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RAPID COMMUNICATION

DIRECT EVIDENCE THAT PROSTATE TUMORS SHOW HIGH SENSITIVITY
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Purpose: A direct approach to the question of whether prostate tumors have an atypically high sensitivity to
fractionation (low �/� ratio), more typical of the surrounding late-responding normal tissue.
Methods and Materials: Earlier estimates of �/� for prostate cancer have relied on comparing results from
external beam radiotherapy (EBRT) and brachytherapy, an approach with significant pitfalls due to the many
differences between the treatments. To circumvent this, we analyze recent data from a single EBRT �
high-dose-rate (HDR) brachytherapy protocol, in which the brachytherapy was given in either 2 or 3 implants,
and at various doses. For the analysis, standard models of tumor cure based on Poisson statistics were used in
conjunction with the linear-quadratic formalism. Biochemical control at 3 years was the clinical endpoint.
Patients were matched between the 3 HDR vs. 2 HDR implants by clinical stage, pretreatment prostate-specific
antigen (PSA), Gleason score, length of follow-up, and age.
Results: The estimated value of �/� from the current analysis of 1.2 Gy (95% CI: 0.03, 4.1 Gy) is consistent with
previous estimates for prostate tumor control. This �/� value is considerably less than typical values for tumors
(>8 Gy), and more comparable to values in surrounding late-responding normal tissues.
Conclusions: This analysis provides strong supporting evidence that �/� values for prostate tumor control are
atypically low, as indicated by previous analyses and radiobiological considerations. If true, hypofractionation or
HDR regimens for prostate radiotherapy (with appropriate doses) should produce tumor control and late
sequelae that are at least as good or even better than currently achieved, with the added possibility that early
sequelae may be reduced. © 2002 Elsevier Science Inc.
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INTRODUCTION

There has been much recent discussion regarding the pos-
sibility that prostate tumors respond to changes in fraction-
ation like a late-responding normal tissue, rather than like a
typical tumor (1–6). The biologic rationale stems from the
extremely slow average growth kinetics of prostate cancers
(1–2, 7), more typical of late-responding normal tissues than
of tumors.

Generally speaking, increased fractionation provides an
increasing therapeutic advantage between tumor control and
late sequelae, in that fractionation spares late-responding
normal tissues more than tumors, because tumors normally
respond as early-responding tissue (8). Sensitivity to change

in fractionation can be quantified through the�/� ratio (8)
in the linear-quadratic (LQ) formalism—in the language of
the LQ model, fractionation spares tissues with a low�/�
ratio (late-responding tissues) more than it does tissues with
a high �/� ratio (early-responding tissues typical of most
tumors). The suggestion for prostate cancers, however, is
that the�/� ratio for tumor control is comparable to (or
even possibly smaller than) that for the surrounding late-
responding normal tissue (1–5).

If prostate tumors and the adjacent late-responding nor-
mal tissues do respond in essentially the same ways to
changes in fractionation, the practical consequences would
be profound (4). Hypofractionation schemes for prostate

Reprint requests to: D. J. Brenner, Ph.D., D.Sc., Center for
Radiological Research, Columbia University, 630 West 168th
Street, New York, NY 10032. Tel: (212) 305-9930; Fax: (212)
305-3229; E-mail: djb3@columbia.edu

This work was supported by NIH Grants CA-24232, CA-77285,
and ES-07361.
Acknowledgments—Helpful discussions with Drs. Rainer Sachs,

Eric Hall, Jack Fowler, and Rick Chappell are gratefully acknowl-
edged. We also thank the members of the Departments of Urology
and Radiation Oncology at William Beaumont Hospital who en-
rolled the patients in this trial.

Received Aug 15, 2001, and in revised form Aug 23, 2001.
Accepted for publication Sep 4, 2001.

