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CLINICAL INVESTIGATION Prostate
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Purpose: Recent analyses of clinical results have suggested that the fractionation sensitivity of prostate tumors
is remarkably high; corresponding point estimates of the�/� ratio for prostate cancer are around 1.5 Gy, much
lower than the typical value of 10 Gy for many other tumors. This low�/� value is comparable to, and possibly
even lower than, that of the surrounding late-responding normal tissue in rectal mucosa (�/� nominally 3 Gy, but
also likely to be in the 4–5 Gy range). This lower�/� ratio for prostate cancer than for the surrounding
late-responding normal tissue creates the potential for therapeutic gain. We analyze here possible high-gain/
low-risk hypofractionated protocols for prostate cancer to test this suggestion.
Methods and Materials: Using standard linear-quadratic (LQ) modeling, a set of hypofractionated protocols can
be designed in which a series of dose steps is given, each step of which keeps the late complications constant in
rectal tissues. This is done by adjusting the dose per fraction and total dose to maintain a constant level of late
effects. The effect on tumor control is then investigated. The resulting estimates are theoretical, although based
on the best current modeling with �/� parameters, which are discussed thoroughly.
Results: If the �/� value for prostate is less than that for the surrounding late-responding normal tissue, the
clinical gains can be rather large. Appropriately designed schedules using around ten large fractions can result
in absolute increases of 15% to 20% in biochemical control with no evidence of disease (bNED), with no increase
in late sequelae. Early sequelae are predicted to be decreased, provided that overall times are not shortened
drastically because of a possible risk of acute or consequential late reactions in the rectum. An overall time not
shorter than 5 weeks appears advisable for the hypofractionation schedules considered, pending further clinical
trial results. Even if the prostate tumor �/� ratio turns out to be the same (or even slightly larger than) the
surrounding late-responding normal tissue, these hypofractionated regimens are estimated to be very unlikely to
result in significantly increased late effects.
Conclusions: The hypofractionated regimens that we suggest be tested for prostate-cancer radiotherapy show
high potential therapeutic gain as well as economic and logistic advantages. They appear to have little potential
risk as long as excessively short overall times (<5 weeks) and very small fraction numbers (<5) are avoided. The
values of bNED and rectal complications presented are entirely theoretical, being related by LQ modeling to
existing clinical data for approximately intermediate-risk prostate cancer patients as discussed in detail.
© 2003 Elsevier Inc.
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INTRODUCTION

Brenner and Hall (1) suggested that in prostatic carcinomas
the fractionation sensitivity (quantified by the�/� ratio) was
comparable to that for late-responding normal tissue, for the
biologic reason that prostate tumors have the slowest natural
turnover rates of all tumors. The average Tpot (potential cell
number doubling time, before any cell loss factor), mea-
sured before treatment is 40 days [range 15 to�60 days
(2)], compared with about 5 days for many other types of
tumor. Brenner and Hall’s estimated value for�/� was 1.5

Gy (95% confidence interval [CI]� 0.8–2.2). For comparison,
the “generic” �/� ratios for tumor and for late-responding
normal tissue are usually assumed to be 10 Gy and 3 Gy,
respectively. The initial estimate of 1.5 Gy for prostate was
based on a modeling comparison of the doses of 65–80 Gy
used for external beams and the higher doses used for perma-
nent implants (100–160 Gy) (1). The challenge by King and
Mayo (3) that�/� for prostate tumors was nearer to 5 Gy
(higher than that of rectal complications) when estimated using
a “heterogeneity model,” has been dropped because of the
problems with heterogeneity modeling (4, 5).
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A recent update and alternative analysis of the Brenner
and Hall review, including 11 centers and 1471 patients
(Table 1, Fig. 1), with 4- to 5-year no biochemical evidence
of disease (bNED) results published between 1995 and 2000
(6), yielded an estimate of �/� for prostate tumors of 1.5 Gy
(95% CI 1.2–1.8) (6). This is a close confirmation of Bren-
ner and Hall’s 1999 estimate (1). The narrower confidence
interval is a consequence of more patients being included in
the recent publications and the better fit of the model when
incomplete repair is included in the implant dosimetry.
Further, Dale and Jones (7) have pointed out that if allow-
ance is made for an increased relative biologic effectiveness

(RBE) for the nuclides I-125 and Pd-103, then the estimated
�/� for prostate tumors is even lower, about 1.0 Gy.

