What do we know about the o/p for prostate cancer?
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Since last decade, the debate on the parameter which reflects prostate cancer sensitivity to fractio-
nation in a radiotherapy treatment, the o/f, has become extensive. Unlike most tumors, the low
labeling indices (LI) and large potential doubling time that characterize the prostate tumor led some
authors to consider that it may behave as a late responding tissue. So far, the existing studies with
regard to this subject point to a low value of o/f3, around 2.7 Gy, which may be considered as a ther-
apeutic gain in relation to surrounding normal tissues by using fewer and larger fractions. The aim
of this paper is to review several estimates that have been made in the last few years regarding the
prostate cancer o/f both from clinical and experimental data, as well as the set of factors that have
potentially influenced these evaluations. © 2012 American Association of Physicists in Medicine.
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I. INTRODUCTION

In radiotherapy (RT), the sensitivity to changes in fractiona-
tion can be quantified in terms of the o/f ratio." It is widely
accepted that o/f values for most human tumors are high
(typically 10 Gy), showing lower fractionation sensitivity
than late responding normal tissues (typically 3 Gy).> How-
ever, there are some exceptions, such as the melanoma® with
o/ of 0.6 Gy and some sarcomas” with o/ of 0.4 Gy. Both
tumors show low labeling indices (LI) and/or are slow grow-
ing, with a large potential doubling time (Tpot).5

Prostate tumors show both low LI values (<3%) and a
very large T, with a median of 42 days,*’ resulting in a
low proportion of cycling cells. Thus, prostate tumors are
expected to respond to changes in fractionation as a late
responding tissue.® Several recent studies have reported low
a/p values for prostate cancer.”® If this a/f is proven to be
lower than values estimated for late complications, then
hypofractionated regimens are expected to improve the ther-
apeutic ratio,*?°= beyond the advantages on cost saving
and patient convenience.

Nevertheless, the question of how low the o/f ratio for
prostate cancer is remains unamswered,37_39 and many factors
have been reported to contribute to the uncertainty about esti-
mations of its value, such as heterogeneity of tumors'®*” and
interpatient variations,41’42 influence of hypoxiat,42 onset of
clonogenic cells repopulation,'>!72%#4344 repair during low-
dose-rate brachytherapy (LDRBT),'""!>17204144 yalue of the
relative  biological effectiveness (RBE) of permanent
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implants, variations with clinical stage, edema
resulting from the insertion of radioactive seeds into the pros-
tate,'” dose heterogeneity of brachytherapy (BT) implants,?*!
biological effectiveness of external-beam radiotherapy
(EBRT) and LDRBT,* relevance of parameters determined in
vitro and its relation to the in vivo environment,'®***” use of
combined data from multiple institutions with different modal-
ities,"* and imprecision of data assessed with only one modal-
ity.2>%*%" Therefore, despite large evidence exists in favor of a
low o/ ratio, caution must be taken when designing hypofrac-
tionated schedules, as small differences in its value may lead
to marked changes in the calculated biologically effective dose
(BED) delivered.

We will critically review the o/f ratio estimations for
prostate tumor by applying radiobiology knowledge to clini-
cal outcome as well as experimental in vitro data exploiting
factors which have been reported to influence evaluations.
Derivations from randomized clinical trials of hypofractiona-
tion and a trial from hyperfractionation will be also
reviewed.

Il. CLINICAL EVIDENCE OF A SMALL o/

Brenner and Hall” were the first to point out the clinical
evidence that prostate cancer should have a low o/ff ratio.
Two datasets on biochemical control—one from EBRT and
other from LDRBT with '*I implants—and the linear-
quadratic (LQ) model were used for the analysis. These com-
bined data were required to theoretically eliminate the f
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component from the LDRBT calculations (considering a com-
plete repair of sublethal damage after LDRBT treatment) to
estimate the o parameter. The f§ parameter was then generated
with the EBRT data, considering the equivalence on biochem-
ical control achieved using EBRT doses of 70 Gy in 1.8-2.0
Gy per fraction and 145 Gy from '*I implants. An o/f of
1.5 Gy (95% CI 0.8, 2.2) was derived from this analysis.
Proposals for the o/f ratio of prostate cancer of several inves-
tigators are summarized in Table I.

Fowler et al.'' updated the comparison and analysis of
Brenner and Hall® with a review of 17 clinical outcome
papers in patients with prostate cancer treated either with
EBRT or '*I or '*Pd implants. A direct analysis of the clin-
ical data was performed to derive both the o/f ratio and the
half-time of repair (T;,) of the prostate cancer. An o/f of
1.49 Gy (95% CI 1.25, 1.76) was obtained. Chappell et al."’
added Lukka er al.*® results on the clinical outcome of
patients treated with hypofractionated EBRT to the previous
analysis."' An «/f ratio of 1.44 Gy (95% CI 1.22, 1.76) was
estimated, consistently with the first result.

Considering the equivalence on clinical outcomes of
EBRT and LDRBT in the treatment of localized prostate
cancer, King and Fowler'? presented a simple analytical
derivation of o/ff without fitting models to clinical data. By
applying the LQ formalism for fractionated EBRT and per-
manent LDRBT, an o/f of around 1.8 Gy considering '*°I
implants and around 2 Gy with '%*Pd were derived.

lll. THE TUMOR HETEROGENEITY EFFECT

King and Mayo® made some remarks to the work of
Brenner and Hall® due to its extremely low radiosensitivity
(2=0.036 Gy ') leading to an unrealistic too low number
of clonogens (15.3 with the LDRBT dataset and from 53.4 to
302.3 using the EBRT data). The authors argued that those
values had no biological relevance and were inconsistent
between LDRBT and EBRT. They proposed that a solid tu-
mor would consist of a heterogeneous population of clono-
gens with a spectrum of radiosensitivities. An o/f value of
4.96 Gy (95% CI 4.1, 5.6) was derived. Brenner and Hall'®
responded with a fully heterogeneous LQ model in which
both o and f§ were represented by independent Gaussian dis-
tributions, resulting in an o/f of 2.1 Gy.

IV. THE INFLUENCE OF RBE, DOSE
HETEROGENEITY OF BT, REPOPULATION, AND T+,,

Dale and Jones* criticized Brenner and Hall’ and Fowler
et al.'! estimations for not taking into account the RBE of the
radiation emitted by permanent implants of '*’I and '*Pd.
The RBE contribution results in the enhancement of BED
(Refs. 49 and 50) and is likely to be between 1.2 and 2.1 for
1251 sources’ '™ and between 1.6 and 2.3 for permanent '**Pd
implants.>*™> Chappell et al.'* recalculated the o/f estimates
of Fowler et al.'' by combining RBEs for '*I and '°*Pd in
the ranges (1.00, 1.20, 1.45) and (1.00, 1.20, 1.60, 1.75),
respectively. It resulted in o/ values between 0.68 Gy (95%
CI 0.57, 0.79) and 1.81 Gy (95% CI 1.51, 2.15), considering
only estimates with positive values of T ;.
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To estimate the sensitivity of the o/f ratio to dose hetero-
geneities resulting from '*°I implants as well as to a set of
radiobiological parameters, Lindsay er al*' equated the
tumor control probabilities (TCPs) of EBRT and LDRBT for
different values of oc,56 Tpm,6’7 RBE,53’55 and total dose of
EBRT treatments. They concluded that, without taking into
account dose heterogeneity and interpatient variation, the
actual value of o/f8 is most likely underestimated and could
be up to 12 Gy. Increasing RBE or T, values yielded to a
decrease in the o/f ratio. The largest variation occurred for
changes in the RBE. In average, changes of RBE between
1.0 and 1.4 yielded a 7.2 Gy decrease in fitted o/f.

Wang et al."® claimed that other investigators’ %" have
not only ignored the problem of the unrealistic clonogenic
number (extremely low « values) but also neglected the
effect of repopulation of clonogenic cells in RT treatments.
They argued that if T, has a median of 42 days,’ repopula-
tion would play a role in LDRBT treatments, such as '*°I
implants which treatment duration is protracted to more than
200 days. The generalized LQ model was applied to the clin-
ical data compiled by Fowler e al.'! and a new clinical data-
set of EBRT (Ref. 57) taking into consideration the effects
of dose-rate, sublethal damage repair, and clonogenic prolif-
eration. An «/f of 3.1 =0.5 Gy was derived."” They also
solved the problem of the extremely low radiosensitivity and
unrealistic clonogen cell number with an « parameter of
0.15+0.04 Gy ' and a clonogenic cell number ranging
from 10° to 107, depending on the patient risk level.

Kal and Van Gellekom'” also took into account the influ-
ence of repopulation and added as a new factor the contribu-
tion of edema resulting from the insertion of radioactive
seeds in the prostate. This edema has the effect of reducing
the dose-rate and, therefore, the physical effective dose and
the BED.*®° The reanalysis of the clinical data of Fowler
et al.'' resulted in an o/ value from 3.1 to 3.9 Gy.

Fowler er al.® questioned the time delay (Tk) for acceler-
ated proliferation in tumors used by Wang er al.'” and rang-
ing from 0 to 28 days. They argued that if fast proliferating
head and neck tumors present a Tk of 21-35 days®*®! with a
Tpot from 3.5 to 4.7 days,%>% the prostate cancer with a Tpot
of 42 days,” would have a Ty value up to 10 times the Tk for
head and neck tumors, approximately between 210 and 300
days. Considering these Ty values, the calculations™'' of the
o/ ratio of 1.2—1.5 Gy were practically unaltered.

Fowler e al.'' used a generalization of the Brenner and
Hall’ model to determine a Ty of 1.90 h (95% CI 1.42,
2.86). Using this Ty, and assuming no repopulation, Wang
et al."® derived an o/f of 1.5 Gy, consistent with the result of
Fowler et al.'" If, instead, repopulation is considered with a
Tpot 0f 42 days, a Ty, of 16 min is obtained, resulting in the
reported” o/ of 3.1 0.5 Gy. A longer Tpor of 62 days
yielded a Ty, of 48 min and an o/f of 2.6 Gy. Kal and Van
Gellekom'” found a common T, ,2 value of 0.5 h for BT and
EBRT treatments in the range of the «/ff overlap.

Nickers et al.*® used data of 328 patients treated with
EBRT and BT boost from either LDRBT or high-dose-rate
brachytherapy (HDRBT). The equivalence of dose was
established using the incomplete repair model of Dale®*
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TaBLE I. Summary of the reported «/f values for prostate cancer.
o/ p(Gy) Source of the data Assumptions/comments References
1.5(95% C10.8,2.2) FFBF of EBRT + LDRBT Complete repair after LDRBT 9
No tumor repopulation
Biochemical control equivalence of EBRT and LDRBT
RBE of permanent implants = 1
Homogeneity of tumor and dose
Data collected from different institutions for multiple modalities
1.49 (95% CI 1.25, 1.76) FFBF of EBRT + LDRBT The same as Brenner and Hall (Ref. 9) except for the use of an ex- 11
ponential repair rate of tumor for LDRBT, p
1.44 (95% CI 1.22, 1.76) FFBF of EBRT + LDRBT The same as above 19
~1.8 (**°1), ~2 (19pq) No fit to data The same as Brenner and Hall (Ref. 9) but with no fit to clinical 12
data
4.96 (95% Cl1 4.1, 5.6) FFBF of EBRT + LDRBT The same as Brenner and Hall (Ref. 9) except for the use of an o 40
represented by a distribution of values
2.1 FFBF of EBRT + LDRBT The same as Brenner and Hall (Ref. 9) except for the use of « and 10
p represented by independent distributions of values
0.68 (95% CI1 0.57, 0.79) to FFBF of EBRT + LDRBT The same as Fowler et al. (Ref. 11) except for the RBE of perma- 14
1.81 (95% CI1.51,2.15) nent implants: RBE (**°I) = (1.00, 1.20, 1.45), RBE
("9*Pd) = (1.00, 1.20, 1.60, 1.75)
Nominal parameter values: LDRBT DVHs: Uniform doses Exponential repair rate of tumor, g =0.693 h™" 41
2.1-12.3 (all DVHs) of 120, 144 or 160 Gy; four clini-
2.1-3.8 (better implants) cal preimplant; four clinical TCP (EBRT) = TCP (LDRBT)
1.0~1.8 (uniform doses) postimplant Nominal parameter values: RBE =14, T,;=45d, 2 =0.2 Gyfl,
D (EBRT) =70 Gy
Ranges of parameter values: Ranges of parameter values: RBE = 1.2-1.6, T}, = 25-65 d,
1.1-12.3 (better implants) 2=0.05-0.3 Gy ', D (EBRT) = 66-80 Gy
0.7-6.3 (uniform doses)
3.1+0.5 FFBF of EBRT + LDRBT The same as Fowler et al. (Ref. 11) except for the tumor repopula- 15
tion starting at Ty =0 or 28 d, T, =42 d
3.1-3.9 FFBF of EBRT + LDRBT The same as Wang et al. (Ref. 15) except for 17
Exponential repair rate of tumor for LDBT, = 1.386, 0.693,
0.347h~"
Edema resulting from the insertion of the radioactive seeds,
Ry = 1.09 and Jegema =0.0032 h™"
3.41 (95% CI 2.56, 4.26) FFBF of EBRT + LDRBT or Exponential repair rate of tumor for LDBT, = 0.462, 0.365 h™' 15
(Typ,=19h) HDRBT boost
5.87 (95% C1 4.67,7.07) BED equivalence of EBRT 4+ LDRBT boost and EBRT + HDRBT
(Typ=1.5h) boost (o/f =3 Gy)
RBE of permanent implants = 1
Homogeneity of dose
Use of data from matching rather than from randomized controlled
trial
Nominal parameter values: FFBF of EBRT + LDRBT Nominal parameter values: RBE=1, T;,,=45d, T;,=1h 15
>30 (95% C15.2, >50) Ranges of parameter values: RBE = 1-2.0, T,,,, = 30-90 d,
Tp=05-2h
Ranges of parameter values: Homogeneity of dose
>30 (95% C1 0.6 -6.5, >50) Use of data from matching rather than from randomized controlled
trial
1.2 (95% C10.03,4.1) FFBF of EBRT + HDRBT boost Complete repair after HDRBT 13
Homogeneity of dose
Use of data from matching rather than from randomized controlled
trial
Short follow-up
Small sample size
3.1(68% CI 1.5,5.7) FFBF of EBRT + HDRBT boost Exponential repair rate of tumor for HDRBT (Ref. 15), u=2.599 16
and EBRT alone h!
Clonogen number (Ref. 15), K=1.6 x 10°~1.1 x 10’
Homogeneity of dose
3.7 (95% CI 1.1,00) (EBRT) FFBF of EBRT + HDRBT boost Equivalence of EBRT and HDRBT in terms of dose and dose-rate 23

