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The objective of this study was to assess the incidence of
circulating tumor cells (CTCs) in prostate cancer patients
with low-volume tumors (less than 0.5 cc) after radical pros-
tatectomy (RP). Blood samples were collected from 64 RP
patients to assess the incidence of CTCs following RP. The
specimens were processed by whole-mount section. Clini-
copathological data (e.g. patient age, race, specimen weight,
tumor volume, grade, stage and surgical margin status) and
follow-up PSA data were compared to CTC status. Of the 64
RP patients, nine had ‘low-volume prostate cancer’. Seven of
these patients had detectable levels of CTCs. In two of the
seven patients with detectable CTCs, PSA elevation was also
observed. Isolation and detection of circulating epithelial
cells is possible in low-volume prostate cancer patients. In
the setting of low-volume prostate cancer, CTCs may be
associated with the presence of detectable PSA levels.
However, the detection of CTCs did not predict PSA failure.
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The level of serum prostate-specific antigen (PSA) after
radical prostatectomy (RP) is considered a surrogate marker

of ‘treatment failure’.1 The definition of ‘indolent’ or ‘clinically
insignificant’ prostatic carcinoma in RP specimens varies.1–10

Although this criterion is still controversial, a tumor with a
volume of less than 0.5 cc and without any poorly differenti-
ated elements (Gleason pattern 4 or 5) that is confined to the
prostate is currently the most widely accepted definition of
clinically ‘insignificant’ or ‘indolent’ prostate carcinoma.11,12

The objective of this study was to assess the occurrence of
circulating tumor cells (CTCs) and the potential correlation
with serum PSA levels in prostate cancer patients with total
tumor volumes of less than 0.5 cc., pathologically organ-
confined tumors and negative surgical margins.

MATERIALS AND METHODS

Patients

Between 2000 and 2004, 64 out of the 487 patients who
underwent RP at our institution were enrolled in the GP016-
Circulating Cancer Cell protocol after institutional review
board approval. Blood was collected in seven stages: prior to
surgery, 10 min after removal of the prostate, and 48 hours,
6 weeks, 6 months, 12 months, and then annually for 5 years
after radical prostatectomy. Clinical data were also collected
from all participating patients. The parameters that were col-
lected included the age, race, clinical stage, biopsy grade,
and pre- and post-treatment PSA values of the patients.

Prostatectomy specimens

Prostatectomy specimens were sectioned and completely
embedded as whole mounts at the Armed Forces Institute of
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Pathology (Washington, DC, USA).13,14 Each prostate was
sectioned at 2.2-mm intervals in a transverse plane perpen-
dicular to the long axis of the posterior surface of the pros-
tate. The volume of each tumor was calculated in three
dimensions (apex-to-base, right-to-left and anterior–to-
posterior) using the largest dimension in each direction. The
tumor volume did not include a shrinkage factor in order to
correct for fixation and embedding.15 The total tumor volume
was the sum of the tumor volumes of all measurable foci. The
presence of benign glands in the inked surgical margins was
also recorded.

Blood collection and cell isolation

For each sample, approximately 15 to 20 mL of venous blood
was drawn from the antecubital veins of control subjects and
study patients and placed into Vacutainer tubes (Becton
Dickinson, Franklin Lakes, NJ, USA) containing acid citrate
dextrose solution A as an anticoagulant. The samples were
processed at room temperature using an isolation procedure
within 24 hours of the blood draw. Each whole blood sample
was diluted to 30 mL with 1 ¥ phosphate-buffered saline
(PBS) in a Corning 50-mL polypropylene tube (Corning Glass
Works, Corning, NY, USA). Tubes were capped and mixed
gently by inversion three to six times. Using a 20-mL syringe
connected to a hub blunt-end stainless steel needle (Popper
and Sons, Inc., New Hyde Park, NJ, USA), the bottom of the
sample tube was slowly packed with 10 mL of a 1.068-g/mL
density gradient, followed by another 10 mL of a 1.083-g/mL
gradient beneath the 1.068-g/mL density gradient. The tube
was centrifuged at 400 ¥ g for 30 min at 20°C. The upper
gradient interface (1.068 g/mL) and the lower gradient inter-
face (1.083 g/mL) were collected separately along with the
gradient (about 5 mL for each of the two layers) using a
disposable transfer pipette. The two collections were washed
with PBS and centrifuged at 250 ¥ g for 10 min. The super-
natant in each tube was then gently removed by careful
aspiration and the cell pellets were collected.

