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Abstract
Purpose: The objective of the present study is to determine whether uptake of
[18F]fluoromethylcholine ([18F]FCH) in comparison with 2-deoxy-2-[18F]fluoro-D-glucose
([18F]FDG) accurately reflects chemotherapy efficacy at the tumor cell level in prostate cancer
(PC).

Procedures: The effects of docetaxel and cabazitaxel on viable tumor cell number were explored
in four PC cell lines. Cellular uptake of [18F]FDG and [18F]FCH was compared with the effects
measured using sulforhodamine B (SRB) assay, cell counting and colony formation assay
(CFA), as proximators of viable tumor cell number. Agreement between uptake and cell numbers
was assessed by Bland-Altman plots.

Results: [18F]FCH uptake in all PC cell lines significantly correlated to the cell numbers surviving
the respective drug concentrations. Bland-Altman analysis showed that [18F]FDG uptake
resulted in signal overestimation and higher variability after chemotherapy.
Conclusions: [18F]FCH uptake correlates well with viable tumor cell numbers remaining after
docetaxel and cabazitaxel exposure. Radiolabeled choline is a potential response monitoring
biomarker after chemotherapy for PC.
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Introduction

P rostate cancer (PC) is the second most common cancer

in males worldwide [1]. The disease presents itself
mostly in men above the age of 50, and the incidence
increases with age. The clinical behavior of PC is very
diverse. Some tumors are indolent, do not cause any
symptoms, and arise as microscopic, well-differentiated foci

that may never become clinically manifest. However, a
significant proportion of PC patients presents with or will
develop aggressive tumors that lead to morbidity, metasta-
ses, and ultimately to death.

The initial systemic treatment in metastatic PC is based
on androgen deprivation. Nevertheless, the majority of PC
patients will ultimately progress and reach a castration-
resistant PC (CRPC) status after starting the anti-hormone
treatment. Therapeutic options against CRPC include agents
that interfere with androgenic stimulation of tumor growth
(e.g., abiraterone, enzalutamide) [2–4], immunotherapy
(sipuleucel-T) [5], chemotherapy (docetaxel, cabazitaxel)Correspondence to: Albert A. Geldof; e-mail: aa.geldof@vumc.nl



[6, 7], and bone-seeking radiopharmaceuticals (e.g., Radi-
um-223) [8]. Abiraterone acetate inhibits androgen biosyn-
thesis by irreversibly blocking the CYP17, an essential
enzyme in testosterone and estrogen synthesis [2]. When
combined with low-dose prednisone, abiraterone improves
survival of patients with CRPC [3]. Enzalutamide is an anti-
androgen agent with demonstrated potential to inhibit
nuclear translocation of the androgen receptor and DNA
binding, inducing tumor volume reduction in xenograft
models [4]. Sipuleucel-T is an active cellular immunother-
apeutic which prolongs survival among men with asymp-
tomatic or minimally symptomatic metastatic CRPC [5].
Docetaxel and cabazitaxel are chemotherapeutic drugs from
the taxane class. Their principal mechanism of action is
disruption of microtubule function, resulting in cell death
[6, 7]. Radium-223 dichloride (Ra-223) is an alpha emitter
which selectively binds to areas of increased bone turnover
in metastatic lesions. The emitted high-energy alpha parti-
cles with short range radiation induce double-stranded DNA
breaks, resulting in a highly localized cytotoxic effect in the
target areas [8]. However, despite the variety of therapeutic
options available, the proper sequencing (e.g., modality,
timing) in individual patients is unclear. When chemother-
apy is indicated, the initial regimen is docetaxel combined
with prednisone [9, 10]. It has been shown that this
combination significantly prolongs overall survival, com-
pared to mitoxantrone [6]. For patients progressing after
docetaxel, treatment with another taxane, cabazitaxel, is an
option. This drug significantly increases overall survival
compared with mitoxantrone plus prednisone in men whose
disease progressed on docetaxel [7].

