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Abstract

Purpose Recurrent prostate cancer is usually treated by com-
bining radiotherapy and androgen deprivation therapy. To
stage the cancer, choline positron emission tomography
(PET)/CT can be performed. It is generally thought that an-
drogen deprivation therapy does not influence choline
PET/CT. In this article we focus on the molecular back-
grounds of choline and androgens, and the results of preclin-
ical and clinical studies performed using PET/CT.

Methods Using PubMed, we looked for the relevant articles
about androgen deprivation therapy and choline PET/CT.
Results During ADT, a tendency of decreased uptake of
choline in prostate cancer was observed, in particular in
hormone-naive patients.

Conclusion We conclude that in order to prevent false-negative
choline PET/CT scans androgen deprivation should be with-
held prior to scanning, especially in hormone-naive patients.

Keywords Recurrent prostate cancer - Choline PET/CT -
Androgen deprivation therapy - Hormone-naive prostate
cancer - Castration-resistant prostate cancer

Introduction

Prostate cancer is the most common malignancy among men
in Europe and the USA. Depending on the stage and
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Gleason grade, radical prostatectomy, radiotherapy, andro-
gen deprivation (hormonal) treatment or a combination is
available as a treatment option. Distinguishing organ-
confined from locally advanced and/or metastatic prostate
cancer is an important aspect. Organ-confined disease al-
lows for curative treatment using a single treatment modal-
ity. Locally advanced disease is very often treated by
combined modalities using radiotherapy and adjuvant an-
drogen deprivation treatment (ADT). Current imaging tech-
niques for prostate cancer are moderately sensitive and
specific. Bone scintigraphy, [''C] and ['®*F]choline positron
emission tomography (PET) and magnetic resonance imag-
ing (MRI) are used to determine the extent of prostate
cancer both in the primary tumour and in lymph nodes and
distant metastases [1]. However, [''C] and ['*F]choline
PET/CT is not (yet) recognized in broad clinical use or
guidelines in (re)staging prostate cancer [2, 3].

In metastatic prostate cancer ADT is the first-line
treatment, followed by chemotherapy and new hormonal
agents or vaccines [l]. Androgens stimulate growth,
function and proliferation in prostate cells and are the
driving force behind prostate cancer growth [4]. Regu-
lated by the hypothalamic-pituitary-gonadal axis, almost
all of the androgens are produced in the testes, with a
small portion being produced in the adrenal glands. In
short, hypothalamic luteinizing hormone-releasing hor-
mone (LHRH) causes the release of luteinizing hormone
(LH) and follicle-stimulating hormone (FSH) by the
anterior pituitary gland. In turn, LH stimulates Leydig
cells, located in the testis, to release testosterone. Tes-
tosterone is then converted into dihydrotestosterone
(DHT) by 5«a-reductase. DHT binds to the androgen
receptor (AR) and is transported to the cell’s nucleus,
where transcription for effector proteins starts.

When deprived of androgens, (cancerous) cells in the pros-
tate become apoptotic. Achieving an androgen deprivation
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state plays an important part in the treatment of metastatic
prostate cancer. Castration or bilateral orchidectomy offers an
immediate decline of testosterone levels, with castration levels
of testosterone as soon as 12 h. This is however irreversible
and can have negative psychological effects.

Using LHRH agonists most patients reach castration
levels within 2—4 weeks [5]. The drawback is that during
this overstimulation of the anterior pituitary gland a subse-
quent rise of FSH and LH occurs, which in turn raises serum
testosterone levels. This flare-up can aggravate prostate
cancer-related symptoms in patients. In 2—4 weeks,
downregulation of LHRH receptors occurs. The flare-up
effect can be avoided by using LHRH antagonists binding
immediately and competitively to LHRH receptors. On a
gonadal level, antiandrogens that directly compete with
androgens on a receptor level can be administered.

ADT can be administered in an intermittent and con-
tinuous regimen. Continuous ADT is currently standard,
with intermittent therapy being suitable for patients with
prostate cancer in various clinical settings. The advan-
tage of intermittent therapy is better toleration and
sometimes improved sexual function. It makes however
no difference in overall survival compared to continuous
ADT. The optimal threshold for withdrawing ADT how-
ever is not clearly known and usually done empirically
[6]. Androgen blocking can also be done minimally to
maintain normal serum levels of testosterone in order to
sustain sexual function and quality of life.