Magnetic cell sorting and slide preparation

An enrichment system using CD45 mouse anti-human immu-
noglobulin G magnetic beads was used to remove excess
leukocytes and to enrich the target cancer epithelial cells in
the blood. The cell pellet from the 1.083-g/mL gradient col-
lection was resuspended in 1.0 mL of 0.1% bovine serum
albumin (BSA) and placed on ice for magnetic cell sorting. A
total of 200 mL of magnetic Dynal beads (M450; Dynal, Oslo,
Norway) were added to a 5-mL polypropylene tube. The
beads were washed in 3.0 mL of 0.1% BSA to remove the
sodium azide. The cell suspension from the 1.083-g/mL gra-

dient (about 1.0 mL) was transferred to the tube containing
the washed beads. The remaining cells were washed from
the wall of the original centrifuge tube with another 1.0 mL of
0.1% BSA and transferred to the tube containing the mag-
netic beads, for a total volume of 2.0 mL. The cells were
incubated with the beads at 4–8°C for 30 min at 10 rpm on an
Orbitron Rotator (Dynal). The tubes were then placed in a
magnetic particle concentrator (Dynal) for two minutes to
allow for maximum leukocyte depletion. The 1.068-g/mL cell
suspension was transferred to a 5-mL Falcon 2005 tube and
kept on ice during incubation of the 1.083-g/mL suspension
with anti-CD45 magnetic beads. After leukocyte depletion,
the supernatants from the CD45 negative collection of the
1.083-g/mL cell suspension and the 1.068-g/mL cell suspen-
sion were combined and washed with 40 mL of 1 ¥ PBS
using a centrifugation step at 250 ¥ g for 10 min. The cell
pellet was resuspended in 300 mL of 0.1% BSA and then
loaded evenly onto a 20 ¥ 20 mm area of a slide outlined with
a Pap-pen (Research Products International Corp., Chicago,
IL, USA). The slides were air-dried for at least three hours or
placed on a slide warmer set at 41°C for one hour before
staining.

Immunofluorescence staining

Air-dried slides were fixed in 2% paraformaldehyde for
10 min at 4 to 8°C and then rinsed two times with 1 ¥ PBS.
Slides were then incubated in PBS for 10 min at room tem-
perature and blotted dry. Cells were incubated with a propri-
etary fluorescently labeled pan-cytokeratin mAb cocktail that
recognizes nine different cytokeratin peptides and a PSA
mAb (Dako, Carpinteria, CA, USA) conjugated with Texas
Red (Cell Works Inc. Baltimore, MD, USA) at 4°C for at least
one hour and up to overnight. The cells were washed twice in
PBS at room temperature for 10 min. The slides were blotted
dry and mounted with DAPI-containing medium under a
coverslip.

Controls

As a positive control, the prostate cancer cell line LNCaP
(ATCC, American Type Culture Collection, Manassas, VA,
USA) was used in validation tests for tumor cell recovery and
immunofluorescence staining. The cell lines were cultured in
RPMI 1640 medium (Sigma, St. Louis, MO, USA) with 10%
fetal bovine serum (Gemini Bioproducts Inc., Calabasa, CA,
USA). Cancer cells were counted after trypsinization from
culture, and approximately 100 cells were spiked into
approximately 15 mL of blood from healthy control subjects
whose blood was found to contain no cytokeratin-positive
cells based on CTC analysis. To accurately estimate the
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number of cells spiked into the blood, two control slides were
prepared from the same volume of cell suspension, and cells
were verified by cytokeratin-positive staining and counted.
The average number of cells from the control slides was used
to calculate cell recovery. The spiked blood (i.e. the blood
from healthy controls that was injected with LNCaP cells) was
subjected to the same complete isolation and staining pro-
cedures to which the patient samples were subjected.