Even more recently, Brenner et al. (8) have analyzed
3-year bNED results from a single-institute dose escalation
study which yielded a value for �/� of 1.2 Gy (95% CI
0.03–4.1 Gy) (8). This latest analysis does not suffer from
the potential problems of inter-institutional comparisons,
nor does it suffer from the problems inherent in comparing
brachytherapy with external-beam treatments. Further sup-
port for the concept of hypofractionation based on low
values of �/� comes from the preliminary results of another
institute’s schedule using 2.5 Gy in 28 fractions to a total

Table 1. Results of external-beam-only treatments of intermediate-risk prostatic cancer (6)

Center Abbreviation
Dose per fraction

(Gy)
Mean total dose

(Gy)
Actuarial

5y bNED%
Number
treated Reference

Dothan Alabama 1.9 66.0 50 16 Stokes (18)
Fox Chase FCC1 2.1 72.78 70 42 Hanks (19)

FCC2 76.84 82.5 36
FCC3 77.45 87 30

Beaumont Beau 1.9 66.6 45 142 Vicini (20)
Memorial Sloan-Kettering MSK1 1.8 67.5 54 116 Zelefsky (21)

MSK2 78.3 79 94
M. D. Anderson, Houston MDA1 2.0 66 44 124 Pollack (22, 23)

MDA2 70 55 106
MDA3 78 86 29

Total 735

Abbreviation: bNED � biochemical control with no evidence of disease.

Fig. 1. Estimated probability of no evidence of disease at 5 years by PSA measurements (bNED) as a function of total
dose in 2 Gy fractions (NTD) for approximately “ intermediate-risk” patients especially 10–20 ng/mL pretreatment PSA.
This curve was computed by logit regression of the reported actuarial results for the 10 dose-levels from five centers
(Table 1) (18–23)), as in Fig. 1 of Ref. 6. The point for Shipley et al. was added subsequently, obtained by averaging
the 5-year bNED results from their Figs. 1, 2, and 3 (24).
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dose of 70 Gy, which showed strong trends of both in-
creased bNED and decreased late complications in a ran-
domized trial vs. 78 Gy in 39 fractions of 2 Gy (9, 10).
Although follow-up for each of these studies is short, both
provide additional evidence suggesting a low �/� ratio.

These low estimated values of �/� ratios give increasing
credibility to an �/� for prostate tumors which is similar to
that for late complications in surrounding tissues such as
rectum. If this were the case, there would be little difference
in “classic” late effects, for a given level of tumor control,
for a wide variety of fractionation schedules, including
hypofractionation. In particular, hypofractionated regimens
for prostate cancer, in addition to their economic and logis-
tic advantages, would be expected to result in less acute
sequelae and less “consequential” late effects, for a given
level of tumor control and “classic” late effects (11).

An even more advantageous scenario arises if the �/�
ratio for prostate tumors was actually significantly less than
that for late rectal complications (12). The nominal �/�
value for “generic” late-responding tissue is generally taken
to be around 3 to 4 Gy (13–17), although we consider in the
“Discussion” section evidence that the �/� for rectal com-
plications might actually be somewhat higher—perhaps in
the 4 to 5 Gy range, due to contributions from “consequen-
tial” late effects which originate from tissue with �/� about
10 Gy. If the �/� value for prostate cancer is really less than
for late-responding rectal damage, hypofractionated regi-
mens could be designed with fewer but larger doses, to
maintain equivalent late sequelae while yielding improved
tumor control. Using such reductions of total dose, we
should also expect less acute sequelae and less “consequen-
tial” late effects, provided that overall time is not shortened
too drastically.

Using standard linear-quadratic (LQ) modeling (13), we
have designed a set of protocols in which a series of dose
steps is given, each step of which keeps the late complica-
tions constant in rectal tissues. This is done by adjusting the
dose per fraction and total dose to maintain a constant
biologically effective dose (BED) for late effects, assuming
an �/� ratio of 3 Gy. The effect on tumor control is then
investigated. We are asked by reviewers to emphasize that
these results are purely theoretical and result from modeling
using the LQ model, with the assumptions that �/� for
prostate tumors is in the range of 1 to 2 Gy and is generally
(but not always) lower than �/� for late rectal complications
in the range 1 to 5 Gy.

METHODS AND MATERIALS

A dose–response curve for 5-year bNED of intermediate-
risk prostate cancer, using external beam radiotherapy only,
was constructed by logit regression from 10 dose points
from five centers published in the period 1997–2000 (Table
1) (6, 18–23). “ Intermediate-risk” patients were defined
primarily as having prostate-specific antigen (PSA) between
10 and 20 ng/mL, and further in terms of OR Gleason score
� 7 OR stage � T2b, as far as possible. Patients with lower

PSA and Gleason score and stage would be considered
favorable, whereas those with two or more of these high-
risk characteristics would be classified as unfavorable.
However, data corresponding to these criteria are difficult to
isolate from the literature because of some variability in the
boundaries of stage or of Gleason score between centers.
Nevertheless the plotted data are judged by the original
authors, and by our criteria as nearly as we could obtain
them, as reasonable approximations to “ intermediate risk.”
In our 2001 paper (6) we took account of this diversity by
performing a sensitivity analysis “by removing each site
[center] from the model, one at a time. Estimates of � and
� in each case deviated by 20% or less [� 0.3 Gy] from the
overall estimate.” No revision of that �/� value nor any
revision of the external beam dose–response curve seems
warranted. Figure 1 shows the same logit regression curve
from Ref. 6 fitted to the same data, plotted against total dose
in 2 Gy fractions. The small dose corrections from 1.8 or 2.1
dose per fraction were made assuming �/� � 1.5 Gy for
these prostate tumors. Retrospectively, we also compared
this curve with the single dose point obtained from the large
overview of pooled data from six institutes by Shipley et al.
(24), with no conflict as shown in Fig. 1. The Shipley point
plotted was obtained by calculating a weighted average of
the 5-year bNED from the middle two of the four risk
groups identified by Shipley et al. The dose–response curve
in Fig. 1 passes through a TCD50 (dose for 50% tumor
control) of about 66 Gy with a modest slope of �-50 � 2.0%
per percent of total dose. Sensitivity analyses are carried out
(see “Results” ) to test the possibility that the slope of this
dose–response curve might be found to be different when
further data are analyzed in a few years’ time