Int. J. Radiation Oncology Biol. Phys., Vol. 52, No. 1, pp. 6–13, 2002
Copyright © 2002 Elsevier Science Inc.
Printed in the USA. All rights reserved

0360-3016/02/$–see front matter

6



radiotherapy (with appropriately modified doses) would be
expected to produce tumor control and late sequelae that are
at least as good as currently achieved with conventional
fractionation, with the added possibility that early sequelae
may be reduced (1, 4). Similarly, high-dose-rate (HDR)
brachytherapy might be expected to produce results com-
parable to or better than those from low-dose-rate implants
(1, 2).

Earlier attempts to estimate �/� values for prostate tumor
control have relied on combining results from brachyther-
apy with results from external beam therapy (1, 3, 5).
Essentially, analysis of brachytherapy results allows estima-
tion of the parameter � and, given this parameter, analysis
of external beam results allows estimation of �/�. Although
this approach has generated consistent results using a vari-
ety of analysis techniques and with a variety of data sets (1,
3, 5), results from this approach need to be viewed with
caution because of the inherent uncertainties in combining
different data sets from brachytherapy and external beam
therapy (6): First, the dose distributions and specifications
from brachytherapy and external beam therapy are typically
very different; and second, the data sets generally derive
from different institutions, leading to potential differences
in staging as well as scoring response (6). An additional
issue is the possibility of a difference in biological effec-
tiveness between the low-energy 125I or 103Pd photons most
often used in prostate brachytherapy, and the high-energy X
rays used in external beam irradiation (6, 9).

In this report we discuss some data and their analysis
which, in large part, overcome these problems. Specifically,
we report and analyze recent data from an external beam
radiotherapy (EBRT) plus high-dose-rate (HDR) conformal
brachytherapy boost protocol (10), in which the HDR treat-
ment was given in either two or three implants, and at
various different doses. This HDR dose escalation trial
began in 1991 using the assumption that prostate cancer
cells have an �/� of 10 Gy. These data are analyzed here
either to confirm our original assumption, or to produce a
revised estimated �/� value, the analysis being free of most
of the uncertainties inherent in combining different types of
data sets.

METHODS AND MATERIALS

Clinical studies
From November 1991 through June 2000, a total of 192

patients with unfavorable prostate cancer were prospec-
tively treated in a dose-escalating trial with pelvic EBRT in
combination with outpatient HDR brachytherapy, at Wil-
liam Beaumont Hospital. Patients with any of the following
characteristics (or higher) were eligible: pretreatment pros-
tate-specific antigen (PSA) 10.0 ng/mL, Gleason score 7, or
clinical stage T2b. All patients received pelvic EBRT to a
median total dose of 46.0 Gy in 1.8–2 Gy daily fractions
(except for the days in which brachytherapy was delivered),
for a total treatment time of 4.5 to 5 weeks.

The pelvic EBRT was integrated with ultrasound-guided
transperineal conformal interstitial 192Ir HDR brachyther-
apy, given in either two or three implants (10). From 1991
to 1995, 58 patients received three separate interstitial 192Ir
HDR implants during the first, second, and third weeks of
pelvic EBRT. After October 1995, the remaining 134 pa-
tients received two interstitial 192Ir implants during the first
and third weeks of pelvic EBRT. The dose per HDR brachy-
therapy implant was escalated from 5.50 Gy to 6.50 Gy for
those patients receiving three implants, and from 8.25 Gy to
10.50 Gy in those patients receiving two implants. Typical
implant treatment times were less than 10 min, depending
on source strength and dose.

Further details of the treatment technique, as well as early
results, have been reported previously (10). A full analysis
of treatment sequelae will be the subject of a separate
publication (currently, there is no evidence of greater tox-
icities in the 2-implant group compared to the 3-implant
group). No patient received hormonal therapy unless treat-
ment failure was documented. Biochemical failure was de-
fined according to the American Society for Therapeutic
Radiology and Oncology Consensus Panel definition (11),
although other definitions are possible, particularly for
brachytherapy (12).