As a negative control, blood samples from healthy blood
donors without a history of cancer were obtained from BRT
Laboratories, Inc. (Baltimore, MD, USA) and other healthy
volunteers. A total of 50 healthy blood donors (27 male and
23 female) with ages ranging from 26 to 74 years old served
as negative control samples in the present study. Approxi-
mately 10 to 20 mL of whole blood from each of the donors
was subjected to the same complete isolation and staining
procedures to which the patient samples were subjected.

Fluorescence microscopy

Stained slides were examined under a Leica DM RXA micro-
scope (Leica Microsystems, Exton, PA, USA) equipped with
a MicroMax Digital CCD Camera System, model 1300YHS
(Princeton Instruments, Trenton, NJ, USA). We utilized filter
cubes that allowed for the differentiation of up to five fluores-
cence signals. The wavelengths of the excitation, dichroic,
and emission filters that were used in each cube were
360 nm, 400 nm, and 470 nm, respectively, for DAPI and
470 nm, 497 nm, and 522 nm, respectively, for FITC. Digital
images of the stained cells were acquired with a 40x objec-
tive lens using Image-Pro Plus software (Analytical Imaging
Products, San Diego, CA, USA).

Cell recovery and assay specificity

For quality control, one control sample was tested each time
that a patient sample was processed. On average, we used
one control per three patient samples (range 1 to 7 patient
samples) to ensure recovery in the enrichment process and
the proper staining procedure. The tumor cells targeted for
recovery in this assay stained positive for cytokeratin pep-
tides and were considered CD45-negative since they were
not removed from the blood sample when incubated with
anti-CD45 magnetic beads in the leukocyte depletion step.
The mean recovery rate was 70.4% (range 51%–95%), con-
sistent with the results of our previous validation of this pro-
cedure and similar to the reported rates for other enrichment
and detection procedures.16–18

To evaluate the specificity of the cell recovery and staining
procedures, a total of 75 blood samples from 50 healthy
individuals were examined as negative controls. These nega-
tive control tests were conducted either side by side with
patient blood samples or with positive control tests. None of
the negative control samples was found to contain
cytokeratin-positive cells. The negative control data indicate
that the samples from healthy blood donors must contain
zero or no more than one positive cell. These results led to
the conclusion that samples containing one cell or more
would be considered CTC-positive, whereas samples con-
taining no positive cell would be considered CTC-negative.

RESULTS

Overall, 35 of 64 patients had CTCs detected at various time
points. Of these 64 patients, 9 had low-volume tumors. The
demographic and clinical characteristics of these nine

Table 1 Demographic characteristics of patients with small tumors

Case # 1 2 3 4 5 6 7 8 9

Number of CTCs 2 1 5 0 7 0 2 16 2
Postoperative PSA (ng/mL) No 0.31 No No 0.25 No No No No
Age 41 53 59 63 62 62 54 61 52
Race C C C AA C Asian C AA AA
Prostate weight (g) 30.0 32.0 38.6 38.5 46.0 53.5 30.7 55.5 45.5
Preoperative PSA (ng/mL) 0.9 4.9 2.6 2.9 5.7 3.7 0.7 6.3 5.6
Clinical T-stage T2a T1c T1c T2a T1c T2a T1b T2b T1c
Pathological T-stage T2c T2c T2c T2c T2c T2c T2c T2c T2a
Index tumor volume (cc.) 0.3 0.3 0.1 0.1 0.2 0.1 0.2 0.1 0.1
Total tumor volume (cc.) 0.4 0.3 0.1 0.1 0.3 0.1 0.3 0.1 0.1
Prostate volume (cc.) 40.0 33.7 58.6 66.4 74.4 66.7 37.9 81.4 55.7
Surgical margin Status Neg Neg Neg Neg Neg Neg Neg Neg Neg
Benign glands extend to margin status Yes No No Yes Yes No No No Yes
Total number of tumor foci 4 7 5 3 2 9 9 4 3
Gleason score 6 5 6 6 6 6 6 6 6
Tumor differentiation Well/M Well Well Well Well Well/M Well Well Well

