-choline PET/CT has the potential to improve
the work-up and management of patients with primary cancer
of the prostate.
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