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Abstract: It was recently shown that high-risk prostate carcinoma (PCa) exhibited parasympathetic neurogenesis.
The PET tracer **C-donepezil is a marker of parasympathetic innervation. Therefore, we studied if parasympathetic
nerve density in PCa measured with **C-donepezil PET correlated with PCa aggressiveness and if metastases could
be visualized. Twenty-six patients were included into three groups with varying tumor aggressiveness. Dynamic and
static PET scans were performed. Maximal standardized uptake values (SUVmaX) were determined in lesions within
the prostate, lymph nodes, and bones. SUV__ in primary PCa were compared between groups, and comparisons
between SUV__ and Gleason score and Prostate-specific antigen (PSA) were performed. Kinetic modelling was
performed and time-activity curves of healthy tissue and tumor tissue fitted and compared. Tumor kinetic param-
eters were normalized to those of healthy tissue producing ratios of K1 and k2. Median SUV__ in primary PCa was
higher in high-grade compared to low-grade PCa (P = 0.052). No correlation was seen between Gleason score and
SuvV,_ . (P =0.28). A trend-level correlation was seen between PSA and SUV__ (P = 0.078). Median SUV__ was 7.7
(4.7-22.5) for suspected lymph node metastases and 8.2 (5.4-14.8) for suspected bone metastases. A significant
difference was seen between time-activity tissue curves for low- and high-grade PCa (P = 0.012). Highly significant
differences were seen in K1- and k2-ratios between low- and high-grade PCa (P = 0.0006 and P < 0.0001). We
showed that *C-donepezil accumulates in primary PCa and metastases. Simple SuvV,, values of the cancer hot

spots were higher in high-risk tumors compared to low-risk tumors. Further studies should elucidate the importance
of cholinergic neurogenesis for prostate cancer biology.
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Introduction guided needle biopsies (TRUSb), with the latter

being the gold standard for providing histologi-
Prostate carcinoma (PCa) accounts for 19% of cal diagnosis [4]. However, random biopsies
all cancer cases among men and is the third have several disadvantages including the
deadliest cancer amounting for 8% of all cancer underestimation of Gleason scores in ~40% of

deaths [1]. PCa is demonstrated in 63% of cases and false negative biopsies in up to 20%

autopsies in men aged 60-69 years and the of cases depending on the biopsy protocol [5,
prevalence increases markedly with age [2]. 6]

Radical prostatectomy confers a lower PCa
mortality, but only in patients with prostate-
specific antigen (PSA) values > 10 ng per mL or
high-risk PCa [3].

Consequently, there is a need for improved
diagnostic tools to select patients with aggres-
sive disease for local therapy and patients with

The PCa diagnosis and pre-treatment stratifica- less aggressive disease for active surveillance.
tion into low, intermediate, and high-risk groups Novel molecular imaging markers and imaging
are based on three methods: Digital rectal techniques provide an attractive strategy to

examination, PSA, and transrectal ultrasound examine patients with PCa non-invasively.
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The normal prostate is innervated with auto-
nomic nerve fibres in the capsule and the
parenchyma [7, 8]. A recent study demonstrat-
ed that neurogenesis of autonomic nerves may
be of key importance in PCa biology. The
authors showed that high-risk PCa displayed a
110% increase in parasympathetic nerve fibre
density in tumor tissue compared to low-risk
PCa. Increased density of parasympathetic
nerves in tumors was predictive of poor surviv-
al. Moreover, in PCa animal models pharmaco-
logical blockade of parasympathetic muscarin-
ic receptors significantly inhibited metastases
formation and lead to improved survival [9].
Thus, parasympathetic neurogenesis seems to
be involved in tumor aggressiveness and the
propensity to form metastases.