2.6 (95% C10.9, 4.8)
(EBRT + HDRBT)

and EBRT alone
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effects
Data collected from different institutions for multiple modalities
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TasLE 1. (Continued)
o/ f(Gy) Source of the data Assumptions/comments References
4.5 (95% CI 1.6, 8.7)
(EBRT + 120% HDRBT
increase)
1.55 (95% C10.46, 4.52) FFBF of EBRT Data collected from different institutions 27
1.4 (95% C10.9,2.2) FFBF of EBRT Data collected from different institutions 25
(standard + hypofractionation)
1.86 (95%C10.7,5.1) FFBF of EBRT No tumor repopulation 28
(standard + hypofractionation)
2.1 Gy FFBF of EBRT Tumor repopulation by 1 week with dose equivalent of prolifera- 28
(standard + hypofractionation) tion of 0.25 Gy/d (Ref. 130)
8.5 (well-oxygenated Radiosensitivity parameters from Hypoxic microenvironment in prostate tumor, OER, = 1.75 and 42,71
clonogens) prostate tumor cell lines OER;=13.25
50.3 (hypoxic clonogens) Interpatient heterogeneity of intrinsic radiosensitivity, o,
p-component contributes insignificantly for the total cell killing
Average values of o and f§ from prostate tumor cell lines,
=026 = 0.06 Gy ' and f=0.0312 + 0.0064 Gy >
Complete repair after LDRBT
Clonogen number, K =35 x 10° (for LDRBT) and K = 10° to
107 (for EBRT)
Different details of the several experimental protocols
No correction for dose-rate effects
3.3 (68% CI11.9,5.8)" Radiosensitivity parameters from Different details of the several experimental protocols 18,75
prostate tumor cell lines Correction for dose-rate effects, G computed with T, =0.01
(LNCaP), 8.4 (PPC-1), 8.9 (TSU-Prl), 5.7 (DU-145), 6.6 (PC-3) h
for survival data for several dose rates and T,,, =2 h for survival
data for only HDR exposure
1.12 (95% C1-3.3, 5.6) FFBF of EBRT randomized trial The steepness of the dose—response relationship for a fixed fraction 20
comparing two different sched- size is known
ules (Ref. 48) (20 F x 2.62 Gy vs No effect of increasing overall time from 4 to 6.5 weeks on tumor
33 F x 2 Gy) control
0.65 (95% CI —1.4,2.8) FFBF of EBRT randomized trial The same as above 22
comparing two different sched-
ules 20 F x2.75 Gy vs 32 F x 2
Gy)
8.3(95% CI10.7, 16) FFBF of EBRT prospective non- Assume o/f = 10 Gy for isoeffectiveness of the two regimens 20

randomized trial comparing two
different schedules (Ref. 76)
(daily 35-38 F x 2 Gy vs
2 x daily 58-69 F x 1.2 Gy)

The steepness of the dose—response relationship for a fixed fraction
size is known
The outcome after hyperfractionated treatments can be influenced
by incomplete repair

Note: CI=-confidence interval; FFBF =freedom from biochemical failure; EBRT = external-beam radiotherapy; LDRBT = low-dose-rate brachytherapy;
RBE = relative biological effectiveness; DVH = dose-volume histogram; TCP = tumor control probability; T, = half-time of repair; T, = potential doubling
time; D = prescribed total dose; Ty = time after the starting of treatment at which repopulation begins; BED = biological effective dose; HDRBT = high-dose-
rate brachytherapy; OER = oxygen enhancement ratio; G = Lea—Catcheside dose-protraction factor.
“For details on reported parameters see Table II.

assuming'” an o/f of 3 Gy and a T, of 1.5 h. Equivalence
on biochemical control between the two groups was
accessed and confirmed via a Cox proportional hazards anal-
ysis consistent with the fitted parameters. Data fitted well an
o/ of 3.41 Gy (95% CI 2.56, 4.26) and a T, (Ref. 11) of
1.9 h, and also an «/ff of 5.87 Gy (95% CI 4.67, 7.07) for a
Ty, of 1.5 h. The o/f result did not vary with the three dif-
ferent prognostic groups of prostate cancer.

Shaffer et al.** estimated the «/f value for low and low-
intermediate risk prostate cancer patients treated with EBRT
or LDRBT. Patients were matched for the same outcome-
associated risk factors and follow-up time. The LQ formula-
tion including the repopulation factor was used to find the
best fitting-values of «/f considering RBE =1, T, =45 d,
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and T, =1 h. This fit yielded an «/f value higher than 30
Gy with a lower confidence limit of 5.2 Gy. Varying parame-
ters to extreme values, the o/ff best-fit was still higher than
30 Gy with a minimum lower confidence limit of 0.6 Gy for
RBE=2, T,,c=45d, and Ty, =1 h, and a maximum of 6.5
Gy for RBE=1, T, =30d, and T,, =0.5h.

V. THE CONTRIBUTION OF HDRBT BOOSTS

Interposing previous results, D’Souza and Thames*®
questioned the equivalence of clinical outcomes of EBRT
and LDRBT treatments regarding the tumor control defini-
tion and prescribed dose. In order to overcome the inherent
uncertainties of combining different datasets of LDRBT
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and EBRT (different dose distributions and specifications,
derivation of data from different institutions yielding poten-
tial differences in responses to staging and scoring, and pos-
sible differences in RBEs of permanent implants), Brenner
et al."® analyzed outcomes from EBRT treatments plus
HDRBT boosts reported by Martinez er al.®> In the HDRBT
protocol, treatment was delivered in two or three implants
of "?Ir escalated from 5.5 to 6.5 Gy (three implants) and
from 8.25 to 10.5 Gy (two implants). Analysis was per-
formed using standard models of tumor cure based on Pois-
son statistics combined with the LQ formalism. The authors
found an o/f value of 1.2 Gy (95% CI 0.03, 4.1) which
they claimed consistent with previous estimations.

One year later, Wang et al.'® reanalyzed the data from
Martinez ez al.*>°® with a longer follow-up, allowing for ma-
turity and stability in the data and a new clinical dataset®’®’
from EBRT dose-escalation to determine the standard uncer-
tainties of parameters. Using the same formalism as before,'
an o/f ratio of 3.1 Gy (68% CI 1.5, 5.7) was reported by
these authors.

To avoid dose inhomogeneity, Williams e al.*> made an
attempt to estimate the prostate cancer o/f ratio by consider-
ing only EBRT data of a total of 3756 patients with a range of
fraction sizes. The o/f ratios were estimated via a proportional
hazards model stratified by risk severity and institution. Using
biochemical failure as an endpoint resulted in an o/f estimate
of 3.7 Gy (95% CI 1.1, c0). Despite the large sample size and
fractionation schedules, the use of EBRT data alone showed a
high level of uncertainty, although the tendency for low o/
values. Incorporating in the analysis a small number of
HDRBT boost patients (185 patients), the precision of the
estimation was improved to 2.6 Gy (95% CI 0.9, 4.8). To
access the sensitivity of the previous estimation to the addition
of the HDRBT data, authors also assumed that the effective
tumor dose for each high-dose-rate fraction was higher than
the prescribed dose. With a 20% increment in the fraction
dose, the o/f ratio increased to 4.5 Gy (95% CI 1.6, 8.7).

VI. THE USE OF EBRT DATA ALONE

To overcome the large uncertainties found in Williams
et al> estimation of the o/f ratio by using only EBRT data,
Proust-Lima er al.*’ avoided to use the conventional binary
failure endpoint to access outcome by incorporating a multi-
variable modeling approach focused on the prostate-specific
antigen (PSA) values after treatment. PSA measures were
accessed in a total of 5093 patients with localized prostate
cancer treated with EBRT. The total dose of EBRT and the
sum of square doses-per-fraction were associated with long-
term PSA rise. An estimate of 1.55 Gy (95% CI 0.46, 4.52)
was obtained with this approach.

Miralbell er al.**** collected data from 5969 patients
treated with EBRT standard fractionation (40%) and hypo-
fractionation (60%) with 2.7-6.7 Gy per fraction. Primary
endpoint was biochemical no evidence of disease (bNED)
using Phoenix definition. The value of the estimated o/ff
ratio was 1.4 Gy (95% CI 0.9, 2.2). No major differences
were found in the o/ff value for the different risk groups.
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Leborgne ef al.*® reported a low o/ derived from the out-
come of patients treated with hypofractionated EBRT deliv-
ered in 3.0-3.15 Gy fractions and patients treated with
standard fractionation. The parameter value which better
matched the actuarial bNED at 5 years was 1.86 Gy (95% CI
0.7,5.1).

VIl. THE INFLUENCE OF HYPOXIA

Nahum er al** proposed a model of prostate cancer

response to ionizing radiation by applying biological factors
which may influence the intrinsic radiosensitivity of the aer-
obic tumor clonogens. A model of TCP incorporating both
interpatient variation of intrinsic radiosensitivity and the
effect of hypoxia was used together with average values of
radiosensitivity (x and f) published for prostate cancer cell
lines (see Table II and Table I from Nahum et al.*?). To
account for hypoxia, oxygen enhancement ratio (OER) fac-
tors of 1.75 and 3.25 were used for o and f-inactivation,
respectively.®®® An o/f ratio of 8.5 Gy was derived for
well-oxygenated cells and of 15.5 Gy for hypoxic cells.
Orton’® commented on Nahum er al.** results claiming that
these authors used an incorrect value of f for hypoxic cells.
The correction of this parameter resulted in a much higher
a/f ratio of 50.3 Gy for hypoxic cells.”' The report of
Nahum et al.** was also criticized by Wang er al.*’ who,
among other factors, objected about the relevance and reli-
ability of the in vitro data. In disagreement with the relation
between the decreased radiosensitivity due to hypoxia and
the o/f ratio, Fowler® referred that its significance with
respect to the o/f values is unknown and speculated that
hypoxia might slow down proliferation leading to a
decrease in the o/ff value. On the other hand, Carlson
et al."® claimed that Nahum er al.** made no attempt to cor-
rect for dose-rate effects and that radiosensitivity parame-
ters of PC3 cell line from Leith et al.”* were incorrectly
reported. The reanalysis of Carlson et al.'® of the in vitro
data suggested that the o/f ratios reported by Nahum
et al.** were too high (see Sec. VIII).

VIil. THE CONTRIBUTION OF THE IN VITRO
STUDIES

Table II summarizes in vitro survival data for six cell
lines.”*’* Reported «/f ratios are between 1.2 and 34.0
Gy. If removing the data from LnCap cell line which yields
the highest a/f values, reminder will lie between 1.2 and
8.8 Gy which are within the range of the clinical derived
values. Carlson e al.'® reanalyzed survival data’’* for
the six prostate cancer cell lines presented in Table II in a
total of 10 datasets using LQ survival model. Paired boot-
strap for regression was used to compute 95% confidence
intervals. Attempt was made to correct for dose-rate
effects. Estimates’> of «/f ranged from 1.1 to 6.29 Gy,
with a geometric mean of 3.3 Gy and corresponding stand-
ard deviation (SD) of 1.9-5.8 Gy. These investigators con-
cluded that estimates of the «/f ratio derived from in vitro
and clinical data are consistent with an «/f ratio less than
about 3—4 Gy.
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TaBLE II. o and f-coefficients reported for six human prostate cancer cell lines.