The second step was to calculate dose-per-fraction and
total doses of a variety of regimens that would be predicted
to give the same level of late effects as three current prostate
cancer regimens, for a range of schedules currently regarded
as ranging in aggressiveness from “conservative” to “highly
dose escalated.” Specifically, we chose 66, 72, and 78 Gy in
2 Gy fractions for starting dose regimens, as shown in Table
2, with the main results in the first five columns.

We have constructed a series of hypofractionated treat-
ments which keep late complications constant, at the same
physical dose plans as are currently used for the chosen 2
Gy fractionated schedules, but which cause more damage to
the tumors as the dose fractions become fewer and larger.
These are shown in Table 2 with three blocks of numbers,
each representing a possible set of hypofractionated proto-
cols for future prostate treatments. The standard nonhypo-
fractionated treatment is assumed to consist of 33, 36, or 39
fractions of 2 Gy, given five times a week. The standard
treatments of 2 Gy “daily” doses are shown in the first row
of each of the three blocks in Table 2.

Each step (row in each block of Table 2) consists of an
increasingly hypofractionated protocol where, typically,
five fractions are subtracted from the row above (omitting
the minimally hypofractionationed 30 fractions). All of the
rows in a given block are designed to cause the same degree
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of late damage in rectal tissue as either 33, 36, or 39
fractions of 2 Gy. This is done by assuming the �/� ratio for
late damage is 3 Gy for all of the schedules, and adjusting
the dose per fraction and total dose for each row so that the
Biologically Effective Dose in Gy3 is the same in every row
within each of the three blocks in Table 2. (The BED is
equal to the total dose multiplied by the relative effective-
ness, which is defined as 1 � d/(�/�), where d is the dose
per fraction).

Thus, for example, in Block 2 of Table 2, in the first five
columns the BED for the first row of 36 fractions of 2 Gy is
36 � 2 Gy � (1 � 2 Gy/3 Gy) � 120 Gy3. By using the
successive steps in the 36 Gy block, we reach five fractions
of 7.12 Gy, for which the BED is 35.6 Gy � (1 � 7.18 Gy/3
Gy), which is also 120 Gy3. In this way the late reactions in
the rectal tissue are kept the same for each of the steps of the
hypofractionation. The remaining columns in Table 2 illus-
trate sensitivity tests to test the LQ modeling, assuming
different �/� ratios for the prostate, respectively 1 Gy and 2
Gy, but still keeping the late complications the same.

Having established fractionation regimens that would be
expected, according to standard LQ modeling, to produce
the same level of late effects, we now investigate what
effect these more hypofractionated regimens would have on
a prostate tumor with an �/� ratio that we initially assume
to be 1.5 Gy (6). A convenient way to do this is to consider
the Normalized Total Dose (NTD), which tells us the dose,
given in 2 Gy fractions, that would give the equivalent
biologic effect to the new hypofractionated dose (25, 26).
The NTD (also called the LQED) is defined here as

NTD � Dnew�1 �
dnew

�/����1 �
2Gy

�/�� ,

� BED/(RE for 2 Gy fractions), (1)

where Dnew and dnew are respectively the total dose and dose
per fraction for a suggested hypofractionation scheme. As
we are trying to estimate the effect of these iso-late-effect
schemes on tumor control, �/� � 1.5 Gy is the value
appropriate here for the prostate.

For example, for a 3 Gy fraction size (as in the third row
of the 36 Gy block in Table 2), the NTD for tumors with an
�/� ratio of 1.5 Gy is:

60 � �1 � 3 Gy/1.5 Gy�/�1 � 2 Gy/1.5 Gy� � 77.1 Gy.

(2)

This is the NTD—the dose in 2 Gy fractions that would give
the equivalent biologic effect on prostate tumor to the lower
hypofractionated dose of 20 � 3 Gy � 60 Gy. The late
reactions in rectal tissue would of course be those corre-
sponding to 36 F � 2 Gy � 72 Gy, whereas the effect on the
prostate tumors would be larger with this hypofractionation
scheme, corresponding to 77.1 Gy if given in 2 Gy fractions.
Thus, there is a resultant therapeutic gain ratio of 77.1/72 �
1.07 in terms of equivalent doses. If we hypofractionated
further to fewer and larger fractions, the therapeutic dose
gains would become larger in principle. We caution below
against excessive shortening of overall time.