Follow-up and mean prognostic indicators (clinical stage,
pretreatment PSA, Gleason score, age at treatment) of the
3-implant and 2-implant patient groups are given in Table 1.
The median follow-up was 6.6 years (range: 1.9–8.9 years)
for the 3-implant HDR treatments, and 3.0 years (range: 0.9

Table 1. Number of patients, median follow-up times, and prognostic indicators, stratified by number of implants, for the full patient
population, and for the matched subgroups

Number of cases

Median
follow-up

(years)
Mean clinical

stage*
Mean pre-

treatment PSA

Mean
Gleason

score Mean age

2-implant group 134 3.0 4.7 � 1.3† 8.9 � 5.2† 6.8 � 0.9 67.1 � 7.9
3-implant group 58 6.6 6.2 � 1.2† 17.7 � 13.4† 7.1 � 1.3 68.8 � 6.6
2-implant subgroup 84 3.0 5.4 � 1.0 9.2 � 4.7 6.7 � 0.8 66.9
3-implant subgroup 37 6.4 6.1 � 1.3 10.9 � 4.3 6.9 � 1.1 68.8

* Using code T1c � 3, T2a � 4, T2b � 5, T2c � 6, T3a � 7, T3b � 8, T3c � 9.
† Significant difference (p � 0.05) between 2-implant group and the 3-implant group, using the Kolmogorov-Smirnov two-sample test

(17).
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to 5.0 years) for the 2-implant HDR treatments. Of course it
is important that our analyses be performed on different
groups that are restricted to the same follow-up period (3
years, for this analysis), so bNED (biochemically, no evi-
dence of disease) data for follow-up times above 3 years are
not analyzed here, as discussed in detail below.

The data in Table 1 indicate that the distribution of values
of the pretreatment PSA and of the clinical stage were
significantly different in the 2-implant patient group com-
pared to the 3-implant group. Pretreatment PSA, Gleason
score, and probably clinical stage, are demonstrated prog-
nostic indicators of clinical response (13–16). As it is our
goal to fit all the data together to a common parametric
model to estimate a value for the �/� ratio, it is essential that
the 2- and 3-implant groups be matched with respect to
these prognostic indicators—both overall and between each
dose category. We therefore defined subgroups chosen from
within the 2-implant group and subgroups chosen from
within the 3-implant group, such that these subgroups are
matched to each other, both overall and between each dose
category, with respect to three prognostic indicators (pre-
treatment PSA, Gleason score, and clinical stage). Com-
puter optimization based on random matching was used to
ensure that both these subgroups excluded as few individ-
uals as possible.

Specifically, from within the original groups (134 in the
2-implant group, 58 in the 3-implant group), we used com-
puter optimization to identify matched subgroups; this
yielded a total of 84 individuals in the 2-implant subgroup
and 37 individuals in the 3-implant subgroup. Using the
Kolmogorov-Smirnov test (17), the hypothesis could not be
rejected that individuals from the matched subgroups come
from the same distribution of pretreatment PSA, Gleason
score, clinical stage, and age at treatment. Overall charac-
teristics of the two subgroups are also given in Table 1, and
details of the subgroups broken down by dose category are
given in Table 2.

Formalism
We use standard models of tumor cure based on Poisson

statistics (18). At a dose D, if the stem cell survival prob-

ability is S, the probability of avoiding biochemical failure
after treatment (bNED) will be

bNED � (1 � S)K � exp(�SK), (1)

where K is related to the initial number of potential stem
cells in the tumor, that is, cells that have the independent
capacity to initiate tumor regrowth or biochemical failure.
Here the survival probability, S, is given by the LQ formal-
ism:

S � exp� � �D � G�D2�. (2)

Here � and � are the LQ parameters, and G is the Lea-
Catcheside function describing the reduction in effect due to
dose protraction (19). This factor G depends on the details
of the temporal distribution of dose, as well as the rate of
repair of sublethal damage. The mechanistic underpinning
of the LQ formalism has been discussed elsewhere (20).