However, the actual response to chemotherapeutic regi-
mens in individual patients is variable. It is important to
monitor therapeutic (in)efficacy in time, to prevent patients
from undergoing futile therapy for too long, since alternative
and potentially effective drugs are available. Presently,
monitoring of progression is based on a response metrics
construct requiring various diagnostic tests, including serum
prostate-specific antigen (PSA) measurement and bone
scintigraphy [11]. The limitations of the current approach
are related to the heterogeneity of metastasized PC (i.e.,
coexistence of androgen-sensitive and androgen-insensitive
components with different impact on e.g., PSA [12]) and to
its skeletal predominance (with bone- and computed
tomography-scans having difficulties in timely and accu-
rately detecting response). There is thus a clear need for
alternative and more accurate response monitoring methods
[13–15]. New specific tracers using positron emission
tomography (PET) in whole body setting might enable a
quantitative assessment of response in metastatic sites (e.g.,
in lymph nodes and bone), using a single, non-invasive scan
procedure.

2-deoxy-2-[18F]-fluoro-D-glucose ([18F]FDG) is a poten-
tial tracer in the monitoring of antimicrotubule therapy
effects in PC, but its clinical use thus far has been limited,
because [18F]FDG uptake is highly variable and mostly

confined to aggressive PC cells [16, 17]. Therefore, other
tracers are being evaluated to describe tumor physiology as
response to treatment [18–21]. [18F]fluoromethylcholine
([18F]FCH) PET [22] has shown promising results in the
localization of locally recurrent or metastatic disease in men
with biochemical failure [23–25] as well as in the early
detection of bone metastases [26, 27].

Whether [18F]FCH could also be employed in monitoring
treatment response in patients receiving docetaxel and
cabazitaxel therapy is unclear. Definitive data from clinical
studies have not yet become available. Nevertheless,
experiments in vitro have shown promising results on the
use of PET tracers to monitor anti-androgen treatment or
chemotherapy [28]. The objective of the present study is to
assess whether changes of [18F]FCH and/or [18F]FDG
uptake in PC cells appropriately reflect chemotherapy-
induced cytotoxicity.

Materials and Methods

Cell Lines

PC3, DU 145, and LNCaP (−FGC clone) human PC cell lines
were originally obtained from the American Type Culture
Collection, Rockville, Md., USA (ATCC# CRL 1435; HTB-81;
CRL 1740, respectively). R3327-MATLyLu (MLL) rat prostate
tumor variant was established in cell culture as described earlier
[29, 30] Cell lines were cultured in RPMI-1640 culture medium
(Gibco BRL, Life technologies Europe BV, Bleiswijk, The
Netherlands), supplemented with 10 % fetal calf serum (Cambrex
Fetal Calf Serum EU Standard, #14-801F, Lonza Verviers,
Belgium), 100 U/ml penicillin/streptomycin (Gibco BRL), and
1 mM sodium pyruvate and insulin/transferrin/selenite medium
supplement (Sigma-Aldrich Chemicals, St. Louis MO, USA) at
37 °C in a humidified atmosphere of 5 % CO2/95 % air. Semi-
annual screening demonstrated the cultures to be mycoplasma
free.

Drug Incubations

Docetaxel was obtained from Sigma-Aldrich chemicals
(Zwijndrecht, the Netherlands) and was dissolved in
dimethylsulfoxide to stock concentrations of 10 nM. Cabazitaxel
was obtained from Sanofi-Aventis (Aventis Pharma, Antony
Cedex, France) and was dissolved in phosphate-buffered salt
solution (10 nM). All stock solutions were stored in aliquots at
−20 °C until use. For the drug incubations, the respective cell lines
were seeded into tissue culture flasks (25 cm, #690160; Greiner
Bio-One, Alphen a/d Rijn, The Netherlands) in cell densities of
300.000 (PC3; DU145), 500.000 (LNCaP), or 30.000 (R3327-
MATLyLu), respectively. After 24 h, drugs were added in the
desired concentrations. After 3 days of drug incubation, the
remaining cell numbers were determined using a CASY cell
counter (Casy TT, Roche Diagnostics, Almere, The Netherlands)
and parallel cultures were either worked up for colony formation
assay (CFA) or incubated with 18F-radiolabeled choline and
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deoxyglucose. All experiments were performed in triplicate and
were repeated at least three times.