Hormonal therapy is indicated when a patient is unfit for
treatment with curative intent or in need of palliation (for
relief of symptoms). In the surgical treatment of prostate
cancer, neoadjuvant treatment does not have a significant
advantage for overall survival [7-9]. Adjuvant ADT after
radical prostatectomy is still controversial [10]. In cases of
extensive extracapsular extension ADT is indicated in
symptomatic patients with high prostate-specific antigen
(PSA) levels or a PSA doubling of less than 1 year. ADT
alone is not recommended in patients fit enough for radio-
therapy or in those with advanced asymptomatic prostate
cancer [11]. It has been shown that the combination of
adjuvant and simultaneous ADT with external beam radia-
tion can improve overall survival and is therefore standard
in management of high-risk prostate cancer [12]. In cases of
nodular involvement, ADT (as mono-therapy) is only
recommended in those unfit for local therapy. When fit,
ADT is standard adjuvant therapy in cases of more than
two positive nodes.

At present it remains unclear if ADT could influence the
clinical detection rates in prostate cancer patients. We de-
scribe the background of choline uptake in prostate cancer,
the role of the AR in prostate cancer treatment and the (pre)
clinical results on androgen deprivation and choline PET
from the literature. Due to the absence of a direct
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relationship between the choline pathway and the AR, it is
hypothesized that effects on choline uptake during ADT are
not expected.

Molecular backgrounds

Choline, a quaternary ammonium cation, is an essential
nutrient for humans and is mostly derived from the diet
and via recycling in the liver [13, 14]. Through enzymatic
processes described by Kennedy as early as 1956, choline is
mainly synthesized into phosphatidylcholine (see Fig. 1)
[15]. The Kennedy pathway, in short, is comprised of three
steps. The enzyme choline kinase converts choline into
phosphocholine, an ATP-dependent process. In turn,
phosphocholine is synthesized into cytidine diphosphate
(CDP) choline using phosphocholine cytidylyltransferase.
Then, cholinephosphotransferase catalyses CDP choline into
phosphatidylcholine. Phosphatidylcholine is a phospholipid
and a major component of biological membrane and
therefore over-represented in the human body. A small
part consists of acetylcholine, choline plasmalogens,
cytidine diphosphocholine (CDP choline), free choline,
glycerophosphocholine, lysophosphatidylcholine,
phosphocholine and sphingomyelin [14].

In mammals, three isoforms of creatine kinase (CK) are
encoded by two separates genes (CKo and CKf3) [16]. CKax
encodes both choline and ethanolamine kinase, whereas
CKf3 predominantly encodes ethanolamine kinase [17, 18].
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Fig. 1 The Kennedy pathway. ATP adenosine triphosphate, ADP aden-
osine diphosphate, CTP cytidine triphosphate, PPi pyrophosphate, DAG/
AAG diacylglycerol/alkylglycerol, CMP cytidine monophosphate, CDP
cytidine diphosphate
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The CKa-f3 heterodimer has intermediate specificity. In
prostate cancer, CKx expression is increased compared to
normal prostate tissue [19], which results in an increase of
CK [20]. This change in gene expression leading to aberrant
choline levels was also shown by Bertilsson et al., who
performed high-resolution magic angle spinning in 133
prostate cancer samples of 41 patients [21]. All these pa-
tients were hormone naive. Chemicals inhibiting CK« led to
reduction of tumour growth and inhibition of proliferative
capacity [22, 23].

Phosphocholine cytidylyltransferase produces CDP cho-
line using phosphocholine and phosphoethanolamine
cytidylyltransferase (CTP). Pyrophosphate is the by-
product. This second step in the Kennedy pathway seems
to be the rate-limiting step [24]. As a result, build-up of the
first step, phosphocholine occurs.

The final step in the Kennedy pathway is the conversion
of CDP choline into phosphatidylcholine using CDP
cholinephosphotransferase using either diacylglycerol or
alkyl-acylglycerol, both lipid anchors. The by-product is
cytidine monophosphate.

Breakdown of phosphatidylcholine takes place mainly
through phospholipases Al, A2 and D. The latter produces
phosphatidic acid and choline, whereas phospholipases Al
and A2 produce free fatty acids and glycerophosphocholine,
which in turn gets broken down into glycerol 3-phosphate
and choline by a phosphodiesterase [14]. A significant co-
variance was seen between increased choline and PLA2G7
and cholinephosphotransferase. PLA2G7 is the gene that
encodes the phospholipase A2 enzyme lipoprotein-
associated phospholipase A2 [25]. Vainio et al. showed its
overexpression in prostate cancer [26] which may lead to an
increase in choline metabolism via breakdown.

The prostate is an androgen-dependent organ, requiring
testosterone for growth. In benign prostatic hyperplasia and
malignant transformation this androgen-dependent growth
continues. Circulating testosterone is transported into the cell
where it is converted to DHT by Sa-reductase. The DHT in
turn binds to the AR, releasing heat shock proteins. This
dissociation in the newly formed homodimer induces a con-
formational change in the AR, which in turn facilitates binding
to promotor regions in target genes, after being transported
into the cell’s nucleus. Activation of the AR leads to binding
of co-activators, which starts gene transcription (Fig. 2).

Currently, there are no studies that link the expression of
AR under ADT with the activity of CK.

