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The aim of the study was to assess whether 11C-choline PET/CT
could identify high-risk primary adenocarcinoma of the prostate.
Methods: 11C-choline PET/CT and transpelvic MRI were per-
formed in 14 patients with untreated localized primary adenocar-
cinoma of the prostate, followed by radical prostatectomy as a
form of primary monotherapy within 14 d of in vivo imaging. To
allow accurate coregistration of whole-mount histology with in
vivo imaging, additional ex vivo MR images of the prostatectomy
specimen were obtained. Nonlinear 3-dimensional image defor-
mations were used for registrations of PET/CT, MRI, and histol-
ogy. Volumes of interest from tumor and benign tissue were
defined on the basis of histology and were transferred into core-
gistered 11C-choline PET/CT volumes to calculate the mean
(T(mean)/B) and maximum (T(max)/B) ratio of tumor to benign pros-
tate background. On the basis of MIB-1/Ki-67 expression in tu-
mor tissues represented on a tissue microarray, we assessed
whether 11C-choline uptake correlated with local Gleason score
and tumor proliferation. Results: Histology confirmed 42 tumor
nodules with Gleason scores between 3 1 2 and 4 1 4, with vol-
umes ranging from 0.03 to 12.6 cm3. T(mean)/B (P , 0.01) and
T(max)/B (P , 0.001) ratios were significantly increased in high–
Gleason score ($4 1 3) lesions versus 3 1 4 and lower disease
but failed to distinguish between 3 1 4 disease versus 3 1 3
and lower. T(mean)/B and T(max)/B ratios were significantly in-
creased in tumors with an MIB-1/Ki-67 labeling index greater
than or equal to 5% (P , 0.01). Conclusion: On the basis of
our preliminary data using ratios of tumor to benign prostate
background, 11C-choline preferentially identified aggressive pri-
mary prostate cancer.
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There is no consensus on what criteria should be used to
initiate definitive treatment (such as surgery or radiation
therapy) in men undergoing active surveillance for known
localized adenocarcinoma of the prostate. A recent update
on the results of the randomized trial comparing radical
prostatectomy versus watchful waiting in localized prostate
cancer performed by the Scandinavian Prostate Cancer
Group (study 4) indicated that prostatectomy did not
prolong survival unless patients were younger than 65 y (1).
However, this study also showed that in those patients who
received prostatectomy the disease-related mortality clearly
increased with high Gleason scores. Identifying aggressive
disease early in the disease process could, therefore, be
beneficial for therapeutic decision making (2).

The current diagnostic situation is, however, unsatisfac-
tory because many prostate cancers represent clinically
irrelevant disease, and the diagnosis poses the risk for
overtreatment. Especially in the light of the known side
effects of localized treatment, this is a difficult clinical and
ethical dilemma. The standard of care is repeated random
prostate biopsy, which—because of sampling errors—
frequently under- or overestimates the true Gleason pattern
as determined from prostatectomy specimens (3,4). Be-
cause of this dilemma, the initiation of treatment is often
influenced by the individual preferences of the patient but
generally includes palpable tumors with a Gleason score of
at least 7 in several biopsies or any tumor biopsy with a
Gleason score greater than 7.

Hybrid PET/CT with 11C-choline has shown promise in
the detection of primary prostate cancer associated with
upregulated choline kinase activity and increased choline
retention. Choline is incorporated into phosphatidylcholine,
a major component of cell membranes. Malignant tumors
show increased proliferation and metabolism of cell mem-
brane components and, accordingly, an increased choline
uptake (5). Thus far, studies evaluating 11C-choline for the
detection of primary prostate cancer have been inconclusive
(6–9). Some encouraging recent reports from Scher et al.
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(10) and Krause et al. (11) indicated that detection rates in
recurrent disease are related to the disease burden as
assessed by prostate-specific antigen (PSA) values. How-
ever, to date all studies comparing 11C-choline imaging
results with histology, whether from biopsies or prostatec-
tomy specimens, suffer from considerable uncertainty
about the true location of disease in relation to the imaging
findings they are felt to represent.

To minimize these technical limitations, we compared
11C-choline PET/CT with histologic truth using a rigorous,
nonbiased, coregistration method with a standard mutual-
information cost-function algorithm and thin-plate spline
(TPS) warping (12). This registration technique—using
high-resolution ex vivo MRI of the prostatectomy specimen
and whole-mount histology—allowed us to assess the
ability to detect primary prostate cancer and evaluate
whether imaging would correlate with histologic features
associated with tumor aggressiveness. We selected the well-
established Gleason score and immunostaining for MIB-1/
Ki-67, a nuclear protein complex expressed during cell
replication, as surrogate markers for aggressiveness; both
have been shown to be reliable prognostic markers in
prostatectomized patients (13–15).

