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Abstract: The optimal radiation schedule for the curative treatment of prostate cancer is not known. The dose-
response of tumors and normal tissues to fractionated irradiation can be described according to a parameter called
the alpha-beta ratio (0/B). In the past several years numerous reports have been published that suggest that the
alpha-beta ratio for prostate cancer may be quite low; between 1 and 3. If this hypothesis is true, then a radiation
therapy schedule that employs less frequent and larger fractions, termed hypofractionation, may be more effica-
cious. Multiple randomized trials have been conducted comparing moderate (less than 5 Gy/day) hypofractionated
radiation therapy and standard radiation therapy in men with prostate cancer. In the majority of these studies the
moderate hypofractionated arm had equivalent efficacy with a similar or improved side effect profile. One area to
use caution may be in patients with compromised (IPSS > 12) urinary function at baseline due to an increase in
urinary toxicity observed in patients treated with hypofractionated radiation in one study. Extreme hypofractionation
(greater than or equal to 5 Gy/day), is currently being compared in a randomized trial. Early prospectively collected
data from multiple institutions demonstrates efficacy and toxicity that compares favorably with historical controls.
The cost savings from hypofractionation could be profound on a national level and only increases the necessity of
testing hypofractionated treatment schedules. Long term data and future trials will help radiation oncologists deter-
mine the ideal fractionation scheme based on cost, efficacy, and toxicity.
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Introduction: biology of radiation-induced cell Radiation-induced death for mammalian cells
death is historically described according to the linear
quadratic equation (LQE). According to this

The optimal radiation schedule for the curative model, the survival rate of a given cell will

treatment of prostate cancer is not known [1].
Prostate cancer patients receiving external
beam radiation therapy (EBRT) typically are
treated 5 days per week for 7-8 weeks [2].
Based on recent data some clinicians have
increased the total dose of radiation by increas-
ing the number of treatment sessions or “frac-
tions” and it is now the standard at some cen-
ters to treat men for 8-10 consecutive weeks
[3]. Despite the potential for better control, this
prolongation of treatment time increases
health care costs and is less convenient for
patients. In the past several years, preclinical
and clinical evidence suggests that a long treat-
ment regimen with greater than 35 small (1.8-2
Gy) fractions may not represent the optimal
schedule [4-7].

depend on the overall radiation dose, the dose
per fraction, and the overall treatment time [8].
The dose-response of tumors and normal tis-
sues to fractionated irradiation can be
described according to a parameter called the
alpha-beta ratio (a/B). The alpha-beta ratio is
an indication of the fractionation sensitivity of a
particular cell type. In general the alpha-beta
ratio is high (= 10 Gy) for early-responding nor-
mal tissues such as skin and mucosa and low
(< 5 Qy) for later responding normal tissues
such as the spinal cord and bone [8]. Most
tumors are believed to have a high o/, similar
to early responding normal tissues due to their
frequent cell division. One implication of differ-
ing alpha-beta ratios for tumor cells and normal
tissue is that it may be possible to increase the
therapeutic ratio by using unconventional frac-
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Table 1. Randomized phase lll trials with outcome data in patients receiving moderate hypofractionation radiotherapy directed at an intact
prostate

Study Center Patients Median Follow-up (years) Technique Regimen Outcome Late Toxicity
Australia [11] 217 75 2D/3DCRT 55 Gy/20 fxvs.  Phoenix definition 7.5 yr FFBF 53% vs. 34% GU symptoms favor HFX at 4 yrs
64 Gy /32 fx (p <.05) HR 1.58 (p < .05)
ASTRO definition 44% vs. 44% No difference in late GI
Fox Chase Cancer Center [14] 303 5.7 IMRT 70.2 Gy/26 fx vs. 5 yr BCF 23% vs. 21% (NS) Gr>3 Gl 2% vs. 2%
76 Gy/38 fx Gr>3 GU 4% vs. 3%
MD Anderson [16, 17] 204 4.6 efficacy IMRT 72 Gy/30 fx vs. ASTRO definition 5 yr FFBF 96% vs. 92% Gr=>3 Gl 2% vs. 1%
6.0 toxicity 75.6 Gy/42 fx Gr>3 GU 1% vs. 0%
Ontario [13] 936 5.7 3DCRT 52.5 Gy/20 fx vs. 5 yr BCF 60% vs 53% Gr > 3 Gl/GU toxicity equal (3.2%)
66 Gy/33 fx
Italy [15, 19] 168 5.8 3DCRT 62 Gy/20 fx vs. Phoenix definition 5 yr FFBF 85% vs. 79% Gr>3 Gl 1% vs. 0%
80 Gy/40 fx (p =.065) Gr>3GU 1% vs. 2%