We recently validated the acetylcholinesterase
(AChE) ligand, [5-**C-methoxy]donepezil, for in
vivo quantification of cholinergic nerve density.
AChE is mainly found in cholinergic nerve termi-
nals, where it hydrolyses the neurotransmitter
acetylcholine, and **C-donepezil may therefore
serve as a measure of parasympathetic inner-
vation [10, 11]. Furthermore, using *'C-done-
pezil autoradiography, we investigated 13 pros-
tatectomy specimens and demonstrated sig-
nificantly higher **C-donepezil uptake in high-
risk PCa compared to low-risk PCa [12].

In the present proof-of-concept study, we stud-
ied 26 PCa patients with **C-donepezil PET/CT
and hypothesized that the 11C-donepezil uptake
in primary PCa would correlate with the degree
of malignancy. In addition, we included a patient
subgroup with known or high probability of
metastases to examine the C-donepezil
uptake in metastases.

Methods
Participants

26 patients with confirmed or suspected PCa
were recruited from the Department of Urology
at Aarhus University Hospital and stratified into
three groups. Group | (n = 10) consisted of
patients with high probability of low grade can-
cer, i.e. PCa localized to the prostate. These
patients did not undergo any active treatment.
Protocol inclusion criteria were PSA < 20 mg/
ml, clinical stage < T3, and biopsy based
Gleason score < 7. However, three patients had
a biopsy based Gleason score of 8, but all had
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bone scintigraphy or choline PET/CT to exclude
lymph node and bone metastases. The PET
scan was performed > 8 weeks after biopsy, as
TRUSb may be associated with a local inflam-
matory tissue reaction potentially giving rise to
inflammation related *'C-donepezil uptake.

Group Il (n = 8) comprised patients under suspi-
cion of high grade PCa at the time of diagnosis.
The patients were referred to the department
with PSA > 50 ng/ml. Patients were recruited
and PET scanned prior to TRUSb or any surgical
or medical treatment. Subsequently, Gleason
scores and other relevant clinical data were
extracted from patient records.

Group Il (n = 8) patients had verified castra-
tion-resistant PCa and increasing PSA values or
known metastatic disease. They all received
androgen deprivation therapy (ADT), and were
PET scanned in the study before any oncologi-
cal treatment. The primary aim of including
group Il was to study whether *C-donepezil
showed appreciable binding to lymph node
metastases and bone metastases.

Exclusion criteria for all groups were major
organ failure, decreased kidney function, liver
cirrhosis, previous or current cancers others
than PCa, use of cholinergic medications and
previous allergic reactions to CT contrast. The
study was approved by the Science Ethics
Committee of the Central Region of Denmark
prior to its inception.

11C-donepezil PET/CT scan

All patients fasted for a minimum of 6 hours
prior to PET. A catheter was inserted in the
anterior cubital vein forinjection of 1*C-donepezil
and intra-venous (i.v.) CT contrast. The chemi-
cal structure of [5-1C-methoxy] donepezil is
shown in Figure 1A. The radiochemical synthe-
sis has been previously described in detail [10].
Median specific activity of 'C-donepezil was
120 GBqg/umol (inter-quartile range 79-200)
and the radiochemical purity was 99.9% (inter-
quartile range 99.8-99.9%). Before initiation of
PET a low-dose CT scan of the pelvis was per-
formed for attenuation correction and anatomi-
cal localization. *'C-donepezil was manually
injected, and the median dose was 508 MBq
(range 319-634). During the first dynamic PET
scan (36 min) the prostate was in field-of-view
(FOV). 32 frames were obtained with increasing
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Figure 1. A. Chemical structure of [5-*'C-methoxy]
donepezil. B. Volumes of interest (VOIs) from a rep-
resentative patient with high-risk PCa. VOIs were
placed on the most tracer-avid hot spot and on ref-
erence prostate tissue with low magnitude tracer
avidity. [Summed PET image from 24-32 min post-
injection].

frame durations (12 x 10s,6 x 30s,5 x 60 s,
5x 120s, 4 x 240 s). After a short break of 2-3
minutes a diagnostic CT scan (Visipaque 2 ml/
kg) from the superior aspect of the heart to a
sub-symphysis level was performed. Static PET
imaging (three 5-min bed-positions; cranio-cau-
dal direction) was then performed of the same
FOV.