3194

/B (Gy)
Cell line o (Gy™ b p (Gy’z) o/ (Gy) References Reported” by Carlson (Ref. 18)
PC-3 0.487 0.055 8.8 72 4.93 (95% C13.17,7.51)
0.241 0.069 35 73 3.09 (95% CI2.22, 4.15)
0.064 0.017 3.7 74 4.11 (95% CI 2.51,5.72)
DU-145 0.155 0.0521 2.9 72 3.11 (95% CI12.33, 3.36)
0.099 0.009 11 74 6.29 (95% C14.09, 9.74)
0.313 0.048 6.5 73 5.71 (95% C12.90, 15.51)
LnCaP 0.29 0.013 223 74 1.09 (95% CI 1.06, 1.36)
PPC-1 0.1 0.026 38 74 2.49 (95% C1 1.89, 3.05)
TSU-Prl 0.115 0.015 7.7 74 4.72 (95% CI 2.42, 10.69)
TSU 0.062 0.05 1.2 73 1.80 (95% C10.65, 3.42)

“Best estimates of o/ derived from the reanalyses of the published data reported by Carlson ef al. (Ref. 18).

IX. ESTIMATIONS FROM HYPERFRACTIONATION
RESULTS

Valdagni er al.’® reported on a prospective nonrandom-
ized trial using conventional 2 Gy daily treatments vs 1.2 Gy
twice a day. Hyperfractionation reduced late toxicities and
yielded a better biochemical control inconsistent with a low
a/p ratio. Bentzen and Ritter”® applied a method to deter-
mine the o/f ratio and its 95% confidence interval for two
nonisoeffective regimens since the steepness of the dose—
response curve was known. The estimate of the slope of the
dose—response curve of Cheung er al.”” was used. The o/ff
value was calculated from the hazard ratios reported by Val-
dagni et al.”® resulting in an estimate of 8.3 Gy (95% CI 0.7,
16). Bentzen and Ritter®® claimed that this confidence inter-
val cannot exclude the low values of «/f and suggested that
the hypofractionated schedule might suffer from incomplete
repair.

X. ESTIMATIONS FROM HYPOFRACTIONATION
RANDOMIZED TRIALS

Lukka er al.*®® randomized 936 patients treated with 20
fractions of 2.62 Gy (short arm) vs 33 fractions of 2 Gy
(long arm) of EBRT. At 5-year follow-up, biochemical or
clinical failure probability was higher in the short arm (60%)
compared with the long arm (53%), although the total hypo-
fractionated dose was too low to give equality with the con-
trolled arm.>® There were no differences in the overall
survival or in late toxicity. Applying the same method as for
the Valdagni er al.”® trial in combination with the hazard ra-
tio and its 95% confidence limits to the Lukka ez al.*® results
yielded an o/f of 1.12 Gy (95% CI —3.3, 5.6).

Another randomized trial on hypofractionation was per-
formed by Yeoh et al.?'**"° in which hypofractionated
schedules of 20 fractions of 2.75 Gy were compared with
regimens of 32 fractions of 2 Gy for a total of 217 patients.
At 90 months follow-up, biochemical relapse-free survival
for the hypofractionated and conventional groups was 53%
and 44% using the Phoenix criteria, respectively.”? The esti-
mation of the o/f ratio was, as previous, made upon the slope
of the prostate cancer dose-response curve resulting in a
value of 2.2 Gy (95% CI —6.0, 10.6) from Yeoh ez al.'
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with a median follow-up of 48 months and 0.65 Gy (95% CI
—1.4, 2.8) with the updated results of Yeoh er al.** at 90
months follow-up. Both datasets®'** exemplify the problem
of identifying o/f values within clinical relevant 95% confi-
dence intervals, although the considerable reduction in the
interval width with the longer follow-up results of Yoeh®?
trial. Also, the estimations of Bentzen and Ritter?® and Yeoh
et al*"** assume that the dose—response relationship for a
fixed fraction size is known and do not take into account the
effect of increasing the overall time from 4 weeks with the
hypofractionated schedules to 6.5 weeks with the conven-
tional fractionated regimens.

Pollack et al.®*®' randomized 303 patients of intermedi-
ate and high risk prostate cancer treated with 26 fractions of
2.7 Gy or 38 fractions of 2 Gy. The rational for the design of
the hypofractionated schedule was based on the potential
therapeutic gain assuming an o/f ratio of 1.5 Gy. Investiga-
tors reported no differences between the two regimens in
relation to patient outcome or toxicity at a median follow-up
of 39 months. They also concluded that if no difference
exists between the two arms with longer follow-up, the a/f
ratio could be above 3 (possibly 6.5 or even higher).

XI. FEASIBILITY OF THE HYPOFRACTIONATION
REGIMENS

Clinical studies of hypofractionated treatments of prostate
cancer have shown that this modality is safe and effective. Non-
randomized studies of moderately hypofractionated EBRT
(2.5-4 Gy fractions) delivered mainly by intensity-modulated
radiotherapy (IMRT) or 3D-conformal radiotherapy have
reported biochemical outcomes comparable with that achieved
with conventional fractionated RT (Refs. 82-92) and with lim-
ited rectal and bladder late complications.*>> Reported me-
dian follow-up time varied from 19 to 51 months. Publications
on prostate cancer patients treated with conventional fractio-
nated EBRT combined with hypofractionated IMRT boosts”®
of 2 fractions of 5-8 Gy (median follow-up of 63 months) or
with concomitant boosts””*® in 28 fractions of 2.5 Gy and 25
fractions of 2.7 Gy (median follow-up of 46 and 39 months,
respectively) concluded that these treatments were feasible and
well tolerated. The results on EBRT treatments in combination
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with HDRBT boosts®>*¢*?71% with median follow-up ranging
from 40 to 105 months (2 fractions x 5-15 Gy, 3
fractions x 3-6.5 Gy, or 4 fractions x 3-6 Gy) and extreme
hypofractionated treatments of HDRBT delivered as
monotherapy'®''? at median follow-up of 22-65 months (3
fractions x 10.5 Gy, 4 fractions x 8.5-9.5 Gy, 6 fractions
X 6.75-7 Gy, 8 fractions x 6 Gy, or 9 fractions x 6 Gy) or
stereotactic body radiosurgery''*''> with median follow-up
varying from 33 to 60 months (5 fractions x 6.7-7.25 Gy) have
been revealing high rates of biochemical control associated
with low morbidity. Analysis of the results of hypofractionated
conformal carbon ion RT (Ref. 116) delivered in 20 fractions of
3.3 Gy also yielded satisfactory biochemical control and mini-
mal morbidity at median follow-up of 30 months. On the other
hand, if some recent studies have reported equivalence in bio-
chemical outcome and/or complication rates when comparing
26 fractions of 2.7 Gy with 38 fractions of 2 Gy (Pollack
et al.,81 median follow-up: 39 months; Turaka et al.,117 median
follow-up: 55 months) or 30 fractions of 2.4 Gy with 42 frac-
tions of 1.8 Gy (Kuban e al.,'"® median follow-up: 58 months
for the hypofractionation regimens and 55 months for the con-
ventional), others revealed equivalence in late toxicity with
superior outcome in the hypofractionated schedule as delivered
in 20 fractions of 3.1 Gy vs 40 fractions of 2 Gy (Arcangeli
et al.,""*'*® median follow-up: 32 months for the hypofractio-
nation regimens and 35 months for the conventional). Despite
differences in dose prescription, delivery methods, patient
selection according to prognostic factors, short follow-up in
many studies, and the use of androgen deprivation therapy in
some patients, the clinical experience with hypofractionation
seems to be consistent with a low &/ ratio for prostate cancer.

Xll. THE «/ VALUE FOR PROSTATE CANCER

Five years ago, in 2007, a review of the o/f values reported
to that date was published by Dagu.’” However, several reports
were published ever since with new estimations for the pros-
tate cancer o/f.%22>*>2%4 Similarly, several studies compar-
ing the biochemical outcome and late toxicity in patients
treated with hypofractionation and conventional regimens are
now available, showing the feasibility of hypofractionation
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used to treat prostate cancer by radiation.?>2*2>-28:48-52
Although the first estimations from randomized trials have
drawn the idea of a low «/f value for prostate cancer,”>?' the
associated large width of the 95% confidence intervals indi-
cated a considerable uncertainty related with such evaluations.
Now, datasets reflecting longer follow-up allowed to substan-
tially reduce these margins.”> For example, Yeoh er al.'
reported a value of 2.2 Gy (95% CI —6.0, 10.6) in 2006 at 48
months follow-up which was reduced to 0.65 Gy (95% CI
—1.4, 2.8) with a longer follow-up of 90 months in 2011;*
Miralbell ef al.,” in 2012, found a value of 1.4 Gy (95% CI
0.9, 2.2) through the assembly of seven different datasets in a
total of 5969 patients with a median follow-up of 41 months in
40 patients, 52 months in 403, and more than 60 months in the
remaining.

Figure 1 shows a summary of the reported o/ff values pub-
lished with the corresponding 95% CI limits. Studies
reported after the review of Dagu®” are highlighted with the
references in bold. An arithmetic mean of all these reports
yielded an o/f average of 2.73 Gy with a SD of 1.96 Gy.
Figure 2 was built upon the values represented in Fig. 1 and
shows also the arithmetic mean of the o/ values reported
before 2007 (2.88 Gy, SD=2.15 Gy) and in the year of
2007 and after (2.48 Gy, SD = 1.74 Gy). Moreover, the cor-
responding arithmetic mean of the 95% CI amplitudes and
its SD are also represented in Fig. 2. A clear reduction not
only in these intervals but also in its variation can be
observed from studies reported before 2007 (5.57 Gy,
SD=4.99 Gy) to the more recent reports (3.14 Gy,
SD = 1.30 Gy). An average amplitude of 4.62 Gy with a SD
of 4.09 Gy was obtained when considering all the studies.
Therefore, although the averaged reported values for the o/ff
ratio of prostate cancer have not considerably changed since
the time of the last review, the amplitude of the reported CI
decreased considerably, increasing the confidence on its
value.

Xill. FINAL CONSIDERATIONS

Although clinical practice of hypofractionation in the
treatment of prostate cancer seems not to increase late

14 4 ¢ o/ values reported before 2007
13
}? ® /B values reported after2007
= 107 I
S 9 s Arithmetic mean of thereported o/
5 8 - * values (2.73 Gy)
= 7
S 6 ;
3 5 {
4
3 ——
5
1
0

Fowler!! - o

Brenner!? ‘—0—|—|
Wang's I-I0—|
Wang!®

Wang’s -

Bentzen?® -

Brenner® | o
Chappell'® - I

Yeoh?? ‘—I—I

Yeoh?!
Miralbel’s | Ha |

|

|

ol

M
Williams?$ | —#——1

Bentzen20 - t
Nickers? - ll-I—i
Nickers26 - I
Proust-Lima?7 - l—l—l—l
Leborgne?$ -

FiG. 1. Summary of reported «/f values and the corresponding 95% CI adapted from Dagu (Ref. 37) Published values without defined CI are not shown.
Square points and references in bold are those published after Dagu (Ref. 37) review.The dashed—dotted line represents the arithmetic mean of the «/fvalues

(2.73 Gy).

Medical Physics, Vol. 39, No. 6, June 2012



3196 Oliveira, Teixeira, and Fernandes: o/f} for prostate cancer 3196
11,00 - _
9,00 - -
@ 7,00 -
o @)
TE 5,00 A Y
[«aX
s 3,00 1 %
1,00
T T T T T 1
-1,00 - \ 3
N &> o™ oo e o &>
6\@%@’\\ 0\@ 0Q’\\ W “Q'\\ 9 { o N B
0\%0&& 9‘;’“&0&61 &?w‘ «\“‘w D &Q?(:wé‘eg ool
I\ I\
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complication and shows a biochemical outcome superior or
equivalent to conventional schedules, caution must be taken
when using extreme hypofractionated schedules (less than
ten fractions) due to the negative effects of hypoxia on cell
killing by radiation.'?! In prostate cancer, fractional hypoxic
values were found to be between 0% and 94% with a median
of 18% using positron emission tomography scans and the
hypoxia-binding ['*F]fluoromisonidazole.'** Estimations of
hypoxic fractions from cell survival curves of xenografted
human tumors’? derived hypoxic fractions of 7% and 52%
for DU-145 and PC-3 tumors, respectively. In vivo measure-
ments of pO, using Eppendorf microelectrodes'? revealed
lower pO, in the pathological involved side of the prostate
compared with normal muscle, suggesting that hypoxic
regions exist in human prostate cancer. Increasing levels of
hypoxia were correlated with increasing clinical stage'** and
early biochemical failure.'*® Parker er al.'*® measured the
intraprostatic oxygen tension using Eppendorf electrodes
and confirmed that hypoxia exists in prostate cancer but
found no association between oxygen values and clinical
prognostic factors or differences between oxygenation of tu-
mor regions and normal prostate. Furthermore, Carlson
et al."*' found that tumor cell survival increases by a factor
of ~4 x 107 as the dose per fraction is increased from 2.0 Gy
(n=40) to 18 Gy (n=1) for prostate cancer which authors
attributed to possible changes in the o/f ratio with heteroge-
neous oxygenation, reduction in interfraction reoxygenation,
and an increased importance of the hypoxic fraction in deter-
mining dose responses with the use of higher doses per frac-
tion. Nahum et al.** reported an increased o/f value for
more radioresistent hypoxic tumors, comparing to well-
oxygenated tumor cells, although recent estimations did not
find a correlation between the o/f ratio and different risk
groups of prostate cancer.”*2’

Another factor that may influence the o/f estimations
when using LDRBT clinical data is the onset of tumor cells
repopulation after the beginning of treatment. Brenner and
Hall® and Fowler et al.'' neglected repopulation during the
radiation treatment and produced an o/f of ~1.5 Gy. On
the other hand, Wang et al."® and Kal and Van Gellekom,17
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considering a repopulation onset of 0 or 28 days after the be-
ginning of the treatment, reported o/ff values of ~3.1-3.9 Gy
which would fall into the previous values'? if repopulation
was not considered. Despite the data indicating that overall
treatment time could be protracted by, at least, 9 weeks with-
out evident impact in outcome,127 some recent studies have
reported that prolongation of treatment in patients with T2
localized prostate cancer for more than 9 weeks may worsen
biochemical outcome.'?? Likewise, breaks of more than 3
days in a 38-fraction treatment or of more than 4 days in a
40-fraction in low risk patients should be avoided."*® A rela-
tive increase of 6% in biochemical failures was found when
the treatment time was elapsed for 1 week (total of 7 weeks)
in low- and intermediate risk patients.'*® Leborgne et al.,”®
regarding these last results,'*" considered a Tx of 52 days
and a proliferation rate of 0.25 Gy/d which yielded a slight
increment in the o/f from 1.86 Gy (assuming no prolifera-
tion) up to 2.1 Gy. More studies are needed to understand
the role of repopulation on prostate cancer treatment by radi-
ation and what is its real impact on the a/f value. RBE of
permanent implants may also influence the o/f estimations
from LDRBT data.'"**"***> The correction for this factor
yielded lower values for the o/f ratio.