If repair were the only factor affecting the consequences

Table 2. Future protocols for prostate cancer: iso-effective for late complications at �/� � 3 Gy

tumor �/� � 1.5 Gy tumor �/� 1.0 Gy tumor �/� 2.0 Gy

No.
Frs

Dose
per Fr

Total dose
(Gy)

NTD
(Gy)

bNED
(%)

NTD
(Gy)

bNED
(%)

NTD
(Gy)

bNED
(%)

33 2.00 66.00 66.0 51.6 66.0 52.8 66.0 50.9
25 2.43 60.77 68.3 58.5 69.5 62.8 68.3 58.3
20 2.83 56.60 70.2 64.4 72.3 70.0 68.4 58.4
15 3.42 51.37 72.3 69.9 75.7 77.9 69.4 62.3
10 4.44 44.37 75.3 77.1 80.4 86.0 71.4 67.4
5 6.76 33.81 79.8 85.5 87.5 94.0 74.0 74.4

36 2.00 72.00 72.0 69.2 72.0 69.4 72.0 69.1
25 2.58 64.51 75.2 77.0 77.0 80.3 73.9 73.9
20 3.00 60.00 77.1 81.0 80.0 85.4 75.0 76.7
15 3.62 54.35 79.5 85.2 83.7 90.1 76.4 79.7
10 4.69 46.85 82.8 89.6 88.8 94.3 78.3 83.4
5 7.12 35.58 87.6 94.0 96.3 97.6 81.1 87.8

39 2.00 78.00 78.0 82.6 78.0 82.5 78.0 82.2
25 2.73 68.13 82.2 88.9 84.6 90.9 80.6 86.9
20 3.16 63.28 84.3 91.2 87.8 93.6 81.7 88.6
15 3.82 57.23 86.9 93.5 91.8 95.9 83.2 90.4
10 4.92 49.23 90.3 95.7 97.2 97.8 85.2 92.4
5 7.46 37.29 95.4 97.6 105.1 99.1 88.2 94.7

Abbreviations: bNED � no biochemical evidence of disease; NTD � normalized total dose (to 2 Gy fractions).

With NTD and bNED for
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of changes in fractionation, there would at first sight appear
to be no apparent limit, except natural caution about the
validity of the LQ model, to the reduction in number of dose
fractions that should yield progressively improving thera-
peutic ratios. As we discuss later, however, there are other
considerations. For example, we caution below against
shortening to less than 5 weeks because of a possible risk of
acute reactions in rectal tissue. This is especially true for the
more modest hypofractions of 20 or 25 fractions (where
total doses are still rather high) and for the highest range of
2 Gy starting doses in Block 3 of Table 2. We also warn
against the use of too few fractions (�5) because this may
limit the possibility of reoxygenation or redistribution of
tumor cells into more sensitive phases of cell cycles.

A very practical question is how many patients would
need to be enrolled in such clinical trials to obtain a signif-

icant difference in bNED. This consideration too is not
favored in modest hypofractionation, where smaller gains in
tumor control are predicted, as shown below.

RESULTS

The main results are shown in Table 2 in the first three
columns, from which the following figures were con-
structed. Figure 2 shows the single curve for 2 Gy daily
fractions, rising from left to right, with the proposed hypo-
fractionated iso-late-effects schedules starting at 66 Gy and
rising to the left toward lower total doses.

For example, it can be seen from Fig. 2 that 10 fractions,
each of 4.4 Gy, should give about the same tumor control
(measured, for example, by bNED) as 75 Gy in 2 Gy
fractions, but with only the same late complications as 66

Fig. 2. Starting with 66 Gy in Fig. 1 (33 F � 2 Gy), the curve which rises to the left shows the estimated increase in
bNED as total doses are reduced with fewer and larger fractions, calculated to keep late complications constant if �/�
for the complications is 3 Gy.

Table 3. Numbers of patients required to demonstrate the predicted differences at p � 0.05 and 90% power

Starting at conventional fractionation
of: 66 Gy 72 Gy 78 Gy

33 � 2 Gy 36 � 2 Gy 39 � 2 Gy
Using: 15 � 3.42 Gy 15 � 3.62 15 � 3.82

10 � 4.44 10 � 4.69 10 � 4.92
5 � 6.76 5 � 7.12 5 � 7.49

Approx. no. of patients, total in 2 equal arms:

Tumor �/� (Gy): 1.5 1 2 1.5 1 2 1.5 1 2

15 F 296 148 788 284 150 706 354 194 776
10 F 144 76 368 158 90 366 228 128 45
5 F 74 42 174 92 58 196 138 90 266
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Gy in 2 Gy fractions; in this case, the estimated bNED for
tumors has increased from 51.6% (with 33 F � 2 Gy) to
77.1% (with 10 F � 4.44 Gy), so the therapeutic ratio has
been increased substantially. This increase in bNED of 25%
absolute would require a clinical trial with two arms of 72
patients in each, to have a 90% power of demonstrating the
difference with a two-sided p value of 0.05 or less (Table 3).
In this particular protocol, only one-third of the conven-
tional number of fractions would have to be delivered, no
increase in late complications would be expected to occur,
and the early sequelae rate would be expected to decrease.
These figures illustrate the major principle of the present
strategy. They are based on the LQ modeling as described,
with the essentially lower �/� ratio for prostate tumors than
for late rectal complications.