MATERIALS AND METHODS

Patient Population
The study was conducted in 14 men (mean age, 59.6 y; range,

47–72 y) with biopsy-proven, untreated localized adenocarcinoma
of the prostate scheduled for prostatectomy (Table 1). Eligible
patients received prostate biopsies (6 samples from each lobe)
within 16 wk before enrollment, which resulted in 3 or more cores
with a Gleason score of 6 or greater from at least 1 lobe of the
prostate. A negative bone scan result and a CT scan of the
abdomen and pelvis were required if the PSA level was greater
than or equal to 15 ng/mL or if a biopsy Gleason score greater
than or equal to 8 was obtained. Patients with prior androgen
ablation treatment, prostate biopsies performed less than 6 wk

before PET/CT and MRI, previous external radiation treat-
ment of the pelvic region, any prior malignancies, active in-
flammatory bowel disease, or evidence of prostatitis were not
eligible.

In Vivo Imaging
In vivo imaging was performed within 14 d before radical

prostatectomy (mean, 7.4 d; range, 3–14 d). In 11 cases, MRI and
11C-choline PET/CT were performed on the same day, whereas in
the remaining 3 cases imaging was completed 1 d apart. MRI was
performed to allow for subsequent image coregistration and
identification of focal prostate lesions. Therefore, MRI included
anatomic T2-weighted 3-T MRI (Achieva; Philips) using a trans-
pelvic coil. Scans were obtained in the axial orientation using a
high-resolution sequence with a repetition time of 3,208 ms and an
echo time of 86 ms. Images were reconstructed in a 720 · 720 ·
24 pixel matrix, resulting in a 0.31 · 0.31 · 4 mm voxel
dimension with an echo time of 4,151 ms and a repetition time
of 90 ms.

PET/CT was performed on a Siemens Biograph classic scanner,
which incorporates an ECAT HR1 PET camera with a 2-channel
helical CT camera (n 5 12). In 2 cases, PET/CT was performed on
a Biograph TrueV HiRez scanner with extended field of view and
a 6-channel helical CT camera (Siemens Medical Solutions). The
intrinsic axial resolution of these 2 PET/CT systems (at the center
of the field of view) differs, with approximately 5.2 mm in full
width at half maximum (FWHM) for the first (16) and 4.5 mm in
FWHM for the second scanner. After injecting approximately 700
MBq of 11C-choline, we obtained a limited body scan of the
abdomen and pelvis, starting 5 min after injection (6,8,17) at the
level of the prostate (7 min/bed position). Images were recon-
structed in a 128 · 128 · 210 matrix, resulting in a 5.2 · 5.2 · 2.4
mm voxel dimension using identical iterative (ordered-subset
expectation maximum) algorithms on both scanners (Fourier
rebinning; 4 iterations, 8 subsets), with a 7-mm gaussian filter
using low-dose CT without intravenous or oral contrast for
attenuation correction. As a result, the effective axial recon-
structed resolution was similar on both scanners and determined
to be approximately 9.0 mm in FWHM on the first and 8.5 mm in

TABLE 1. Patient Characteristics

Patient

no.

Age

(y)

11C-choline injected

activity (MBq)

PSA

(ng/mL)

Prostate

weight (g)

T-stage, final

pathology

Highest Gleason score

Biopsy Final pathology

1 47 706.7 10.1 27.4 T2b 3 1 4 3 1 4
2 72 725.2 8.7 40.9 T3a 4 1 3 3 1 4

3 60 728.9 8.5 45.1 T3a 4 1 3 4 1 3

4 56 669.7 7.1 52.8 T2b 4 1 4 4 1 3

5 59 691.9 12.1 49.1 T3b 3 1 4 4 1 4
6 59 658.6 17.9 63.0 T3b 3 1 4 4 1 4

7 64 684.5 2.2 64.5 T2b 3 1 3 3 1 4

8 66 651.2 5.9 41.2 T3a 3 1 4 4 1 3
9 67 721.5 3.9 43.8 T2b 4 1 4 4 1 3

10 64 691.9 10.2 47.7 T3b 3 1 4 4 1 3

11 55 695.6 4.6 41.7 T3a 3 1 4 3 1 4

12 63 666.0 4.4 44.9 T2b 4 1 3 4 1 3
13 46 699.3 6.9 39.7 T2b 3 1 4 3 1 4

14 56 703.0 8.2 45.4 T3a 3 1 3 4 1 3

Mean 59.6 692.4 7.9 46.2

SD 7.3 24.4 4.0 9.4
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FWHM on the second scanner (Robert Koeppe, oral communication,
2008).