Preclinical studies
Hara et al. investigated the effect of androgens on the uptake

of choline under aerobic and anoxic conditions in androgen-
dependent LNCaP cells and androgen-independent PC3

Fig. 2 AR activation. Testosterone is, upon entering the cell,
converted into DHT by 5«x-reductase. DHT binds to the AR, releasing
HSPs. Then, the AR-DHT complex is transported into the cell nucleus
where target genes are transcribed. 7 testosterone, 5-4R Sx-reductase,
DHT dihydrotestosterone, AR androgen receptor, HSP heat shock
protein, EP effective protein

cells. Androgen depletion resulted in a marked decrease in
the uptake of choline in the androgen-sensitive LNCaP cells
but not in PC3 cells [27]. A recently published study eval-
uated the impact of androgen ablation therapy in different
prostate cancer cell lines, reflecting different stages of the
disease [28]. Uptake of choline in androgen-supplemented
cell cultures was compared to the uptake in cells grown in
the absence of androgens. Androgens significantly
influenced the uptake of choline in the androgen-
independent, AR-expressing cell line 22Rvl and in-
duced a time-dependent stimulation in choline uptake
in androgen-sensitive PC346C cells. However, in anoth-
er androgen-sensitive cell line (LNCaP) no influence in
uptake of choline was seen. The authors speculated that
androgens could have stimulated choline uptake in the
PC346C cell line, whereas a reverse or reduced effect
could have occurred in LNCaP cells. In agreement with
the finding of Hara et al., androgens did not modulate
the uptake of choline in the androgen-independent, AR-
negative cell lines PC3 and PC346DCC. The authors
concluded that androgens may interfere with the uptake
of choline, depending on differences in AR-induced cell
signalling among prostate cell lines.

To our knowledge, only one animal study was pub-
lished. In this study conducted by Jadvar et al., castrated
(n=9) and non-castrated (n=9) athymic male mice were
implanted with androgen-dependent (CWR22) and
androgen-independent (PC3) human prostate cancer cells.

@ Springer



S44

Eur J Nucl Med Mol Imaging (2013) 40 (Suppl 1):S41-S47

After injection of 5 uCi ['*C]choline, the mice were
sacrificed and prepared for quantitative autoradiography.
The uptake time interval and castration did not significant-
ly affect the level of choline uptake by the human prostate
cancer xenograft [29].

Clinical studies

In patient studies, one should clearly separate between
hormone-naive and castrate-resistant prostate cancer. In
hormone-naive prostate cancer patients, most studies postu-
late an inhibitory effect of ADT on the uptake of choline,
generally based on heterogeneous, retrospective patient co-
horts. A 60 % decrease in standardized uptake value (SUV)
after 2 months of ADT as measured by SUV using ['*F]
choline in primary prostate cancer was first described by
DeGrado et al. [30]; another case report using [''C]choline
did not visualize uptake in prostate and lymph nodes (initially
positive) after 6 months of ADT [31]. Beheshti et al. showed
that reduced uptake of ['*F]choline is seen when comparing
pre- and post-therapeutic studies in prostate cancer patients
who respond to hormonal therapy [2]. Almost all of the ['*F]
choline-negative (sclerotic) bone lesions were detected in
patients under hormonal therapy, thereby raising the possibil-
ity that lesions might no longer be viable or active [32].
Giovacchini et al. assessed the dependence of [''C]choline
uptake on antiandrogenic hormonal therapy in six patients
(scans before and after a median treatment of 4 months).
Prostate uptake of choline decreased significantly (SUV .
6.4+4.6) compared to baseline (11.8+5.3), with a mean de-
crease of 45 % in primary prostate cancer [33]. However, no
relationship between duration of therapy and percentage
changes in choline uptake could be shown. Fuccio et al.
retrospectively studied 14 recurrent prostate cancer patients
during follow-up after radical prostatectomy with rising PSA
levels with two [''C]choline PET scans: the first scan before
start of ADT and the second scan 6 months after ADT admin-
istration. Before starting ADT, 13 of 14 patients showed
increased uptake of choline in lesions on choline PET, while
after 6 months of ADT 9 of 14 patients did not show uptake on
choline PET. The authors concluded that ADT significantly
reduces choline uptake in androgen-sensitive prostate cancer
patients [34]. The decrease in choline uptake after ADT could
be explained by the effect ADT has on the tumour size. In the
opinion of the authors of these papers, the choline PET scan
should be performed either before starting ADT or the treat-
ment should be interrupted for a certain time before the scan.
In another study by Price et al. no significant differences in the
uptake of ['®F]choline was measured in patients with
androgen-sensitive or androgen-independent prostate cancer
[35]. Hara et al. showed that in a state of androgen dependence
during ADT choline uptake is reduced. When the transition to
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androgen independence has occurred, this reduction is no
longer seen [27]. This was supported by Giovacchini et al.
[36]. Unfortunately there are no studies available comparing
choline uptake in patients with hormone-naive prostate cancer
later converting to a castration-resistant state.

