blood was based on the results of breast cancer studies showing that
this cutoff robustly predicted OS (9 – 12). Secondary objectives included
the prognostic utility of CTC enumeration before and at other time
points after the initiation of therapy. The ability of posttreatment PSA
changes to predict OS was also explored alone and in relation to the
acquired CTC data.
The statistical design was based on a sample size of 200 evaluable
patients enrolled over a 12-mo period with the assumption that 50%
of the evaluable patients would have Unfavorable CTC counts 3 to
4 wk after the initiation of therapy. It was assumed prospectively that
20% of patients would be nonevaluable. Evaluable patients with
Favorable (n = 80) and Unfavorable (n = 80) CTC counts were
projected to have median OS of 28 and 14 mo, respectively. Under
these assumptions, a log-rank test for the equality of survival curves
with a one-sided type I error (a) of 0.05 would have 80% power to
detect a difference between the survival curves of the Favorable and
Unfavorable patient cohorts equating to a hazard ratio (HR) of 2.0
after a minimum of 52 death had been observed. Accrual was to be
continued until data on at least 80 evaluable patients with
Unfavorable CTC counts and 80 evaluable patients with Favorable
CTC counts f3 to 4 wk after the initiation of therapy had been
enrolled and followed for a minimum of 12 mo or until a minimum
of 52 deaths had been observed.
For the survival analysis, Kaplan-Meier plots were generated based on
CTC at baseline and follow-up blood collections. For all survival
analyses, the elapsed time between the date of the blood collection and
death or the last follow-up was used. Survival curves were compared
using log-rank testing. Cox proportional hazards regression was used to
determine univariate and multivariate hazards ratios for OS. Receiver
operating characteristic curves were used to examine the global
performance characteristics of the outcome tests being evaluated. The
area under the receiver operating characteristic curves were compared
using a nonparametric method, which accounts for the correlation
induced through measurement of the two independent variables on the
same set of patients.

Results
Patient demographics. A total of 276 patients with progressing CRPC were enrolled between October 2004 and February

2006, of whom 45 (16%) did not meet the required eligibility
criteria: 13 commenced radiotherapy or a new hormonal
therapy within 30 days of the baseline blood draw; 10 did not
have evaluable baseline blood draws or scans; 8 had insufficient washout from antiandrogens; 7 lacked progressive disease
at accrual; 3 had a history of other cancers within the previous
5 years; 2 withdrew consent; 1 had a PSA of <5 ng/mL; 1 was
not castration resistant. Of the 231 evaluable patients, 219,
203, 163, 149, and 143 had evaluable CTC at baseline, 2 to 5,
6 to 8, 9 to 12, and 13 to 20 weeks after the initiation of
therapy, respectively. Patient demographics are presented in
Table 1. At the time of analysis, 119 (52%) of the 231 evaluable
patients had died (111 of the 219 with evaluable baseline
CTC), resulting in a median OS of 17.2 months [95%
confidence interval (95% CI), 14.2-21.0 months]. The average
length of follow-up time for the 112 patients still alive was
16.1 + 4.9 months (range, 1.9-25.7 months).
Baseline CTC number and prognosis. At the time of analysis
30% (28 of 94) of the Favorable (<5 CTC at baseline) and 66%
(83 of 125) of the Unfavorable (z5 CTC at baseline) group
patients were alive (Fig. 1), with a median OS of 21.7 (95% CI,
21.3 months to Not Reached) and 11.5 months (95% CI, 9.313.7 months), respectively, (Log-rank P < 0.0001; Cox HR, 3.3;
m2 = 34.48; P < 0.0001).
CTC number 2 to 5 weeks after treatment and OS. Two to
5 weeks after treatment, the median OS of patients with
Favorable CTC was 20.7 months (95% CI, 20.5 months to
Not Reached), compared with 9.5 months (95% CI, 5.810.7 months) for the Unfavorable group (Log-rank P < 0.0001;
Cox HR, 4.5; m2 = 53.31; P < 0.0001; Fig. 2A). The median OS
differences between patients with Favorable and Unfavorable
CTC at 6 to 8, 9 to 12, and 13 to 20 weeks after the initiation
of therapy were similar to differences in OS at 2 to 5 weeks
(Fig. 2B).
Univariate and multivariate Cox proportional hazards regression analyses. Univariate and multivariate Cox proportional
hazards regression analyses were done, evaluating a number