Image Coregistration
A standard registration method based on a mutual-information

cost function and TPS deformation was used (18). Registration
among in vivo imaging modalities is well established, but accurate
registration involving histology is challenging. A detailed descrip-
tion of the applied methodology is available (12). Briefly, our
approach separated the difficult direct registration of histology and
in vivo imaging (PET/CT, MRI) into achievable subregistration
tasks involving intermediate ex vivo modalities such as block-face
photography and specimen MRI, which was performed 2–3 d after
prostatectomy. Additional volumetric stacking of block-face pho-
tographs (registered with histology) improved registration onto
specimen MRI volumes. Results of subregistration tasks were
combined to compute the intended, final registration between our
reference space (T2-weighted MRI) and whole-mount histology
(Fig. 1). Registration errors between in vivo imaging and histology
were previously determined to be in the range of 2.26–3.74 mm
(12).

Histologic Assessment and Tissue
Microarray Construction

Fresh prostates were removed after surgery and fixed overnight
in 10% neutral formalin. After specimen MRI, the prostate was
sectioned at 3-mm intervals perpendicular to the long axis of the
gland from the base to apex and processed for histologic assess-
ment (hematoxylin and eosin [HE] stain) using a whole-mount
technique (19,20). Tumor maps were generated for each whole-
mount slice to determine individual tumor foci in multifocal
prostate cancers as previously described (21). Each tumor focus
was assigned a primary and secondary Gleason grade and staged
according to the 1998 guidelines of the American Joint Committee
on Cancer (22). Benign hyperplasia was diffusely present in
almost all benign prostatic regions.

A tissue microarray representing a total of 42 tumor foci from
14 patients (which included an index tumor and any separate
secondary tumor) and benign tissue was constructed from these
prostatectomy specimens. Three cores were taken from each
sampled tissue area, resulting in a total of 162 cores available
for analysis. Proliferation was determined by the percentage
nuclear expression of MIB-1 immunohistochemistry (Dako) on
formalin-fixed, paraffin-embedded tissue and quantified by digital
image analysis as previously described (20). An MIB-1/Ki-67
labeling index of 5% or higher was considered positive (14).
Histology was evaluated (biopsies, prostatectomy specimen, MIB-
1/Ki-67 labeling index) by 1 investigator unaware of the results of
PET/CT and MRI.

Image Analysis
Image coregistration of 11C-choline PET with pathology en-

abled us to compare in vivo imaging results with histologic truth
(including local Gleason score and MIB-1/Ki-67 labeling index).
First, volumes of interest (VOI) were defined on coregistered
consecutive HE pathologic sections, contouring the borders of
each tumor lesion individually and thereby calculating the tumor
volume. Also, at least 1 standardized VOI (1.5 cm3) was defined in
benign tissue in the peripheral zone and central gland, avoiding
proximity to cancerous lesions. VOIs were then evaluated on
coregistered 11C-choline PET images to obtain the mean and
maximum standardized uptake value (SUV). As a result, the
location of the VOI (in 3-dimensional [3D] space) was defined
solely by pathology and not by any imaging feature visually
identified on PET or MR images.

To minimize the effect of differing PET equipment (especially
counting efficacy), PET results were normalized by benign pros-
tate tissue before further analysis. Because almost all nonmalig-
nant regions included areas of diffuse benign hyperplasia,
normalization was performed on the basis of a mixture of normal
and hyperplastic benign prostatic tissues. We calculated the mean
(T(mean)/B) and maximum (T(max)/B) ratios of tumor to benign
prostate background using contralateral histologically benign
tissue as reference. Tumor uptake was normalized according to
location; thus, peripheral zone tumors were normalized by non-
malignant contralateral peripheral zone tissue. The 11C-choline
uptake in larger tumors involving significant portions of the
prostate lobe was normalized by the mean of the benign peripheral
and central gland (avoiding the inclusion of the urethra in the
VOI).

Statistics
Results are expressed as mean values of parameters 6 SD.

Parameters were compared by means of 1-way ANOVA using the
measured tumor volume (below 1 cm3) as weighting factor, and
tumors larger than 1 cm3 were assessed without weighting. As a
result, tumor nodules with volumes below 1 cm3 contributed
progressively less (with decreasing volume) to the result of
statistical testing, thereby accounting for a decreasing reliability
of the 11C-choline uptake measures with decreasing volume. The
homogeneity of group variances was tested using the Levene test
at a nominal significance level of 0.1, offering more protection
against falsely declaring all variances equal when in fact they
were not. In the case of homogeneous group variances, data were
compared using a t test or paired t test, when appropriate. If
variances were not equally distributed, group differences were
assessed using the Wilcoxon signed rank test. A P value of less
than 0.05 was considered statistically significant. Statistical tests
were performed with the JMP statistical software package (SAS).