Sulforhodamine B Assay

Evaluation of drug cytotoxic effects using the sulforhodamine B
(SRB)-assay was performed as described earlier [31] In short: 3500
PC3 cells, 3500 DU145 cells, 5000 LNCaP cells, or 1500 MLL
cells were seeded in each well of 96-well plates (Cellstar #655180;
Greiner BioOne, Frickenhausen, Germany). After 24 h, drugs were
added in increasing concentrations and cells were incubated for 3
days. After this incubation time, wells were fixed with trichloro-
acetic acid (1 h at 4 °C) and stained using SRB solution (0.4 %
SRB in 1 % acetic acid). The optical density was measured at 492
nm after reconstitution of the dye in 150 μl 10 mM Tris buffer. The
values were normalized to cell density of control cultures (100 %)
and were corrected for the optical density values at t=0 (0 %).
Subsequently, inhibitory concentrations were calculated resulting in
10, 50, and 90 % reduction in cell numbers compared to control:
IC10, IC50, and IC90, respectively (all from three experiments in
triplicate; means±SEM).

Colony Formation Assay

Cells were exposed to IC10, IC50, and IC90 concentrations of either
cabazitaxel or docetaxel for 3 days. Subsequently, 200 cells were
seeded in each well of 6-well plates for colony formation, as
described previously [32]. After 7 to 10 days, the colonies were
fixed using 4 % PBS-buffered formaldehyde. The colonies were
then stained with Giemsa-solution and counted using a Leica
stereomicroscope. All experiments were performed in triplicate and
repeated at least three times.

To facilitate the colony formation of LNCaP cells, conditioned
medium (RPMI-1640 medium exposed for 24–48 h to growing
LNCaP cultures) was added (60:40). This allowed for autocrine
stimulation of cell proliferation in this specific cell line. For R3327-
MATLyLu cells, a modification of the colony formation assay
(CFA) technique was used in order to account for the low efficient
adherence of these cells to culture flask surfaces, as described
earlier [29] Briefly, after drug exposure, MLL cells were seeded in
0.25 % agar (in PBS) which was layered on top of semisolid agar
(0.375 %).

Choline and Deoxyglucose Labeling

[18F]FCH and [18F]FDG were prepared in the radiochemistry unit
of the department of Radiology and Nuclear Medicine of the VU
University Medical Center, Amsterdam, The Netherlands. Addition
of the label (around 2 MBq) was performed 1 h after replenishment
of the growing cultures with fresh medium (in the case of [18F]FDG
labeling, glucose-free RPMI 1640 medium was used for this
replenishment). After incubation with the radiopharmaceutical for
1 h, the cultures were washed twice using sterile phosphate-
buffered salt solution and the uptake of the radiotracer in cells after
trypsinization was measured using a gamma counter. The activity
was calculated in percentage of total counts added and corrected for
the cell number. All experiments were performed in triplicate and
repeated at least three times.

Western Blotting

Western blotting was performed as described previously [31]. In brief,
cells were exposed to either cabazitaxel or docetaxel for 3 days,
washed with PBS, and scraped in lysis buffer (Cell Signalling
Technology Inc., supplemented with 0.04 % protease inhibitor
cocktail). Protein amounts in the supernatants were determined by
the Bio-Rad assay (Bio-Rad Laboratories, Veenendaal, the Nether-
lands); 40 μg of protein was separated on a 10 % SDS-PAGE and
electroblotted onto polyvinylidenedifluoride (PVDF) membranes
(Millipore ImmobilonTM –FL PVDF, 0.45 μm). Subsequently, the
membranes were blocked and incubated overnight at 4 °C with the
primary antibody anti-GLUT-1 (polyclonal #ab15309; dilution
1:1000; Abcam, Cambridge, UK) or alternatively with anti-β actin
(#A5441; 1:10,000; Sigma-Aldrich Chemicals, Deisenhofer, Germa-
ny) as loading control. Subsequently, the membranes were incubated
with the secondary antibody against mouse (goat-α-mouse-IRDye
(680; #926-32220), Westburg, Leusden, The Netherlands). The bands
were scanned using an Odyssey Infrared Imager (Westburg) at high
quality, and expression levels were quantified with the Odyssey
software program LI-COR Biosciences.

Cell Volume Determinations

Using CASY TT electronic cell counter, the effects of drug
incubations of docetaxel and cabazitaxel (at IC90 concentration
level) on average cell volume were determined after 3 days of
incubation for all cell lines. Average volume is reported in the
results in femtoliter (fl).

