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Figure 3. Comparison of the tracer accumulations of 14C-fluciclovine, 2-deoxy-2-18F-fluoro-d-glucose
(3H-FDG) and 99mTc-hydroxymethylene diphosphonate (99mTc-HMDP), and the histological
characteristics of typical osteolytic and osteoblastic lesions in a representative breast cancer bone
metastasis model rat that was fed. (a) The enlarged autoradiograms and the schema and
(b) the histological images (toluidine blue (TB), tartrate-resistant acid phosphatase (TRAP), alkaline
phosphatase (ALP)) correspond to the blue frame on the schema in Figure 2b are represented. The
lesions corresponding to 99mTc-HMDP-positve were considered peri-tumor bone formation (pTBF) in
osteoblastic lesions (yellow arrows). (c) The high-power microscopic fields (hematoxylin and eosin
(H&E), TB, alanine-serine-cysteine transporter 2 (ASCT2), L-type amino acid transporter 1 (LAT1))
correspond to the black, red, yellow, and cyan frames on the TB image in Figure 3b are shown. The red,
yellow, and white scale bars on each panel correspond to 50 μm, 200 μm, and 500 μm, respectively. BM:
bone marrow, CB: cortical bone, Ob: osteoblasts, Oc: osteoclasts, Os: osteoids, Tu: tumor.
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Figure 4. Beeswarm and box plots showing the distributions of targetmean (metastatic
lesion)-to-backgroundmean (muscle) (T/BG) ratios of 2-deoxy-2-18F-fluoro-D-glucose (3H-FDG) and
14C-fluciclovine in (a) osteolytic lesions (OL), and (b) peri-tumor bone formation (pTBF) in osteoblastic
lesions in breast cancer bone metastasis model rats, with and without overnight fasting. The numbers
under each box indicate the number of lesions. n.s.: not significant.

3. Discussion

We aimed to determine whether fasting before 18F-fluciclovine-PET imaging improved
visualization of bone metastasis lesions using a rat BCa bone metastasis model exhibiting osteolytic
and osteoblastic lesions. Our findings suggest that fasting before fluciclovine-PET imaging improves
the background contrast between osteolytic/osteoblastic bony lesions and muscle.

First, we investigated the AATs involved in the uptake of 14C-fluciclovine in MRMT-1 cells, a
rat BCa cell line. We confirmed that ASCT2 and LAT1 were the primary AATs for 14C-fluciclovine
transport in MRMT-1 cells, as well as prostate and brain cancer cell lines [8–12]. Second, we designed
a bone metastasis model and injected MRMT-1 cells into the saphenous artery of the hind legs of rats.
In this model, the mixed lesions of osteolytic and osteoblastic metastases, closely mimicking clinical
findings [7], were formed in the tibia and/or femur.

Using this animal model, we performed triple-tracer autoradiography with 14C-fluciclovine/
3H-FDG/99mTc-HMDP and evaluated the accumulation of each tracer in identical bony lesions.
Comparing the T/BG ratios of 14C-fluciclovine accumulation in rats that were fasted overnight with
those in rats fed ad libitum, the ratios were higher in both osteolytic and osteoblastic lesions under the
fasted condition than in the fed condition. It has been reported that the sum concentration of all plasma
AAs decrease by 10% in rats fasted for one day, although the decreases do not involve drastic changes,
unlike blood glucose (−35%) [13]. Among the AAs, proline (−48.9%), alanine (−21.8%), histidine
(−18.2%), and glutamine (−13.1%), which are substrates of the ASC or L systems, demonstrated
relatively high reduction rates in this experiment [13]. Thus, we expected that the concentration of
these neutral AAs in rat plasma would be decreased by fasting before the injection of 14C-fluciclovine
and, consequently, that the autoradiography images of tumor lesions would be improved by increased
14C-fluciclovine transport into the cancer cells. The T/BG ratios of 14C-fluciclovine were, in fact,
statistically higher under the fasted condition compared with the fed condition. Thus, we believe
that it is reasonable to prescribe fasting to PCa patients before fluciclovine-PET, not only to decrease
plasma AA concentration, but to force the AA concentration toward favoring fluciclovine transport,
thus achieving a more quantitative fluciclovine-PET scan.
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There have been some reports describing the influence of meal or plasma AAs on AA-tracer
accumulation in tumors. Lindholm et al. [4] performed an intra-individual clinical study to investigate
whether the ingestion of a liquid meal influenced the accumulation of 11C-methionine, which is
transported by LAT1 [10,11], in patients with head and neck cancer. In that study, initial PET imaging
was performed after an overnight fast; the second PET imaging was then performed after ingesting the
liquid meal containing L-methionine and branched-chain AAs 6 to 7 days after the first PET imaging.
PET imaging was initiated 45 min after ingestion. The standard uptake values of 11C-methionine in the
tumor after ingestion decreased to a statistically lower level than that in tumors after fasting, although
the tracer entering rate (i.e., K1) into the tumor was not changed substantially [4]. Additionally,
11C-methionine uptake in gliomas and normal brain tissue, while the patient received an intravenous
infusion of branched-chain AAs, decreased [14]. Similar results were observed in glioma patients
injected with 3-123I-Iodo-L-α-methyltyrosine (123I-3-IMT), which is known to be transported by LAT1,
with intravenous infusion of a mixture of naturally-occurring L-AAs during imaging [15]. The
decreasing level of tracer accumulation in tumors observed in these three studies was believed to
be caused by competitive inhibition between the exogenous AAs and tracers on LAT1. Thus, it is
believed that ingesting food containing abundant AAs before, or intravenous infusion of AAs during,
fluciclovine-PET imaging decreases the tumor accumulation of 18F-fluciclovine in PCa patients because
18F-fluciclovine is also transported by LAT1.

ASCT2 and LAT1 are obligatory AA exchangers with a 1:1 stoichiometry. If cancer cells are
preloaded with AAs, which can trans-stimulate the influx of extracellular AAs (trans-stimulators),
the velocity of AA transport through the AA exchangers is accelerated [8]. Thus, the preinjection
of trans-stimulators into cancer patients would be expected to accelerate the uptake of PET tracers
into cancer cells. Based on this hypothesis, Lahoutte et al. investigated the effect of intraperitoneal
preinjection (30 min before tracer injection) of each naturally-occurring AA (arginine, aspartate,
glutamate, phenylalanine, proline, tryptophan) on the uptake of 123I-3-IMT into the subcutaneous
tumor of Rhabdomyosarcoma (R1M) tumor-bearing rats fasted for 4 h [16]. They found that the
strongest effect was observed with the preinjection of tryptophan, which is a substrate of LAT1,
although all AAs used in the study accelerated the uptake of 123I-3-IMT into the tumor. This increase
of 123I-3-IMT transport into the subcutaneous tumor is explainable and based on trans-stimulation
by preloaded tryptophan via LAT1. Accordingly, it is believed that 18F-fluciclovine transport also
would be accelerated by the preinjection of trans-stimulators because this PET tracer is also recognized
by ASCT2 and LAT1. On the other hand, Lahoutte’s findings are discrepant with findings involving
11C-methionine reported by Lindholm et al. [4]. The reason for the discrepancy may be the result of
differences in experimental protocols between the studies: the injected substance (liquid meal vs. AA),
the injection route (oral vs. intravenous), the species (rats vs. human), and fasting duration before
tracer injection (4 h vs. non-fasting). Although fasting and preloading AAs appear to be conflicting
treatments, there is a possibility that both may improve the visualization of PCa on fluciclovine-PET.
Sophisticated, non-clinical studies are needed to determine the optimal imaging conditions for
fluciclovine-PET, including variables such as fasting duration, type and dose of trans-stimulators, and
timing of 18F-fluciclovine administration after fasting, or preinjection of trans-stimulators, because the
metabolism of AAs in rats differs from that in humans.

We demonstrated that the T (tumor)/BG (muscle) ratios of 14C-fluciclovine in osteolytic and
osteoblastic lesions in fasted rats were higher than in rats that were fed. We believe that the increased
rate of 14C-fluciclovine uptake in cancer cells was greater than in muscular cells under experimental
starvation. Our hypothesis for these findings is as follows: the most abundant and important neutral
AA for mammalian cells is glutamine, which is transported by ASCT2 and sodium-dependent neutral
amino acid transporter 2 (SNAT2) [17]. In muscle, SNAT2 is abundantly expressed compared with
ASCT2 [18], and regulates intramuscular glutamine concentration [19–21]. A portion of intracellular
glutamine is used for transport exchange with extracellular leucine via LAT1, and leucine regulates
the production and degradation of protein in muscle as an activator for the mammalian target of
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rapamycin complex 1 (mTORC1), a key player in cellular functions such as protein and lipid synthesis,
glycolysis, autophagy, etc. [22,23]. Decreases in intramuscular leucine represses mTORC1 signaling
under fasting conditions, followed by the activation of the autophagic pathway, protein degradation,
and the production of AAs [24]. The AAs are released from muscle and delivered to the liver and
used for glycogenesis [25]. Thus, the efflux of AAs from muscular cells is facilitated under the
starvation condition.

On the other hand, many types of cancers co-express ASCT2 and LAT1 on the cell surface [26],
and these AATs function as key players for AA transport including glutamine and leucine in cancer
cells [17]. In fact, many studies have reported that the co-expression of ASCT2 and LAT1 correlates with
malignancy and prognosis in several types of cancer [27–33]. Although cancer cells can also actuate an
autophagic process during starvation, the AAs produced by protein degradation in cancer cells are
used for cancer-cell survival [34]. Instead, cancer facilitates the autophagic process in muscle tissue [35].
Thus, it is believed that cancer cells accelerate the influx of AAs rather than efflux, unlike muscle
under fasting conditions. Because ASCT2 and LAT1 are the primary AATs mediating 14C-fluciclovine
transport, we speculate that the increased rate of 14C-fluciclovine uptake in cancer cells is greater than
in muscle cells under conditions of starvation. Therefore, the T/BG ratios of 14C-fluciclovine in the
bone metastatic lesions in fasted rats were higher than in rats that were fed.

As mentioned, AA metabolism is a complex process, and different in humans and rats.
The duration of fasting for fluciclovine-PET (4 to 6 h) scans in clinical settings and our animal
experiment (17 to 18 h) is quite different. Thus, there is a possibility that the influence of fasting
on 18F-fluciclovine accumulation in cancer tissue is reduced in clinical practice compared with the
influence observed in our animal experiments. Additionally, the imaging time in the current study was
30 min, which falls within the plateau phase of 18F-fluciclovine uptake in orthotopic transplanted PCa
of a previously described animal model [36]. On the other hand, imaging results at 30 min correspond
to the late phase of a clinical fluciclovine-PET scan (typically 5 to 30 min); by that time, 18F-fluciclovine
uptake decreases in prostate, lymph node, and bone lesions [37,38]. Consequently, uptake may have
been underestimated in the current animal experiment. Further in vitro and in vivo studies are needed
to extrapolate our findings to humans. Furthermore, intra-individual clinical studies are required
to elucidate whether fasting and/or preloading trans-stimulators before fluciclovine-PET influences
tumor accumulation of 18F-fluciclovine and improves fluciclovine-PET imaging in cancer patients.

4. Materials and Methods

4.1. Reagents

All reagents were purchased from Life Technologies (Carlsbad, CA, USA), Sigma-Aldrich
(St. Louis, MO, USA), Nacalai Tesque (Kyoto, Japan), and Wako Pure Chemical Industries (Osaka,
Japan), unless otherwise indicated. 14C-labeled fluciclovine (14C-fluciclovine) and 3H-labeled
FDG (3H-FDG) were used instead of 18F-labeled tracers because their long half-lives make them
more suitable for experiments than tracers labeled with 18F (t 1

2 = 110 min). 14C-Fluciclovine
(specific activity, 2.08 GBq/mmol; radiochemical purity (RCP) >98%), which has the same chemical
structure as 18F-fluciclovine, with the exception of the position of the radioisotope, was commercially
synthesized by Nemoto Science (Tokyo, Japan), as described previously [8]. 3H-FDG (specific actvity
2.22 TBq/mmol; RCP, >99%) was purchased from American Radiolabeled Chemicals (St. Louis,
MO, USA). The authors’ company, Nihon Medi-Physics (Tokyo, Japan), produced 99mTc-HMDP
(740 MBq/vial; RCP, >95%). All AAs used in this study were the L-form.