FIGURE 1. 3D images were registered
using mutual-information system and
TPS deformation with 6–18 points
(pts). All registration subtasks (solid
arrows) are 3D registrations, except for
histology onto block-face registration.
Pictures of registered 11C-choline PET,
anatomic MRI (references space), ex
vivo specimen MRI, and respective his-
tology section are provided in Figure 3.
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RESULTS

Table 1 summarizes patient data. Patients were staged
T2b–T3b at pathology. The mean PSA in our study pop-
ulation was 7.9 6 4.0 ng/mL (range, 2.2–17.9 ng/mL). The
weight of the prostate specimen ranged from 27.4 to 65.4 g.

Table 2 summarizes the results of the 42 tumor nodules
identified on HE histology. With the exception of a single
case, tumors were generally multifocal, with focal nodule
volumes ranging from 0.03 to 12.6 cm3. Small tumors,
below the reconstructed resolution of 11C-choline PET/CT,
were in the majority. Therefore, partial-volume effects
clearly influenced the ability to characterize disease. To
minimize these effects, we used the tumor volume (as
determined by fusion imaging with pathology) as a weight-
ing factor, thus accounting for greater reliability of imaging
results obtained from larger tumor volumes and down-
weighting the effects of unreliable low-volume lesions (,1
cm3) in the statistical analyses. Gleason scoring of the
largest tumor lesion per patient varied between 3 1 3 and
4 1 4. Multifocal (secondary) tumor lesions were generally
scored as Gleason 3 1 4 and lower; however, 2 separate
satellite 4 1 4 lesions (volumes, 0.3 and 0.4 cm3) were
found in the vicinity of a larger 4 1 4 lesion (patient 6;
Table 2), thus clearly reducing the likelihood of detection
by PET.

11C-choline uptake was not uniformly distributed within
the nonmalignant prostate tissues. The mean 11C-choline
SUV of the nonmalignant central gland (mean SUV, 3.1 6

1.4) was significantly higher (P , 0.005) than the respec-
tive benign peripheral gland (mean SUV, 2.5 6 0.4) using
paired comparisons within individual patients. To account
for these distribution differences, we selected the benign
background tissue according to the location of the tumor
nodule as described in the ‘‘Materials and Methods’’ sec-
tion.

Focally increased 11C-choline uptake within the prostate
was identified only in tumors; thus, no cases with false-
positive findings were observed. Figure 2 shows the PET/CT
images of patient 14 with focally increased 11C-choline
uptake on the left side of the gland. Figure 3 displays the
results of the registrations of ex vivo specimen and in vivo
anatomic MRI plus 11C-choline PET/CT onto histology for
the same patient. The left-sided tumor (volume, 6.8 cm3) was
graded Gleason 4 1 3, with an MIB-1/Ki-67 labeling index
of 12; 2 right-sided low-volume lesions graded Gleason 3 1

3 remained undetected by PET. The axial PET planes in
Figures 2 and 3 are not identical, because the respective PET
image slice and the prostate specimen MRI and histology
slices underwent nonlinear warping to match the transpelvic
T2-weighted MRI reference slice in Figure 3.

Volume-weighted 11C-choline T(mean)/B and T(max)/B
ratios were used for further data analyses because these
parameters relate to visual identification of potential tumor
foci. The T(mean)/B (P , 0.01) and the T(max)/B (P , 0.001)
ratios were significantly elevated in lesions with a Gleason

score of 4 1 3 or higher (T(mean)/B, 1.5 6 0.5; T(max)/B,
2.4 6 0.9) versus 3 1 4 and lower (T(mean)/B, 0.9 6 0.2;
T(max)/B, 1.4 6 0.2). However, there was considerable overlap
between these groups. Also, the T(mean)/B and T(max)/B ratios
failed to distinguish Gleason 3 1 4 (T(mean)/B, 0.9 6 0.2;
T(max)/B, 1.4 6 0.3) versus less than or equal to 3 1 3 disease
(T(mean)/B, 0.9 6 0.1; T(max)/B, 1.4 6 0.2) because such
tumors generally showed 11C-choline uptake similar to benign
prostate (Fig. 4). On the other hand, the mean SUV of the
tumor tissue (Gleason score $ 4 1 3: 4.0 6 1.8; Gleason
score # 3 1 4: 2.8 6 1.3) did not correlate significantly with
Gleason scoring (P 5 0.22).