For the combination of external beam and HDR treat-
ments used here,

S � SEBRT � SHDR, (3)

where SEBRT and SHDR are, respectively, the survival prob-
abilities from the external beam treatment, and the HDR
treatment. In both cases, because the actual treatment times
are much smaller than the estimated characteristic repair
time [2.7 h (3)] for prostate cancer cells, the G function of
Eq. 2 can be adequately described by

G � 1/N, (4)

where N is the number of fractions (�24 for the EBRT, and
either 2 or 3 for the HDR brachytherapy).

All the data (specifically, bNED frequency at 36 months)
were fitted simultaneously to Eqs. 1–4 using a standard
simulated annealing technique (21), with three free param-
eters (�, �, and K).

Table 2. Detail of prognostic indicators in the analyzed matched subgroups of patients*

Dose per implant (Gy),
number of implants Number of cases

Mean clinical
stage†

Mean pre-
treatment PSA

Mean Gleason
score Mean age

5.5 � 3 11 5.9 10.8 6.9 67.2
6.0 � 3 10 6.4 10.9 7.0 67.3
6.5 � 3 16 6.1 10.9 7.2 70.8

8.25 � 2 19 5.5 9.5 7.0 65.3
8.75 � 2 20 5.5 8.8 6.3 66.1
9.5 � 2 20 5.3 11.0 7.0 68.0

10.5 � 2 25 5.4 7.9 6.7 68.0

* No significant differences (p 	 0.05) of the values of the prognostic indicators between any of the seven dose-per-implant categories,
using the Kolmogorov-Smirnov test (17).

† Using code T1c � 3, T2a � 4, T2b � 5, T2c � 6, T3a � 7, T3b � 8, T3c � 9.
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RESULTS

Biochemical outcome
Actuarial analysis of biochemical control for the matched

subpopulations, calculated using the Kaplan–Meier method
(22), is shown in Fig. 1a. As expected, the control rate after
the 2-implant treatments was significantly larger than from
the 3-implant treatments, using the log–rank test (23) to
compare actuarial curves. The actuarial biochemical control
rate after 36 months follow-up for the EBRT 
 3-implant
HDR subgroup varied from 64% to 75% (depending on
dose), whereas the corresponding rate for the EBRT 

2-implant subgroup varied from 87% to 95%. Figure 1b
shows the 2-implant vs. 3-implant results for all doses
combined; the bNED rate at 3 years for the 2-implant group
(mean total implant dose 18.7 Gy) was 94%, significantly
higher (p � 0.001) than the corresponding rate of 70% for
the 2-implant group (mean dose 18.2 Gy).

Estimation of �/� value
The best fit to all the bNED data, 36 months after treat-

ment, using Eqs. 1–4 is shown in Fig. 2. The Pearson �2

goodness-of-fit statistic (24) indicates that the model pro-
vides an adequate fit to the data. The estimated parameter
values were � � 0.026 Gy�1, �/� � 1.2 Gy, K � 138 cells.
The 95% confidence interval (CI) for the �/� estimate,
based on a Monte-Carlo normally distributed “synthetic
data” simulation (21), was from 0.03 to 4.1 Gy, though the
lower values in this confidence limit correspond to possibly
unrealistically low values of the � parameter.

Also shown in Fig. 2 is a fit to the data in which �/� was
constrained to be 10 Gy, a “nominal” value for most tumors
(25, 26)—as well as the original assumption made at the
outset of this trial. It is clear that this results in a poorer
description of the data, with a much smaller separation
between the two- and three-implant data than is seen clin-
ically. For example at a total HDR dose of 16.5 Gy, the
clinical data indicate a 23% difference (87% vs. 64%) in
3-year bNED rates for two vs. three implants. The best fit to
the data with �/� � 1.2 Gy does indeed predict a 23%
difference, whereas an �/� value of 10 Gy predicts only half
this difference (11.6%).