Circulating Tumor Cells in Prostate Cancer

of factors including CTC count, age, Eastern Cooperative
Oncology Group performance status, PSA doubling time, PSA
velocity, hemoglobin, albumin, baseline testosterone, lactate
dehydrogenase, alkaline phosphatase, line of cytotoxic therapy,

and presence of visceral metastases. These studies revealed that
baseline and posttreatment CTC counts were highly prognostic
and independent of the number of lines of cytotoxic
chemotherapy and established prognostic markers including

Fig. 2. Kaplan-Meier estimates of
probabilities of OS of CRPC patients with
Favorable (<5) and Unfavorable (z5) CTC:
A, 2 to 5 wk after initiation of therapy;
B, 2 to 5, 6 to 8, 9 to 12, and 13 to 20 wk
after initiation of therapy.

www.aacrjournals.org
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Fig. 2 Continued. C, patients whose CTC
did or did not convert from the favorable or
unfavorable groups after therapy.

hemoglobin, lactate dehydrogenase, Alkaline phosphatase,
albumin and performance status (Table 2; Supplementary
Table).
Conversion between Unfavorable and Favorable groups after
treatment. Additional exploratory analyses showed the effect
on OS of converting from Unfavorable to Favorable CTC or
from Favorable to Unfavorable CTC (Fig. 2C). Patients with
Unfavorable CTC at all time points (group 4, 71 patients) had
the shortest median OS (6.8 months; 95% CI, 5.8-10.3),
which was significantly different from those who converted
from Unfavorable to Favorable CTC after treatment (group 2,
45 patients; median OS, 21.3 months; 95% CI, 18.4 to not
reached; log-rank P < 0.0001) and those who had Favorable
CTC throughout (group 1, 88 patients; median OS, >26
months; 95% CI, 21.4 months to not reached; log-rank
P < 0.0001). A change from Favorable to Unfavorable CTC
after treatment (group 3) was associated with a poor
prognosis (median OS, 9.3 months; 95% CI, 8.2-11.3 months),
although the number of patients in this group was small
(n = 26).
Posttreatment CTC count is superior to PSA decrements at
predicting OS. A reduction in PSA after initiating therapy by
either 30% or 50% has been proposed as a potential predictor
of OS (5 – 7). The predictive ability of Favorable and
Unfavorable CTC after treatment were therefore compared
with both. The differences in median OS between the
Favorable (>30% or >50% PSA reduction from baseline) and
Unfavorable (<30% or <50% PSA reduction from baseline)
PSA reduction groups were statistically significant after 6 to

Clin Cancer Res 2008;14(19) October 1, 2008

8 weeks (HR, 2.2 for 30% PSA decrement; HR, 2.1 for 50%
PSA decrement), becoming most significant at 13 to 20 weeks
(HR, 2.9 for 30% PSA decrement; 2.6 for 50% PSA decrement).
The separation between the Favorable (<5 CTC) and Unfavorable (>5 CTC) CTC cohorts was greater than for either of these
PSA decrement algorithms at all time points after the initiation
of therapy (HR, 5.3 at 9-12 weeks and 6.5 at 13-20 weeks;
Table 3). This is illustrated further in Fig. 3, which shows the
survival distributions for patients with Favorable and Unfavorable CTC (19.6 versus 7.6 months; Cox HR, 5.3; log-rank
P < 0.0001) at 9 to 12 weeks (A) compared with patients who
achieved a >30% decline in PSA and those who did not (18.5
versus 10.2 months; Cox HR, 2.2; P = 0.0007; B). The
predictive superiority of CTC over PSA reduction algorithms is
even more striking at 2 to 5 and 6 to 8 weeks. Similar data were
observed for both 30% and 50% PSA decrements after therapy
(Table 3).
To evaluate this further, we then compared the ability
of CTC counts and PSA reduction to predict death within
12 months of the baseline blood draw using receiver operator
characteristic curve analyses. The area under the receiver
operating characteristic curve for survival at 12 months was
81.5% (95% CI, 74-89%) for CTC enumeration and 67.5%
(95% CI, 58-77%) for 30% PSA decrements (C), and the
P value for the comparison of these curves was 0.0218. These
results show that CTC enumeration 9 to 12 weeks after
treatment had superior predictive power compared with
posttreatment PSA changes to predict death within 12 months
of the baseline blood draw.
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Table 2. Multivariate Cox regression OS analysis
A. Prognostic factors prior to the initiation of therapy in androgen-independent prostate cancer patients
Variable