4.2. Cell Culture

A rat BCa cell line, MRMT-1, was procured from RIKEN BioResource Center (Tsukuba, Japan;
obtained in January 2014) and maintained in RPMI 1640 medium supplemented with 10% fetal bovine
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serum (American Type Culture Collection, Rockville, MD, USA), 100 μg/mL streptomycin, and
100 U/mL penicillin.

4.3. Competitive Inhibition Assay

The contributions of Na+-dependent and -independent AATs to 14C-fluciclovine transport was
estimated using competitive inhibition assays between 14C-fluciclovine and naturally-occurring or
synthetic AAs, as described in a previous report [8]. Briefly, MRMT-1 cells were cultured in 24-well,
flat-bottom tissue culture plates, and culture medium was replaced with sodium buffer (140 mmol/L
NaCl, 5 mmol/L KCl, 5.6 mmol/L glucose, 0.9 mmol/L CaCl2, 1.0 mmol/L MgCl2 and 10 mmol/L
HEPES (pH 7.3)) or choline buffer (NaCl of the sodium buffer was preplaced with 140 mmol/L choline
chloride) containing 10 μmol/L 14C-fluciclovine in the presence or absence of 2.0 mmol/L inhibitor.
Cells were placed in an incubator at 37 ◦C for 5 min, and radioactivity was measured using a liquid
scintillation counter (Tri-Carb 2910TR, Perkin Elmer, Waltham, MA, USA). Protein concentrations of
cell lysates were determined using the BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham,
MA, USA). Tracer uptake was calculated as pmol/mg protein and the control transport (absence of
inhibitors) of 14C-fluciclovine in sodium/choline buffer was normalized to 100%. In this study, the
following synthetic and naturally-occurring AAs were used as inhibitors: BCH, MeAIB, phenylalanine,
proline, glutamine, serine, arginine, and glutamate; the specificity of each AA to AATs have been
described in a previous report [8].

4.4. Animal Handling

All animal handling procedures and experimental protocols were conducted in accordance with
Japanese laws as stipulated in the Act on Welfare and Management of Animals, and approved by the
Institutional Animal Care and Use Committee of Nihon Medi-Physics (No. 142-019) on 24 October 2014.
Male Sprague-Dawley rats (9–12 weeks old; CLEA Japan, Tokyo, Japan) were used for all experiments.
Rats were housed in a 12 h light-dark cycle and were maintained on a standard laboratory diet,
Labo MR Stock (Nosan Corporation, Kanagawa, Japan) containing approximately 9.2% water, 18.8%
crude protein, 3.9% crude fat, 6.6% crude fiber, 6.9% crude ash, 54.7% of nitrogenous compounds,
amino acids (1.09% arginine, 0.46% histidine, 0.67% isoleucine, 1.36%, leucine, 0.89%, lysine, 0.26%
methionine, 0.84% phenylalanine, 0.64% threonine, 0.21% tryptophan, 0.79% valine, 0.28% cystein),
and drinking water. All animals were anesthetized using 1% isoflurane (Pfizer Japan, Tokyo, Japan).
In the surgical procedures, 0.5% meloxicam (Boehringer Ingelheim Vetmedica, Tokyo, Japan) was
injected subcutaneously to relieve pain.

4.5. BCa Bone Metastatic Model

A BCa bone metastatic model, described previously [39], was used. Briefly, 100 mL of a cell
suspension containing 2.5 × 104 MRMT-1 cells in Hank’s Balanced Salt Solution without Ca2+ and
Mg2+ was injected into the saphenous artery of the right hind legs. Development of osteolytic lesions
was monitored using a microfocus X-ray imaging system (μFX-1000; FUJIFILM Corporation, Tokyo,
Japan) or a preclinical imaging system (FX3000 CT, TriFoil Imaging, Chatsworth, CA, USA) and
triple-tracer autoradiography was performed 12 ± 1 days after the cell injection. Osteolytic lesions
were induced in the tibia and/or femur of the experimental rats.

4.6. Triple-Tracer Autoradiography

To compare the distribution of each tracer visually in identical lesions, triple-tracer
autoradiography was performed using 14C-fluciclovine, 3H-FDG, and 99mTc-HMDP in the BCa
osteolytic model as described in the supplementary material. Briefly, rats with (n = 5) or without
(n = 6) fasting overnight (17 h to 18 h) were injected (tail vein) with three tracers (14C-fluciclovine:
2.75 MBq/kg, 3H-FDG: 18.5 MBq/kg, 99mTc-HMDP: 74 MBq/kg). 14C-Fluciclovine and 3H-FDG
were allowed to remain in circulation for 30 min; 99mTc-HMDP was allowed to remain for 2 h before
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euthanizing the animal. The tibiae and femora were removed and frozen in isopentane/dry ice; the
frozen bone was then embedded in Super Cryoembedding Medium (SCEM) (Section-Lab, Hiroshima,
Japan), followed by freezing again in isopentane/dry ice until the SCEM set. The frozen samples
were sectioned using a CM3050S cryostat (Leica Microsystems, Tokyo, Japan) at −20 ◦C with an
adhesive film (Cryofilm Type 2C(9), Section-Lab) using Kawamoto’s film method (5 μm slices and
10 μm slices for the histological and autoradiography specimens, respectively) [40]. The frozen samples
were provided for triple-tracer autoradiography and each 14C-, 3H-, and 99mTc-image was created
as described in the supplementary materials. The regions-of-interest (ROIs) were manually drawn
around each lesion while referring to the histological images from H&E and TB staining. In the
14C-fluciclovine and 3H-FDG images, tumor lesions with bone absorption were defined as OL (typical
osteolytic lesions) and the lesions corresponding to 99mTc-HMDP accumulation were defined as
peri-tumor bone formation (pTBF) in the osteoblastic lesions (typical osteoblastic lesions). Furthermore,
three ROIs of random size were manually positioned on the normal regions of muscle surrounding
tibiae and/or femora and the average ROI count from the three ROIs was calculated as the background
radioactivity. The targetmean (metastatic lesion)-to-backgroundmean (muscle) (T/BG) ratios were then
calculated and lesion-based analyses were performed.

4.7. Histological Analysis

The following procedures for each histological stain were performed on 5 μm serial sections using
general methods: H&E and TB staining for histological changes at the lesion sites; ALP for osteoblast
and fibroblast activity; and TRAP staining for osteoclast-activity. Anti-ASCT2 (J-25) polyclonal antibody
(1:40; Santa Cruz Biotechnology, Dallas, TX, USA) and anti-LAT1 (H-75) polyclonal antibody (1:200;
Santa Cruz Biotechnology) for the amino acid transporters were used in the immunohistochemical
assessments with EnVision+ System HR-labeled polymer anti-rabbit (Dako Japan, Tokyo, Japan) and
Liquid DAB+ Substrate Chromogen System (Dako Japan). A BZ-9000 HS all-in-one fluorescence
microscope (Keyence Corporation, Osaka, Japan) was used for pathological examinations.

4.8. Statistical Analysis

Data are presented as mean ± the standard deviation. To create beeswarm plots with box plots,
R version 3.3.2 (R Foundation, Vienna, Austria) for Windows (Microsoft Corporation, Redmond,
WA, USA) was used. In these plots, each dot represents a T/BG ratio in each lesion and the center
lines in the boxes represent the medians; box limits indicate the 25th and 75th percentiles; whiskers
extend 1.5 times the interquartile range from the 25th and 75th percentiles. All statistical analyses were
performed using SAS version 9.4 (SAS Institute, Cary, NC, USA). The two groups were compared using
Wilcoxon rank-sum tests for non-normal distribution datasets, or the F-test, followed by two-tailed
unpaired Student’s t-test or Welch’s t-test for datasets with normal distribution. In all analyses, p < 0.05
was considered to be statistically significant.

5. Conclusions

Our findings suggest that fasting influences the uptake of 18F-fluciclovine in osteolytic and
osteoblastic bone metastasis lesions, and can facilitate clearer visualization of lesions in fluciclovine-PET
imaging. However, because AA metabolism is a complex process, further animal and clinical studies
are required to confirm our findings.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/5/934/s1.
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Abbreviations

AA amino acid
AAT amino acid transporter
ALP alkaline phosphatase
ASC alanine-serine-cysteine
ASCT2 alanine-serine-cysteine transporter 2
BCa breast cancer
BM bone marrow
11C carbon-11
14C carbon-14
CB cortical bone
18F fluorine-18
FDG 2-deoxy-2-fluoro-D-glucose
3H tritium-3
H&E hematoxylin-eosin
HMDP hydroxymethylene diphosphonate
LAT1 L-type amino acid transporter 1
mTORC1 mammalian target of rapamycin complex 1
99mTc technetium-99m
Ob osteoblasts
Oc osteoclasts
Os osteoids
PET positron emission tomography
PCa prostate cancer
pTBF peri-tumor bone formation
RCP radiochemical purity
ROI region-of-interest
SCEM Super Cryoembedding Medium
SNAT2 sodium-dependent neutral amino acid transporter 2
TB toluidine blue
T/BG targetmean (metastatic leion)-to-backgroundmean (muscle)
TRAP tartrate-resistant acid phosphatase
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Abstract: Circulating tumour cells (CTCs) are an emerging resource for monitoring cancer biomarkers.
New technologies for CTC isolation and biomarker detection are increasingly sensitive, however,
the ideal blood storage conditions to preserve CTC-specific mRNA biomarkers remains undetermined.
Here we tested the preservation of tumour cells and CTC-mRNA over time in common anticoagulant
ethylene-diamine-tetra-acetic acid (EDTA) and acid citrate dextrose solution B (Citrate) blood tubes
compared to preservative-containing blood tubes. Blood samples spiked with prostate cancer cells
were processed after 0, 24, 30, and 48 h storage at room temperature. The tumour cell isolation
efficiency and the mRNA levels of the prostate cancer biomarkers androgen receptor variant 7 (AR-V7)
and total AR, as well as epithelial cell adhesion molecule (EpCAM) were measured. Spiked cells were
recovered across all storage tube types and times. Surprisingly, tumour mRNA biomarkers were
readily detectable after 48 h storage in EDTA and Citrate tubes, but not in preservative-containing
tubes. Notably, AR-V7 expression was detected in prostate cancer patient blood samples after 48 h
storage in EDTA tubes at room temperature. This important finding presents opportunities for
measuring AR-V7 expression from clinical trial patient samples processed within 48 h—a much more
feasible timeframe compared to previous recommendations.