Image analysis

Volumes of interest (VOI) were manually defined
(PMOD software, Zlirich, Switzerland) based on
anatomical CT and PET images. VOIs in the
prostate were defined on the most tracer-avid
hot spot and on reference prostate tissue with
low magnitude tracer uptake using a 9-mm
brush size in PMOD (Figure 1B). VOlIs in lymph
nodes and bones were placed on lesions with
pathologically high tracer uptake.
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All VOIs in prostate, lymph nodes, and bones
were analysed with respect to their maximum
11C-donepezil standardized uptake values
(SUV__), i.e. the measured activity concentra-
tion divided by injected radioactivity normalized
to body weight. For each patient the lesions
with the highest SUV__ in prostate, lymph
nodes, and bones were selected. Dynamic
frames 30-31 representing 24-32 min post-
injection were summed before assessment of
SuV__, vielding a SUV__ estimate at approxi-
mately 28 min post-injection. At this time point,
the C-donepezil time-activity curve in most
low-grade PCa has reached a plateau phase.

Kinetic analyses

To obtain further information about tracer
behavior in the primary PCa, simplified kinetic
modeling of the 36-min dynamic PET was per-
formed. The blood input function was derived
from the images using cluster analysis of the
pelvic arteries [13]. Time-activity curves of both
healthy tissue and tumor tissue were fitted
using a reversible 1-tissue (1t2k), an irrevers-
ible 2-tissue (2t3k) and a reversible 2-tissue
(2t4k) model. No corrections for partial volume
effects (PVE) or metabolites were performed.
Based on Akaike's information criterion, the
reversible 1-tissue model was preferred in 80%
of the tumor VOIs and 60% of the healthy tis-
sue. All further analysis was performed using
the 1t2k model with K1 describing wash-in and
k2 wash-out rates. Using the pelvic image
derived input function, the blood signal is
expected to be severely underestimated due to
partial volume effects leading to systematic
error in the derived kinetic parameters. To mini-
mize this error, kinetic parameters are reported
as tumor-to-healthy tissue ratios.

Statistical analyses

Statistical analyses were performed using
Prism 6 (Graphpad, La Jolla, California). SUV __
comparisons between group | and Il were per-
formed using unpaired t-tests. Correlational
analyses between SUV__ and Gleason score/
PSA were explored with monotonic relation-
ships using Spearman rank correlation coeffi-
cient. Comparison of time-activity curves was
performed with repeated-measures ANOVA.
Results are listed as median (range) or mean +
standard deviation. Statistical significance was
defined as P < 0.05.
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Table 1. Demographic and clinical data

Gleason score

Group Number of patients Age (years) Gleason score (biopsy) (prostatectomy) PSA (ng/mL)
1 10 64 (52-73) 7 (6-8) 7 (6-9)° 9.0 (5.4-17.2)
2 8 72 (67-80) 8(7-9) - 153.0 (56.7-302.7)
3 8 70 (62-81) - - 158.6 (0.7-391.0)™"

Values are mean (range). “8 of 10 patients in group | had prostatectomy after participating in the study. “*One patient in group
Il had increasing PSA to only 0.7 ng/mL, but se-testosterone, 8F-choline PET and MRI verified castration-resistant PCa. The

remaining patients had PSA ranging 32.4-391.0 ng/mL.
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Figure 2. A. SUV,__ in PCa foci of low-risk (group I) and high-risk patients (group I). B. SUV__ in PCa foci in relation to
Gleason scores. No correlation was detected. C. A trend-level correlation between SUV__ and PSA was seen.
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Figure 3. A. Averaged, normalized time-activity curves (mean + SEM) in low-risk (group |) and high-risk (group II)
tumors (P = 0.012, repeated measures ANOVA). B, C. Significant group-differences were seen in K1- and k2-ratios.
A healthy tissue VOI could not be defined on one group Il PCa, leaving 7 group Il cases.