Categories

OS risk from baseline

Positive

Negative

>5

<5

Baseline CTC number
ECOG status at study entry
Baseline hemoglobin (g/dL)
Baseline LDH (IU/mL)c
Baseline alkaline phosphatase (IU/mL)c
Line of therapy
Type of therapy (taxotere: yes/no)
Bone metastasis?

1.81
1.48
0.83
1.00
1.00
1.09
0.72
1.60

2 vs 1 vs 0
Continuous
Continuous
Continuous
Continuous (1-6)
Yes
Yes

P*

HR (95% CI)

No
No

(1.10-2.97)
(1.05-2.08)
(0.71-0.96)
(1.00-1.00)
(1.00-1.00)
(0.87-1.36)
(0.45-1.17)
(0.56-4.54)

0.019
0.025
0.013
<0.001
0.449
0.439
0.185
0.376

B. Prognostic factors 9-12 weeks after initiation of therapy in androgen-independent prostate cancer patients
9-12 wk CTC number
ECOG status at study entry
Line of therapy
Type of therapy (taxotere: yes/no)
9-12 wk PSA reduction from baseline (%)c

>5

<5

4.40
2.50
1.16
1.22
1.38

2 vs 1 vs 0
Continuous (1-6)
Yes
<30%

No
>30%

(2.43-7.97)
(1.70-3.67)
(0.89-1.53)
(0.67-2.25)
(0.77-2.47)

<0.001
<0.001
0.277
0.515
0.281

NOTE: See supplementary table for univariate analysis.
*P value from Wald test of Z statistic.
cDetermined from serum drawn on the same date as the blood drawn for CTC.

inconsistent changes in PSA, symptoms, and radiographic
findings. A decision to discontinue treatment with inactive
agents at an earlier time point could decrease morbidity from
toxicity, reduce treatment costs, and allow patients to receive
alternative management. Importantly, this earlier cessation of
ineffective treatment could also potentially increase the pool of
fit patients available for clinical trials investigating novel agents.
A large number of these molecularly targeted therapies—and
their combinations—are now available for evaluation in
clinical trials in patients with CRPC (1, 2). Currently, the
development of such novel agents depends in large part on
phase II trials with PSA reduction algorithm end points
followed by the conduct, successful completion, and positive
outcome of large randomized phase III studies with OS as the
primary end point. These phase III trials require large patient
numbers, high fiscal costs, and many years of follow-up. It is
the continued need to measure OS as a primary end point in
these trials and the lack of informative intermediate end points
that reflect accurately whether a treatment is efficacious that has
hindered the drug development process (3 – 7). Replacing
this primary end point (the ‘‘true’’ end point) with another

Discussion
The present study adds to the growing body of evidence that
CTC counts are prognostic and predict OS in multiple
metastatic carcinomas (9 – 12, 15). This multicenter prospective
study specifically showed that CTC number at different time
points after treatment was the strongest independent predictor
of OS in CRPC. These data clinically qualify the prognostic
significance of baseline CTC and for the first time, show that
posttreatment CTC number predicts survival after treatment.
CTC number was more predictive than posttherapy changes in
PSA, raising the likelihood that CTC number may be an
intermediate end point of efficacy. Statistical confirmation of
the ability of CTC counts to be an intermediate end point for
drug approval, robustly predicting OS benefit, now requires
further evaluation.
If CTC counts prove to be a surrogate of outcome, these
could also potentially assist in guiding earlier discontinuation
of ineffective treatment. This would be a significant advance
because making therapeutic decisions in CRPC is frequently a
major challenge for both patient and physician due to frequent