The introduction of the half-time of repair in Fowler
et al.'' study did not have a substantial impact in the o/f
estimation regarding the previous finding of Brenner and
Hall.’ However, Nickers et al.®® found an increase of more
than 2 Gy when decreasing T;, from 1.9 to 1.5 h. These
authors attributed this variation as well as the large confi-
dence interval to the diversity of the LDRBT patients’ data
and to the interpatient heterogeneity of tumors. In fact, the
tumor heterogeneity may increase the actual o/f value,**'3!
and the use of homogeneous models overestimates its statis-
tical significance.'*?

If some studies suggest some correlation between in vitro
and in vivo parameters,lﬁ*141 in others little or no corre-
spondence is achieved between in vitro predictions and rele-
vant clinical endpoints."*'~'*® This lack of correlation may
be due to small patient sample sizes, unreliable radiosensi-
tivity indicators, or uncertain relationship among in vitro
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indicators and in vivo endpoints.'® Nonetheless, a review of
the in vitro data of prostate cancer cell lines performed by
Carlson et al.'® resulted in an o/ geometric mean of 3.3 Gy
that agrees with other clinical estimations that took into
account the repopulation factor despite the large confidence
intervals reported.”

At date, evidence mounts that the o/f ratio for prostate
cancer is low, around 2.7 Gy. Since the last review of the
prostate cancer o/ff performed by Dagu,®>’ several other
reports have been published providing new estimations of
the o/ff value and re-enforcing the idea that it might be low.
Also, the reported amplitudes of the CI considerably
decreased, increasing the reliability of the most recent stud-
ies. Considering that this value is lower than that for late rec-
tal complications,'*’” with an «/f of 54=*15 Gy, a
therapeutic gain may be achieved when using hypofractiona-
tion protocols. However, one cannot forget all the uncertain-
ties that have been revealed around the o/f estimation and
we expect that, with the maturation of the ongoing random-
ized trials, a more precise answer could be achieved in a
recent future. Also, the use of extreme hypofractionated
treatments should be evaluated carefully due to the possible
reduction on biochemical outcome triggered by other radio-
biological factors such as hypoxia. Acute toxicity may also
increase with the hypofractionated regimens,’ 5148149 pog-
sibly due to a higher net of stem-cell depletion in the rectal
and bladder mucosa.”®

“Electronic mail: nunogteixeira@gmail.com

'H. D. Thames, H. R. Withers, L. J. Peters, and G. H. Fletcher, “Changes
in early and late radiation responses with altered dose fractionation:
Implications for dose-survival relationships,” Int. J. Radiat. Oncol., Biol.,
Phys. 8, 219-226 (1982).

’H. D. Thames, S. M. Bentzen, I. Turesson, M. Overgaard, and W. Van
den Bogaert, “Time-dose factors in radiotherapy: A review of the human
data,” Radiother. Oncol. 19, 219-235 (1990).

38 M. Bentzen, J. Overgaard, H. D. Thames, M. Overgaard, P. V. Hansen,
H. von der Maase, and J. Meder, “Clinical radiobiology of malignant
melanoma,” Radiother. Oncol. 16, 169-182 (1989).

“H. D. Thames and H. D. Suit, “Tumor radioresponsiveness versus fractio-
nation sensitivity,” Int. J. Radiat. Oncol., Biol., Phys. 12, 687-691 (1986).
5D. Zips, “Tumor growth and response to radiation” in Basic Clinical
Radiobiology, edited by M. Joiner and A. van der Kogel (Arnold, Lon-

don, 2009), p. 83.

K. M. Haustermans, 1. Hofland, H. Van Poppel, R. Oyen, W. Van de
Voorde, A. C. Begg, and J. F. Fowler, “Cell kinetic measurements in
prostate cancer,” Int. J. Radiat. Oncol., Biol., Phys. 37, 1067-1070
(1997).

7K. M. Haustermans and J. F. Fowler, “A comment on proliferation rates
in human prostate cancer,” Int. J. Radiat. Oncol., Biol., Phys. 48, 303
(2000).

8G. M. Duchesne and L. J. Peters, “What is the alpha/beta ratio for pros-
tate  cancer? Rationale for hypofractionated  high-dose-rate
brachytherapy,” Int. J. Radiat. Oncol., Biol., Phys. 44, 747-748 (1999).

°D. J. Brenner and E. J. Hall, “Fractionation and protraction for radiother-
apy of prostate carcinoma,” Int. J. Radiat. Oncol., Biol., Phys. 43,
1095-1101 (1999).

1D J. Brenner and E. J. Hall, “In response to Drs King and Mayo: Low
alpha/beta values for prostate appear to be independent of modeling
details,” Int. J. Radiat. Oncol., Biol., Phys. 47, 538-539 (2000).

'3, Fowler, R. Chappell, and M. Ritter, “Is alpha/beta for prostate tumors
really low?,” Int. J. Radiat. Oncol., Biol., Phys. 50, 1021-1031 (2001).

12C. R. King and J. F. Fowler, “A simple analytic derivation suggests that
prostate cancer alpha/beta ratio is low,” Int. J. Radiat. Oncol., Biol., Phys.
51, 213-214 (2001).

Medical Physics, Vol. 39, No. 6, June 2012

3197

D. J. Brenner, A. A. Martinez, G. K. Edmundson, C. Mitchell, H. D.
Thames, and E. P. Armour, “Direct evidence that prostate tumors show
high sensitivity to fractionation (low alpha/beta ratio), similar to late-
responding normal tissue,” Int. J. Radiat. Oncol., Biol., Phys. 52, 6-13
(2002).

HR. Chappell, J. F. Fowler, and M. A. Ritter, “In response to Drs. Dale and
Jones,” Int. J. Radiat. Oncol., Biol., Phys. 52, 1428 (2002).

15y, 7. Wang, M. Guerrero, and X. A. Li, “How low is the alpha/beta ratio
for prostate cancer?,” Int. J. Radiat. Oncol., Biol., Phys. 55, 194-203
(2003).

165, 7. Wang, X. A. Li, C. X. Yu, and S. J. DiBiase, “The low alpha/beta ra-
tio for prostate cancer: What does the clinical outcome of HDR brachy-
therapy tell us?,” Int. J. Radiat. Oncol., Biol., Phys. 57, 1101-1108
(2003).

4. B. Kal and M. P. Van Gellekom, “How low is the alpha/beta ratio for
prostate cancer?,” Int. J. Radiat. Oncol., Biol., Phys. 57, 1116-1121
(2003).

8D, J. Carlson, R. D. Stewart, X. A. Li, K. Jennings, J. Z. Wang, and M.
Guerrero, “Comparison of in vitro and in vivo alpha/beta ratios for pros-
tate cancer,” Phys. Med. Biol. 49, 4477-4491 (2004).

R, Chappell, J. Fowler, and M. Ritter, “New data on the value of alpha/
beta—Evidence mounts that it is low,” Int. J. Radiat. Oncol., Biol., Phys.
60, 1002-1003 (2004).

20S. M. Bentzen and M. A. Ritter, “The alpha/beta ratio for prostate cancer:
What is it, really?,” Radiother. Oncol. 76, 1-3 (2005).

2IE E. Yeoh, R. H. Holloway, R. J. Fraser, R. J. Botten, A. C. Di Matteo, J.
Butters, S. Weerasinghe, and P. Abeysinghe, “Hypofractionated versus
conventionally fractionated radiation therapy for prostate carcinoma:
Updated results of a phase III randomized trial,” Int. J. Radiat. Oncol.,
Biol., Phys. 66, 1072—1083 (2006).

22E. E. Yeoh, R. J. Botten, J. Butters, A. C. Di Matteo, R. H. Holloway,
and J. Fowler, “Hypofractionated versus conventionally fractionated
radiotherapy for prostate carcinoma: Final results of phase III randomized
trial,” Int. J. Radiat. Oncol., Biol., Phys. 81, 1271-1278 (2011).

233, G. Williams, J. M. Taylor, N. Liu, Y. Tra, G. M. Duchesne, L. L. Kes-
tin, A. Martinez, G. R. Pratt, and H. Sandler, “Use of individual fraction
size data from 3756 patients to directly determine the alpha/beta ratio of
prostate cancer,” Int. J. Radiat. Oncol., Biol., Phys. 68, 24-33 (2007).

2R. Miralbell, S. A Roberts, E. Zubizarreta, and J. H. Hendry, “Dose-frac-
tionation sensitivities of low/middle/high-risk prostate cancer deduced
from seven international primary institutional databasets (Abstract),” Int.
J. Radiat. Oncol., Biol., Phys. 75, S81 (2009).

R, Miralbell, S. A. Roberts, E. Zubizarreta, and J. H. Hendry, “Dose-frac-
tionation sensitivity of prostate cancer deduced from radiotherapy
outcomes of 5,969 patients in seven international institutional datasets:
Alpha/beta= 1.4 (0.9-2.2) Gy,” Int. J. Radiat. Oncol., Biol., Phys. 82,
el7-e24 (2012).

26p, Nickers, J. Hermesse, J. M. Deneufbourg, S. Vanbelle, and E. Lartigau,
“Which alpha/beta ratio and half-time of repair are useful for predicting
outcomes in prostate cancer?,” Radiother. Oncol. 97, 462-466 (2010).

C. Proust-Lima, J. M. Taylor, S. Sécher, H. Sandler, L. Kestin, T. Pickles,
K. Bae, R. Allison, and S. Williams, “Confirmation of a low alpha/beta
ratio for prostate cancer treated by external beam radiation therapy alone
using a post-treatment repeated-measures model for PSA dynamics,” Int.
J. Radiat. Oncol., Biol., Phys. 79, 195-201 (2011).

28R, Leborgne, J. Fowler, J. H. Leborgne, and J. Mezzera, “Later outcomes
and alpha/beta estimate from hypofractionated conformal three-
diomensional radiotherapy versus standard fractionation for localized
prostate cancer,” Int. J. Radiat. Oncol., Biol., Phys. 82, 1200-1207
(2012).

2D. J. Brenner, “Toward optimal external-beam fractionation for prostate
cancer,” Int. J. Radiat. Oncol., Biol., Phys. 48, 315-316 (2000).

3D, J. Brenner, “Hypofractionation for prostate cancer radiotherapy—
What are the issues?,” Int. J. Radiat. Oncol., Biol., Phys. 57, 912-914
(2003).

31J. F. Fowler, R. J. Chappell, and M. A. Ritter, “The prospects for new
treatments for prostate cancer,” Int. J. Radiat. Oncol., Biol., Phys. 52, 3-5
(2002).

32J. F. Fowler, M. A. Ritter, R. J. Chappell, and D. J. Brenner, “What hypo-
fractionated protocols should be tested for prostate cancer?,” Int. J.
Radiat. Oncol., Biol., Phys. 56, 1093—-1104 (2003).