Keywords: circulating tumour cell; biomarker; androgen receptor; AR-V7; droplet digital polymerase
chain reaction (ddPCR); blood storage tube

1. Introduction

Circulating tumour cells (CTCs) are cells shed from tumours into the peripheral blood, and are
believed to be the mechanism for metastasis [1,2]. The enumeration of CTCs has great prognostic
value, and further molecular profiling of CTCs has great potential in providing insights on cancer
progression, identifying CTC specific molecular therapeutic targets, determining prognostic and
relapse indicators, and allowing longitudinal monitoring of disease response to treatments [3,4].
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Therefore, relatively simple, non-invasive CTC analysis has exciting potential to investigate changes
in tumour biomarkers during a cancer patient’s disease progression. In prostate cancer, CTC counts
have been associated with prognosis and importantly, isolated CTCs can function as a surrogate
tumour samples to detect therapy-determining biomarkers, including the mRNA based androgen
receptor variant AR-V7 in CTCs [5–8]. However, CTC analysis is still a rapidly-evolving field due
to the complexities of isolation and detection of true CTCs. While it is estimated that 106 CTCs are
shed per 1 g of tumour tissue per day, CTCs are thought to have a short half-life of less than 3 h in the
bloodstream [9–12]. Hence, a major technical challenge for CTC analysis has been efficient recovery
of rare CTCs from a background of approximately 109 erythrocytes and 107 leukocytes per mL of
blood, and this has spurred the development of improved technologies for CTC isolation [13–15].
Despite these advances, feasible CTC analysis for clinical trials involving multiple sites are particularly
challenging, due to strict requirements for pre-analytical conditions of blood samples in transport
and storage, and time restrictions to ensure CTC integrity and biomarker detectability is maintained.
Parameters, such as blood tube composition, storage or shipping temperature, sample agitation,
and delays in sample processing in a large-throughput laboratory need to be considered before such
measurements are conducted for clinical trials. Ideally, CTCs should be protected from apoptosis or
cell lysis and, importantly, preserve relevant tumour biomarkers, an issue that is considered especially
challenging for mRNA-based biomarkers.

Ethylene-diamine-tetra-acetic acid (EDTA) and acid citrate dextrose solution B (Citrate) are
commonly used as anticoagulants in blood tubes for pathology blood tests. These tubes are compatible
with downstream polymerase chain reaction (PCR) analysis [16,17] and have also been used for CTC
isolation. However, as these tubes do not contain fixatives, early studies recommended that blood
should be processed within 24 h, and ideally within 5 h, as it was thought that CTCs rapidly enter
apoptosis [18]. To target this problem, new blood tubes have been designed with preservatives intended
to extend time before sample processing. Cell-free DNA blood collection tubes (DNA BCT) and Cell-free
RNA blood collection tubes (RNA BCT) (Streck, Omaha, NE, USA) are proposed to stabilise nucleated
blood cells, preventing the release of cellular DNA and RNA into the plasma, and also inhibiting
degradation of cell-free DNA and RNA [19,20]. Therefore, these tubes might be advantageous for CTC
sample analysis. Additionally, Cyto-Chex blood collection tubes (Cyto-Chex BCT) were originally
designed to preserve cell surface antigens for white blood cell immunophenotyping [21] which may
allow improved CTC recovery by immunomagnetic isolation.

There have been previous reports suggesting the added preservatives in BCTs indeed aids CTC
stability [22,23]. However, the preservative effects on actionable mRNA-based tumour biomarkers,
such as AR-V7 has, to our knowledge, not been tested thoroughly in CTCs isolated from any
blood collection tube type. We have previously reported a very sensitive method to detect AR-V7,
an emerging RNA-based prostate cancer biomarker in prostate cancer patient CTC samples, showing
that AR-V7 is not expressed in residual blood cells, and is expressed heterogeneously in CTCs [7].
In this study, we compare the effects of preservative-containing BCTs to commonly used EDTA and
Citrate blood tubes on tumour cell isolation and detection of AR-V7 using our sensitive method.

2. Results

2.1. Spiked Cell Recovery

To test CTC preservation and recovery from the five different blood tubes, CTCs were modelled
by spiking defined cell numbers of the 22Rv1 prostate cancer cell line into healthy female donor blood.
At 0, 24, 30, and 48 h after spiking, tumour cells were enriched and enumerated. Three experiments
were performed using 192 mL blood each from three healthy donors. The mean recovery of spiked
cells ranged from 13% to 44% across all time points. All blood tubes showed preservation of spiked
cells up to 48 h, with mean recovery between 24% and 39% (Figure 1a). The mean recovery of all blood
tubes at each time point was compared against recovery at 0 h. Processing samples at 24 and 30 h
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resulted in significantly lower recovery than when processed at 0 h (p < 0.05). Within each time point,
the recovery of each blood tube was compared to EDTA. No blood tube had significantly different
recovery from EDTA, but the mean recovery of RNA BCT exceeded EDTA at each time point (p < 0.05).

Figure 1. (a) Recovery of spiked 22Rv1 cells after tumour cell enrichment. The mean recovery at 24 h
and 30 h was significantly different from recovery at 0 h (* p < 0.05). (b) Total cell count (recovered
spiked cells and residual leukocytes after cell enrichment) from samples processed 0 h, 24 h, 30 h,
and 48 h after spiking. At 48 h, DNA blood collection tubes (DNA BCT) cell count was significantly
different from ethylene-diamine-tetra-acetic acid (EDTA) (* p < 0.05). For both (a,b), symbols represent
the mean from three independent experiments, and whiskers represent the range.

2.2. Leukocyte Contamination

DNA BCT and RNA BCT generally had increased total cell counts (tumour cells plus residual
co-purified leucocytes) when samples were processed later (Figure 1b). In comparison, EDTA, Citrate
and Cyto-Chex BCT cell counts remained similar across all time points. When compared to EDTA
tubes, DNA BCT and RNA BCT had higher mean cell counts at each time point, whereas Citrate tubes
gave lower cell counts. A two-way ANOVA of each blood tube compared to EDTA at the same time
point indicated that for samples processed at 48 h, DNA BCT total cell counts were significantly higher
than for EDTA tubes (p < 0.05).

2.3. Cellular RNA Recovery

To evaluate the ability of each blood tube in preserving cellular RNA, tumour cell-specific gene
expression (AR-V7, total AR and epithelial cell adhesion molecule (EpCAM)) was measured by
droplet digital PCR (ddPCR) for each blood tube at each tumour cell enrichment time point (Figure 2).
Cells from EDTA and Citrate tubes generally showed decreased mRNA detection the longer the sample
storage time, with mRNA biomarkers still readily detectable even after 48 h. In all BCT samples,
gene expression was low when processed immediately and undetectable after any storage duration.
Thus, while mRNA detection from Citrate and EDTA blood tube samples was similar, BCT samples
showed a striking loss in detectable gene expression compared to EDTA tube samples (p < 0.01).
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Figure 2. Expression of spiked tumour cell specific genes in samples processed 0 h, 24 h, 30 h, and 48 h
after spiking. Symbols represent mean expression from three independent experiments, whiskers
represent the range, and are not shown when smaller than the data symbol. The mean gene expression
in DNA BCT, RNA BCT, and Cyto-Chex BCT were significantly different from EDTA (** p < 0.01,
*** p < 0.001, **** p < 0.0001). AR-V7: androgen receptor variant 7; AR: androgen receptor.

2.4. Increased Proteinase K Treatment

We also investigated the effect of increased proteinase K digestion on the cellular RNA recovery
as per manufacturer’s suggestions for the BCTs. 22Rv1 cells were spiked into a new set of blood tubes
(EDTA, Citrate, DNA BCT, and RNA BCT), followed by enrichment after 48 h of storage. RNA was
extracted with and without additional 2 h proteinase K treatment, and gene expression was measured
in RNA samples from two independent experiments. In EDTA and Citrate blood tubes, increased
proteinase K digestion did not aid RNA recovery but decreased the number of measured copies of
all three genes (Figure 3). In DNA BCT and RNA BCT, there was no detectable AR-V7, total AR or
EpCAM with standard RNA extraction, and with increased digestion there was a small, but statistically
insignificant, increase in the detection of total AR and AR-V7 in DNA BCT and RNA BCT, respectively.

Figure 3. Effect of increased proteinase K treatment on the detection of spiked cell specific genes in
samples processed 48 h after spiking. Symbols represent the mean expression from two independent
experiments, whiskers represent the range, and are not shown when smaller than the data symbol.
EpCAM: epithelial cell adhesion molecule.

2.5. Patient CTC Cellular RNA Detection

Given that spiked cell-specific gene expression was detectable even in samples processed 48 h
following spiking of 22Rv1 cells into fresh blood in EDTA and Citrate tubes, we wished to confirm
that AR-V7 also remains detectable that long in patient-derived CTCs. Common EDTA tube blood
samples from three prostate cancer patients were processed at 4, 24, and 48 h after collection. After CTC
enrichment, all patient samples had detectable AR-V7, total AR and EpCAM at all time points (Figure 4).
AR-V7 expression varied between the three patients, while being comparable to the expression detected
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for these patients in a sample collected previously (Table 1). The AR-V7 and total AR detected in patient
samples decreased with longer time before processing, but the decrease was not statistically significant.

Figure 4. Detection of gene expression in prostate cancer patient circulating tumour cells (CTCs)
isolated 4, 24, and 48 h after blood collection in EDTA tubes. Error bars represent 95% confidence
intervals of droplet digital polymerase chain reaction (ddPCR) measurements, and error bars smaller
than the data symbols are not shown.

Table 1. Androgen receptor variant 7 (AR-V7) and total AR expression in prostate cancer patient
blood samples.

Patient
Hormone

Sensitivity Status 1
CTC Count/mL Blood AR-V7 Copies/mL Blood Total AR Copies/mL Blood

<4 h * <4 h * 4 h 24 h 48 h <4 h * 4 h 24 h 48 h

1 CRPC 9 * 2 * 7 5 3 96 * 155 49 84

2 CRPC 2 * 110 * 126 128 74 19,140 * 7963 6083 4191

3 CRPC 6 * 45 * 210 135 102 2610 * 11,392 5994 3848
1 CRPC = castrate resistant prostate cancer. Patients who had 7–9 month previously high AR-V7 levels detected [7]
were chosen for this study (* for comparison previous data are presented; note in the previous study CTC isolation
was performed using a different instrument (IsoFlux, Fluxion, San Francisco, CA, USA), CTC counts are normalized
per mL blood). New AR-V7 and total AR expression data of the same patients are presented.

3. Discussion

3.1. Tumour Cell Preservation

New blood tubes such as DNA BCT, RNA BCT, and Cyto-Chex BCT contain formaldehyde-free
fixatives in addition to traditionally used anticoagulants in blood tubes [19–21]. As these BCTs were
previously shown to preserve leukocytes and prevent the release of cellular RNA into plasma, even after
over three days of storage at room temperature [20,24,25], our study compared commonly-used EDTA
and Citrate tubes with BCTs in terms of the ability to preserve modelled CTCs (spiked cultured tumour
cells) and of greater interest, cellular RNA.

From our study, the total cell count by Hoechst staining showed that leukocyte retention after
tumour cell enrichment increased over time in DNA BCT compared to other blood tubes. Since BCTs
were designed for analysis of plasma cell-free nucleic acids, this has not previously been a concern.
However, downstream analysis of CTCs can be adversely affected by contaminating leukocytes,
such as for single CTC isolation or CTC nucleic acid analysis. Disregarding background leukocytes,
intact tumour cells were visible under bright field microscopy from all blood tubes after 48 h (data not
shown), and enumeration of cell tracker-stained cells indicated that the recovery of spiked tumour
cells was not significantly different across all blood tube types within each time point. Furthermore,
although spiked cell recovery generally decreased with longer storage time before processing, there
was no significant difference between recovery at 0 and 48 h, with a mean recovery of 35% and 30%,
respectively. Our results are in agreement with a previous study which found that CTC yields from
lung cancer patients did not decline significantly when processed after 24, 48, or 72 h storage in EDTA
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tubes [26]. We suggest that the observed variation in spiked cell recovery in our data can be mostly
attributed to the difficulties of spiking exact cell numbers of the 22Rv1 cell line, which shows a very
strong tendency towards cell clustering. Nevertheless, this line was chosen due to its high AR-V7
expression, and cell strainers were used to keep the effects of cell aggregates to a minimum. Conversely,
our results differ from a recent study which reported that the recovery of 2000 spiked MCF-7 breast
cancer cells from DNA BCT after one day and four days was very similar at 60% and 58%, respectively,
while the recovery decreased from 32% to 16% for EDTA tubes [23]. The discrepancies between the
results may be attributed to the difference in the spiked cell line, spiked cell numbers, method of
tumour cell isolation, and detection and blood storage time. Importantly, the observed differences in
the limited number of studies in this area highlights the need for more research to further compare
and improve methods of CTC isolation after blood storage.