We repeated this analysis in a subgroup with tumor
volumes greater than 1 cm3 (n 5 16). Again, the data
showed that the T(mean)/B ratio (P , 0.01) and the T(max)/B
ratio (P , 0.01) differentiated tumors with a Gleason score
of 4 1 3 or higher (T(mean)/B, 1.6 6 0.5; T(max)/B, 2.6 6

1.0) versus 3 1 4 and lower (T(mean)/B, 0.9 6 0.2; T(max)/B,
1.4 6 0.3), indicating that mere partial-volume effects did
not explain the overall findings. Tumors with extracapsular
extension (T3 lesions: penetration of the prostatic capsule
or seminal vesicle invasion, n 5 11; T(mean)/B, 1.4 6 0.5;
T(max)/B, 2.3 6 1.0) displayed significantly higher T(mean)/
B (P , 0.001) and T(max)/B (P , 0.001) ratios than did the
remaining lesions (T(mean)/B, 1.0 6 0.3; T(max)/B, 1.3 6

0.4; n 5 31). However, extracapsular extension was never
directly identified on 11C-choline PET images.

The MIB-1/Ki-67 labeling indices were generally low;
however, they increased with higher Gleason scores (Table
2). We found significantly higher MIB-1/Ki-67 labeling
indices with primary Gleason scores of 4 1 3 and higher
(10.9 6 9.4) than with 3 1 4 and lower (0.8 6 0.9; P ,

0.01), indicating that both histologic markers are linked
with each other (n 5 42). Also, the 11C-choline T(mean)/B
(P , 0.01) and the T(max)/B (P , 0.01) ratios were
significantly higher in tumors showing elevated MIB-1/
Ki-67 labeling indices greater than or equal to 5 (T(mean)/B,
1.7 6 0.6; T(max)/B, 2.7 6 1.1) than in lesions with an MIB-
1/Ki-67 labeling index less than or equal to 4 (T(mean)/B,
1.0 6 0.2; T(max)/B, 1.5 6 0.3). These data indicate that the
11C-choline tumor uptake increased with moderately rising
proliferation indices (Fig. 5). The mean tumor SUV did not
correlate with MIB-1/Ki-67 (P 5 0.68). MIB-1/Ki-67
staining was negative in all sampled benign tissues.

In addition, we evaluated the value of the prostate
biopsies for the prediction of the final Gleason score.
Because the true location of the individual prostate biopsy
(within a given lobe) was not known, we compared the
maximum Gleason score of each prostate lobe obtained
from biopsies with the final specimen (n 5 27). In 6 cases,
no tumor was identified by biopsies in prostate lobes
bearing tumor at final pathology. However, these cases
were exclusively tumors with a final Gleason score of 3 1 3
or lower. Nevertheless, the biopsies failed to accurately
predict the final primary Gleason score to be 4 1 3 and
higher versus 3 1 4 and lower (P 5 0.16).
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DISCUSSION

11C-choline PET has been successfully applied to visu-
alize prostate cancer, bladder cancer, and several other solid
malignancies (6,23–26). Previous 11C-choline PET studies
conducted in patients with primary prostate cancer have led
to conflicting results. Although 11C-choline has repeatedly
been shown to visualize primary prostate cancer, the
observed sensitivity for disease detection varied consider-
ably (6–8,17,26,27). On the other hand, 11C-choline was
found to be rather successful for the detection of occult
(low-volume) recurrent and distant metastatic disease
(11,28,29). A clear understanding of the mechanisms
involved in increased 11C-choline uptake and retention by

prostate cancer is still lacking. In light of these previous
findings, our study was conducted to identify whether 11C-
choline PET would identify high-risk primary prostate
cancer by rigorously comparing the 11C-choline uptake
with markers of aggressiveness such as the Gleason score
and MIB-1/Ki-67 labeling index using 3D multimodality
fusion with histology.

The major result of the current study indicates that
increased 11C-choline uptake in primary prostate cancer is
correlated with histologic surrogate markers of aggressive-
ness. For our evaluation, we used the well-established
Gleason score and the MIB-1/Ki-67 labeling index. Exten-
sive literature exists showing that both are reliable prog-

TABLE 2. Characteristics of Individual Tumor Nodules

Tumor

no.

Patient

no.

Tumor volume

(mm3)