3J. F. Fowler, “The radiobiology of prostate cancer including new aspects
of fractionated radiotherapy,” Acta Oncol. 44, 265-276 (2005).


http://dx.doi.org/10.1016/0360-3016(82)90517-X
http://dx.doi.org/10.1016/0360-3016(82)90517-X
http://dx.doi.org/10.1016/0167-8140(90)90149-Q
http://dx.doi.org/10.1016/0167-8140(89)90017-0
http://dx.doi.org/10.1016/0360-3016(86)90081-7
http://dx.doi.org/10.1016/S0360-3016(96)00579-2
http://dx.doi.org/10.1016/S0360-3016(00)00562-9
http://dx.doi.org/10.1016/S0360-3016(99)00024-3
http://dx.doi.org/10.1016/S0360-3016(98)00438-6
http://dx.doi.org/10.1016/S0360-3016(00)00443-0
http://dx.doi.org/10.1016/S0360-3016(01)01607-8
http://dx.doi.org/10.1016/S0360-3016(01)01651-0
http://dx.doi.org/10.1016/S0360-3016(01)02664-5
http://dx.doi.org/10.1016/S0360-3016(01)02815-2
http://dx.doi.org/10.1016/S0360-3016(02)03828-2
http://dx.doi.org/10.1016/S0360-3016(03)00747-8
http://dx.doi.org/10.1016/S0360-3016(03)01455-X
http://dx.doi.org/10.1088/0031-9155/49/19/003
http://dx.doi.org/10.1016/j.ijrobp.2004.06.204
http://dx.doi.org/10.1016/j.radonc.2005.06.009
http://dx.doi.org/10.1016/j.ijrobp.2006.06.005
http://dx.doi.org/10.1016/j.ijrobp.2006.06.005
http://dx.doi.org/10.1016/j.ijrobp.2010.07.1984
http://dx.doi.org/10.1016/j.ijrobp.2006.12.036
http://dx.doi.org/10.1016/j.ijrobp.2009.07.202
http://dx.doi.org/10.1016/j.ijrobp.2009.07.202
http://dx.doi.org/10.1016/j.ijrobp.2010.10.075
http://dx.doi.org/10.1016/j.radonc.2010.06.006
http://dx.doi.org/10.1016/j.ijrobp.2009.10.008
http://dx.doi.org/10.1016/j.ijrobp.2009.10.008
http://dx.doi.org/10.1016/j.ijrobp.2010.12.040
http://dx.doi.org/10.1016/S0360-3016(00)00591-5
http://dx.doi.org/10.1016/S0360-3016(03)01456-1
http://dx.doi.org/10.1016/S0360-3016(01)02665-7
http://dx.doi.org/10.1016/S0360-3016(03)00132-9
http://dx.doi.org/10.1016/S0360-3016(03)00132-9
http://dx.doi.org/10.1080/02841860410002824

3198 Oliveira, Teixeira, and Fernandes: o/f} for prostate cancer

34A. M. Amer, J. Mott, R. L. Mackay, P. C. Williams, J. Livsey, J. P. Logue,
and J. H. Hendry, “Prediction of the benefits from dose-escalated hypo-
fractionated intensity-modulated radiotherapy for prostate cancer,” Int. J.
Radiat. Oncol., Biol., Phys. 56, 199-207 (2003).

3X. A. Li, J. Z. Wang, R. D. Stewart, S. J. DiBiase, D. Wang, and C. A.
Lawton, “Designing equivalent treatment regimens for prostate radiother-
apy based on equivalent uniform dose,” Br. J. Radiol. 81, 59-68 (2008).

36y, Liao, M. Joiner, Y. Huang, and J. Burmeister, “Hypofractionation:
What does it mean for prostate cancer treatment?,” Int. J. Radiat. Oncol.,
Biol., Phys. 76, 260-268 (2010).

YA, Dagu, “Is the alpha/beta value for prostate tumors low enough to be
safely used in clinical trials?,” Clin. Oncol. (R. Coll. Radiol.) 19,
289-301 (2007).

3E. F. Miles and W. R. Lee, “Hypofractionation for prostate cancer: A
critical review,” Semin. Radiat. Oncol. 18, 41-47 (2008).

*W. R. Lee, “Extreme hypofractionation for prostate cancer,” Expert. Rev.
Anticancer Ther. 9, 61-65 (2009).

40C. R. King and C. S. Mayo, “Is the prostrate alpha/beta ratio of 1.5 from
Brenner & Hall a modeling artifact?,” Int. J. Radiat. Oncol., Biol., Phys.
47, 536-539 (2000).

“Ip_ E. Lindsay, V. V. Moiseenko, J. Van Dyk, and J. J. Battista, “The influ-
ence of brachytherapy dose heterogeneity on estimates of alpha/beta for
prostate cancer,” Phys. Med. Biol. 48, 507-522 (2003).

“?A. E. Nahum, B. Movsas, E. M. Horwitz, C. C. Stobbe, and J. D. Chap-
man, “Incorporating clinical measurements of hypoxia into tumor local
control modeling of prostate cancer: Implications for the alpha/beta
ratio,” Int. J. Radiat. Oncol., Biol., Phys. 57, 391-401 (2003).

ST F. Fowler, M. A. Ritter, J. D. Fenwick, and R. J. Chappell, “How low
is the alpha/beta ratio for prostate cancer? In regard to Wang et al.,
IJROBP 2003;55:194-203,” Int. J. Radiat. Oncol., Biol., Phys. 57,
593-595 (2003).

“R. Shaffer, T. Pickles, R. Lee, and V. Moiseenko, “Deriving prostate
alpha-beta ratio using carefully matched groups, long follow-up and the
phoenix definition of biochemical failure,” Int. J. Radiat. Oncol., Biol.,
Phys. 79, 1029-1036 (2011).

“R. G. Dale and B. Jones, “Is the alpha/beta for prostate tumors really
low? In regard to Fowler et al., IROBP 2001;50:1021-1031,” Int. J.
Radiat. Oncol., Biol., Phys. 52, 1427-1428 (2002).

4W. D. D’souza and H. D. Thames, “Is the alpha/beta ratio for prostate
cancer low?,” Int. J. Radiat. Oncol., Biol., Phys. 51, 1-3 (2001).

47y, 7. Wang, N. A. Mayr, X. A. Li, and R. D. Stewart, “Modeling prostate
cancer: In regards to Nahum er al. (Int J Radiat Oncol Biol Phys
2003;57:391-401),” Int. J. Radiat. Oncol., Biol., Phys. 61, 309-310
(2005).

8. Lukka, C. Hayter, P. Warde, J. Morris, J. Julian, M. Gospodarowicz,
and M. Levine on behalf of Investigators of OCOG Prostate, Fractiona-
tion/NCIC CTG PRS Study, “A randomized trail comparing two fractio-
nation schedules for patients with localized prostate cancer (Abstract),”
Int. J. Radiat. Oncol., Biol., Phys. 57, S126 (2003).

“R. D. Dale and B. Jones, “The assessment of RBE effects using the con-
cept of biologically effective dose,” Int. J. Radiat. Oncol., Biol., Phys. 43,
639-645 (1999).

SOy, Antipas, R. G. Dale, and I. P. Coles, “A theoretical investigation into
the role of tumor radiosensitivity, clonogen repopulation, tumor shrink-
age and radionuclide RBE in permanent brachytherapy implants of '*I
and 'Pd,” Phys. Med. Biol. 46, 2557-2569 (2001).

S1p. Scalliet and A. Wambersie, “Which RBE for iodine 125 in clinical
applications?,” Radiother. Oncol. 9, 221-230 (1987).

32D, L. Zellmer, J. D. Shadley, and M. T. Gillin, “Comparisons of meas-
ured biological response and predictions from microdosimetric data ap-
plicable to brachytherapy,” Radiat. Prot. Dosim. 52, 395-403 (1994).

3¢, C. Ling, W. X. Li, and L. L. Anderson, “The relative biological effec-
tiveness of 1-125 and Pd-103,” Int. J. Radiat. Oncol., Biol., Phys. 32,
373-378 (1995).

S4c. S. Wuu, P. Kliauga, M. Zaider, and H. I. Amols, “Microdosimetric
evaluation of relative biological effectiveness for 103pq 1257 241 A and
1921, brachytherapy sources,” Int. J. Radiat. Oncol., Biol., Phys. 36,
689-697 (1996).

35C. S. Wuu and M. Zaider, “A calculation of the relative biological effec-
tiveness of '°I and '*Pd brachytherapy sources using the concept of
proximity function,” Med. Phys. 25, 2186-2189 (1998).

36C. R. King, T. A. DiPetrillo, and D. E. Wazer, “Optimal radiotherapy for
prostate cancer: Predictions for conventional external beam, IMRT, and

Medical Physics, Vol. 39, No. 6, June 2012

3198

brachytherapy from radiobiologic models,” Int. J. Radiat. Oncol., Biol.,
Phys. 46, 165-172 (2000).

78, Levregiin, A. Jackson, M. J. Zelefsky, M. W. Skwarchuk, E. S. Venka-
traman, W. Schlegel, Z. Fuks, S. A. Leibel, and C. C. Ling, “Fitting tu-
mor control probability models to biopsy outcome after three-
dimensional conformal radiation therapy of prostate cancer: Pitfalls in
deducing radiobiologic parameters for tumors from clinical data,” Int. J.
Radiat. Oncol., Biol., Phys. 51, 1064—1080 (2001).

S8E. ML Waterman, N. Yue, B. W. Corn, and A. P. Dicker, “Edema associ-
ated with I-125 or Pd-103 prostate brachytherapy and its impact on post-
implant dosimetry: An analysis based on serial CT acquisition,” Int. J.
Radiat. Oncol., Biol., Phys. 41, 1069-1077 (1998).

M. P. Van Gellekom, M. A. Moerland, H. B. Kal, and J. J. Battermann,
“Biologically effective dose for permanent prostate brachytherapy taking
into account postimplant edema,” Int. J. Radiat. Oncol., Biol., Phys. 53,
422-433 (2002).

50D, J. Brenner, “Accelerated repopulation during radiotherapy: Quantita-
tive evidence for delayed onset,” Radiat. Oncol. Invest. 1, 167-172
(1993).

61S. A. Roberts and J. H. Hendry, “The delay before onset of acelerated tu-
mor cell repopulation during radiotherapy: A direct maximum-likelihood
analysis of a collection of worldwide tumor-control data,” Radiother.
Oncol. 29, 69-74 (1993).

S2A. C. Begg, I. Hofland, M. Van Glabekke, H. Bartelink, and J. C. Horiot,
“Predictive value of potential doubling time for radiotherapy of head and
neck tumor patients: Results from the EORTC cooperative trial 22851,”
Semin. Radiat. Oncol. 1, 22-25 (1992).

3B. Zackrisson, H. Gustafsson, R. Stenling, P. Flygare, and G. D. Wilson,
“Predictive value of potential doubling time in head and neck cancer
patients treated by conventional radiotherapy,” Int. J. Radiat. Oncol.,
Biol., Phys. 38, 677-683 (1997).

%R. D. Dale, “The use of small fraction numbers in high dose-rate gynae-
cological afterloading: Some radiobiological considerations,” Br. J.
Radiol. 63, 290-294 (1990).

%A, A. Martinez, L. L. Kestin, J. S. Stromberg, J. A. Gonzalez, M. Wal-
lace, G. S. Gustafson, G. K. Edmundson, W. Spencer, and F. A. Vicini,
“Interim report of image-guided conformal high-dose-rate brachytherapy
for patients with unfavorable prostate cancer: The William Beaumont
phase II dose-escalating trial,” Int. J. Radiat. Oncol., Biol., Phys. 47,
343-352 (2000).

oA A Martinez, G. Gustafson, J. Gonzalez, E. Armour, C. Mitchell, G.
Edmundson, W. Spencer, J. Stromberg, R. Huang, and F. Vicini, “Dose
escalation using conformal high-dose-rate brachytherapy improves out-
come in unfavorable prostate cancer,” Int. J. Radiat. Oncol., Biol., Phys.
53, 316-327 (2002).

673, Levregiin, A. Jackson, M. J. Zelefsky, E. S. Venkatraman, M. W.
Skwarchuk, W. Schlegel, Z. Fuks, S. A. Leibel, and C. C. Ling, “Risk
group dependence of dose-response for biopsy outcome after three-
dimensional conformal radiation therapy of prostate cancer,” Radiother.
Oncol. 63, 11-26 (2002).

%8J. D. Chapman, C. J. Gillespie, A. P. Reuvers, and D. L. Dugle, “The
inactivation of Chinese hamster cells by x-rays: The effects of chemical
modifiers on single- and double-events,” Radiat. Res. 64, 365-375
(1975).

%B. Palcic and L. D. Skarsgard, “Reduced oxygen enhancement ratio at
low doses of ionizing radiation,” Radiat. Res. 100, 328-339 (1984).

70C. G. Orton, “In regard to Nahum ez al. (Int J Radiat Oncol Biol Phys
2003;57:391-401): Incorporating clinical measurements of hypoxia into
tumor local control modeling of prostate cancer: Implications for the
alpha/beta ratio,” Int. J. Radiat. Oncol., Biol., Phys. 58, 1637 (2004).

"'A. E. Nahum and J. D. Chapman, “In response to Dr. Orton,” Int. J.
Radiat. Oncol., Biol., Phys. 58, 1637-1639 (2004).

725 T. Leith, L. Quaranto, G. Padfield, S. Michelson, and A. Hercbergs,
“Radiobiological studies of PC-3 and DU-145 human prostate cancer
cells: X-ray sensitivity in vitro and hypoxic fractions of xenografted
tumors in vivo,” Int. J. Radiat. Oncol., Biol., Phys. 25, 283-287
(1993).

0. Algan, C. C. Stobbe, A. M. Helt, G. E. Hanks, and J. D. Chapman,
“Radiation inactivation of human prostate cancer cells: The role of
apoptosis,” Radiat. Res. 146, 267-275 (1996).