Despite common recommendations to process blood samples as soon as possible to reduce cell
lysis, our data indicates that cell fixation is not necessary for the recovery of tumour cells, and common
EDTA or Citrate tubes are sufficient for tumour cell detection within 48 h.

3.2. Cellular RNA Preservation

Analysis of gene expression from CTCs can provide valuable information on CTC activity and
cancer progression, but is particularly challenging as delays in blood sample processing may cause
alterations in CTC gene expression, and existing mRNAs may have a short half-life. DNA BCT and
RNA BCT were designed to preserve cellular DNA and RNA, respectively, from being released and,
hence, were expected to perform better than commonly-used EDTA and Citrate tubes, which only
contain anticoagulants. We used our previously-reported, highly-sensitive and specific ddPCR assay
to screen for AR-V7, total AR, and EpCAM; this assay has shown before that AR-V7 and total AR were
highly expressed in the 22Rv1 cell line or patient CTCs while having no, or negligible, expression in
healthy control peripheral lymphocytes [7]. We were surprised to find AR-V7, total AR, and EpCAM
readily detectable after 48 h in common EDTA and Citrate tubes. The data suggest that mRNAs
encoding these genes have relatively long half-life and/or are continuously expressed by viable
tumour cells during storage in a blood sample. Additionally, the detection of mRNA confirms that
cells remain intact in the blood sample as it is well established that any released free RNA will be
quickly degraded by RNases in the blood [27]. Since cultured 22Rv1 cells are potentially more robust
and survive extended storage in blood samples better than CTCs, we confirmed that AR-V7 detection
after 48 h storage was translatable to patient CTC samples by testing three patients previously shown
to have high CTC AR-V7 expression [7]. Although a small decrease in AR-V7 levels after 48 h was
detected in these patient samples, the decrease was marginal in this time frame and even in patient
blood with low AR-V7, CTC derived AR-V7 was still detectable after 48 h blood storage at room
temperature. AR-V7 expression was comparable to the previous testing of the same patients [7].

In contrast to our data from blood storage in common blood tubes, the BCT samples processed
immediately produced much lower detectable tumour cell specific mRNA, and any storage of spiked
blood samples in these tubes prevented detection of gene expression completely. We propose that the
preservative in the tubes renders RNA inaccessible, likely due to RNA cross-linking with proteins and
DNA, which would be incomplete when samples are processed immediately, explaining the limited
gene expression detected for our 0 h samples. This interpretation is supported by a report that spiked
breast cancer cells could be retrieved from DNA BCTs after up to 72 h storage and had accessible DNA,
however, whole genome amplification (WGA) yielded consistently significantly less DNA than WGA
from EDTA tubes [22]. Alternatively, RNA could have degraded in the BCTs in our study, however,
mRNA was reported detectable by in situ hybridisation from spiked tumour cells isolated from blood
stored for four days at room temperature in DNA BCTs [23], suggesting that RNA remains intact
but possibly cross-linked, which would interfere less with in situ hybridisation than RNA extraction.
While, according to the manufacturers guidelines, RNA should be extractable from samples stored in
BCTs, an extended protein K digest is recommended, which might help to reverse cross-linking effects.

389



Int. J. Mol. Sci. 2017, 18, 1047

We, therefore, investigated whether increased proteinase K treatment during RNA extraction would
allow relevant gene expression detection for samples stored for 48 h. However, increased proteinase K
digest failed to produce relevant effects and decreased RNA detectability in EDTA and Citrate tubes.

Previous studies showed BCTs to preserve leukocyte cellular RNA, and prevent cellular RNA
contamination of cell-free RNA [20,24]. Additionally, the detection of cellular GAPDH, c-Fos and
p53 RNA was reported to show variation in expression in neutrophils from blood samples stored over
three days in EDTA tubes, whereas there was no change when stored in RNA BCT [25]. While the
reasons for the difference to our data are not completely clear, it stands out that all genes tested in
that study are abundantly-expressed genes in common blood cells, which might be easier to detect.
We have not extended testing past 48 h, as blood samples from within Australia can be processed in
this time frame in our facility; however, it is an area of interest for future studies to determine the
maximum storage time for EDTA and Citrate tubes.

From our data, it is evident that CTC-derived AR-V7 can be detected from blood stored in
commonly-used EDTA and Citrate tubes for up to 48 h, while blood tubes with preservatives
(DNA BCT, RNA BCT, and Cyto-Chex BCT) should not be used for CTC isolation if downstream RNA
analysis by PCR is intended.

4. Materials and Methods

4.1. Blood Collection

Prostate cancer patients (n = 3) and healthy female blood donors (n = 4) provided written informed
consent to participate in the study. The study was approved by the South Western Sydney Local
Healthy District Ethics Committee, Australia (HREC/13/LPOOL/158; 02/09/2013). Peripheral blood
was drawn by venipuncture into blood tubes with the initial 3 mL discarded to prevent keratinocyte
contamination and false positive CTCs being present. For the main comparison experiment, a total
of 192 mL blood from each healthy donor (n = 3) was drawn into a total of 24 blood tubes including:
4 × 9 mL K3EDTA tube (Greiner Bio-One, Kremsmünster, Austria), 4 × 9 mL acid citrate dextrose-B
tube (Greiner Bio-One, Kremsmünster, Austria), 4 × 10 mL Cell-free DNA BCT (Streck, Omaha, NE,
USA), 4 × 10 mL Cell-free RNA BCT (Streck, Omaha, NE, USA), and 4 × 2 × 5 mL Cyto-Chex BCT
(Streck, Omaha, NE, USA). In the follow-up experiment to test increased proteinase K treatment, 38 mL
blood from two healthy donors was drawn into one set of EDTA, Citrate, and DNA BCT and RNA
BCT tubes. In the experiment with prostate cancer patients, blood was drawn into 3 × 6 mL K2EDTA
tubes (BD, Franklin Lakes, NJ, USA) available in the clinic.

4.2. Cell Spiking

The human prostate cancer cell line 22Rv1 was purchased from the American Type Culture
Collection (In Vitro Technologies, Melbourne, Australia). Cells were routinely passaged in Roswell
Park Memorial Institute culture medium (RPMI 1640) (Lonza, Basel, Switzerland) supplemented
with 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA, USA) in a humidified incubator
with 5% CO2 at 37 ◦C. For spiking experiments, 22Rv1 cells, cultured for two days after passaging,
were gently detached with accutase (Sigma-Aldrich, St. Louis, MO, USA), washed with phosphate
buffered saline (PBS), and passed through a 20 μm pre-separation filter “cell strainer” (Miltenyi Biotec,
Bergisch Gladbach, Germany) to remove cell aggregates. Cells were then incubated with 15 μM
CellTracker Green CMFDA (Life Technologies, Carlsbad, CA, USA) in 100 μL serum-free RPMI media
at 37 ◦C for 1 h. Stained 22Rv1 cells were washed with PBS and a known number (100–200 cells)
were spiked into blood tubes. The spiked input cell numbers were verified by aliquoting the same
volume onto glass slides in between inoculating blood samples, Hoechst staining, and enumeration by
fluorescent microscopy.

390



Int. J. Mol. Sci. 2017, 18, 1047

4.3. Tumour Cell Enrichment from Whole Blood

Spiked blood samples were enriched for tumour cells after storage (dark, room temperature) for
0, 24, 30, and 48 h. The peripheral blood mononuclear cell (PBMC) layer was extracted using 50 mL
SepMate tubes and Lymphoprep according to the manufacturer’s instructions (Stemcell Technologies,
Vancouver, BC, Canada). PBMCs were washed with separation buffer (PBS with 0.5% FBS and
2 mM EDTA), then incubated at 4 ◦C for 30 min with 50 μL FcR blocking reagent (Miltenyi Biotec,
Bergisch Gladbach, Germany), 50 μL EpCAM conjugated immunomagnetic microbeads (Miltenyi Biotec,
Bergisch Gladbach, Germany), 1 μL 50× Hoechst (Fluxion, San Francisco, CA, USA), and made up to a
total volume of 500 μL with separation buffer. Cell separation was performed with the Posselds program
on the AutoMACS Pro Separator (Miltenyi Biotec, Bergisch Gladbach, Germany). After separation, the
positive selected fraction was separated into two aliquots: one was kept on ice until enumeration on the
same day, while the other was centrifuged at 400× g for 10 min, and the pellet frozen at −80 ◦C until
RNA extraction. For testing of extended proteinase K treatment, samples were enriched after 48 h, with
both aliquots frozen at −80 ◦C until RNA extraction. For prostate cancer patient samples, one blood
tube from each patient was processed within 4 h of blood draw, and the other two blood tubes were
processed after 24 and 48 h of storage, respectively, before freezing at −80 ◦C until RNA extraction.
Supplementary Figure S1 illustrates the different work flows.

4.4. Cell Enumeration

The enriched enumeration sample was mounted onto slides coated with 2% bovine serum
albumine (BSA), then visualised and scanned at 20× magnification with a CellCelector microscope
(ALS GmbH, Jena, Thüringen, Germany). The exposure times for the instrument’s DAPI and FITC
channels were 50 ms and 100 ms, respectively. Scanned images were analysed with ALS CellCelector
software v3.0 (ALS GmbH). Nucleated (Hoechst-positive) cells were detected for total cell counts,
while cells positive for both Hoechst and CellTracker were considered recovered spiked cells.

To calculate the percentage recovery of spiked cells, the number of cells enumerated after tumour
cell enrichment was multiplied by two (to account for CTCs being enumerated in half of the sample
while the other half was processed for RNA) and then divided by the original number of spiked cells
as determined from input controls.

4.5. Cellular RNA Extraction

Total RNA was extracted from the second enriched sample or from CTC-enriched patient samples
with the Total RNA Purification Micro Kit (Norgen Biotek Corp., Thorold, ON, Canada). RNA was
double-eluted in 20 μL followed by 10 μL molecular-grade H2O. For complementary DNA (cDNA)
synthesis, 15 μL of eluted RNA was added to form a total volume of 20 μL with the SensiFAST cDNA
Synthesis Kit (Bioline, London, UK). For testing increased proteinase K digestion, 0.5 mg of DNAase
and RNAase free proteinase K (Bioline) was added with buffer RL at the cell lysate preparation step,
and the sample was incubated for 2 h at 60 ◦C before the addition of ethanol.

4.6. Digital Droplet PCR

Quantification by ddPCR was performed for three tumour cell specific genes. Total androgen
receptor (total AR), androgen receptor splice variant 7 (AR-V7), and epithelial cell adhesion molecule
(EpCAM) using primers and probes shown in Table 2. In brief, 20 μL ddPCR reactions contained 10 μL
ddPCR Supermix for Probes (No dUTP) (Bio-Rad, Hercules, CA, USA), 500 nM of each relevant primer
and 250 nM probe Fluorescein (6-FAM) or HEX. Total AR and AR-V7 reactions were multiplexed as
previously-described [7]. Droplets were generated with 70 μL oil using a QX200 droplet generator
(Bio-Rad). Amplification was performed at 95 ◦C for 10 min, followed by 40 cycles of 94 ◦C for 30 s
and 55 ◦C for 1 min using a C1000 Touch Thermo Cycler (Bio-Rad). After amplification, the droplets
were read with a QX200 Droplet Reader (Bio-Rad) and analysed with QuantaSoft software v1.7.4.
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The fluorescence thresholds used were 6-FAM 2000 for AR-V7, HEX 2500 for total AR, and HEX 1500
for EpCAM. Readings with ≥5 droplets were considered positive. The total error calculated by the
software was used as the 95% confidence intervals of ddPCR measurements.

Table 2. Primers and probes.