Figures 3 and 4 show the corresponding results starting at
72 Gy and 78 Gy respectively in 2 Gy fractions. The gains
in bNED (for iso-late-complications in rectum) are from
69.2% to 89.6% starting at 36 F � 2 Gy in Fig. 3 and
hypofractionating to, say, 10 fractions of 4.7 Gy. This is an

estimated gain of 20.4% (absolute) in bNED, for our par-
ticular regression bNED vs. dose curve. It would require a
clinical trial with two equal arms of about 79 patients in
each (Table 3).

Figure 4 illustrates a situation of diminishing returns,
where the highly escalated dose of 39 F � 2 Gy gives an
estimated bNED of 82.6%, which is inflated to 95.7% if 10
external fractions of 4.9 Gy are used. This would require a
clinical trial of 2 � 114 patients (Table 3). The obvious
diminishing returns of a sigmoid curve are seen because the
starting level is so high. The assumption is made that a
sufficiently high dose could yield 100% bNED at 5 years,
and this assumption is of course debatable, because of the
risks, among others, of imperfect dose delivery or of occult
metastatic disease at presentation.

Figure 5 illustrates some of the predicted bNED gains
that might be seen with two of the 10-fraction hypofrac-
tionation schedules presented in Table 2, drawn to scale on
the same graph as the bNED in Figs. 2 and 3. Late rectal
effects are not increased within each escalation pair in Fig.
5, with no change in the physical dose distributions that
were used in the present 2 Gy schedules of 72 or 78 Gy in
36 or 39 fractions. The small areas or volumes which
receive specified high doses in rectal tissues in conformal or
intensity-modulated radiotherapy (IMRT) techniques have
to be maintained for each of the reduced-total-dose hypo-
fractionation schedules: smaller, of course, if based on 78
Gy than on 72 Gy.

Sensitivity analyses for �/� of tumors
A sensitivity test was also carried out testing for the effect

on bNED if the tumor �/� ratio was not 1.5 Gy but if
iso-late-effect doses were still given assuming �/� � 3 Gy
(for constant late rectal complications) as in the first three
columns of Table 2. We recalculated the estimated bNED
values assuming that tumor �/� might be as low as 1.0 Gy
(best case) or as high as 2 (worse than expected). This range

Fig. 3. As in Fig. 2, but starting at 72 Gy (36 F � 2 Gy).

Fig. 4. As in Figs. 2 and 3, but starting with 78 Gy (39 F � 2
Gy).

Fig. 5. Combination of Figs. 3 and 4 to illustrate the gains in bNED
resulting for hypofractionation using 10 fractions instead of 36 or
39 fractions of 2 Gy.
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is twice as wide as the 95% confidence interval of the �/�
� 1.5 (1.25 	 1.75) Gy value determined in our previous
work (6). Fig. 6A depicts the central block of results from
Table 2. It is clear that even if �/� varies from 1 to 2 Gy,
there are substantial increases in gain for bNED predicted
with hypofractionation which are not negated by this wide
range of variation.

Sensitivity analyses for change of shape of the basic 2 Gy
per fraction dose–response curve

We used the dose–response curve in Fig. 1 as a basis for
the present modeling, but it can be criticized because of the
inherent problems of identifying “ intermediate-risk” pa-
tients from the published data reviewed. Fig. 6B therefore
shows the effect of assuming drastic changes in shape of
this basic dose–response curve if we are wrong in its �-50
slope of 2.0 (B), and if subsequent clinical results suggest
changes in slope to �-50 � 1.5 (worst case (C)) or to 3.0 (an
optimistically high slope [A]) for a clinical tumor-response
curve. Both sensitivity-analysis curves are normalized to the
same starting dose of 36 F � 2 Gy � 72 Gy as in Fig. 2. The
results in Fig. 6B show somewhat similar alterations to the
estimated bNEDs as the changes in �/� ratio in Fig. 6A. The
“worst case” in Fig. 6B is not as low as the lowest curve in

Fig. 6A by about 2% absolute, and the upper curves are
within 1% agreement throughout. Again, these variations
are not negligible quantitatively, but they do not cancel out
the large gains predicted for hypofractionation.

Sensitivity analyses for �/� of late complications
Figure 7 illustrates that the estimated increases in late

complications are not larger than a few percent absolute,
provided that the starting complication rates are less than
about 10%. Figure 7 shows the results of testing the hy-
pothesis that the �/� ratio of the critical late-responding
tissue is not 3 Gy, as assumed in Table 2, but is some value
between 1 and 5 Gy. Relative increases in late BED are
shown for that range of �/� values. When the starting
complication rate is low, the increase in complication rates
is likely to be no steeper than approximately proportional to
BED, although it would be steeper at incidences above
about 15%.