74T, L. DeWeese, J. M. Shipman, L. E. Dillehay, and W. G. Nelson,
“Sensitivity of human prostatic carcinoma cell lines to low dose rate radi-
ation exposure,” J. Urol. 159, 591-598 (1998).


http://dx.doi.org/10.1016/S0360-3016(03)00086-5
http://dx.doi.org/10.1016/S0360-3016(03)00086-5
http://dx.doi.org/10.1259/bjr/59827901
http://dx.doi.org/10.1016/j.ijrobp.2009.06.043
http://dx.doi.org/10.1016/j.ijrobp.2009.06.043
http://dx.doi.org/10.1016/j.clon.2007.02.007
http://dx.doi.org/10.1016/j.semradonc.2007.09.006
http://dx.doi.org/10.1586/14737140.9.1.61
http://dx.doi.org/10.1586/14737140.9.1.61
http://dx.doi.org/10.1016/S0360-3016(00)00442-9
http://dx.doi.org/10.1088/0031-9155/48/4/307
http://dx.doi.org/10.1016/S0360-3016(03)00534-0
http://dx.doi.org/10.1016/S0360-3016(03)00364-X
http://dx.doi.org/10.1016/j.ijrobp.2009.12.058
http://dx.doi.org/10.1016/j.ijrobp.2009.12.058
http://dx.doi.org/10.1016/S0360-3016(01)02814-0
http://dx.doi.org/10.1016/S0360-3016(01)02814-0
http://dx.doi.org/10.1016/S0360-3016(01)01650-9
http://dx.doi.org/10.1016/j.ijrobp.2004.08.043
http://dx.doi.org/10.1016/S0360-3016(03)00827-7
http://dx.doi.org/10.1016/S0360-3016(98)00364-2
http://dx.doi.org/10.1088/0031-9155/46/10/304
http://dx.doi.org/10.1016/S0167-8140(87)80234-7
http://dx.doi.org/10.1016/0360-3016(95)00530-C
http://dx.doi.org/10.1016/S0360-3016(96)00374-4
http://dx.doi.org/10.1118/1.598415
http://dx.doi.org/10.1016/S0360-3016(99)00406-X
http://dx.doi.org/10.1016/S0360-3016(99)00406-X
http://dx.doi.org/10.1016/S0360-3016(01)01731-X
http://dx.doi.org/10.1016/S0360-3016(01)01731-X
http://dx.doi.org/10.1016/S0360-3016(98)00152-7
http://dx.doi.org/10.1016/S0360-3016(98)00152-7
http://dx.doi.org/10.1016/S0360-3016(02)02755-4
http://dx.doi.org/10.1002/roi.2970010306
http://dx.doi.org/10.1016/0167-8140(93)90175-8
http://dx.doi.org/10.1016/0167-8140(93)90175-8
http://dx.doi.org/10.1016/S1053-4296(05)80046-3
http://dx.doi.org/10.1016/S0360-3016(97)00066-7
http://dx.doi.org/10.1016/S0360-3016(97)00066-7
http://dx.doi.org/10.1259/0007-1285-63-748-290
http://dx.doi.org/10.1259/0007-1285-63-748-290
http://dx.doi.org/10.1016/S0360-3016(00)00436-3
http://dx.doi.org/10.1016/S0360-3016(02)02733-5
http://dx.doi.org/10.1016/S0167-8140(02)00062-2
http://dx.doi.org/10.1016/S0167-8140(02)00062-2
http://dx.doi.org/10.2307/3574272
http://dx.doi.org/10.2307/3576354
http://dx.doi.org/10.1016/j.ijrobp.2003.12.019
http://dx.doi.org/10.1016/j.ijrobp.2003.12.020
http://dx.doi.org/10.1016/j.ijrobp.2003.12.020
http://dx.doi.org/10.1016/0360-3016(93)90350-5
http://dx.doi.org/10.2307/3579456
http://dx.doi.org/10.1016/S0022-5347(01)63990-9

3199 Oliveira, Teixeira, and Fernandes: o/f} for prostate cancer

7. Z. Wang, R. D. Stewart, D. J. Carlson, K. Jennings, X. A. Li, and M.
Guerrero, “Reply to ‘Comments on “Comparison of in vitro and in vivo
alpha/beta ratios for prostate cancer,””” Phys. Med. Biol. 50, L5-L8
(2005).

ToR. Valdagni, C. Italia, P. Montanaro, A. Lanceni, P. Lattuada, T. Mag-
nani, C. Fiorino, and A. Nahum, “Is the alpha-beta ratio of prostate can-
cer really low? A prospective, non-randomized trial comparing standard
and hyperfractionated conformal radiation therapy,” Radiother. Oncol.
75, 74-82 (2005).

7TR. Cheung, S. L. Tucker, A. K. Lee, R. de Crevoisier, L. Dong, A. Kamat,
L. Pisters, and D. Kuban, “Dose-response characteristics of low- and
intermediate-risk prostate cancer treated with external beam radio-
therapy,” Int. J. Radiat. Oncol., Biol., Phys. 61, 993—1002 (2005).

78, Lukka, C. Hayter, J. A. Julian, P. Warde, W. J. Morris, M. Gospodaro-
wicz, M. Levine, J. Sathya, R. Choo, H. Prichard, M. Brundage, and W.
Kwan, ‘“Randomized trial comparing two fractionation schedules for
patients with localized prostate cancer,” J. Clin. Oncol. 23, 6132-6138
(2005).

"E. E. Yeoh, R. J. Fraser, R. E. McGowan, R. J. Botten, A. C. Di Matteo,
D. E. Roos, M. G. Penniment, and M. F. Borg, “Evidence for efficacy
without increased toxicity of hypofractionated radiotherapy for prostate
carcinoma: Early results of a Phase III randomized trial,” Int. J. Radiat.
Oncol., Biol., Phys. 55, 943-955 (2003).

80A. Pollack, A. L. Hanlon, E. M. Horwitz, S. J. Feigenberg, A. A. Konski,
B. Movsas, R. E. Greenberg, R. G. Uzzo, C. M. Ma, S. W. McNeeley, M.
K. Buyyounouski, and R. A. Price, “Dosimetry and preliminary acute
toxicity in the first 100 men treated for prostate cancer on a randomized
hypofractionation dose escalation trial,” Int. J. Radiat. Oncol., Biol.,
Phys. 64, 518-526 (2006).

81A. Pollack, T. Li, M. Buyyounouski, E. Horwitz, R. Price, S. Feigenberg,
A. Konski, R. Greenberg, R. Uzzo, and C. Ma, “Hypofractionation for
prostate cancer: Interim results of a randomized trial (Abstract),” Int. J.
Radiat. Oncol., Biol., Phys. 75, S81 (2009).

82K Kitamura, H. Shirato, N. Shinohara, T. Harabayashi, R. Onimaru, K.
Fujita, S. Shimizu, K. Nonomura, T. Koyanagi, and K. Miyasaka,
“Reduction in acute morbidity using hypofractionated intensity-
modulated radiation therapy assisted with a fluoroscopic real-time tumor-
tracking system for prostate cancer: Preliminary results of a phase I/II
study,” Cancer J. 9, 268-276 (2003).

83p_ A. Kupelian, C. A. Reddy, T. P. Carlson, K. A. Altsman, and T. R.
Willoughby, “Preliminary observations on biochemical relapse-free sur-
vival rates after short-course intensity-modulated radiotherapy (70 Gy at
2.5 Gy/fraction) for localized prostate cancer,” Int. J. Radiat. Oncol.,
Biol., Phys. 53, 904-912 (2002).

84F. Leborgne and J. Fowler, “Late outcomes following hypofractionated
conformal radiotherapy vs. standard fractionation for localized prostate
cancer: A nonrandomized contemporary comparison,” Int. J. Radiat.
Oncol., Biol., Phys. 74, 1441-1446 (2009).

85J. E. Livsey, R. A. Cowan, J. P. Wylie, R. Swindell, G. Read, C. S. Khoo,
and J. P. Logue, “Hypofractionated conformal radiotherapy in carcinoma
of the prostate: Five-year outcome analysis,” Int. J. Radiat. Oncol., Biol.,
Phys. 57, 1254-1259 (2003).

80N, Rene, S. Faria, F. Cury, M. David, M. Duclos, G. Shenouda, and L.
Souhami, “Hypofractionated radiotherapy for favorable risk prostate can-
cer,” Int. J. Radiat. Oncol., Biol., Phys. 77, 805-810 (2010).

8TM. A. Ritter, J. D. Forman, D. G. Petereit, P. A. Kupelian, D. Wang, W.
Walker, J. F. Fowler, R. J. Chappell, and W. A. Tome, “Dose-per-fraction
escalation for localized prostate cancer—A multi-institutional phase I/II
trial (Abstract),” Int. J. Radiat. Oncol., Biol., Phys. 66, S11 (2006).

S8M. A Ritter, J. D. Forman, P. A. Kupelian, D. G. Petereit, C. Lawton, W.
Walker, J. F. Fowler, and W. A. Tome, “A phase I/II trial of dose-per-
fraction escalation for prostate cancer,” Int. J. Radiat. Oncol., Biol., Phys.
69, S174 (2007).

89p_ A Kupelian, V. V. Thakkar, D. Khuntia, C. A. Reddy, E. A. Klein,
and A. Mahadevan, “Hypofractionated intensity-modulated radiotherapy
(70 Gy at 2.5 Gy per fraction) for localized prostate cancer: Long-term
outcomes,” Int. J. Radiat. Oncol., Biol., Phys. 63, 1463—1468 (2005).

2. 8. Wu, D. Skarsgard, A. El-Gayed, N. Pervez, P. Tai, P. Brasher, M.
Sia, J. W. Robinson, K. Joseph, and R. Pearcey, “4-year outcomes of
hypofractionated image-guide radiotherapy (55 Gy/16 fractions/4
weeks) for low and intermediate risk prostate cancer: A multicenter
study (Abstract),” Int. J. Radiat. Oncol., Biol., Phys. 78, S188-S189
(2010).

Medical Physics, Vol. 39, No. 6, June 2012

3199

olT, Zilli, S. Jorcano, M. Rouzaud, G. Dipasquale, P. Nouet, J. I. Toscas,
N. Casanova, H. Wang, L. Escudé, M. Molla, D. Linero, D. C. Weber,
and R. Miralbell, “Twice-weekly hypofractionated intensity-modulated
radiotherapy for localized prostate cancer with low-risk nodal involve-
ment: Toxicity and outcome from a dose escalation pilot study,” Int. J.
Radiat. Oncol., Biol., Phys. 81, 382-389 (2011).

92]. M. Martin, T. Rosewall, A. Bayley, R. Bristow, P. Chung, J. Crook, M.
Gospodarowicz, M. McLean, C. Ménard, M. Milosevic, P. Warde, and C.
Catton, “Phase II trial of hypofractionated image-guided intensity-modu-
lated radiotherapy for localized prostate adenocarcinoma,” Int. J. Radiat.
Oncol., Biol., Phys. 69, 1084—1089 (2007).

933, Junius, K. Haustermans, B. Bussels, R. Oyen, B. Vanstraelen, T. Depu-
ydt, J. Verstraete, S. Joniau, and H. Van Poppel, “Hypofractionated inten-
sity modulated irradiation for localized prostate cancer, results from a
phase I/II feasibility study,” Radiat. Oncol. 2, 29 (2007).

°4P. A. Kupelian, C. A. Reddy, E. A. Klein, and T. R. Willoughby, “Short-
course intensity-modulated radiotherapy (70 Gy at 2.5 Gy per fraction)
for localized prostate cancer: Preliminary results on late toxicity and
quality of life,” Int. J. Radiat. Oncol., Biol., Phys. 51, 988-993 (2001).

%5A. M. Reuther, T. R. Willoughby, and P. A. Kupelian, “Toxicity after
hypofractionated external beam radiotherapy (70 Gy at 2.5 Gy per frac-
tion) versus standard fractionation radiotherapy (78 Gy at 2.0 Gy per frac-
tion) for localized prostate cancer (Abstract),” Int. J. Radiat. Oncol.,
Biol., Phys. 54, 187-188 (2002).

9R. Miralbell, M. Molla, M. Rouzaud, A. Hidalgo, J. I. Toscas, J. Lozano,
S. Sanz, C. Ares, S. Jorcano, D. Linero, and L. Escudé,
“Hypofractionated boost to the dominant tumor region with intensity
modulated stereotactic radiotherapy for prostate cancer: A sequential
dose escalation pilot study,” Int. J. Radiat. Oncol., Biol., Phys. 78, 50-57
(2010).

K. Reddy, B. C. Nelson, R. McCammon, K. E. Rusthoven, F. Newman,
B. Kavanagh, and D. Raben, “Preliminary outcomes for treatment of high
intermediate- and high-risk prostate cancer patients using pelvic intensity
modulated radiotherapy with hypofractionated simultaneous integrated
boost to prostate (Abstract),” Int. J. Radiat. Oncol., Biol., Phys. 78, S376
(2010).

98, Quon, P. C. Cheung, D. A. Loblaw, G. Morton, G. Pang, E. Szu-
macher, C. Danjoux, R. Choo, G. Thomas, A. Kiss, A. Mamedov, and A.
Deabreu, “Hypofractionated concomitant intensity-modulated radiother-
apy boost for high-risk prostate cancer: Late toxicity,” Int. J. Radiat.
Oncol., Biol., Phys. 82, 898-905 (2012).