Gleason

score

MIB-1/Ki-67

labeling index

Mean tumor

SUV

Maximum tumor

SUV

T(mean)/B

ratio

T(max)/B

ratio

1 1 853 3 1 4 0 3.4 4.4 1.3 1.6
2 1 1,501 3 1 4 0 2.0 2.2 0.7 0.8

3 1 973 3 1 3 3 3.1 4.4 1.2 1.6

4 2 1,741 3 1 4 0 1.4 2.3 1.0 1.5

5 2 64 3 1 3 0 1.4 1.5 0.9 1.0
6 2 255 3 1 3 0 1.5 2.0 1.0 1.4

7 2 66 3 1 3 6 1.8 2.1 1.2 1.4

8 3 2,587 4 1 3 0 3.6 5.1 1.1 2.0

9 3 63 3 1 3 0 2.2 2.4 0.7 0.8
10 3 335 3 1 3 0 4.0 4.6 1.3 1.4

11 3 351 3 1 3 2 2.6 3.4 0.9 1.1

12 4 817 4 1 3 12 3.2 3.8 1.1 1.3
13 4 61 3 1 3 0 2.9 3.1 1.0 1.1

14 5 7,166 4 1 4 24 1.7 2.8 1.0 1.7

15 6 9,861 4 1 4 30 4.0 6.3 1.7 2.7

16 6 340 4 1 4 3 2.7 3.4 1.2 1.5
17 6 399 4 1 4 0 3.4 3.9 1.3 1.5

18 7 3,982 3 1 4 3 1.2 1.9 0.8 1.2

19 7 679 3 1 3 0 2.0 2.3 0.9 1.1

20 7 53 3 1 3 9 0.9 1.0 0.6 0.6
21 7 75 3 1 3 0 1.1 1.2 0.5 0.8

22 8 1,227 4 1 3 9 3.3 4.6 1.2 1.7

23 8 212 3 1 3 0 2.4 2.6 0.9 1.0

24 9 227 3 1 2 0 1.7 1.8 0.9 0.9
25 9 2,469 4 1 3 4 2.8 5.0 1.4 2.6

26 10 12,627 4 1 3 18 2.3 4.1 2.1 3.8

27 10 132 3 1 2 0 1.2 1.4 1.1 1.3
28 11 1,011 3 1 3 0 1.7 3.1 0.7 1.3

29 11 1,980 3 1 4 0 2.5 4.1 1.0 1.7

30 11 224 3 1 4 4 3.8 4.2 1.3 1.4

31 11 34 3 1 3 0 3.9 4.1 1.3 1.4
32 11 1,518 3 1 3 3 2.8 4.2 1.0 1.4

33 12 3,596 4 1 3 3 1.7 3.3 1.2 2.3

34 12 624 3 1 4 0 1.1 2.3 0.5 1.0

35 12 1,330 3 1 3 0 0.8 2.6 0.6 1.8
36 12 612 4 1 3 0 1.8 2.9 0.8 1.3

37 13 1,958 3 1 4 0 7.0 10.6 1.1 1.7

38 13 103 3 1 3 0 8.8 10.2 1.4 1.6
39 13 483 3 1 3 0 7.0 9.2 1.1 1.5

40 14 364 3 1 3 0 4.3 6.6 1.2 1.9

41 14 182 3 1 3 0 7.6 8.1 1.4 1.5

42 14 6,784 4 1 3 12 9.5 15.6 2.7 4.4
Mean 1,664.8 3.5 3.1 4.2 1.1 1.6

SD 2,721.2 6.7 2.1 2.9 0.4 0.7
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nostic markers for prostatectomized patients (13–15). Many
solid malignancies including lung, colon, breast, and pros-
tate cancers overexpress choline kinase, which phosphory-
lates choline to phosphocholine as the first step of choline
metabolism (30). Therefore, intracellular choline concen-
trations are determined by both choline transport and
choline kinase activity (31,32). Choline kinase expression
has been shown to be increased because of certain cell
stresses and the presence of important oncogenes, which
therefore influence cell membrane synthesis because cho-
line is a major constituent of mammalian cell membranes
(33). As a result, the rapid growth and proliferation of
cancer cells may lead to increased membrane or fatty acid
demands. Using a panel of tumor cell lines, Yoshimoto et
al. confirmed in cell culture experiments that the 14C-
choline uptake is positively correlated with DNA synthesis
(32).

Our data seem to contradict earlier reports showing that
11C-choline uptake did not differentiate between grade and
stage of prostate cancer or even between malignancy and
benign prostatic hyperplasia (9,27) and the study from
Breeuwsma et al., who were the first to directly compare
the uptake of 11C-choline with immunohistochemical cell
proliferation markers in prostate cancer lesions (34). Lack-
ing true colocalization between PET and histologic param-
eters, which restricted all these studies to the exclusive
investigation of apparently 11C-choline–positive lesions,
the studies evaluated whether the intensity of visual uptake
and mean tumor SUV obtained from 11C-choline PET
correlated with Gleason score, T-stage, and—in the case
of Breeuwsma et al.—nuclear MIB-1/Ki-67 staining. Thus,

11C-choline–negative lesions were not included in their
analysis. Because of the inability to definitively localize
nonmalignant prostate tissue on 11C-choline PET, tumor-to-
background ratios were also not available for analysis. It is
not surprising that previous studies failed to identify
significant correlations, considering differences in tech-
nique, patient populations, and small sample sizes in most
studies and expected variability of histologic and imaging
parameters. In fact, our results do not truly dispute these
prior findings, because our results merely predict that most
11C-choline–positive lesions (as identified by T(mean)/B and
T(max)/B ratios), compared with 11C-choline–negative le-
sions, have a Gleason score greater than or equal to 4 1 3
and display moderately increased MIB-1/Ki-67 staining.