If the late rectal �/� was exactly 3 Gy, the incidence of
late complications in any of the suggested protocols would
be constant for any number of fractions—this was how the
suggested protocols were designed. If rectal �/� were larger
than 3 Gy, the incidence of complications would be lower,
which is desirable. If, however, the �/� of late rectal reac-
tions were smaller than 3 Gy, say 1.0 Gy (which we argue
below is most unlikely), the incidence of complications
would be increased (in the absence of geometric dose–
volume histogram changes), rising by factors of 1.15 or 1.25
at 15 or 5 fractions, respectively. Such low numbers of
fractions is the “worst case” likely, meaning that if a given
complication were normally 10% it could rise to 12.5%, or
from 5% to 6.3%, when using only five fractions.

All the above considerations represent standard modeling
around theoretically possible (but not necessarily expected)
variations of the basic �/� � 3 Gy assumption for late
effects. These hazards are ameliorated further by the devel-
opments of conformal and IMRT treatment planning within
the last 10 years. Late rectal effects have been converted

Fig. 6. Sensitivity testing: calculated effect on bNED for hypo-
fractionated schedules (a) if prostate tumor �/� varies from 1.5 Gy
to 1.0 or 2.0 Gy, dashed curves. (b) If slope of the basic dose–
response curve for 2 Gy fractions varies from the �-50 � 2.0 as in
Fig. 1, to �-50 � 1.5 or 3.0% bNED per percent increase in
normalized total dose.

Fig. 7. Relative changes in late BED for rectal complications
assuming a range of late-reaction �/� values in the range 1 to 5 Gy.
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from what used to be mostly stenosis (which is a “series
tissue” problem, closing off the tube) to Grade 2 or 3
bleeding as rectal complications (a “parallel tissue” prob-
lem), amenable to controlling by restricting the area of
rectal wall to less than 20% or 25% as described by Schwar-
chuk et al. (27) and Huang et al. (28), or less than 15 cm3

by Kupelian et al. (29). It is only by those means that we
have been able to escalate (in some countries) from the
mid-60 Gy range a few years ago to the upper 70 Gy range
in 2 Gy prostate treatments now. Dose–volume histograms
showing high-dose regions of less than 15% rectum are not
uncommon.

Evidence suggesting that late complications to the rectum
tend to have higher values of �/� than the generic 3 Gy, thus
permitting possibly larger gains than those illustrated above,
will be discussed next. To be conservative, however, the
main body of our tables and diagrams are based on a late
complications value of �/� � 3 Gy and standard LQ mod-
eling.

DISCUSSION

How good are our assumptions?
The present estimates of doses and consequences have

been made using the LQ formulation. The LQ formula,
which is a mechanistically based approach, has been found
to be robust for a well-spaced series of equal fractions of
size between 1 and about 10 Gy (13, 30). Two very recent
publications provide more evidence that the LQ formula
continues to fit experimental cell survival data in vitro for
single doses (31) and for multiple equal fractions (32). It is
important to note, however, that this simple application of
the model does not take into account other fractionation-
related phenomena such as reoxygenation, redistribution,
and repopulation, and we must consider how these might
effect the conclusions of the current study. Repopulation has
recently been invoked as a factor to consider in the perma-
nent implant results (33). However, that modeling should
take into account the factor Tk, the delay in days of the
onset of “accelerated proliferation” after the beginning of
irradiation (13). Because the distribution of dose throughout
the implant volumes is nonuniform, rising to several times
the prescribed dose of the periphery of the implant, it is
assumed that it is adequate to stop proliferation and kill
cells, as indeed the overall results demonstrate. Durations of
Tk from 3 weeks to 5 weeks have been derived from clinical
data in head-and-neck tumors (34–36), whose median pretreat-
ment Tpot time is about 10 times shorter than the 40 days of
prostate tumors. If the Tk value of prostate tumors is anywhere
near to being proportional to Tpot, the effect of proliferation
disappears from the estimation of �/�. The low value of �/� �
1.2 Gy reported from clinical results of prostate treatments by
Brenner et al. (8) supports this approach.

In terms of the parameters for the �/� value which we
have considered here, the central issue is not just the value
for prostate cancer, but the value for prostate compared with
that for the surrounding late-responding normal tissue. Low

�/� ratios of 3 to 4 Gy for late complications have generally
been found in the slowly proliferating, late-reacting tissues,
both in clinical and animal studies of rectal complications
(13–17). Brain and spinal cord have lower values of �/�, of
1.5 or 2 Gy, but no other organs have been shown to have
such low �/� values. No central nervous system is present
close to prostate tumors, and we do not know the appropri-
ate �/� values for the peripheral nerves present in the
neurovascular bundles.