Gene Primers (5′→3′) Probes (5′→3′)

Total AR F: GGA ATT CCT GTG CAT GAA AGC
R: CGA TCG AGT TCC TTG ATG TAG TTC [HEX] CTT CAG CAT TAT TCC AGT G [BHQ1]

AR-V7 F: CGG AAA TGT TAT GAA GCA GGG ATG A
R: CTG GTC ATT TTG AGA TGC TTG CAA T [6FAM] TCT GGG AGA AAA ATT CCG [BHQ1]

EpCAM F: CGT CAA TGC CAG TGT ACT TCA
R: TTT CTG CCT TCA TCA CCA AA [HEX] TAC TGT CAT TTG CTC AAA GC [BHQ1]

AR: androgen receptor; AR-V7: androgen receptor variant 7; EpCAM: epithelial cell adhesion molecule;
6FAM: Fluorescein; BHQ1:black hole quencher 1. F: Forward, R: Reverse.

4.7. Statistical Analysis

Analysis of cell and RNA recovery was performed by two-way Analysis of Variance (ANOVA),
using GraphPad Prism software v6.07 (GraphPad Software Inc., San Diego, CA, USA).

5. Conclusions

While spiked cell recovery was not affected by the blood tube type even after 48 h of storage,
tumour cell-specific RNA was undetectable by ddPCR in CTCs from stored blood samples containing
preservatives, likely due to crosslinking effects suppressing RNA accessibility. Surprisingly, AR-V7
was readily detectable in patient CTCs enriched from common EDTA blood tubes after up to 48 h.
Although BCTs have been thoroughly tested for circulating tumour nucleic acid detection [28–33],
and some initial studies of blood storage in BCTs for tumour cell analysis were also encouraging
when using image-based cell analysis involving fluorescent probing for proteins or nucleic acids [23],
our data suggests that RNA extraction and downstream analysis by PCR-based methods is severely
impeded by the preservatives.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/5/1047/s1.
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Abstract: High-dose-rate brachytherapy (HDR-BT) with external beam radiation therapy (EBRT) is a
common treatment option for locally advanced prostate cancer (PCa). Seventy-nine male patients
(median age 71 years, range 50 to 79) with high-risk PCa underwent HDR-BT following EBRT
between December 2009 and January 2016 with a median follow-up of 21 months. HDR-BT was
administered in two treatment sessions (one week interval) with 9 Gy per fraction using a planning
system and the Ir192 treatment unit GammaMed Plus iX. EBRT was performed with CT-based
3D-conformal treatment planning with a total dose administration of 50.4 Gy with 1.8 Gy per fraction
and five fractions per week. Follow-up for all patients was organized one, three, and five years after
radiation therapy to evaluate early and late toxicity side effects, metastases, local recurrence, and
prostate-specific antigen (PSA) value measured in ng/mL. The evaluated data included age, PSA at
time of diagnosis, PSA density, BMI (body mass index), Gleason score, D’Amico risk classification
for PCa, digital rectal examination (DRE), PSA value after one/three/five year(s) follow-up (FU),
time of follow-up, TNM classification, prostate volume, and early toxicity rates. Early toxicity rates
were 8.86% for gastrointestinal, and 6.33% for genitourinary side effects. Of all treated patients, 84.81%
had no side effects. All reported complications in early toxicity were grade 1. PSA density at time
of diagnosis (p = 0.009), PSA on date of first HDR-BT (p = 0.033), and PSA on date of first follow-up
after one year (p = 0.025) have statistical significance on a higher risk to get a local recurrence during
follow-up. HDR-BT in combination with additional EBRT in the presented design for high-risk PCa
results in high biochemical control rates with minimal side-effects. PSA is a negative predictive
biomarker for local recurrence during follow-up. A longer follow-up is needed to assess long-term
outcome and toxicities.
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1. Introduction

High-dose-rate brachytherapy (HDR-BT) with additional external-beam radiation therapy (EBRT)
is an important therapeutic option for men diagnosed with clinically localized and locally advanced
high-risk prostate cancer (PCa) [1–3].

Regarding the actual European guidelines for the treatment of patients with intermediate- and
high-risk PCa, a life expectancy of at least 10 years should be mandatory for treatments like radical
prostatectomy (RP) or radiation therapy. Nevertheless, until now, there are no randomized clinical
trials that compare the oncological outcome of HDR-BT vs. RP [4]. In general, there are not much data
available regarding the oncological outcome of HDR-BT [5,6]. Especially, HDR-BT in combination
with EBRT seems better than EBRT alone, with respect to biochemical recurrence (BCR)-free survival
rates and aspects of quality of life [5,7]. PCa cells seem to have a low α/β ratio. This encourages the
use of HDR-BT, where higher doses per fraction can be performed, therefore making it one of the most
efficient interventions of hypofractionated radiotherapy. Most reported series combining HDR-BT and
EBRT describe impressive results for the treatment of intermediate and high-risk PCa [8–10].

It has been reported by Schiffmann et al. that additional androgen deprivation therapy (ADT)
shows higher BCR-free survival rates [11]. In this study, we focused on patients with intermediate-
and high-risk PCa that were treated with HDR-BT plus ERBT plus ADT regarding complication rates
and oncological outcome. It is difficult to determine an early treatment failure after therapy based
on prostate-specific antigen (PSA) fluctuation and a potential benign PSA-rebound phenomenon [12].
In other studies, a benign PSA-rebound rate of up to 30% was described within the first 36 months
after treatment [12–14]. The aim of this study was to determine early toxicity rates and the influence of
PSA as a predictive marker of clinical outcome.

2. Results

The parameters age, IPSS, PSA (ng/mL) at time of diagnosis, PSA density, BMI, Gleason score,
D’Amico risk classification for PCa, PSA value after one year FU, and time of FU are shown in Table 1.
In that table, for all main clinical parameters, minimum, median, mean, maximum, standard deviation
(SD), and 10%, 25%, 75%, and 90% intervals have been calculated. The median follow up time in our
study was 21 months (6–80 months). In total, 8 out of 79 patients (10%) reached a FU time of more than
five years. The frequencies of all important clinical parameters—PSA at time of diagnosis, Gleason
score, T staging, and D’Amico risk classification for PCa—are detailed in Tables 2–5. Of the study
cohort, 64.5% had an initial PSA value of more than 10 ng/mL, the Gleason score of more than 90%
of the patients was ≥7, more than 80% of the patients had a clinical T staging of 3 (positive digital
rectal examination and/or positive for tumor in transrectal ultrasound examination). According to the
D’Amico risk classification for PCa, more than 90% are classified to risk group 3. In conclusion, all
patients in that study for HDR-Brachytherapy treatment are high-risk PCa patients.

Table 1. Main clinical parameters. BMI: body mass index; FU: follow-up; IPSS: international prostate
symptom score; PSA: prostate-specific antigen.

Parameter Min 10% 25% Median Mean 75% 90% Max SD

Age 50.000 59.800 66.000 71.000 69.241 74.000 76.000 79.000 6.622
IPSS 0.000 2.000 3.000 5.500 6.271 9.000 11.100 19.000 4.426

PSA Diagnosis 1.360 4.464 7.045 14.550 22.345 24.995 44.736 226.000 29.506
PSA Density 0.053 0.126 0.250 0.463 0.764 0.828 1.760 4.969 0.924

BMI 20.761 23.397 25.282 27.099 27.385 28.572 31.760 44.379 3.713
Gleason Score 6.000 7.000 7.000 7.000 7.354 8.000 9.000 9.000 0.848

D’Amico 2.000 3.000 3.000 3.000 2.962 3.000 3.000 3.000 0.192
PSA FU 1a 0.000 0.010 0.030 0.040 0.167 0.165 0.304 2.300 0.357

time FU 6.000 8.800 11.000 21.000 26.620 35.500 57.400 80.000 18.912
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Table 2. Frequency of important clinical parameters for the study cohort. Pre-treatment PSA value.

PSA Diagnosis N %

PSA < 10 28 35.44
10 ≤ PSA < 20 22 27.85

PSA ≥ 20 29 36.71
Total 79 100.00

Table 3. Frequency of important clinical parameters for the study cohort. Gleason Score.

Gleason Score N %

6 7 8.86
7 49 62.03
8 11 13.92
9 12 15.19

Total 79 100.00

Table 4. Frequency of important clinical parameters for the study cohort. Clinical T Stage.

T Stage N %

2a 1 1.27
2b 5 6.33
2c 7 8.86
3 66 83.54

Total 79 100.00

Table 5. Frequency of important clinical parameters for the study cohort. D’Amico risk classification
for PCa.

D’Amico N %

1 0 0
2 3 3.80
3 76 96.20

Total 79 100.00

During follow-up, one patient (1.27%) died due to progressive disease and bone metastases
63 months after initial diagnosis of PCa. This patient was also the only one with the detection of
metastases. In total, a local recurrence was detectable in three patients (3.80%).

Another focus of that study report is the description of side effects regarding early toxicity rates
of the demonstrated treatment. Of all treated patients, 84.81% had no side effects. All reported
complications in early toxicity were grade 1. The most reported side effects were anal pain (5.06%),
symptomatic proctitis (1.27%), and diarrhea (2.53%) for the gastro-intestinal tract; high urinary
frequency (3.80%), and urgency (2.53%) were the most complained side effects for the urinary tract.
All complications are shown in Table 6.

After descriptive analyses of the documented data, we focused on the influence of PSA value
while follow-up for local recurrence, metastases, and/or death. As only one patient died during
follow-up, no statistical significance was calculable. However, the presence of local recurrence (n = 3)
was used for the evaluation of PSA for risk assessment. Table 7 shows the p-value of all important
parameters during follow-up regarding the influence on the presence of local recurrence. We could
show that PSA density at time of diagnosis (p = 0.009), PSA on date of first HDR-BT (p = 0.033),
and PSA on date of first follow-up after one year (p = 0.025) have statistical significance on a higher risk
of having a local recurrence during follow-up. We found no statistical significance for Gleason score
(p = 0.463) or D’Amico risk classification (p = 0.995).
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Table 6. Early toxicity rates after radiation therapy.

Side Effects N %

None 67 84.81
Intestinal

Pain 4 5.06
Proctitis 1 1.27
Diarrhea 2 2.53

Hemorhage 0 0
Genitourinary

Frequency 3 3.80
Urgency 2 2.53

Incontinence 0 0
Hematuria 0 0
Renetntion 0 0

Pain 0 0
Total 79 100.00

Table 7. p-Value for relevant parameters regarding local recurrence during follow-up.

Variable OR 2.5% 97.5% p-Value

BMI 1.035 0.778 1.376 0.814
Age 0.876 0.755 1.016 0.080
IPSS 0.401 0.145 1.104 0.077

PSA pre-therapeutic 1.011 0.990 1.033 0.311
PSA density 3.102 1.331 7.228 0.009

No. of lymphnodes 0.973 0.795 1.190 0.789
PSA

Lymphadenectomy 1.004 0.997 1.032 0.758

PSA HDR1 1.123 1.009 1.250 0.033
PSA HDR2 1.095 0.985 1.217 0.093
PSA FU 1a 8.022 1.306 49.287 0.025
PSA FU 3a 1.977 0.258 15.134 0.511
PSA FU 5a 4.204 0.422 41.914 0.221

HDR: high dose rate. Statistical significance is written in italics.

3. Discussion

HDR brachytherapy is one of the minimally invasive techniques of delivering conformal
hypofractionated radiotherapy with steep fall-off of dose beyond the prostate gland. The prostate
gland lays very close to critical normal tissues—the anterior rectum wall, urethra, and bladder neck.
Because of that biological fact, HDR-BT is ideal for the treatment of PCa [15]. Many groups have shown
that HDR-BT boost in combination with EBRT provides better results compared to EBRT alone [2,3].
Moreover, brachytherapy boost has the convenience of decreasing total treatment time, leading to
decreased traveling time and expenses.