Results

Demographic and clinical data of the patients
included are summarized in Table 1.

SuV, . in groups | and Il

The median SUV__ in the primary PCa was
higher in group Il compared to group |, although
the difference was only borderline significant (P
= 0.052, Figure 2A). There was no correlation
between Gleason score and SUV__ (P = 0.28,
Figure 2B). A trend-level correlation was seen
between PSA and SUV__ (P = 0.078, Figure
2C). Since group | and Il included tumors with
partly overlapping Gleason scores (Figure 2B),
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we performed a post hoc comparison of SUV__
levels in Gleason 6-7 vs. 8-9, which revealed a
trend towards higher SUV__ levels in the high-
grade tumors (P = 0.069; Mann-Whitney).

Kinetic modeling

Slow washout kinetics were generally seen in
the primary PCa (Figure 3A). A significant differ-
ence was seen between the time-activity
curves for group | and Il with more rapid wash-
out in group Il (P = 0.012; repeated measures
ANOVA). The *'C-donepezil distribution volume
(K1/k2) was significantly higher in group Il (grp
I: 6.58 + 2.85, grp 1l: 10.09 £ 3.86; P = 0.04).
Highly significant group differences were seen
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Figure 4. A. Three patients with pathological **C-donepezil accumulation in lymph nodes. Lymph nodes in the retro-
peritoneal space (left; SUV__ 9.1). Lymph node mass next to the bladder (middle; SUV__ 15.8). Single lymph node
next to the bladder (middle; SUV__ 15.8). B. A representative patient with pathological **C-donepezil accumulation
in suspected, sclerotic bone metastases. Multiple lesions in femoral and pelvic bones (middle; SUV,__ 11.0 in left
acetabulum). [White arrows denote pathological uptake in lymph nodes and bone lesions; yellow arrows denote
lymph nodes in A and sclerotic bone lesions in B].

in K1- and k2-ratios between group | and Il (P =
0.0006 and P < 0.0001, Figure 3B, 3C).

Metastases

All patients in group Ill and six patients in group
Il had lesions characteristic for metastatic dis-
ease visualized by *'C-donepezil PET and diag-
nostic CT. Thus, 14 of 26 patients had patho-
logical lesions outside the prostate. Median
Suv__ for lesions defined as lymph node
metastases was 7.7 (range 4.7-22.5), and for
lesions defined as bone metastases the medi-
an SUV__ was 8.2 (range 5.4-14.8). Figure 4
shows representative images of *'C-donepezil
uptake in lesions suspicious of lymph node and
bone metastases.

Discussion

To our knowledge, this is the first in vivo PET
study to investigate components of cholinergic
nerve fibers in PCa tissue. We did not find any
significant differences between uptake of
H11C-donepezil and tumor aggressiveness, but
trends were seen towards higher SUV__ in
high-risk compared to low-risk patients (P =
0.052), and in Gleason 6-7 vs. 8-9 tumors (P =
0.069). Furthermore, *'C-donepezil showed
high uptake in lesions characteristic for meta-
static disease.

Several explanations for the observed donepe-
zil uptake are possible. AChE (the target of
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11C-donepezil) may be present in higher con-
centrations in PCa tissue compared to non-PCa
tissue, in accordance with a previous report of
increased parasympathetic innervation of PCa
tissue [9]. It should be emphasized, however,
that AChE is not a completely specific marker
for cholinergic nerve terminals. It has been
demonstrated that immune cells utilize acetyl-
choline as a non-neuronal signalling molecule,
and several immune cells express AChE [14].
Furthermore bacterial abscesses in an infected
pig also displayed high peripheral uptake of
11C-donepezil [10]. Thus, the observed increase
of *C-donepezil uptake in PCa could be caused
by inflammation or a mixed signal of inflamma-
tion and cholinergic innervation. We were aware
of this potential bias prior to initiation of the
study, and therefore only included patients in
whom a minimum of 8 weeks had passed
between TRUSb and *'C-donepezil PET, since
MRI studies have demonstrated that visible
TRUSb-induced inflammation is most often
resolved after 8 weeks. A previous autoradiog-
raphy study showed that *C-donepezil uptake
may also be increased in areas with benign
prostate hyperplasia (BPH), but the *'C-
donepezil uptake never exceeded that in low-
grade cancer foci [12].