Table 3. Median OS of Favorable and Unfavorable CTC and 30% and 50% PSA decrement groups in CRPC
patients
Time
Point

2-5 wk
6-8 wk
9-12 wk
13-20 wk

CTC/7.5 mL
n

z5
(%)

203
163
149
143

39
33
33
31

Median
OS
<5

z5

20.7
19.9
19.6
19.8

9.5
8.5
7.6
6.7

www.aacrjournals.org

30% PSA Reduction
from baseline (%)

Logrank P

HR

N

<30
(%)

<0.0001
<0.0001
<0.0001
<0.0001

4.5
3.6
5.3
6.5

207
167
155
142

71
60
46
41

Median
OS

50% PSA Reduction
from baseline (%)

Logrank P

HR

n

<50
(%)

0.3653
0.0011
0.0007
<0.0001

1.2
2.2
2.2
2.9

207
167
155
142

83
75
59
46

z30% <30%
17.2
22.8
18.5
17.7

6307

15.2
11.5
10.2
8.7

Median
OS

Logrank P

HR

0.56
0.01
0.0006
0.0001

1.2
2.1
2.3
2.6

z50% <50%
17.5
22.8
19.6
17.7

16.2
14.4
10.8
9.9
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Fig. 3. A, Kaplan-Meier estimates of
probabilities of OS of CRPC patients with
Favorable (<5) and Unfavorable (z5) CTC
after 9 to 12 wk of therapy. B, Kaplan-Meier
estimates of probabilities of OS of CRPC
patients with Favorable, (z30%) and
Unfavorable (<30%), PSA decrements after
9 to 12 wk of therapy.

(a ‘‘surrogate’’ end point), which could be measured earlier,
more conveniently or more frequently, and that would
adequately reflect the clinical benefit of new treatments on
the true end point has the potential to accelerate the
determination of which treatments might be effective. The
development of such biomarkers that accurately predict
outcome remains, however, controversial and complex. The
U.S. Food and Drug Administration have attempted to address
this issue through a series of meetings on end points in
advanced prostate cancer. No general consensus has yet been

Clin Cancer Res 2008;14(19) October 1, 2008

reached at these meetings, although it has been agreed that
surrogate markers allowing an earlier assessment of the utility of
novel therapies expediting drug approval are urgently needed.
The Oncology Biomarker Qualification Initiative provides the
roadmap for these investigations.
Based on these data, we have now started using CTC as an
exploratory end point in several trials of novel agents in patients
with CRPC. The first clinical studies to do this were trials of
abiraterone acetate, an inhibitor of the enzyme CYP17 and
androgen synthesis and of a human monoclonal antibody to the
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Fig. 3 Continued. C, receiver operator characteristic curves
for the ability of CTC and 30% PSA reduction to predict
death within 12 mo of the baseline draw 9 to 12 wk (C) after
the initiation of therapy.

insulin-like growth factor-1 receptor (18, 19). It is envisioned
that CTC will become a vital component of the evaluation of the
antitumor activity of novel agents in phase II trials in this disease
to optimize the selection of agents to be taken forward into
phase III trials. Overall, although these data do not establish
CTC as a true surrogate of outcome, they do support this claim
(20, 21). Demonstrating true surrogacy remains complex and
controversial with evolving statistical methodology. Establishing that CTC can be used as a surrogate for survival benefit will
now require evaluation in multiple prospective, randomized
phase 3 therapeutic trials, powered on survival end points and
CTC as a biomarker, with meta-analytic analyses (22).

In summary, the measurement of CTC provides a useful
prognostic determinant for CRPC patients. In addition, the
comparison of CTC before and after treatment constitutes a
predictor of outcome. It is envisioned that CTC will provide the
surrogate end point that has been sought by the regulatory
authorities for use in the efficacy assessment and expedited
approval of novel anticancer therapies for the treatment of CRPC.
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