Potential effects of late failures
The follow-up time used in this analysis (3 years post-

treatment for each group) is such that not all potential
treatment failures in either the 2-implant or the 3-implant
group would have yet occurred. For example, in the
matched 3-implant group, where the mean follow-up time
was actually 6 years, two additional late failures (at 3.1 and
3.3 years) were observed, though they were not included in
the current analysis due to the necessity of using the same
follow-up times as for the 2-implant group.

It is likely that the 2-implant group will show a lower
incidence of late (	3-year) failures compared with the
3-implant group, because higher cure rates (or, equivalently,
higher effective doses) are generally associated with early

failure times—a trend established from external beam data
(27, 28) (see Fig. 3). This trend is also visible in the current
data within the 3-implant group: only in the lowest dose
group of the 3-implant data are any failures observed after
3 years (Fig. 1a).

Based on these considerations, some sensitivity studies
were performed to explore the possible effects of longer
follow-up on the estimated �/� value. The matched data for
the 3-implant groups with 6 years of follow-up were fitted to
Eqs. 1–4, together with the matched data for the 2-implant
group in which it was assumed that no further late failures
will occur beyond the single case already observed in the
2-implant low-dose group (at 3.7 years); the estimated �/�
value was 0.8 Gy, with a crude estimate of an upper limit
(assuming two further late failures in the 2-implant low-
dose group) of 1.7 Gy. A more conservative (though prob-
ably less realistic) assumption, that all the 2-implant pa-
tients will show the same pattern of late response as do the
3-implant patients, leads to an estimated �/� value of 2.9
Gy with a crude estimate of an upper limit of 6.9 Gy.

DISCUSSION

The estimated value of �/� from the current analysis of
1.2 Gy (95% CI: 0.03–4.1 Gy) is consistent with previous
estimates for prostate tumor control. Specifically Brenner
and Hall (1) estimated a value of 1.5 Gy (95% CI: 0.8–2.2
Gy), while Fowler et al. (3) estimated 1.49 Gy (95% CI:
1.25–1.76 Gy). Using a more generic comparison of EBRT
and brachytherapy results, King and Fowler (5) estimated
�/� values for prostate tumor control in the range from 1.8
to 2.8 Gy. All these values are considerably lower than
typical value for other tumors (�8 Gy), and are comparable
to typical values in the surrounding late-responding normal
tissues (25, 26).

Necessarily crude projections of what the �/� ratio might
be if a comparison of results was made after 6 years fol-
low-up (rather than the 3-year analysis described here)
suggest that the estimates would still be comparable to those
for late-responding tissues, and lower than those for most
other tumor types. A reanalysis after another, say, 2–3 years
follow-up would, however, be useful.

All the earlier �/� values for prostate cancer relied on
comparisons between independent EBRT and brachyther-
apy results; the problems associated with such comparisons
have recently been discussed by D’Souza and Thames (6),
who concluded that the uncertainties inherent in such com-
parisons (in particular relating to differences in dose distri-
bution, dose rate, and radiation type) implied that a broad
range of �/� values was possible. The technique used in
generating the current estimate involves analysis of a single
data set, within which there are differences only in the
number of implants and the overall dose—thus avoiding the
potential pitfalls (6) in EBRT–brachytherapy comparisons
from different data sets.

An additional earlier analysis problem that the current
approach largely overcomes is the potentially significant
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Fig. 1. Actuarial plots of frequency of freedom from biochemical failure (bNED) in matched subgroups, as a function
of time posttreatment, (a) stratified by number of HDR implants and dose per HDR implant, (b) stratified only by number
of HDR implants. Further details are given in Tables 1 and 2.
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difference in biological effectiveness between the low-en-
ergy 125I or 103Pd photons most often used in prostate
brachytherapy, and the high-energy X rays used in EBRT
(6, 9). In the protocol (10) analyzed here, a) the brachyther-
apy utilized higher-energy 192Ir gamma rays, which have a
biological effectiveness closer to that of high-energy pho-
tons (9), and b) the comparisons made here are essentially
between different HDR brachytherapy dose/fractionation
protocols, rather than between brachytherapy and EBRT
protocols.