In the published data describing the experience of HDR-BT boost in combination with EBRT,
various fractionation schedules have been used: 15 Gy in three fractions, 11–22 Gy in two fractions,
and 12–15 Gy in one fraction. All of them had excellent results, so the Groupe Européen de
Curiethérapie—European Society Therapy Radiation Oncology (GECESTRO) and the American
Brachytherapy Society (ABS) do not recommend one fractionation schedule over another [16–18].
In this study, all patients were treated with two fractions of 9 Gy each following EBRT as reported
above. In our cohort, 84.8% of the treated patients had no side effects. All reported side effects were
defined as acute toxicity grade 1; most relevant were pain (5.06%), proctitis (1.27%), and diarrhea
(2.53%) as intestinal; and frequency (3.8%) and urgency (2.53%) as genitourinary side effects. None of
the patients developed acute GU or GI morbidity higher than Grade 2.
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Hoskin et al. [19] reported about early ≥Grade 3 GU and GI morbidity was 3%–7% and 0%,
respectively. Late Grade 3 GU toxicity was 3%–16% with no late Grade 3 or 4 GU or GI toxicity.
Barkati et al. [20] reported 88% and 85% three-year and five-year biochemical control rates, respectively.
They reported all acute GU toxicity as Grade 1. Chronic Grade 3 urinary toxicity was <10% with no
Grade 4 toxicity seen.

4. Materials and Methods

4.1. Subjects

In this retrospective study, we report on 79 male patients (median age 71 years, range 50 to 79)
who were treated between December 2009 and January 2016 at the Department of Urology and the
Department of Radio-Oncology of HELIOS Hospital Bad Saarow, Germany. All patients selected for
that treatment have been classified as intermediate and high-risk PCa patients.

4.2. Study Design

All included patients (n = 79) underwent HDR-BT after informed patient consent at the time of
their treatment. Digital rectal examination, PSA, computerized tomography (CT), and a Technecium-99
bone scan was mandatory. Risk stratification was done as per the National Comprehensive Cancer
Network (NCCN), which defines low-risk as PSA ≤ 10 ng/mL, T1c-T2 and a Gleason score (GS) ≤ 6;
intermediate risk as PSA 10–20 ng/mL or GS 7; and high risk as a PSA > 20 ng/mL, T3, or GS 8–10.
PSA measurements were performed with ElektroChemiLumineszenzImmonoAssay (ELCIA) by Roche
Diagnostics GmbH, in accordance with WHO standards. We evaluated and documented the D’Amico
risk stratification for PCa for each patient. Exclusion criteria were surgically positive lymph node
metastases, distant metastasis, and prior pelvic radiotherapy. Patients with bladder outlet obstruction,
patients who already had transurethral operations, and patients with a prostate volume of more than
100 cm3 were also excluded. All patients had neoadjuvant and adjuvant androgen deprivation therapy
(ADT) for at least two years starting after laparoscopic pelvic lymphadenectomy.

HDR-BT was administered before EBRT, based on transrectal ultrasound imaging, using a
planning system and the Ir192 treatment unit GammaMed Plus iX (by Varian). HDR-BT was
administered in two treatment sessions (one week interval) with 9 Gy per fraction. Overall, 18 Gy
was applied to the prostate plus 2 mm margin. The maximal dose for the urethra and rectal wall
was 8.0 and 5.0 Gy, respectively.

The HDR-BT procedure was done under general anesthesia. The patient was placed in the
lithotomy position, a square lightweight template having a 5 mm grid array was fixed on a stepper
stand on which a transrectal ultrasound machine (TRUS) was mounted, and the template was jammed
against the perineal skin. There was a grid faceplate fixed onto the template, corresponding to the grid
of the TRUS for accurate placement of the ProGuide needles. Under TRUS guidance, metallic trocars
were inserted transperineally through the holes in the template to ascertain the position in the prostate
as published before by Deger et al. [21]. Seven to twenty needles were inserted into the prostate,
then the trocars were removed and replaced by the 6F ProGuide plastic needles in the same position.
We always started with the peripheral and anterior needles, and then moved towards the center.
As far as possible, the needles were placed at 1 cm intervals. No needles were placed within 7 mm
of the urethra, in order to have control over the urethral dose. The needles were pushed beyond the
prostate base, and the posterior needles were placed 2–3 mm anterior to the anterior wall of the rectum
to avoid overdosing the rectum.

The planning target volume (PTV) was contoured by the radiation oncologist on each ultrasound
slice and included the prostate with a 3 mm margin all around, except posteriorly, where no margin
was given to avoid overdosing the anterior rectal wall. Superiorly, a margin of 5–7 mm was given to
compensate for any post-implant edema and inadvertent caudal movement of the catheters in between
the fractions. The PTV constraints were D90 (dose delivered to 90% of PTV) ≥ 97%, V95 ≥ 100%,
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and V150 ≤ 35%. Isodoses in transrectal ultrasound image are shown in Figure 1. A three-dimensional
image with simulation of radiation is shown in Figure 2.

 

Figure 1. Isodoses in transrectal ultrasound image (red: 15 Gy; yellow: 9 Gy; blue: 8 Gy; brown: 5 Gy).

 

Figure 2. Three-dimensional image with simulation of radiation (red: prostate, green: urethra, blue:
rectum, dark green: needle positions).

EBRT started a week after HDR-BT. EBRT was performed according to the standardized protocol
with CT-based 3D-conformal treatment planning. The clinical target volume included prostate,
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the periprostatic region, and the basis of seminal vesicles; the planning target volume included the CTV
(clinical target volume) and a margin—margin of 0.6 cm (posterior) and 1.0 cm in all other directions.
The reference dose is defined in accordance with the International Commission on Radiation Units and
Measurements report 50/63. All patients were irradiated in a supine position with a CT-planed
IMRT/VMAT-technique (intensitivity modulated radiotherapy/volume modulated arc therapy)
with 6 MV megavoltage photons (Varian, CClinac DHX, PaloAlto, CA, USA). A total dose of 50.4 Gy
with 1.8 Gy per fraction and five fractions per week was administered.

Follow-up for all patients was organized one, three, and five years after radiation therapy
in the department of Radiooncology to evaluate early and late toxicity side effects, metastases,
local recurrence, and PSA value.

4.3. Evaluated Data

The evaluated data included the parameters age, PSA (ng/mL) at time of diagnosis, PSA density,
body mass index (BMI), Gleason score, D’Amico risk classification for PCa, digital rectal examination
(DRE), PSA value after one/three/five year(s) follow-up (FU), time of follow up, TNM classification,
prostate volume, and early toxicity in follow-up. Pretreatment international prostate symptom
score (IPSS), uroflow, and rest urine after voiding were also documented. All relevant dates were
documented: date of birth, date of death, date of diagnosis, date of lymphadenectomy, date of ADT,
date of HDR-BT, and date of follow-up after one, three, and five years.

A radiation oncologist and a urologist performed the follow-up evaluations, including digital
rectal examinations and PSA level during follow-up scheme one, three, and five years after initial
treatment. PSA failure was defined in terms of the American Society for Therapeutic Radiology and
Oncology Consensus Panel recommendations [22]. Acute toxicities were scored according to the
Common Terminology Criteria for Adverse Events, Version 4.0 (CTCAE v4.3), by the National Cancer
Institute (Common Terminology Criteria for Adverse Events, Version 4.0. Available online: http:
//evs.nci.nih.gov/ftp1/CTCAE/CTCAE_4.03_2010-06-14_QuickReference_8.5x11.pdf). Acute toxicity
was defined as symptoms that were observed during or after treatment and had been completely
resolved 6 months after treatment. Following a strict plan for FU, all treated patients were investigated
after six months, one, three and five years. Besides clinical investigation including DRE, an interview
with a focus on acute toxicities following the Common Terminology Criteria for Adverse Events as
written above was included.

4.4. Statistical Analysis

Bravais–Pearson correlation coefficients were estimated for pairs of variables. Odds ratios (OR),
95% confidence intervals (95% CI), and p-values of the Wald test were estimated using unadjusted
logistic regression for local recurrence as dependent variable.

The level of significance was α = 0.05. All tests and calculations were performed using the
software R, version 3.1.2 (R Development Core Team 2014).

In our group, we could show that PSA density at time of diagnosis (p = 0.009), PSA on date of
first HDR-BT (p = 0.033), and PSA on date of first follow-up after one year (p = 0.025) have statistical
significance with respect to a higher risk of having a local recurrence during follow-up, but not age,
Gleason score, or clinical stage. Concerning the number of patients (n = 79 in total), we are in average
position compared to others and in a good position for a single-center study. Though the series
of Yoshiaka et al. performed a monotherapeutic HDR-BT, they found the initial PSA level to be a
significant prognostic factor (p = 0.029) along with younger age (p = 0.019) [23].

In the data published by Hoskin et al., Zwahlen et al., and Kestin et al. [3,5,8,24], they could show
a better biological recurrence-free survival after HDR-BT in combination with EBRT, compared to EBRT
alone. Combination of both modalities may also improve overall survival (OS) [25]. An explanation
could be the high radiation dose that can be prescribed when HDR-BT is combined with EBRT.
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Deger et al. [26] presented data of 422 patients with localized PCa treated between 1992 and
2001 with HDR-BT and 3DRT. As also performed in our treatment protocol, all patients underwent
laparoscopic pelvic lymph node dissection to have an exact pathological lymph node staging and to be
sure to exclude patients with lymphatic involvement. The biological non-evidence of disease (bNED)
according to risk group were 100% for low risk, 75% for intermediate risk, and 60% for high risk
at 5 years. Five-year bNEDs were 81% in the low risk, 65% in the intermediate risk, and 59% in the
high risk group. Five-year OS and bNED were 87% and 94%, respectively. The authors also observed
that initial PSA value, risk group, and age were significantly related to bNED. In contrast to our
results, we found no statistical significance for D’Amico risk classification (p = 0.995) or Gleason score
(p = 0.463). This could be caused by the fact that the presented cohort consists mainly of patients with
high risk PCa and also high Gleason scores.

Most studies of radiotherapy in PCa focus on two points: not only the effectiveness of the
treatment, but also its tolerance. However, due to different classifications of radiation reactions,
it seems to be difficult to compare the toxicity rates.

There are still different opinions about the use of ADT for patients with intermediate- and
high-risk PCa. Martinez et al. [27] published with a large number of patients (n = 1260) treated
with pelvic RT and HDR-BT. The first group was treated with additional ADT up to six months
prior to radiation, and the second group was not. The results for OS, disease free survival (DFS),
and bNED have been similar. They observed that additional ADT did not confer a therapeutic
advantage, but only side effects and cost. No statistically significant benefit on bNED rates with the
use of additional ADT could be shown in any of the groups in that study.

The main limitation of this study is the relatively small number of patients and the short follow-up
time regarding the influence on cancer-specific survival, overall survival, and biochemical relapse.
Our study adds to the already existing evidence for the effectiveness of HDR-BT combined with EBRT
for high-risk PCa.

In conclusion, this study demonstrates that HDR-BT combined with EBRT is effective in the
radical radiotherapy of intermediate- and high-risk localized and locally advanced PCa. A longer
follow-up is needed to assess long-term outcome and toxicities.

5. Conclusions

HDR-BT in combination with additional EBRT in the presented design for local advanced and
high-risk PCa results in high biochemical control rates with minimal side-effects. PSA is a negative
predictive biomarker for local recurrence during follow-up.
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Abstract: Despite the absence of local prostate cancer recurrence, some patients develop distant
metastases after prostate brachytherapy. We evaluate whether prostate brachytherapy procedures
have a potential risk for hematogenous spillage of prostate cancer cells. Fifty-nine patients who
were undergoing high-dose-rate (HDR) or low-dose-rate (LDR) brachytherapy participated in this
prospective study. Thirty patients with high-risk or locally advanced cancer were treated with HDR
brachytherapy after neoadjuvant androgen deprivation therapy (ADT). Twenty-nine patients with
clinically localized cancer were treated with LDR brachytherapy without neoadjuvant ADT. Samples
of peripheral blood were drawn in the operating room before insertion of needles (preoperative)
and again immediately after the surgical manipulation (intraoperative). Blood samples of 7.5 mL
were analyzed for circulating tumor cells (CTCs) using the CellSearch System. While no preoperative
samples showed CTCs (0%), they were detected in intraoperative samples in 7 of the 59 patients
(11.8%; preoperative vs. intraoperative, p = 0.012). Positive CTC status did not correlate with
perioperative variables, including prostate-specific antigen (PSA) at diagnosis, use of neoadjuvant
ADT, type of brachytherapy, Gleason score, and biopsy positive core rate. We detected CTCs from
samples immediately after the surgical manipulation. Further study is needed to evaluate whether
those CTCs actually can survive and proliferate at distant sites.