Patients who develop biochemical failure and pro-
gressive prostate cancer are difficult to interpret for the
effects of androgen status and choline PET results.
Studies on these patients looking directly at the influ-
ence of ADT on choline uptake are scarce, population
groups studied are often inhomogeneous and data on the
use of androgen deprivation are not always presented. A
good example of a dramatic treatment response resulting
from ADT is shown in Fig. 3 [34].

Table 1 is an overview of studies using [''C] or ['*F]
choline PET/CT, showing sensitivities with or without
ADT in patients with biochemical recurrence after rad-
ical treatment. Most recently, Henninger et al. performed
['®F]choline PET in 13 patients under androgen depri-
vation and in 22 patients who had no hormonal treat-
ment. In patients using androgen deprivation the choline
PET was true-positive in 8 of 10 patients (overall sensitivity
80 %). Of the patients treated with radical prostatectomy only,
10 of 20 turned out to be true-positive, resulting in a sensitivity
of 50 %. So, in patients with biochemical recurrence during
ADT after radical prostatectomy, choline PET can yield true-
positive findings and withdrawal of ADT is not necessary
according to the authors [37]. Most other studies in Table 1
do not show significant differences in sensitivity on PET;
these studies have small and heterogeneous patient
populations and mostly do not identify whether scans were
performed before or during ADT. Furthermore, these studies
did not specifically investigate the influence of ADT on cho-
line uptake. It remains unclear if differences in choline uptake
can be contributed to an effect caused by the therapeutic effect
of ADT, e.g. the reduced tumour volume or changes in me-
tabolism. In a study by Mueller-Lisse et al. a decline in
observable metabolites, including choline, throughout
different intervals of ADT using MRI and 3-D magnetic
resonance spectroscopic imaging was measured [38].
Long-term ADT led to complete loss of all prostatic
metabolites in 25 % of the patients, However, strong
individual variations were noticed. The overall tendency
is that ADT negatively influences uptake of choline in
prostate cancer, in particular in hormone-naive patients.
This is confirmed in small patient populations studied
with choline PET/CT under ADT.

Conclusion

Based on known biochemical pathways as well as the
presented preclinical and clinical studies, the hypothesis
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Fig. 3 a Maximum intensity ]
projection (MIP) image (/eff) and A
fused PET/CT image (right) of B
[''C]choline PET/CT scan
performed after discontinuation
of ADT (initial PSA 12.1 ng/ml).
Increased [''C]choline uptake in
multiple lymph nodes is
observed in the MIP image: a
large and hot lymph node
(SUVax = 8) is evident in the
left iliac chain. b MIP image

(left) and fused PET/CT image ' Y

(vight) of [''C]choline PET/CT :
scan performed 6 months after
ADT administration. A complete
response is evident. PSA
dropped down to 0.01 ng/ml.

Reproduced with permission

[34] B

that ADT does not influence choline PET/CT has not been
overruled. However, the clinical studies are limited in
number and were not designed to prospectively assess
the effect of androgen deprivation on choline uptake of
prostate cancer. We therefore recommend withholding an-
drogen deprivation prior to choline PET/CT to prevent
false-negative scans due to treatment effects, especially
in restaging of recurrent prostate cancer in hormone-
naive patients. However, since there is limited evidence

Table 1 Sensitivity on choline PET/CT with or without ADT

for withdrawal of ADT in choline PET/CT, further stud-
ies should be done to measure any differences in effects
in time of hormonal manipulation on the uptake of
choline in both hormone-naive prostate cancer and
castration-resistant prostate cancer in a preclinical mod-
el. If choline uptake is reduced shortly after starting
ADT, before an antitumoural effect is to be expected,
an interaction between AR manipulation and choline
uptake would be supported.

Author, year of publication Imaging modality No. of patients ADT Sensitivity PET Sensitivity PET

(%) no ADT (%) ADT
No ADT (n)  ADT (n)

Rinnab et al., 2007 [39] [''C]choline PET/CT 50 46 4 95 (overall)

Reske et al., 2007 [40] [''C]choline PET/CT 36 29 7 73 NA

Krause et al., 2008 [41] [''C]choline PET/CT 63 46 17 52 65

Giovacchini et al., 2010 [36]  [''C]choline PET/CT 358 203 155 82 87

Cimitan et al., 2006 [42] ['®F]choline PET/CT 58 30 28 27 50

Heinisch et al., 2006 [43] ['®F]choline PET/CT 17 10 7 30 57

Husarik et al., 2008 [44] ["®F]choline PET/CT 68 55 13 84 85

Henninger et al., 2012 [37] ['®F]choline PET/CT 35 22 13 50 80
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