Several PET tracers are used in clinical routine
for PCa, including ‘€F-choline, which is superior
to the standard oncology tracer 8F-FDG.
Nevertheless, the moderate sensitivity and
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specificity of choline are not sufficient to accu-
rately stage the primary PCa tumor [15, 16].
More recently, %8Ga-PSMA has been shown to
be superior to *¥F-choline and other tracers
when it comes to primary staging and restaging
in biochemical recurrence after radical prosta-
tectomy or salvage therapy [17-22]. ®8Ga-PSMA
PET can accurately detect lymph node and
bone metastases, but the tracer also has limit-
ed accuracy to differentiate indolent from
aggressive tumors.

In the current study, **C-donepezil also visual-
ized probable PCa metastases. Although we
did not obtain histological verification of these
metastases, the anatomical locations of the
lesions corresponded to common locations of
PCa metastases, including bone metastases in
femur, spine and pelvis and lymph node metas-
tases in pelvis and retroperitoneum [23]. In
support, a previous study demonstrated that
pharmacological blockade of parasympathetic
receptors in animal models significantly inhibit-
ed metastases formation suggesting a cholin-
ergic component in PCa metastases [9].
Therefore, it is possible that the uptake of
H1C-donepezil in lesions suspected for metasta-
ses is due to increased cholinergic innervation
in the metastases.

All patients in group Il were treated with ADT
reducing the androgen load on the primary
PCa. The effect of ADT on the cholinergic inner-
vation in primary PCa is not known. In general,
we observed markedly reduced volume of the
prostate glands in group Ill compared to the
two other groups, and very low *'C-donepezil
uptake. Therefore, the values of SUV__ in the
prostate glands in group lll are inconclusive.

Our kinetic analyses of the PET data revealed
intriguing results. A 1-tissue model was pre-
ferred over 2-tissue models in the majority of
tumors and healthy tissue. This is contrary to
the brain, where previous studies of donepezil
kinetics show a clear preference for a 2-tissue
model using the same criteria [24]. However,
we previously showed that a 1-tissue model
had the best performance in most abdominal
organs [10]. Of note, the quality of our kinetic
analysis may have been impeded by our use of
an uncorrected image-derived input function
vulnerable to PVE. Nevertheless, the kinetic
analysis revealed a number of differences
between the groups. The washout parameter
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k2 was highest in the high-grade tumors. As a
result, retention measured using SUV is criti-
cally dependent on the time point of the mea-
surement, but the K1 and k2 ratios (Figure 3B,
3C) showed excellent performance in separat-
ing group | and Il patients. A similar strategy
could be feasible using other tracers like
68Ga-PSMA. Of note, the higher K1 and k2 val-
ues detected in high-grade tumors are most
likely caused in part by the hyperperfusion
often present in high-grade prostate cancer.
Such hyperperfusion could also contribute to
the generally higher SUV__ values in high-grade
tumors. However, since our published autoradi-
ography data revealed higher 'C-donepezil
retention levels in high-grade than low-grade
prostate cancers [12], it is also likely that perfu-
sion differences can only partly account for the
higher SUV__ in high-grade tumors.

Conclusions

11C-donepezil accumulates in primary prostate
cancers and most likely also in metastases.
The tracer accumulation could be caused by
parasympathetic neurogenesis, although sites
of inflammation also shows !*C-donepezil
uptake. Simple SUV__ values of the cancer hot
spots were higher in high-risk tumors compared
to low-risk tumors, but diagnostic accuracy was
insufficient to separate the two groups. In con-
trast, influx (K1) and efflux (k2) ratios allowed
an almost perfect separation between low- and
high-risk tumors.
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