Reske et al. reported more promising results in 26
patients with pT2a to pT4 primary prostate cancer as they
unambiguously located tumor lesions, visually and semi-
quantitatively, using an SUV threshold of 2.65 (26). Al-
though they were unable to demonstrate a correlation of the
tumor SUV with the Gleason score, they found a significant
correlation with the T stage. Our results further indicate
that the mean tumor SUV (as used by Sutinen et al. (9),
Breeuwsma et al. (34), and Reske et al. (26)) and the
maximum tumor SUV (as used by Farsad et al. (17)) are
poor predictors of Gleason score and MIB-1/Ki-67 labeling
index, whereas normalization by nonmalignant prostate
tissue clearly improves lesion characterization. In fact, on
the basis of our data the ratio between tumor and normal
tissue is the key to identifying aggressive disease, whereas
the absolute mean or maximum SUV in a given lesion has
less predictive value. This observation is critical because it

FIGURE 2. Non–contrast-enhanced CT
(A), 11C-choline PET (B), and rigid fusion
image (C) of patient 14 with adenocarci-
noma of prostate on left side. PET images
are scaled to SUV, with minimum at 20.05
and maximum at 8. Note differences of
apparent uptake when compared with
registered 11C-choline image in Figure 3.

FIGURE 3. Registration of specimen
MRI (B), anatomic transpelvic coil MRI
(C), and 11C-choline PET (D) imaging
onto 1 gray-scale–converted whole-
mount histology slice (A) for patient 14.
Cancerous tissue is encircled in dotted
lines on histology by pathologist. Alter-
nating checkerboard fusion of regis-
tered specimen (E), transpelvic MRI (F),
and registered PET imaging (G) with
histology is displayed in second row. On
histology, posterior aspect of histology
slice leaves imaging plane of MRI and
PET and is therefore not visualized (black).
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highlights the considerable variability of 11C-choline up-
take in benign prostate tissues (as seen in our patient
population), which raises the possibility of additional (un-
known) parameters unrelated to malignant progression
systematically influencing prostatic 11C-choline biodistri-
bution or metabolism.

Without coregistered histology, normalization of tumor
uptake by nonmalignant prostate tissue is difficult because
the true location of benign prostate tissue is not definitely
known. This is especially problematic given the identified
variability of 11C-choline uptake within the benign prostate
(central vs. peripheral gland) and when considering that
prostatitis and hormonal treatment might have variable
effects on the uptake of benign and malignant tissues.
Biologic characterization of prostate cancer using 11C-
choline may, however, be possible using coregistration with
high-resolution anatomic imaging (such as T2-weighted
MRI). As current state-of-the-art MRI of prostate cancer
improves (35), future clinical hybrid PET/MRI will benefit
lesion characterization by providing reliable anatomic im-
age information, verifying (or disproving) the existence of a

tumorous lesion at the site of focally increased 11C-choline
uptake. If confirmed, such a lesion could—at the same
time—be metabolically characterized by 11C-choline as
being higher or lower risk. Hybrid PET/MRI may even
include MRI spectroscopy, which recently has also shown
promise in the identification of aggressive disease (36).

Our approach included the registration of multiple imag-
ing modalities (including MRI) using a mutual-information
system and TPSs to accomplish 3D, nonlinear (warping)
deformations. Additional coregistration of histologic infor-
mation was possible after breaking up the difficult direct
registration of histology and in vivo imaging into achiev-
able subregistration tasks involving intermediate ex vivo
block-face photography and specimen MRI. This metho-
dology was recently introduced and evaluated by our group
(12). Although such multimodality registration tasks are not
without intrinsic errors (between 2.3 and 3.7 mm as
determined earlier by Park et al. (12)), properly registered
fusion images are certainly more accurate than simply
comparing 11C-choline PET or PET/CT images with indi-
vidual histologic slices. In fact, given the considerable
deformations in specimen extraction and processing, the
likelihood that a 2-dimensional histologic sample maps
directly back into a 2-dimensional plane of a given in vivo
image volume seems incredibly small (37).

Several previous studies investigating primary prostate
cancer with 11C-choline PET reported cases with false-
positive findings; however, we did not observe focally
increased 11C-choline uptake in benign tissues. Although
precise spatial correlation with pathology was not available,
earlier studies attributed such false-positive foci to the
overlap of benign tissue with malignancy (10), high-grade
prostate intraepithelial neoplasm, or prostatitis (17). Be-
cause the 11C-choline uptake is known to be influenced by
inflammation, false-positive results may also have been
biopsy-induced when biopsies were performed close to
PET (26).