9G. Borghede, H. Hedelin, S. Holming, K. A. Johansson, F. Aldenborg, S.
Pettersson, G. Sernbo, A. Wallgren, and C. Mercke, “Combined treatment
with temporary short-term high dose rate iridium-192 brachytherapy and
external beam radiotherapy for irradiation of localized prostatic
carcinoma,” Radiother. Oncol. 44, 237-244 (1997).

100 p, Mate, J. E. Gottesman, J. Hatton, M. Gribble, and L. Van Hollebeke,
“High dose-rate afterloading '**Iridium prostate brachytherapy: Feasibil-
ity report,” Int. J. Radiat. Oncol., Biol., Phys. 41, 525-533 (1998).

10TA AL Martinez, D. J. Demanes, R. Galalae, C. Vargas, H. Bertermann, R.
Rodriguez, G. Gustafson, G. Altieri, and J. Gonzalez, “Lack of benefit
from a short course of androgen deprivation for unfavorable prostate can-
cer patients treated with an accelerated hypofractionated regime,” Int. J.
Radiat. Oncol., Biol., Phys. 62, 1322-1331 (2005).

102g. Deger, D. Boehmer, I. Tiirk, J. Roigas, K. D. Wernecke, T. Wiegel, W.
Hinkelbein, S. Dinges, V. Budach, and S. A. Loening, “High dose rate
brachytherapy of localized prostate cancer,” Eur. Urol. 41, 420-426
(2002).

103p 7. Demanes, R. R. Rodriguez, L. Schour, D. Brandt, and G.
Altieri, “High-dose-rate intensity-modulated brachytherapy with exter-
nal beam radiotherapy for prostate cancer: California endocuriether-
apy’s 10-year results,” Int. J. Radiat. Oncol., Biol., Phys. 61,
1306-1316 (2005).

104 ML Kilkner, T. Wahlgren, M. Ryberg, G. Cohn-Cedermark, E. Castel-
lanos, R. Zimmerman, J. Nilsson, M. Lundell, J. Fowler, S. Levitt, M.
Hellstrom, and S. Nilsson, “Clinical outcome in patients with prostate
cancer treated with external beam radiotherapy and high dose-rate irid-
ium 192 brachytherapy boost: A 6-year follow-up,” Acta Oncol. 46,
909-917 (2007).

1057, Kaprealian, V. Weinberg, J. L. Speight, A. R. Gottschalk, M. Roach,
K. Shinohara, and 1. C. Hsu, “High-dose-rate brachytherapy boost for
prostate cancer: Comparison of two different fractionation schemes,” Int.
J. Radiat. Oncol., Biol., Phys. 82, 222-227 (2012).


http://dx.doi.org/10.1088/0031-9155/50/6/L02
http://dx.doi.org/10.1016/j.radonc.2004.12.019
http://dx.doi.org/10.1016/j.ijrobp.2004.07.723
http://dx.doi.org/10.1200/JCO.2005.06.153
http://dx.doi.org/10.1016/S0360-3016(02)04146-9
http://dx.doi.org/10.1016/S0360-3016(02)04146-9
http://dx.doi.org/10.1016/j.ijrobp.2005.07.970
http://dx.doi.org/10.1016/j.ijrobp.2005.07.970
http://dx.doi.org/10.1016/j.ijrobp.2009.07.203
http://dx.doi.org/10.1016/j.ijrobp.2009.07.203
http://dx.doi.org/10.1097/00130404-200307000-00009
http://dx.doi.org/10.1016/S0360-3016(02)02836-5
http://dx.doi.org/10.1016/S0360-3016(02)02836-5
http://dx.doi.org/10.1016/j.ijrobp.2008.10.087
http://dx.doi.org/10.1016/j.ijrobp.2008.10.087
http://dx.doi.org/10.1016/S0360-3016(03)00752-1
http://dx.doi.org/10.1016/S0360-3016(03)00752-1
http://dx.doi.org/10.1016/j.ijrobp.2009.05.047
http://dx.doi.org/10.1016/j.ijrobp.2006.07.041
http://dx.doi.org/10.1016/j.ijrobp.2007.07.315
http://dx.doi.org/10.1016/j.ijrobp.2005.05.054
http://dx.doi.org/10.1016/j.ijrobp.2010.07.459
http://dx.doi.org/10.1016/j.ijrobp.2010.05.057
http://dx.doi.org/10.1016/j.ijrobp.2010.05.057
http://dx.doi.org/10.1016/j.ijrobp.2007.04.049
http://dx.doi.org/10.1016/j.ijrobp.2007.04.049
http://dx.doi.org/10.1186/1748-717X-2-29
http://dx.doi.org/10.1016/S0360-3016(01)01730-8
http://dx.doi.org/10.1016/S0360-3016(02)03381-3
http://dx.doi.org/10.1016/S0360-3016(02)03381-3
http://dx.doi.org/10.1016/j.ijrobp.2009.07.1689
http://dx.doi.org/10.1016/j.ijrobp.2010.07.887
http://dx.doi.org/10.1016/j.ijrobp.2010.11.003
http://dx.doi.org/10.1016/j.ijrobp.2010.11.003
http://dx.doi.org/10.1016/S0167-8140(97)00121-7
http://dx.doi.org/10.1016/S0360-3016(98)00097-2
http://dx.doi.org/10.1016/j.ijrobp.2004.12.053
http://dx.doi.org/10.1016/j.ijrobp.2004.12.053
http://dx.doi.org/10.1016/S0302-2838(02)00016-7
http://dx.doi.org/10.1016/j.ijrobp.2004.08.014
http://dx.doi.org/10.1080/02841860601156140
http://dx.doi.org/10.1016/j.ijrobp.2010.09.021
http://dx.doi.org/10.1016/j.ijrobp.2010.09.021

3200 Oliveira, Teixeira, and Fernandes: o/f} for prostate cancer

106y Yoshioka, T. Nose, K. Yoshida, T. Inoue, H. Yamazaki, E. Tanaka, H.
Shiomi, A. Imai, S. Nakamura, S. Shimamoto, and T. Inoue, “High-dose-
rate interstitial brachytherapy as a monotherapy for localized prostate
cancer: Treatment description and preliminary results of a phase I/II clini-
cal trial,” Int. J. Radiat. Oncol., Biol., Phys. 48, 675-681 (2000).

'97Y. Yoshioka, T. Nose, K. Yoshida, R. J. Oh, Y. Yamada, E. Tanaka, H.
Yamazaki, T. Inoue, and T. Inoue, “High-dose-rate brachytherapy as
monotherapy for localized prostate cancer: A retrospective analysis with
special focus on tolerance and chronic toxicity,” Int. J. Radiat. Oncol.,
Biol., Phys. 56, 213-220 (2003).

'9%Y. Yoshioka, K. Konishi, R. J. Oh, I. Sumida, H. Yamazaki, S. Naka-
mura, K. Nishimura, N. Nonomura, A. Okuyama, and T. Inoue, “High-
dose-rate brachytherapy without external beam irradiation for locally
advanced prostate cancer,” Radiother. Oncol. 80, 62—-68 (2006).

199y Yoshioka, K. Konishi, I. Sumida, Y. Takahashi, F. Isohashi, T. Ogata,
M. Koizumi, H. Yamazaki, N. Nonomura, A. Okuyama, and T. Inoue,
“Monotherapeutic high-dose-rate brachytherapy for prostate cancer:
Five-year results of an extreme hypofractionation regimen with 54 Gy in
nine fractions,” Int. J. Radiat. Oncol., Biol., Phys. 80, 469475 (2011).

"9G. Gustafson, D. Demanes, R. Rodriguez, C. Mitchell, R. Ravanera, G.
Edmundson, and A. Martinez, ‘““High dose rate (HDR) monotherapy for early
stage prostate cancer: Toxicity results utilizing the common toxicity criteria
(Abstract),” Int. J. Radiat. Oncol., Biol., Phys. 57, S230-S231 (2003).

"1, S. Grills, A. A. Martinez, M. Hollander, R. Huang, K. Goldman, P. Y.
Chen, and G. S. Gustafson, “High dose rate brachytherapy as prostate
cancer monotherapy reduces toxicity compared to low dose rate palla-
dium seeds,” J. Urol. 171, 1098-1104 (2004).

"2C. Corner, A. M. Rojas, L. Bryant, P. Ostler, and P. Hoskin, “A Phase II
study of high-dose-rate afterloading brachytherapy as monotherapy for
the treatment of localized prostate cancer,” Int. J. Radiat. Oncol., Biol.,
Phys. 72, 441-446 (2008).

13 L. Madsen, R. A. Hsi, H. T. Pham, J. F Fowler, L. Esagui, and J. Cor-
man, “Stereotactic hypofractionated accurate radiotherapy of the prostate
(SHARP), 33.5 Gy in five fractions for localized disease: First clinical
trial results,” Int. J. Radiat. Oncol., Biol., Phys. 67, 1099-1105 (2007).

4C.R. King, J. D. Brooks, H. Gill, T. Pawlicki, C. Cotrutz, and J. C. Presti,
“Stereotactic body radiotherapy for localized prostate cancer: Interim
results of a prospective phase II clinical trial,” Int. J. Radiat. Oncol.,
Biol., Phys. 73, 1043-1048 (2009).

S, T, Pham, G. Song, K. Badiozamani, M. Yao, J. Corman, R. A. Hsi,
and B. Madsen, “Five-year outcome of stereotactic hypofractionated
accurate radiotherapy of the prostate (SHARP) for patients with low-risk
prostate cancer (Abstract),” Int. J. Radiat. Oncol., Biol., Phys. 78, S58
(2010).

oy, Tsuji, T. Yanagi, H. Ishikawa, T. Kamada, J. E. Mizoe, T. Kanai, S.
Morita, and H. Tsujii, “Hypofractionated radiotherapy with carbon ion
beams for prostate cancer,” Int. J. Radiat. Oncol., Biol., Phys. 63,
1153-1160 (2005).

A, Turaka, F. Zhu, M. K. Buyyounouski, E. M Horwitz, D. Watkins-Bru-
ner, A. A. Konski, and A. Pollack, “Conventional versus hypofractionated
IMRT: Results of late GI and GU toxicity and quality of life from a phase
11T trial (Abstract),” Int. J. Radiat. Oncol., Biol., Phys. 78, S67 (2010).

8p AL Kuban, G. M. Nogueras-Gonzalez, L. Hamblin, A. K. Lee, S. Choi,
S. J. Frank, Q. N. Nguyen, K. E. Hoffman, S. E. McGuire, and M. F.
Munsell, “Preliminary report of a randomized dose escalation trial for
prostate cancer using hypofractionation (Abstract),” Int. J. Radiat. Oncol.,
Biol., Phys. 78, S58-S59 (2010).

119G, Arcangeli, B. Saracino, S. Gomellini, M. Petrongari, S. Arcangeli, S.
Sentinelli, and L. Strigari, “A phase III randomized study of high-dose
conventional vs. hypofractionated radiotherapy in patients with high-risk
prostate cancer (Abstract),” Int. J. Radiat. Oncol., Biol., Phys. 75,
S$79-S80 (2009).

120G, Arcangeli, J. Fowler, S. Gomellini, S. Arcangeli, B. Saracino, M. G.
Petrongari, M. Benassi, and L. Strigari, “Acute and late toxicity in a
randomized trial of conventional versus hypofractionated three-
dimensional conformal radiotherapy for prostate cancer,” Int. J. Radiat.
Oncol., Biol., Phys. 79, 1013-1021 (2011).

"2'D. J. Carlson, P. J. Keall, B. W. Loo, Z. J. Chen, and J. M. Brown,
“Hypofractionation results in reduced tumor cell kill compared to con-
ventional fractionation for tumors with regions of hypoxia,” Int. J. Radiat.
Oncol., Biol., Phys. 79, 11881195 (2011).

1225 g, Rasey, W. J. Koh, M. L. Evans, L. M. Peterson, T. K. Lewellen, M.
M. Graham, and K. A. Krohn, “Quantifying regional hypoxia in human

Medical Physics, Vol. 39, No. 6, June 2012

3200

tumors with positron emission tomography of ['*F]fluoromisonidazole: A
pretherapy study of 37 patients,” Int. J. Radiat. Oncol., Biol., Phys. 36,
417-428 (1996).

123g, Movsas, J. D. Chapman, E. M. Horwitz, W. H. Pinover, R. E Green-
berg, A. L. Hanlon, R. Iyer, and G. E. Hanks, “Hypoxic regions exist in
human prostate carcinoma,” Urology 53, 11-18 (1999).

124, Movsas, J. D. Chapman, R. E. Greenberg, A. L Hanlon, E. M. Hor-
witz, W. H. Pinover, C. Stobbe, and G. E Hanks, “Increasing levels of hy-
poxia in prostate carcinoma correlate significantly with increasing
clinical stage and patient age: An Eppendorf pO(2) study,” Cancer 89,
2018-2024 (2000).

125, Movsas, J. D. Chapman, A. L. Hanlon, E. M. Horwitz, R. E. Green-
berg, C. Stobbe, G. E. Hanks, and A. Pollack, “Hypoxic prostate/muscle
Po, ratio predicts for biochemical failure in patients with prostate cancer:
Preliminary findings,” Urology 60, 634-639 (2002).