Analysis and Statistics

Agreement between uptake of radiolabeled [18F]FCH and
[18F]FDG in the four PC cell lines and cell number was assessed
by means of Bland-Altman plots, in which the differences between
uptake of the tracer (%) and cell number (%) were plotted against
the averages of these values [33, 34].

Results
Effect of Cabazitaxel and Docetaxel on Prostate
Cancer Cell Viability

The drug induced effects on the four PC cell lines after an
incubation of 3 days were assessed using the SRB assay. In
Table 1, the IC10, IC50, and IC90 values were taken to
delineate a representative and differential range of drug
effect levels to be used to compare [18F]FCH/[18F]FDG
uptake with measures of viable cell numbers after drug
incubation. The sensitivity of the various cell lines was
reflected in their differential pattern of sensitivity towards
docetaxel and cabazitaxel.

Subsequently, the chosen concentrations (IC10, IC50, and
IC90) of docetaxel and cabazitaxel, aimed at reflecting low,
medium, and highly effective treatment results, respectively,
were used in a 3-day incubation scheme with cells from the
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four PC lines to delineate efficacy on colony forming
capacity. The colony forming ability at the IC10 and IC90

dose levels of both drugs decreased in a dose-dependent
manner and analogously to the SRB-derived survival values,
for all cell lines (Fig. 1).

Effect of Treatment on [18F]FCH and [18F]FDG
Signal

To evaluate the effect of docetaxel and cabazitaxel on
[18F]FCH and [18F]FDG uptake, cells were exposed for 3

Table 1. Drug concentration (nM) ranges selected on the base of sulforhodamine B (SRB) assay-measured IC10, IC50, and IC90 values, in prostate cancer cell
lines PC3, DU145, LNCaP, and MLL

Docetaxel Cabazitaxel

IC10 IC50 IC90 IC10 IC50 IC90

PC3 0.5 1.0 10 0.5 1 10
DU145 0.5 1.0 5 0.5 2 5
LNCaP 0.5 2 10 1 5 50
MLL 2 10 50 0.5 2 10

Fig. 1 CFA-determined treatment effects of docetaxel and cabazitaxel on proliferation of prostate cancer cells correlated to
SRB-determined toxicity levels (IC10, IC50, and IC90 are drug concentrations resulting in 10, 50, and 90 % reduction in cell
numbers compared to control value, respectively). Surviving fractions are given in percentage compared to control±standard
deviation, carried out in triplicate using prostate cancer cell lines PC3, DU145, LNCaP, and MLL. a effect of docetaxel. b effect
of cabazitaxel. Left bar IC10, middle bar IC50, right bar IC90.
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Fig. 2 Bland-Altman plots for cellular [18F]FCH uptake in four prostate tumor cell lines (a PC3, c DU145, e LNCaP, g MLL) and
[18F]FDG uptake (b PC3, d DU145, f LNCaP, h MLL), after docetaxel and cabazitaxel treatment. The x-axis shows the average
between cell number percent and uptake percent and the y-axis shows the absolute difference between cell number percent
and uptake percent. The straight lines indicate the average uptake after incubation with docetaxel (black) and cabazitaxel (red).
The dotted lines indicate the limits of agreement for uptake after incubation with docetaxel (black) and cabazitaxel (red).
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days to IC10, IC50, and IC90 concentrations of the drugs,
after which the cellular uptake of the radiotracer was
measured. In all four cell lines, a clear relation was observed
between actual cell numbers counted after treatment and
level of [18F]FCH and [18F]FDG uptake. Using Bland-
Altman plots, we analyzed the degree to which the
[18F]FCH/[18F]FDG uptake co-varied with viable cell
numbers, in response to drug concentration in cells from
the respective cell lines (Fig. 2). Average difference between
tracer uptake and cell number was closer to 0 for [18F]FCH
compared to [18F]FDG with the exception of the DU145 cell
line after treatment with cabazitaxel. [18F]FDG uptake
overestimated the numbers of cells remaining after docetaxel
and cabazitaxel treatment in PC3 and MLL cell lines (Table
2). Furthermore, agreement between uptake and cell num-
bers was generally worse for [18F]FDG when compared to
[18F]FCH as can be seen from the increased limits of
agreement (determined as 1.96 times standard deviation of

the difference between tracer uptake and cell number) for the
Bland-Altman analyses (Table 2).