It was mentioned above that a generic value of 3 Gy is
often assumed for late complications, including those in
rectum. However, a study of animal experimental data re-
veals a more complicated picture. It should be borne in mind
that if the �/� ratio for late rectal complications were higher
than the value of 3 Gy that we have assumed up to now in
this paper, then larger hypofractionated doses could be
given with correspondingly larger clinical gains for the
same constant late complication rates.

There is reasonable evidence that the �/� value for late-
responding rectal complications is somewhat larger than
this, typically around 4–6 Gy. For example, analyses of
different experiments for late rectal damage in rodents by
Brenner et al. (16) yielded 4.6 Gy (95% C.I. 4.0, 5.5). Van
der Kogel et al. (37) reported 4.1 Gy (1.5, 7.7) and Dewit et
al. (38) found 4.4 Gy (1.6, 7.7). Terry and Denekamp (39)
reported a range of 3.1 to 5.1 Gy, while Dubray and Thames
(17) found a range of 2.7 Gy (0.9, 4.8) to 6.7 Gy (2.2, 11.7).
Gasinska et al. (40) found �/� � 6.4 and 6.9 Gy for two
different late rectal end points in mice.

Several authors have interpreted these somewhat high
�/� values for late-responding rectal damage as indications
that it is part “classical” late-responding damage, but in part
“consequential” late damage, a conclusion also reached by
other authors based on clinically observed correlations be-
tween early and late sequelae (16, 41–43). This would lead
one to expect that the appropriate �/� value for late rectal
sequelae would be somewhere between the value of 3 Gy
for late effects and 10 Gy for classic early effects—and the
animal data discussed above support this. We do not know
exactly where rectal complications in humans would fall
within this range—and it is possible that animal experi-
ments might yield more consequential late sequelae than in
the clinic, because the animal experiments are designed to
yield a larger proportion of complications than in human
patients. Nevertheless, these considerations suggest that it is
very unlikely that the �/� value for late rectal complications
would be significantly less than 3 Gy, with a range from
4–6 Gy being most plausible from the animal experiments
listed above.

This somewhat larger-than-normal estimated �/� value
for late-responding rectal damage makes it still more likely
that the �/� for prostate tumors will not be larger than the
�/� value for the relevant late-responding tissue—and in-
creases the likelihood that the tumor �/� value will actually
be less than the late-responding tissue �/� value.
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The potential for improved outcome with
hypofractionation

If the �/� value for prostate is reliably less than that for
late-responding rectal damage, hypofractionated regimens
could be designed with fewer but larger doses which main-
tain equivalent late sequelae while yielding improved tumor
control. Again one would also expect less acute sequelae
and thus, also, less “consequential” late effects, provided
that overall time was not shortened unduly, for example to
much less than about 5 weeks. For example, if the prostate
�/� value is significantly less than the �/� for late compli-
cations, rather large increases in tumor control can be ex-
pected by changing from 30 or 40 fractions of 2 Gy to 20 or
fewer larger fractions, without increasing the risk of late
complications. There are already at least six clinical publi-
cations in evidence for some steps into hypofractionation
for prostate cancer, at the rather modest end of hypofrac-
tionation with 28 fractions of 2.5 Gy (9, 10, 44) or 16
fractions of 3.13 Gy external beam (45).

Possible hypofractionation strategies
Table 2 presents protocols designed to keep the late

complications as constant as possible, so there is no detri-
ment to the patient in terms of late complications, and a
likely advantage of increased tumor control.

This strategy requires a reduction in total dose with
increasing fraction size as the number of fractions is de-
creased. Table 2 shows this reduction, as calculated with the
LQ formula, initially assuming �/� � 3 Gy for late effects.
Using this value as a prior parameter in a Bayesian pattern
of stopping-rules to govern dose-per-fraction escalation

would enable improved estimates of �/� and consequently
tolerance doses to be obtained in a properly designed Phase
I–II clinical trial. We have however reported sensitivity tests
which test the hypothesis that doses calculated to give
constant rectal late effects assuming �/� � 3 Gy actually
encounter late-responding tissues with �/� ratios ranging
from 1 to 5 Gy, and the results are not prohibitive (Fig. 7).
Because �/� for acutely responding tissues is much higher,
around 10 Gy, the proposed dose reductions should keep
acute reactions safe, except in the case of excessively short
overall times and very high total doses. The same is prob-
ably true of bladder reactions, based on the mouse bladder
value of late �/� 
 7 Gy.

It is important to note that the relative gain from these
strategies will be realized with or without high-tech confor-
mal dose delivery, depending on the 2 Gy schedule used as
the starting dose. The strategy depends only on the �/� ratio
for prostate tumors being less than (or, at least, not being
greater than) those for late complications. Should �/� be 4
or 5 Gy for late complications, as the animal data discussed
above suggest, then we would be even safer using the doses
in Table 2, or slightly higher doses could be recalculated as
in Fig. 8 to generate the upper curve. If such higher doses
per fraction could be used safely—which would require
Phase I pilot studies—the numbers of patients required
might become two equal arms of 62 patients (instead of 79
as in Fig. 3), to demonstrate a significant difference with p
� 0.05 at the 90% power level using 10 fractions as in Fig.
8 in the upper hypofractionated arm.