On the basis of data obtained in this study, important
reasons for the failure to characterize primary prostate
cancer reliably using 11C-choline PET are the lack of
proper coregistration of histology with PET and partial-
volume effects. Even with normalization of 11C-choline
data using T(mean)/B and T(max)/B ratios, we found consid-
erable overlap of 4 aggressive low-volume cancers with
nonmalignant tissues. Most patients were imaged on a PET/
CT scanner with a reconstructed resolution of approxi-
mately 9 mm (we purposely used identical reconstruction
settings on the second high-resolution scanner to maintain
comparability). Although such performance characteristics
are currently not uncommon, they are insufficient to char-
acterize low-volume disease. Using partial-volume correc-
tion algorithms will likely not overcome this limitation and
improve lesion detection because the expected uptake
differential is relatively low (approximately 2–4 times
higher in aggressive lesions than in contralateral benign
tissue as seen in our study). Also, such algorithms assume

FIGURE 4. 11C-choline T(max)/B ratio differentiated tumors
with Gleason score of 4 1 3 or higher vs. 3 1 4 and lower
(P , 0.001); however, ratio failed to distinguish Gleason 3 1

4 vs. 3 1 3 and lower (NS). Tumor lesions with MIB-1/Ki-67
labeling index of 5 or higher are shown as :, and all other
lesions are shown as · (n 5 42). NS 5 not statistically
significant.

FIGURE 5. 11C-choline
T(max)/B ratio differentiated
tumor lesions with MIB-1/
Ki-67 labeling index of 5
and higher vs. 4 and lower
(P , 0.01). Tumor lesions
with Gleason score of 4 1

3 or higher are shown as n,
and all other lesions are
shown as s (n 5 42).
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homogeneous tracer uptake in both the lesion and its
vicinity (38). Systematic information about heterogeneity
of 11C-choline uptake in prostate cancer is not available,
but our study and others (26) demonstrated regional differ-
ences of 11C-choline uptake within benign prostatic tissues.
An additional confounding factor for peripheral zone
lesions is the temporal variation of extraprostatic activity
in the rectum, which is not well represented on fusion MRI
as performed in this study.

Evidence of extracapsular tumor is a strong predictor of
metastases and prostate cancer death (1). Although we were
unable to directly identify capsular penetration or invasion
of the seminal vesicles by visual inspection of 11C-choline
PET images, most 11C-choline–positive lesions constituted
as T3 disease. On the basis of our data, T3 (or higher)
disease should be suspected if focally enhanced 11C-choline
uptake is identified within a known cancer lesion. Coregis-
tration with high-resolution MRI might provide further
evidence to support the presence of T3 disease.

Definitive treatment cannot be recommended for all
patients with localized prostate cancer. Therefore, accurate
differentiation between low or intermediate versus highly
aggressive prostate cancer early in the disease process is
important for clinical decision making. It is clear from the
Scandinavian report that prostatectomy mainly benefits
men younger than 65 y with higher summed Gleason
scores at or above 7 (1), but it does not suggest that
definitive treatment would be inappropriate for aggressive
early-stage disease for men older than 65 y. Because of
extensive PSA testing, many men are classified as having
prostate cancer of Gleason score less than 6 at diagnosis,
and whether such disease requires treatment is a highly
controversial issue (2,39). The accurate identification of
aggressive lesions is a requirement for the adoption of
active surveillance as described by Dall’Era et al. (40),
commonly done by repeated prostate biopsies. Yet nonin-
vasive imaging approaches would considerably facilitate
such surveillance (watchful waiting) if they prove to have
accuracy equal to or greater than repeated multiple random
biopsies. However, we caution that before 11C-choline (or
other molecular markers of prostate cancer aggressiveness)
can be integrated into diagnostic algorithms providing
guidance for treatment pathways, additional prospective
verification is needed to support that bioptic sampling of
11C-choline–positive lesions is clinically feasible and is at
least as accurate as random prostate biopsies. This would
necessitate the fusion of 11C-choline uptake data with high-
resolution anatomic imaging to identify lesions for targeted
biopsy.

CONCLUSION

Our preliminary data indicate that increased 11C-choline
uptake in primary prostate cancer normalized by nonma-
lignant prostate tissue may serve as a marker of tumor
aggressiveness. Even after necessary confirmation of our

pilot data in a larger series of patients, the difficulties in
identifying benign prostatic tissues without sophisticated
fusion techniques will limit clinical applications. It is,
however, conceivable that improved imaging equipment
offering fusion of 11C-choline PET data with high-resolu-
tion anatomic imaging (such as future hybrid PET/MRI)
may offer the potential to guide targeted prostate biopsies
and to noninvasively select high-risk patients for definitive
treatments such as surgery or radiotherapy.
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