126C. Parker, M. Milosevic, A. Toi, J. Sweet, T. Panzarella, R. Bristow, C.
Catton, P. Catton, J. Crook, M. Gospodarowicz, M. McLean, P. Warde,
and R. P. Hill, “Polarographic electrode study of tumor oxygenation in
clinically localized prostate cancer,” Int. J. Radiat. Oncol., Biol., Phys.
58, 750-757 (2004).

127p_ P. Lai, M. V. Pilepich, J. M. Krall, S. O. Asbell, G. E. Hanks, C. A.
Perez, P. Rubin, W. T. Sause, and J. D. Cox, “The effect of overall treat-
ment time on the outcome of definitive radiotherapy for localized prostate
carcinoma: The Radiation Therapy Oncology Group 75-06 and 77-06
experience,” Int. J. Radiat. Oncol., Biol., Phys. 21, 925-933 (1991).

128C AL Perez, J. Michalski, D. Mansur, and M. A. Lockett, “Impact of
elapsed treatment time on outcome of external-beam radiation therapy for
localized carcinoma of the prostate,” Cancer J. 10, 349-356 (2004).

'*D. J. D’Ambrosio, T. Li, E. M. Horwitz, D. Y. Chen, A. Pollack, and M.
K. Buyyounouski, “Does treatment duration affect outcome after radio-
therapy for prostate cancer?,” Int. J. Radiat. Oncol., Biol., Phys. 72,
1402-1407 (2008).

1304, p. Thames, D. Kuban, L. B. Levy, E. M. Horwitz, P. Kupelian, A.
Martinez, J. Michalski, T. Pisansky, H. Sandler, W. Shipley, M. Zelefsky,
and A. Zietman, “The role of overall treatment time in the outcome of
radiotherapy of prostate cancer: An analysis of biochemical failure in
4839 men treated between 1987 and 1995,” Radiother. Oncol. 96, 6—12
(2010).

Ble, Schinkel, M. Carlone, B. Warkentin, and B. G. Fallone, “Analytic
investigation into effect of population heterogeneity on parameter ratio
estimates,” Int. J. Radiat. Oncol., Biol., Phys. 69, 1323—1330 (2007).

132M. Carlone, D. Wilkins, B. Nyiri, and P. Raaphorst, “Comparison of
alpha/beta estimates from homogeneous (individual) and heterogeneous
(population) tumor control models for early stage prostate cancer,” Med.
Phys. 30, 28322848 (2003).

'E. P. Malaise, B. Fertil, N. Chavaudra, and M. Guichard, “Distribution of
radiation sensitivities for human tumor cells of specific histological types:
Comparison of in vitro to in vivo data,” Int. J. Radiat. Oncol., Biol., Phys.
12, 617-624 (1986).

134 B. Geara, L. J. Peters, K. K. Ang, J. L. Wike, and W. A. Brock,
“Prospective comparison of in vitro normal cell radiosensitivity and nor-
mal tissue reactions in radiotherapy patients,” Int. J. Radiat. Oncol., Biol.,
Phys. 27, 1173-1179 (1993).

135U, Oppitz, K. Baier, J. Wulf, R. Schakowski, and M. Flentje, “The
in vitro colony assay: A predictor of clinical outcome,” Int. J. Radiat.
Biol. 77, 105-110 (2001).

1363 Haikonen, V. Rantanen, K. Pekkola, J. Kulmala, and R. Grénman,
“Does skin fibroblast radiosensitivity predict squamous cancer cell
radiosensitivity of the same individual?,” Int. J. Cancer 103, 784-788
(2003).

37G. Alsbeih, S. Malone, C. Lochrin, A. Girard, B. Fertil, and G. P. Raa-
phorst, “Correlation between normal tissue complications and in vitro
radiosensitivity of skin fibroblasts derived from radiotherapy patients
treated for variety of tumors,” Int. J. Radiat. Oncol., Biol., Phys. 46,
143-152 (2000).

38w, A. Brock, S. L. Tucker, F. B. Geara, 1. Turesson, J. Wike, J. Nyman,
and L. J. Peters, “Fibroblast radiosensitivity versus acute and late normal
skin responses in partients treated for breast cancer,” Int. J. Radiat.
Oncol., Biol., Phys. 32, 1371-1379 (1995).

1N, G. Burnet, J. Nyman, I. Turesson, R. Wurm, J. R. Yarnold, and J. H.
Peacock, “The relationship between cellular radiation sensitivity and tis-
sue response may provide the basis for individualising radiotherapy
schedules,” Radiother. Oncol. 33, 228-238 (1994).


http://dx.doi.org/10.1016/S0360-3016(00)00687-8
http://dx.doi.org/10.1016/S0360-3016(03)00081-6
http://dx.doi.org/10.1016/S0360-3016(03)00081-6
http://dx.doi.org/10.1016/j.radonc.2006.06.011
http://dx.doi.org/10.1016/j.ijrobp.2010.02.013
http://dx.doi.org/10.1016/S0360-3016(03)01053-8
http://dx.doi.org/10.1097/01.ju.0000113299.34404.22
http://dx.doi.org/10.1016/j.ijrobp.2007.12.026
http://dx.doi.org/10.1016/j.ijrobp.2007.12.026
http://dx.doi.org/10.1016/j.ijrobp.2006.10.050
http://dx.doi.org/10.1016/j.ijrobp.2008.05.059
http://dx.doi.org/10.1016/j.ijrobp.2008.05.059
http://dx.doi.org/10.1016/j.ijrobp.2010.07.168
http://dx.doi.org/10.1016/j.ijrobp.2005.04.022
http://dx.doi.org/10.1016/j.ijrobp.2010.07.188
http://dx.doi.org/10.1016/j.ijrobp.2010.07.170
http://dx.doi.org/10.1016/j.ijrobp.2010.07.170
http://dx.doi.org/10.1016/j.ijrobp.2009.07.199
http://dx.doi.org/10.1016/j.ijrobp.2009.12.045
http://dx.doi.org/10.1016/j.ijrobp.2009.12.045
http://dx.doi.org/10.1016/j.ijrobp.2010.10.007
http://dx.doi.org/10.1016/j.ijrobp.2010.10.007
http://dx.doi.org/10.1016/S0360-3016(96)00325-2
http://dx.doi.org/10.1016/S0090-4295(98)00500-7
http://dx.doi.org/10.1002/1097-0142(20001101)89:9<2018::AID-CNCR19>3.3.CO;2-P
http://dx.doi.org/10.1016/S0090-4295(02)01858-7
http://dx.doi.org/10.1016/S0360-3016(03)01621-3
http://dx.doi.org/10.1016/0360-3016(91)90731-I
http://dx.doi.org/10.1097/00130404-200411000-00004
http://dx.doi.org/10.1016/j.ijrobp.2008.03.011
http://dx.doi.org/10.1016/j.radonc.2010.03.020
http://dx.doi.org/10.1016/j.ijrobp.2007.07.2355
http://dx.doi.org/10.1118/1.1612946
http://dx.doi.org/10.1118/1.1612946
http://dx.doi.org/10.1016/0360-3016(86)90071-4
http://dx.doi.org/10.1016/0360-3016(93)90540-C
http://dx.doi.org/10.1016/0360-3016(93)90540-C
http://dx.doi.org/10.1080/095530001453168
http://dx.doi.org/10.1080/095530001453168
http://dx.doi.org/10.1002/ijc.10890
http://dx.doi.org/10.1016/S0360-3016(99)00409-5
http://dx.doi.org/10.1016/0360-3016(95)00068-A
http://dx.doi.org/10.1016/0360-3016(95)00068-A
http://dx.doi.org/10.1016/0167-8140(94)90358-1

3201 Oliveira, Teixeira, and Fernandes: o/f for prostate cancer

140y, Johansen, S. M. Bentzen, J. Overgaard, and M. Overgaard, “Evidence
for a positive correlation between in vitro radiosensitivity of normal
human skin fibroblasts and the occurrence of subcutaneous fibrosis after
radiotherapy,” Int. J. Radiat. Biol. 66, 407412 (1994).

141y Johansen, S. M. Bentzen, J. Overgaard, and M. Overgaard,
“Relationship between the in vitro radiosensitivity of skin fibro-
blasts and the expression of subcutaneous fibrosis, telangiectasia,
and skin erythema after radiotherapy,” Radiother. Oncol. 40,
101-109 (1996).

92N 8. Russell, A. Grummels, A. A. Hart, I. J. Smolders, J. Borger, H. Bar-
telink, and A. C. Begg, “Low predictive value of intrinsic fibroblast
radiosensitivity for fibrosis development following radiotherapy for
breast cancer,” Int. J. Radiat. Biol. 73, 661-670 (1998).

143y, Rudat, A. Dietz, J. Nollert, C. Conradt, K. J. Weber, M. Flentje, and
M. Wannenmacher, “Acute and late toxicity, tumor control and intrinsic
radiosensitivity of primary fibroblasts in vitro of patients with advanced
head and neck cancer after concomitant boost radiochemotherapy,”
Radiother. Oncol. 53, 233-245 (1999).

144y Peacock, A. Ashton, J. Bliss, C. Bush, J. Eady, C. Jackson, R.
Owen, J. Regan, and J. Yarnold, “Cellular radiosensitivity and

Medical Physics, Vol. 39, No. 6, June 2012

3201

complication risk after curative radiotherapy,” Radiother. Oncol.
55, 173-178 (2000).

A C. Begg, N. S. Russell, H. Knaken, and J. V. Lebesque, “Lack of cor-
relation of human fibroblast radiosensitivity in vitro with early skin reac-
tions in patients undergoing radiotherapy,” Int. J. Radiat. Biol. 64,
393-405 (1993).

146y Rudat, A. Dietz, C. Conradt, K. J. Weber, and M. Flentje, “In vitro
radiosensitivity of primary human fibroblasts. Lack of correlation with
acute radiation toxicity in patients with head and neck cancer,” Radiother.
Oncol. 43, 181-188 (1997).

“TD. J. Brenner, “Fractionation and late rectal toxicity,” Int. J. Radiat.
Oncol., Biol., Phys. 60, 1013-1015 (2004).

148G, Soete, S. Arcangeli, G. De Meerleer, V. Landoni, V. Fonteyne, G.
Arcangeli, W. De Neve, and G. Storme, ‘“Phase II study of a four-week
hypofractionated external beam radiotherapy regimen for prostate cancer:
Report on acute toxicity,” Radiother. Oncol. 80, 78-81 (2006).

9. Leborgne and J. Fowler, “Acute toxicity after hypofractionated confor-
mal radiotherapy for localized prostate cancer: Nonrandomized contem-
porary comparison with standard fractionation,” Int. J. Radiat. Oncol.,
Biol., Phys. 72, 770-776 (2008).


http://dx.doi.org/10.1080/09553009414551361
http://dx.doi.org/10.1016/0167-8140(96)01777-X
http://dx.doi.org/10.1080/095530098141915
http://dx.doi.org/10.1016/S0167-8140(99)00149-8
http://dx.doi.org/10.1016/S0167-8140(00)00173-0
http://dx.doi.org/10.1080/09553009314551581
http://dx.doi.org/10.1016/S0167-8140(97)01933-6
http://dx.doi.org/10.1016/S0167-8140(97)01933-6
http://dx.doi.org/10.1016/j.ijrobp.2004.04.014
http://dx.doi.org/10.1016/j.ijrobp.2004.04.014
http://dx.doi.org/10.1016/j.radonc.2006.06.005
http://dx.doi.org/10.1016/j.ijrobp.2008.01.023
http://dx.doi.org/10.1016/j.ijrobp.2008.01.023

	s1
	s2
	s3
	s4
	T1
	s5
	T1
	T1n1
	s6
	s7
	s8
	s9
	s10
	s11
	T2
	T2n1
	s12
	s13
	F1
	F2
	cor1
	B1
	B2
	B3
	B4
	B5
	B6
	B7
	B8
	B9
	B10
	B11
	B12
	B13
	B14
	B15
	B16
	B17
	B18
	B19
	B20
	B21
	B22
	B23
	B24
	B25
	B26
	B27
	B28
	B29
	B30
	B31
	B32
	B33
	B34
	B35
	B36
	B37
	B38
	B39
	B40
	B41
	B42
	B43
	B44
	B45
	B46
	B47
	B48
	B49
	B50
	B51
	B52
	B53
	B54
	B55
	B56
	B57
	B58
	B59
	B60
	B61
	B62
	B63
	B64
	B65
	B66
	B67
	B68
	B69
	B70
	B71
	B72
	B73
	B74
	B75
	B76
	B77
	B78
	B79
	B80
	B81
	B82
	B83
	B84
	B85
	B86
	B87
	B88
	B89
	B90
	B91
	B92
	B93
	B94
	B95
	B96
	B97
	B98
	B99
	B100
	B101
	B102
	B103
	B104
	B105
	B106
	B107
	B108
	B109
	B110
	B111
	B112
	B113
	B114
	B115
	B116
	B117
	B118
	B119
	B120
	B121
	B122
	B123
	B124
	B125
	B126
	B127
	B128
	B129
	B130
	B131
	B132
	B133
	B134
	B135
	B136
	B137
	B138
	B139
	B140
	B141
	B142
	B143
	B144
	B145
	B146
	B147
	B148
	B149