No: PSA level of <0.2 ng/mL; C: Caucasian; AA: African American; Well: Well-differentiated; M: Moderately differentiated
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patients are shown in Table 1. The median duration of PSA
follow-up was 39.7 months (range: 9.5–89.1 months). If the
four patients with <36 months of follow-up (this arose
because they did not return for continuous observation) were
excluded, the median follow-up time was 52 months (range:
37.2–89.1 months). The mean age at the time of surgery was
56 years (range 41–63 years). The mean preoperative PSA
was 3.9 ng/mL (range 0.9–6.3 ng/mL) and the mean prostate
weight was 41.1 g (range 30.0–55.5 g). All patients had mul-
tifocal tumors. The mean total number of tumors was 5.1
(range 2–9) and the mean total tumor volume was 0.2 cc
(range 0.1–0.4 cc). All tumors were organ-confined and sur-
gical margins were negative. Four of the nine cases had
benign glands found at the surgical margin. The distribution
of Gleason scores was as follows: Gleason score (GS) less
than 6 (one case) and GS 6 (eight cases). In two of the nine
cases, postoperative serum PSA levels of greater than
0.2 ng/mL were observed.

CTCs were detected in 7 of 9 patients, including the two
patients with elevated PSA. An example image of CTCs from
a patient blood sample after radical prostatectomy is shown
in Fig. 1. The CTC counts ranged from 1 to 16, with a median
count of 2. Four patients had fewer than three CTCs, and
three patients had more than 3 CTCs (Table 1). In the two
patients with elevated PSA, the detection of CTCs on each
follow-up visit varied (Table 2).

We could not observe any trend across the parameters in
Table 1, including postoperative PSA, race and margin
status, when making comparisons to CTC counts.

DISCUSSION

Overall, the pathological characteristics of the low-volume
prostate cancer were similar to those described by Cheng
et al. with respect to mean age, prostate size, tumor volume
and tumor grade.19 As previously reported by our group and
others, men with clinically insignificant tumors are rarely at
risk for PSA relapse.13,20,21 We suspect that the serological
failures that occurred in three out of the five patients in the
study published by Furusato et al. were probably due to
residual benign prostatic tissue at the surgical margins.13

However, no such explanation can be offered for the other 2
patients, who experienced biochemical recurrence.13 We
hypothesize that they may represent rare examples of well-
differentiated tumors with low volumes that still maintain a
biologically aggressive nature, as previously described.13

CTCs are found in the peripheral blood and can potentially
be disseminated from either primary tumors or metastatic
sites. In the prostate research field, the detection of CTCs
has been incorporated into different fields of oncology as a
prognostic marker, a tool to monitor response to therapy and
a method to understand basic tumor characteristics in the

prostate.22 Little is known, however, about whether CTCs can
be detected in patients with low-volume prostate cancer.23 In
the current study, we observed CTCs in two patients who had
elevated PSAs after surgery. Interestingly, thus far, none of
the patients in our study has experienced a recurrence
without prior or synchronous identification of CTCs We do not
know whether postoperative detection of CTCs in low-risk
prostate cancer patients with ‘insignificant’ tumors indicates
that these patients should receive more aggressive follow-up

Figure 1 Example image of one prostate circulating tumor cell
(CTC) and one white blood cell from a blood sample of a patient who
had previously undergone radical prostatectomy. Blue color – DNA
staining with DAPI; Red color – PSA staining with Texas-Red; Green
color – Cytokeratin staining with FITC.
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or adjuvant therapies to facilitate a cure. Still, we believe that
combining CTC detection with supersensitive PSA testing
may allow for the prediction of biochemical recurrence earlier
than it could be predicted by conventional PSA testing alone.

One weakness of this study is the small number of patients
with low-volume prostate cancer. With continued long-term
follow-up, the number of patients showing elevation of PSA
may increase, allowing further development of available data.
In addition, larger multi-center studies should be applied to
this patient group to assess more comprehensively the utility
of measuring CTCs in patients with insignificant disease. This
study provides a sound methodology for measuring CTCs in
prostate cancer patients, and its findings have interesting
implications for their treatment.

CONCLUSIONS

In this study, patients with CTCs were found to have detect-
able PSA levels with and without transient PSA spikes. This
study provides further evidence that the isolation and detec-
tion of circulating epithelial cells is possible and may be used
for follow-up of patients with low-volume prostate cancer. The
detection of CTCs, however, did not predict PSA failure using
strict criteria (e.g. two consecutive values of elevated PSA
30.2 ng/mL) in our patient population.
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