Keywords: prostate cancer; brachytherapy; circulating tumor cell

1. Introduction

Brachytherapy approaches have been accepted as a useful method to control localized and locally
advanced prostate cancers [1–5]. One of the most appealing reasons for selecting this treatment is
favorable long-term outcome with a low degree of toxicity [6]. Low-dose-rate (LDR) brachytherapy
provides superior outcomes in patients with low- and intermediate-risk diseases [1,2]. The combination
of high-dose-rate (HDR) brachytherapy and external irradiation is an effective treatment for delivering
radiation doses more precisely in prostate cancer, even if patients have extracapsular invasion and
seminal vesicle invasion [3–5]. Technical modifications for prostate brachytherapy are being developed
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to obtain the better treatment outcome [2,7–10]. However, approximately 5%–20% of those patients, as
it now stands, show recurrence within 5 years after brachytherapy [1,2,5,11,12].

When patients are suspected to have treatment failure, evaluation—including abdominal
computed tomography scan, pelvic magnetic resonance imaging, a bone scan, and prostate biopsy—are
usually conducted to identify the site of relapse. Some patients develop distant metastases despite
the absence of local recurrence. In those cases, micrometastasis that was not detected by radiographic
images may have been present at initial diagnosis. Another possibility is that surgical manipulation
that involves needles being inserted into prostate tissue may pose a potential risk for hematogenous
spillage of prostate cancer cells and play a role in distant metastases in patients undergoing prostate
brachytherapy. A no-touch isolation technique, in which vascular control is achieved prior to tumor
manipulation, is generally considered to reduce cancer dissemination and subsequently reduce future
disease recurrence in various cancer-related surgeries [13–17]. However, this technique is not used
during brachytherapy procedures. In addition, needles being inserted into prostate tissue directly
penetrate the cancer lesions at a certain rate.

Elucidating the mechanism and causes of relapse is a key challenge for the enhancement of
treatment outcome [18,19]. We suspect that iatrogenic circulating tumor cell (CTC) spillage can convert a
nonmetastatic cancer to a systemic one. In this study, we evaluated whether brachytherapy procedures
can provoke hematogenous spillage of prostate cancer cells. We detected perioperative CTCs using the
CellSearch System and compared preoperative CTC counts with intraoperative ones. We analyzed
whether intraoperative CTC increases were associated with perioperative clinicopathological features.

2. Results

Characteristics of the 59 patients are shown in Table 1. As shown in Figure 1, no CTCs were
detected in preoperative samples. CTCs were detected from samples collected immediately after
insertion of needles in 7 of 59 patients (11.8%). Intraoperative CTC detection rates were significantly
higher than preoperative ones (11.8% vs. 0%, p = 0.012).

Table 1. Patient characteristics (n = 59).

Factors
HDR (n = 30) LDR (n = 29) Total (n = 59)

Median (Range) Median (Range) Median (Range)

Age (year) 71.5 (58–82) 70 (51–77) 71 (51–82)
PSA at diagnosis (ng/mL) 26.8 (4.5–396) 6.5 (4.2–14.1) 10.1 (4.2–396)

Prostate volume (cc) * 14.4 (4.6–29.7) 30.7 (20.3–58.4) 22.2 (4.6–58.4)
Number of needles 18 (18–18) 21 (17–29) – –

Duration of NHT (months) 16 (7–25) 0 (0) – –

n (%) n (%) n (%)

Gleason Score
≤6 0 (0) 8 (28) 8 (14)
7 7 (23) 19 (65) 26 (44)

8 to 10 23 (77) 2 (7) 25 (42)
Clinical T Stage

1c–2a 6 (20) 20 (69) 26 (44)
2b–2c 6 (20) 9 (31) 15 (25)

3a 11 (37) 0 (0) 11 (19)
3b 6 (20) 0 (0) 6 (10)
4 1 (3) 0 (0) 1 (2)
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Table 1. Cont.

Factors
HDR (n = 30) LDR (n = 29) Total (n = 59)

Median (Range) Median (Range) Median (Range)

n (%) n (%) n (%)

Biopsy Positive Core Rate
<34% 8 (27) 21 (73) 29 (49)

34%–67% 12 (40) 7 (24) 19 (32)
>67% 10 (33) 1 (3) 11 (19)

NCCN Risk Criteria (2015)
Low 0 (0) 6 (21) 6 (10)

Intermediate 0 (0) 21 (72) 21 (36)
High 20 (67) 2 (7) 22 (37)

Very high 10 (33) 0 (0) 10 (17)

* Prostate volume was measured by transrectal ultrasound sonography immediately before insertion of
needles. HDR: high-dose-rate brachytherapy; LDR: low-dose-rate brachytherapy; PSA: prostate-specific antigen;
NHT: neoadjuvant hormonal therapy; NCCN: National Comprehensive Cancer Network.

Figure 1. Comparison of circulating tumor cell (CTC) detection rates between pre- and intraoperative
blood specimens in all patients undergoing high-dose-rate or low-dose-rate brachytherapy (n = 59).

Figure 2A,B showed perioperative CTC detection rates in patients undergoing HDR and LDR
brachytherapy, respectively. Intraoperative CTCs were detected in 4 of 30 (13.3%) patients and 3
of 29 (10.5%) patients with HDR and LDR brachytherapy, respectively. While intraoperative CTC
detection rates were relatively high when compared with preoperative ones in each group, according
to a Fisher’s exact test, the differences did not reach statistical significance in the HDR brachytherapy
group (p = 0.112) or in the LDR brachytherapy group (p = 0.236).

Table 2 lists the characteristics of the 7 patients who became positive for CTCs intraoperatively.
The intraoperative CTC count was 1 CTC in 3 patients and 2 CTCs in 1 patient treated with HDR
brachytherapy, and 1 CTC was detected in 3 patients who underwent LDR brachytherapy.

To investigate the secondary outcome measures, patients were divided into two groups according
to positive or negative status for intraoperative CTCs. Positive status did not correlate with
clinicopathological and perioperative variables, including use of neoadjuvant hormonal therapy, type
of brachytherapy, age, prostate-specific antigen (PSA) at diagnosis, Gleason score, clinical stage, biopsy
positive core rates, prostate volume at brachytherapy, or National Comprehensive Cancer Network
(NCCN) risk criteria 2015 (Table 3). Neither patients with positive status nor those with negative status
for intraoperative CTCs had postoperative clinical progression, with a median follow-up of 18 months
(range, 15–24 months).
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Figure 2. Comparison of circulating tumor cell (CTC) detection rates between pre- and intraoperative blood
specimens in patients undergoing high-dose-rate (A, n = 30) and low-dose-rate (B, n = 29) brachytherapy.

Table 2. Characteristics of seven patients who changed to positive status for intraoperative circulating
tumor cells (CTCs).

Type of Brachytherapy HDR HDR HDR HDR LDR LDR LDR

Case number 9 26 34 36 8 19 43
Number of CTC counts (/7.5 mL) 2 1 1 1 1 1 1

Age (years) 71 75 65 75 58 65 67
Duration of NHT (months) 17 16 16 17 0 0 0

PSA nadir during NHT (ng/mL) 0.014 <0.008 <0.008 0.14 – – –
PSA at diagnosis (ng/mL) 31 13.5 17.6 66.7 8.6 4.6 14.1

Prostate volume (cc) * 7 29.7 21.3 13.9 26.1 38.4 37
Number of needles 18 18 18 18 24 28 18

Gleason score 8 8 7 9 6 7 7
Clinical T stage 1c 3a 3b 2c 2a 2a 2c

Biopsy positive core rate (%) 75 50 25 100 10 16.6 33.3
NCCN risk criteria 2015 H H VH H L I I

* Prostate volume was measured by transrectal ultrasound sonography immediately before insertion of needles;
HDR: high-dose-rate brachytherapy; LDR: low-dose-rate brachytherapy; NHT: neoadjuvant hormonal therapy;
PSA: prostate-specific antigen; NCCN: National Comprehensive Cancer Network; H: high risk; VH: very high
risk; L: low risk; I: intermediate risk.

Table 3. Association of positive status for intraoperative circulating tumor cells (CTCs) with
perioperative features (n = 59).

Factors CTC Positive
Rates (n) p

Age (>70 vs. ≤70 years) 8.8% vs. 16.0% (3/34 vs. 4/25) 0.442
Type of brachytherapy (HDR vs. LDR) 13.3% vs. 10.3% (4/30 vs. 3/29) >0.999
NHT (yes vs. no) 13.3% vs. 10.3% (4/30 vs. 3/29) >0.999
PSA at diagnosis (≥10 vs. <10 ng/mL) 16.1% vs. 7.1% (5/31 vs. 2/28) 0.424
Prostate volume (cc) 14.8% vs. 9.3% (4/27 vs. 3/32) 0.691
Prostate volume/number of needle (≥1 vs. <1 cc/needle) 14.2% vs. 8.3% (5/35 vs. 2/24) 0.689
Gleason score (≥8 vs. <8) 12.0% vs. 11.7% (3/25 vs. 4/34) >0.999
Clinical T stage (≥3a vs. ≤2c) 11.7% vs. 11.9% (2/17 vs. 5/42) >0.999
Biopsy positive core rate (>34% vs. ≤34%) 10.0% vs. 13.7% (3/30 vs. 4/29) 0.706
NCCN risk criteria 2015 (H or VH vs. I or L) 12.5% vs. 11.1% (4/32 vs. 3/27) >0.999

3. Discussion

In this study of clinically nonmetastatic prostate cancer patients, we detected CTCs from samples
immediately after insertion of needles in patients undergoing prostate brachytherapy. Intraoperative
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CTC detection rates were significantly higher than preoperative ones. Our results may support a
potential risk for hematogenous spread of cancer cells during the procedure.

Historically, transurethral resection of prostate (TURP) was generally performed to relieve the
urinary tract obstruction caused by prostate cancer. In 1986, Levine et al. reported the possibility that
cancer cells might be disseminated during TURP in patients with clinically evident cancer confined
to the prostate [13]. They noted that the 5-year survival rate in those patients undergoing TURP
was significantly lower than those not undergoing the procedure (p = 0.02). Several investigators
then measured perioperative CTCs and reported the possibility of hematogenous spillage of cancer
cells during radical prostatectomy in clinically nonmetastatic cancer patients [20–24]. Eschwege et al.
investigated the dissemination of malignant prostatic cells during open radical prostatectomy [20],
and they confirmed prostate-specific membrane antigen (PSMA) using reverse-transcription nested
PCR for CTC detection. The incidence of positive CTC status increased from 21% before the surgery to
86% immediately afterward, supporting the possibility of intraoperative hematogenous dissemination
during the open radical prostatectomy. They concluded that surgeons should minimize prostate
manipulation to avoid seeding from the gland for the prevention of metastatic disease.