To explain the increased [18F]FDG uptake by PC cells after
incubation with docetaxel and cabazitaxel, we measured the
expression of glut-1 glucose transporters using Western blot
after incubation at IC90 drug concentrations. The glut-1
transporter protein expression appeared not to be upregulated
by treatment with either docetaxel or cabazitaxel (Fig. 3).

Since taxane exposure may lead to increase in cell
volume through stabilization of microtubules and inadequate
cell division, an effect on radiotracer uptake on a per cell
basis may result. Therefore, the mean volume of PC cells
from the four different cell lines was determined after 3 days
of incubation with IC90 concentrations of docetaxel or
cabazitaxel. The mean cell volume increased with a factor
about 2 or 3 times for all four cell lines after incubation with
each of the two chemotherapeutic drugs, most notably for
PC3 and MLL (Fig. 4).

Table 2. Comprehensive results of Bland-Altman analyses for [18F]FCH and [18F]FDG uptake compared to cell numbers after docetaxel (doc) and
cabazitaxel (cab) treatment of prostate cancer cell lines PC3, DU145, LNCaP, and MLL

[18F]FCH [18F]FDG

doc cab doc cab

PC3 −5.96±27.79 5.63±16.83 12.08±18.07 22.42±24.42
DU145 −4.28±28.14 −11.58±41.66 −2.78±45.53 −3.68±75.81
LNCaP −2.40±29.92 −1.55±30.30 −12.59±23.44 −10.52±31.73
MLL −0.76±35.90 0.64±46.07 34.15±62.17 29.79±58.65

The average difference between uptake of docetaxel (and cabazitaxel) and cell number in the Bland-Altman plots is given in this table (mean difference±limits
of agreement, both in percent)

Fig. 3 a Western blot displaying stained antibody incubations using anti-glut-1 antibody on cell homogenates of four prostate
cancer cell lines PC3, MLL, DU145, and LNCaP, after treatment with IC90 concentrations of docetaxel and cabazitaxel. Anti-β
actin was used as a loading control. b Expression levels were quantified with the Odyssey software.
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Discussion
In the present study, we compared the reduction in cellular
uptake of radioactive [18F]FCH in prostate tumor cells
in vitro under different burdens of docetaxel and cabazitaxel,
with parameters of cell viability. The radiotracer uptake was
proportional to the number of cells counted after therapy,
and these cell numbers correlated to clonogenic capacity as
an additional sign of (reproductive) viability of the cells
surviving the treatment. From this comparison, we conclude
[18F]FCH to be an adequate read-out parameter for response
to treatment. [18F]FDG, on the other hand, showed in the
case of PC3 and MLL an overestimation of the viable cell
numbers remaining after therapy. This could lead to
misinterpretation of the treatment outcome.

Non-invasive and timely therapy monitoring using PET
would enable to quickly evaluate treatment efficacy in
individual cancer patients thereby tailoring therapy, improv-
ing healthcare and quality of life, while offering economic
benefits. Therefore, we examined the possibility to use
[18F]FCH as a novel read-out for chemotherapy response
monitoring in PC cells after treatment with either docetaxel
or cabazitaxel, which are presently the drugs of choice in
clinical PC chemotherapy.

A panel of different prostatic tumor cell lines was used,
comprising both androgen-sensitive (LNCaP) as well as
androgen-insensitive cell lines (PC3, DU145, and R3327
MATLyLu). An influence of prostate cancer differentiation
in patients on the level of [18F]FDG uptake has been
described by Schwarzenböck et al. [35]. It has been shown
that the grade of differentiation of PC cells is inversely
proportional to the level of [18F]FDG uptake. In our
experiments, the relative sensitivity of treatment effects as
evidenced by [18F]FCH and [18F]FDG uptake was investi-
gated. The observed differential sensitivity of the various
cell lines for the respective drugs is thought to reflect
differences in expression of drug transporters like ABCC4
[30, 36]. All four cell lines investigated were [18F]FCH and
[18F]FDG avid, and the relative changes of tracer uptake and
viable cell numbers upon exposure to docetaxel and

cabazitaxel were closely related. Whether the efficacy of
chemotherapy in PC in vivo will also be reflected by such a
proportional decrease of the [18F]FCH signal, remains to be
determined. However, in animal experiments employing PC
xenografts, a reduced uptake of [11C]choline compared to
muscle tissue was shown within a week after docetaxel
therapy and thereby confirms our present conclusions [37,
38]. In the present comparative study, we have explored four
different PC cell lines, two radiotracers (18F-radiolabeled
choline and FDG), and two chemotherapeutic drugs in a
range of three concentrations.