Of course, using an IMRT technique, one could maintain
the same high bNED as 78 Gy with 2 Gy fractions, but,

Fig. 8. As in Fig. 3, starting with 72 Gy in 2 Gy fractions, but with the constant late rectal complications calculated for
�/� both 3 Gy (lower curve) and 5 Gy (upper curve). The upper curve shows a “best case” example.
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using say 20 F � 3.0 Gy, reduce complications to the same
level as only 72 Gy NTD (compare Figs. 3 and 4 at 81–82%
bNED). IMRT at 78 Gy or higher still does produce some
rectal complications (bleeding), so there is room for im-
provement.

Overall treatment time
Because of the slow proliferation rate of prostate tumors,

there is no biologic reason to shorten the overall schedules
from the current 6 or 7 weeks. Shorter schedules, of course,
have the potential to increase early sequelae (though prob-
ably not late rectal sequelae). In practice, departments might
be tempted to explore much shorter overall times to save
time, both for the patients and for the providers. At least
initially we would caution against this, particularly for the
very high total doses as in Block 3 of Table 2. Acute
reactions diminish rapidly when overall time is expanded by
only a few days, or by using 4 or 3 fractions per week.

Of course, as we have discussed, the hypofractionation
regimens discussed here would, because of the lower total
doses, result in decreased early sequelae, provided that
overall time is not shortened too much. But this would be a
consideration for the future, using clinical trials to address
shortening specifically. At this time, therefore, we do not
recommend shortening overall treatment times below, say, 5
weeks, pending appropriate Phase I clinical trials.

Minimum number of treatment fractions
We do not recommend a single fraction in any case. That

would provide a very disadvantageous radiobiological option,
because any tumor cells in a resistant state, whether because of
cell cycle or because of physiologic milieu such as hypoxia,
would have no chance of being sterilized by a subsequent
fraction. We recommend, therefore that no less than five frac-
tions are considered, to allow for possible reoxygenation or
redistribution. We have therefore modeled expected tumor
response for 5 to 25 fractions of external beam (or high-dose-
rate) radiotherapy using the simplest LQ modeling.

It is not known how detailed factors of cell-cycle delay,
progression, reoxygenation or other kinetic factors might
play out in tumors when fewer and larger fractions are used;
but within-tumor heterogeneity is likely to make any more
detailed modeling difficult (30).

CONCLUSIONS

Hypofractionation will increase the therapeutic ratio be-
tween tumor control and late sequelae, provided that the �/�
ratio for prostate tumors is lower than those for complications,

including late rectal, late bladder, and any acute reactions.
Considering both �/� values for prostate cancer and late rectal
damage, the evidence is that the prostate �/� values are lower
and it seems quite unlikely that they are higher than those for
relevant sequelae. An apparently small difference of, say, be-
tween �/� � 1.5 Gy for tumors and 3 Gy for late complica-
tions is quite large enough to allow clinically large increases in
bNED (of 15% to 25% absolute).

The present modeling is based on the concept that no
change in present treatment technique (of an institute) is
required to achieve a good gain in bNED, with no increase
in late or acute complications, using appropriate hypofrac-
tionation. Contrary to the expectation that these large frac-
tion sizes require tighter fields, one could still achieve
improved bNED while continuing to use low tech, less
precise delivery, but with hypofractionation to lower total
doses, provided that the limitation of high dose (
 59–60
Gy NTD) to restricted rectal volumes is respected (27–29,
44). The increasing availability of IMRT and tomotherapy
dose distributions makes the limiting of late complications
even more feasible.

Equivalent bNEDs to the currently reported gains
achieved using IMRT at high total doses of 2 Gy per
fraction are predicted, at these lower hypofractionated doses
(Figs. 2–4 and Table 2). This would be an inexpensive and
efficient way of improving outcome, with no increase ex-
pected in late complications.

It is obvious that too-modest hypofractionation will not
yield enough gain in bNED to be detectable with a practical
number of patients in a clinical trial. Fewer than about 20
fractions will probably be necessary for a significant gain,
and one purpose of this study is to guard against undue
pessimism when the results of overcautious hypofraction-
ation are considered. Other figures of patient numbers are
given above with the results in Figs. 2 to 5. Multi-institu-
tional trials would enable significant gains to be tested with
quite short accrual times.

Finally, we caution again against the hasty adoption of
extreme hypofractionation: using very small numbers of
larger fractions, given in an unusually short overall time,
without proper Phase I testing of the toxic effect of short-
ening or due allowance for rectal wall volume. We stress
again that the new fraction-size regimens such as those
described here must be used with appropriate reductions of
the total dose. The present theoretical modeling provides
some examples, but clinical pilot studies need to be carried
out. None of these future schedules should be initiated
without institutional review board approval.
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