Prostate needle biopsy is one of the most similar procedures to prostate brachytherapy in that
needles being inserted into prostate tissue directly penetrate the cancer lesions. Hara et al. examined
PSA-mRNA-bearing cells in peripheral blood of the 108 patients before and after prostate biopsy [25].
Of 46 patients who were diagnosed with prostate cancer, the incidence of positive PSA-mRNA-bearing
cells increased from 3% before the biopsy to 45% immediately afterward. In addition, the incidence
of positive PSA-mRNA status after prostate biopsy in patients diagnosed with prostate cancer were
higher than those without prostate cancer (45% vs. 25%, p < 0.001). This study supported the possibility
of tumor spreading by prostate biopsy.

While we detected intraoperative hematogenous spillage of prostate cancer cells during
brachytherapy procedures, it is still controversial whether the CTCs spilled iatrogenically into
circulation have the biological capability to implant into distant sites and subsequently develop
metastatic foci. Most studies—including the present study that detected the intraoperative CTC
increase during radical treatment for primary lesion and prostate biopsy—had a small sample size
and lacked a long follow-up period. Thus, the clinical significance of intraoperative CTC increase
remains unclear, and we still have the question of whether this kind of iatrogenic CTC is clinically
metastable. Eschwege et al. evaluated the cancer-cell seeding impact on recurrence-free survival [23].
Hematogenous spread of prostate cells was assessed by a dual PSA/PSMA PCR assay using very
specific PSMA and PSA primers. Ninety-eight patients with negative status for preoperative CTC
were divided into two groups according to status for intraoperative CTC: 53 (54%) remained negative
and 45 (46%) became positive. Median biological and clinical recurrence-free time did not significantly
differ between the two groups (69.6 vs. 65 months). The authors concluded that intraoperative
hematogenous spillage of prostate cancer cells does not have a statistically significant adverse effect on
recurrence. Their results seem to exclude tumor surgical management as a major cause of metastatic
development. Some studies demonstrated that a primary tumor contains subpopulations of metastatic
and nonmetastatic cancer cells. Only a restricted fraction of the cells in a primary tumor are considered
to be highly metastatic [26,27]. Mareel et al. reported that 0.1% of CTC is responsible for the formation
of metastatic foci [28]. When intraoperative hematogenous spillage of prostate cancer cells occurs
during surgical procedures, we suspect that it may provoke distant metastases. However, the possibility
of metastatic foci formation caused by the iatrogenic CTC spillage from a primary tumor may occur
fairly infrequently.

We could not find any association of intraoperative CTC increases with perioperative
clinicopathological features in the present study. This may reflect the fact that all patients undergoing
brachytherapy have a risk of intraoperative hematogenous spillage of prostate cancer cells, irrespective
of use of neoadjuvant hormonal therapy, type of brachytherapy, age, PSA at diagnosis, Gleason score,
clinical stage, and biopsy positive core rates. In our regiment of HDR brachytherapy for high-risk and
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locally advanced cancers, we administered at least 6 months of neoadjuvant androgen deprivation
therapy (ADT). Nonetheless, intraoperative CTCs were detected in 13.3% of patients in that group.
Although the use of neoadjuvant ADT may reduce the cellular viability of iatrogenic CTCs enough to
prevent implantation into distant sites, this could not completely eliminate the hematogenous spillage
of CTCs during the procedure.

Several potential limitations of this study must be considered. The sample size for the present
study was not calculated to detect a statistical difference in clinical progression between patients
with intraoperative CTC increases and those without increases. A large-scale study involving more
patients is needed to clarify whether intraoperative CTC increases actually affect the postoperative
progression. Second, samples for CTC detection were not drawn before neoadjuvant ADT in patients
treated with HDR brachytherapy. These patients were classified with clinically high-risk or locally
advanced cancer and were more likely to have occult distant metastasis than lower-risk patients.
Some of these patients may have had positive status for CTC before neoadjuvant ADT [29]. In addition,
samples for CTC detection were not drawn a few days or months after the brachytherapy procedures
in patients with positive status for intraoperative CTCs [20]. Longer detection of CTCs may have
a higher risk of later metastases than others. Third, the CellSearch System may lack sensitivity in
nonmetastatic cancer patients and consequently underestimates the incidence of perioperative CTCs.
In addition, this system only detects the epithelial cancer cells and does not detect the mesenchymal
ones. In metastatic formation from primary epithelial cancers, epithelial–mesenchymal transition at
primary sites is considered to be important for cancer metastasis [30,31]. This cellular transition allows
epithelial cancer cells to acquire the more invasive characteristics. The mesenchymal cancer cells may
have a higher metastatic potential than the epithelial ones. In future clinical series, the detection of
such highly metastatic potential cells may be helpful in assessing the possibility of metastatic diseases
caused by iatrogenic CTCs during prostate brachytherapy procedures.

4. Materials and Methods

4.1. Patient Selection

From October 2014 to July 2015, 59 patients with clinically nonmetastatic prostate cancer who
underwent HDR or LDR brachytherapy participated in this prospective study. Thirty patients with
high-risk or locally advanced prostate cancer were treated with HDR brachytherapy. Twenty-nine
patients with clinically localized prostate cancer were treated with LDR brachytherapy. Samples
of peripheral blood were drawn before insertion of needles (preoperative) and again immediately
after the surgical manipulation (intraoperative) in each patient. Pretreatment evaluation included
clinical history, physical examination, blood laboratory findings, pelvic computed tomography, pelvic
magnetic resonance imaging, and a bone scan. Exclusion criteria were a history of cancer, previous
surgery for benign prostatic hyperplasia, or concomitant active urinary tract infection. Patients who
had a suspicious lesion of cancer other than prostate cancer on the pretreatment evaluation were also
excluded. Patients were removed from the study if they wished to discontinue. All biopsy slides
were reviewed by our institutional pathologists. Approval was granted by the ethics committee of our
institution (B14-20), and all patients signed written informed consent.

4.2. HDR Brachytherapy and Blood Sample Collection

The protocol and procedure for HDR brachytherapy and hormonal therapy in high-risk or locally
advanced prostate cancer were reported previously [5,32]. All patients underwent ≥6 months of
neoadjuvant ADT, which combined nonsteroidal anti-androgen agents with luteinizing hormone-releasing
hormone agonist injections. Either flutamide (375 mg/day) or bicalutamide (80 mg/day) were prescribed
as the nonsteroidal anti-androgen agents. Either goserelin (10.8 mg/3 months or 3.6 mg/month) or
leuprorelin (11.25 mg/3 months or 3.75 mg/month) were administrated as luteinizing hormone-releasing
hormone agonist therapy.
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In the operating room, preoperative samples of peripheral blood were drawn in a supine position
before epidural anesthesia. Patients were then placed in a lithotomy position. Metallic marker
seeds were placed transperineally into the base and apex for the purpose of image-guided external
beam radiotherapy following HDR brachytherapy. Treatment was started using placement of a
closed transperineal hollow needle under transrectal ultrasound guidance. Multiple 25 cm long,
closed-end, 15-G plastic hollow needles were inserted transperineally using a 15-G Prostate Template
(Best Medical International Inc., Springfield, VA, USA). Eighteen needles were routinely implanted.
Flexible cystoscopy was conducted to check that the urethra had not been penetrated by the implanted
needles. The needle tips were left within the urinary bladder, 15 mm above the sonographically
or cystoscopically defined base of the prostate. Immediately after all of these procedures had been
completed, intraoperative samples of peripheral blood were drawn from each patient again.

4.3. LDR Brachytherapy and Blood Sample Collection

The protocol and procedure for LDR brachytherapy were performed as previously reported [8].
No patients were treated with ADT and external beam radiation therapy before and after
LDR brachytherapy.

In the operating room, preoperative samples of peripheral blood were drawn in a supine position
before spinal anesthesia. Patients were then placed in a lithotomy position. Results of transrectal
ultrasonography in the axial plane were imported into the VariSeed brachytherapy planning system
(Varian Medical Systems, Palo Alto, CA, USA). The prostate, urethra, and rectal wall were contoured
by radiation oncologists. Seed number and location for both peripheral and centrally located needles
were determined manually. The prescribed dose was set at 145 Gy. Dose–volume histograms and
isodose lines were evaluated based on predetermined dosimetric parameters. Needle insertion and
implantation were done by urologists. As needed, modifications to the plan can be made, and the
software recalculates the dose–volume histograms and isodose lines by using a real-time intraoperative
dosimetry technique [7]. Patients were assigned to receive loose or intraoperatively built custom-linked
(IBCL) seed brachytherapy based on the week of the month, with loose or IBCL seeds used during
alternate weeks. In the present study, 14 and 15 patients were implanted with loose and IBCL seeds,
respectively. Loose seeds were implanted using a Mick applicator (Mick Radio Nuclear Instruments,
Mount Vernon, NY, USA). IBCL seeds were constructed using a Quicklink device (CR Bard, Covington,
GA, USA) and implanted. Zauls et al. described the detailed mechanisms of constructing IBCL
seeds [33], and we applied the same devices in our study. Immediately after all seeds had been
implanted, intraoperative samples of peripheral blood were drawn from each patient.

4.4. CTC Detection

Twenty milliliters of peripheral blood was collected into 10 mL CellSave Preservation Tubes
(Immunicon, Hatboro, PA, USA), which contained ethylenediaminetetraacetic acid (EDTA) as an
anticoagulant and a cellular preservative. Samples were maintained at room temperature and
processed within 72 h of collection. Blood samples of 7.5 mL were analyzed for CTCs.

The CellSearch system was used for the isolation and enumeration of CTCs. This system consists
of the CellTracks AutoPrep and the CellTracks Analyzer II unit (Veridex LLC, Raritan, NJ, USA).
The AutoPrep is a semiautomated sample preparation for the isolation of CTCs. The procedure enriches
the sample for cells expressing epithelial cell adhesion molecule (EpCAM) using antibody-coated
magnetic beads. After the magnetic separation, these cells were stained with the fluorescent
nucleic acid dye 4′,6-diamidino-2-phenylindole (DAPI) and fluorescently labeled with anticytokeratin
8,18,19-phycoerythrin peridinin and anti-CD45 chlorophyll protein to distinguish epithelial cells from
leukocytes. The stained and fluorescently labeled cells were analyzed for the identification of CTCs
using the Analyzer II (Veridex LLC). The criteria for CTC included positive staining for DAPI and the
cytokeratin and negative staining for the CD45. A CTC must show round or oval morphology.
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4.5. Statistical Analysis

The primary outcome measures were changes in CTC detection rates from preoperative
to intraoperative blood samples. As secondary outcome measures, incidence of increase in
the intraoperative CTC count relative to the preoperative one was tested for association with
clinicopathological and perioperative variables. For the purpose of analysis, clinicopathological and
perioperative variables including age (>70 vs. ≤70), PSA at diagnosis (≥10 ng/mL vs. <10 ng/mL),
Gleason score (≥8 vs. ≤7), clinical T stage (T1c–2c vs. T3a–4), biopsy positive core rates (>34% vs.
≤34%), prostate volume at brachytherapy (>25 cc vs. ≤25 cc), and NCCN risk criteria 2015 (high/very
high vs. intermediate/low) were evaluated as dichotomous variables. A Fisher’s exact test was used
to evaluate the primary and secondary outcome measures.

Sample size calculations determined that 60 patients would be needed to detect a 15% rise from
preoperative to intraoperative CTC detection rates with α equal to 0.05 and power equal to 80%.
A rise from preoperative to intraoperative CTC detection rates was estimated from the first 30 cases in
this study.

Differences were regarded as statistically significant at the p < 0.05 level. Analyses were performed
using SPSS, version 11.0 for Windows (SPSS, Inc., Chicago, IL, USA) and Microsoft Excel (Microsoft,
Redmond, WA, USA).

5. Conclusions

We detected CTCs from samples immediately after insertion of needles in patients undergoing
prostate brachytherapy for clinically nonmetastatic prostate cancer. Further research is needed to
assess whether those cancer cells actually can survive and proliferate at distant sites. Although the
brachytherapy approaches have demonstrated favorable long-term outcomes [6], understanding
the mechanism of relapse should lead to the better treatment outcomes in patients undergoing
prostate brachytherapy.
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