Although we did not measure [18F]FCH and [18F]FDG levels
before and after drug treatment, the radiotracers were supplied in
excess and are therefore not supposed to be a limiting factor.

Docetaxel/cabazitaxel may contribute to an effect on the
cellular uptake of [18F]FCH signal through a modulation of
choline metabolism [39]. Choline transporters mediate the
cellular uptake and the transport is the rate limiting step for
the synthesis of phosphocholine which is enhanced in
malignant transformation. Choline transporters of high and
low affinity have been found in normal prostate tissue and
are increased in prostate cancer [40]. Expression of choline
transporters—and therefore choline uptake rate—has been
described to be influenced by anticancer drugs [28, 41].
Such an effect could become visible in a decreased choline
uptake per cell. Nevertheless, in the present study, the
choline uptake signal was correlated closely to the surviving
cell numbers after treatment with docetaxel and cabazitaxel.
Therefore, we conclude that interference with choline
metabolism is not a confounder in the present observations.

At present, it is unknown how the increased [18F]FDG
uptake after treatment in some cell lines is brought about.
Especially, the overestimation of viable cell numbers by the
[18F]FDG signal after chemotherapy deserves attention as it
may result in a false negative interpretation of treatment
efficacy. Possible explanations for an observed disjointed
relationship of [18F]FDG response from viable cell numbers
after chemotherapy may relate to differential effects on
hexokinase and glut-1 expression [42], but mostly these

Fig. 4 Mean cell volume (in fl) of prostate cancer cells, measured after incubation during 3 days with concentrations of
docetaxel and cabazitaxel aimed at 90 % inhibitory effect in four prostate cancer cell lines LNCaP, PC3, DU145, and MLL.
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effects result in decreased [18F]FDG uptake rather than the
opposite. Moreover, in our present in vitro study, we did not
observe changes of glut-1 expression to explain increased
[18F]FDG uptake after drug treatment. However, a very
different cause for this effect in our experiments may have
been found in the observed increase of cell volume after
docetaxel or cabazitaxel treatment. The increased volume of
such swollen cells after therapy may result in increased
[18F]FDG signal per cell. The absence of these effects in the
case of [18F]FCH may be related to different metabolic
pathways, but this aspect has to be further investigated.
Interestingly, other authors have also found increased levels
of radiotracer uptake after therapy [28, 43]. Cellular stress
resulting in increased cellular metabolism or otherwise
increased cell permeability has been given as an explanation
for a flare at 10 min after start of treatment [28]. A transient
increase in FDG uptake has been described by Bjurberg
et al. [43] followed by a rapid decrease. In general, timing of
the monitoring seems to be important. In our analyses,
uptake of the PET tracers was measured after 3 days of drug
incubation, thereby bypassing any eventual, initial flare
phenomena. The observed cell number-independent increase
in [18F]FDG signal, coupled to other known drawbacks of
[18F]FDG PET in PC (general low uptake, disturbing
sensitivity to inflammatory processes, scar tissue, and
radiotherapy mediated effects) together with the proportion-
al, observed treatment effects in [18F]FCH uptake, contribute
to a preferential role rising up for [18F]FCH PET compared
to [18F]FDG PET as a candidate drug response monitoring
tool in PC patients.

Conclusions
Our in vitro data demonstrate that the cellular [18F]FCH
uptake correlates well with viable tumor cell number after
docetaxel and cabazitaxel for all PC cell lines, while
[18F]FDG at times overestimated the cell number after drug
exposure. This suggests that [18F]FCH is more accurate and
therefore more suitable than [18F]FDG as a response
monitoring PET tracer in chemotherapy of prostate cancer
using docetaxel and cabazitaxel.
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