The disadvantage of the current analysis is the smaller
number of patients analyzed (n � 121), compared with
earlier �/� estimates (1, 3, 5) for which the various analyzed
patient groups were more heterogeneous. Because the
groups analyzed here are more homogeneous, both in regard
to prognostic indicators and to treatment techniques, the
statistical confidence limits of the current �/� estimate
(95% CI: 0.03 to 4.1 Gy), though somewhat wider than
quoted for earlier analyses, probably better reflect the true
uncertainties than did those from previous studies. The good
agreement, however, between the estimates from these dif-
ferent analyses, is encouraging.

The estimated �/� values for prostate tumor control ap-
pear clearly lower than for most other tumors, and are

probably comparable to those of the adjacent late-respond-
ing normal tissues. Thus it appears that prostate tumors and
the adjacent late-responding normal tissues respond in ap-
proximately the same ways to changes in fractionation. As
pointed out previously (1, 2), this is not entirely unexpected
because of the very slow average growth kinetics of prostate
cancers (7), more typical of late-responding normal tissues
than of tumors.

If the �/� value for prostate tumor control is typically
low, the consequences for prostate cancer radiotherapy
could be significant (4). For prostate cancer patients, appro-
priate hypofractionation schemes using EBRT with intensi-
ty-modulated beams, EBRT with an HDR boost, or mono-
therapy with HDR should produce tumor control and late
sequelae that are as good, if not better, than currently
achieved with conventional fractionation. The added possi-
bility that early sequelae may be reduced (1, 4)* is, of
course, attractive. In addition, the need for considerably
fewer EBRT fractions would be a boon both for the patient
and for resource-stretched radiotherapy centers. The need
for fewer EBRT fractions could also be used as a rationale
for the technically demanding intensity-modulated radio-
therapy.

These considerations apply equally to EBRT and to

*Essentially the argument here (1, 4) is the correlate of the
“standard” argument that if tumor control shows a large �/� and
late sequelae a small �/�, then contracting the treatment will spare
the tumor more than the late sequelae—an undesirable outcome.

Here, early sequelae show a large �/� and prostate tumor control
a small �/�, so contracting the treatment will spare early sequelae
more than the tumor—a desirable outcome.

Fig. 2. Fits to Eqs. 1–4 of actuarial freedom from biochemical failure (bNED), analyzed at 3 years posttreatment, in
matched subgroups who received either two or three implants of HDR brachytherapy. Triangles and upper curves refer
to 2-implant brachytherapy. Circles and lower curves refer to 3-implant brachytherapy. Solid curves refer to the best fit
to the data, with estimated �/� value of 1.2 Gy. Broken curves refer to a fit in which �/� was constrained to be 10 Gy.
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HDR brachytherapy [as in this trial (10), as a boost, and also as
a monotherapy (29, 30)]. In designing such treatments, how-
ever, it is important to estimate appropriate treatment doses
using a suitably low �/� value, if equivalent tumor control to
a conventionally fractionated regimen is desired. It is also
important to point out that applying extreme fractionation
regimens, such as delivering the total dose in 1 or 2 fractions,
is almost certainly unwise, due to the likelihood of inadequate
reoxygenation. In addition to these biologic considerations,
due to current accuracy limitations in dose delivery by EBRT,
the delivery of the entire treatment in as few as 1–2 fractions
appears unwise; this dosimetric issue does not, however, nec-

essarily apply to HDR monotherapy, where corrections can be
made for organ motion and setup errors before treatment.

Since the 1960s, there has been a wealth of experience in
Britain (31–35) and Canada (36) using large (2.5–3 Gy)
EBRT fractions for treating prostate cancer. Given these,
and the experimental and theoretical considerations dis-
cussed here suggesting that prostate cancers do respond to
changes in fractionation like late-responding normal tissues,
trials like those discussed by Logue et al. (35) using an
EBRT dose of 60 Gy in 20 fractions, or the use of HDR
brachytherapy (10, 29, 30), seem quite appropriate at this
time.
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