FFBF = freedom from biochemical failure, BCF = Biochemical or clinical failure, HFX = hypofractionated.

Table 2. Prospectively collected studies of extreme hypofractionation for intact prostate with at least 80 patients that are published in manu-
script form

Median Follow-up

Study Center Patients (years) Technique Regimen Outcome Toxicity

Georgetown [20] 100 2.3 CK 35-36.25/5 fx 2 yr FFBF 99% Gr 1/2/3 Gl 11%/0%/0% Gr 1/2/3 GU 26%/17%/1%
Italy [21] 100 3 CK 35Gy/5fx  3yr FFBF 96% Gr 1/2/3 Gl 2%/1%/0% Gr 1/2/3 GU 4%/3%/1%
Toronto [22] 84 4.6 IMRT 35Gy/5fx  5yrFFBF 98% 7 Gr 1 and 1 Gr 4 Gl toxicity at last f/up

Quebec [23] 80 2.8 3DCRT 45 Gy/9fx  3yr FFBF 97% Gr 1/2/3 Gl 22%/4%/0% Gr 1/2/3/4 GU 4%/11%/0%/4%

FFBF = freedom from biochemical failure.
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tionation schedules. In the past several years
numerous reports have been published that
suggest that the alpha-beta ratio for prostate
cancer may be quite low, between 1 and 3
[4-7]. If this hypothesis is true, then a radiation
therapy schedule that employs less frequent
and larger fractions, termed hypofractionation,
may be more efficacious.

Hypo-fractionated radiation therapy in pros-
tate cancer

Kupelian recently reported the 5-year freedom
from biochemical recurrence (FFBR) and mor-
bidity in the first 100 patients treated with
hypofractionated EBRT [9]. In this series men
were treated with intensity-modulated radia-
tion therapy (IMRT). Patients were treated to 70
Gy delivered in 28 fractions (2.5 Gy/fraction)
with median follow-up of 66 months. Fifty-one
patients (51%) received androgen deprivation
therapy for a period not greater than 6 months.
Given the larger dose per fraction compared to
conventional fractionation (1.8-2 Gy/day), the
margin around the prostate gland to account
for daily setup variation was reduced. This is
referred to as the clinical target volume (CTV) to
planning target volume (PTV) expansion or mar-
gin. The CTV-PTV margin was 4 mm posteriorly
and 5-8 mm elsewhere to minimize the amount
of normal tissue receiving the full prescription
dose. The 4 mm posterior margin was used to
specifically reduce rectal toxicity. To ensure
that the gland was within the treatment field on
any given day, daily prostate localization was
performed with a trans-abdominal ultrasound
system. The ASTRO Consensus Definition (ACD)
and the RTOG Phoenix definition (PSA nadir + 2
ng/mL) were used to report FFBR [10] and the
RTOG Morbidity System was used to report gas-
trointestinal (Gl) and genitourinary (GU) morbid-
ity. The estimated rate of FFBR 5 years follow-
ing treatment was 85% according to the ACD
and 88% according to the RTOG Phoenix defini-
tion. This biochemical result was similar to a
group of patients treated contemporaneously
with 3D-CRT to 78 Gy/39 fractions. In the 100
men treated with hypo-fractionated IMRT, the
rate of combined grade 2/3 late rectal morbid-
ity was 11% at 5 years. This low level of report-
ed morbidity may be explained by two factors:
the daily target localization allowed for very
tight CTV-PTV margins, and the use of IMRT
resulted in decreased volumes of normal tissue
receiving high doses. These promising results
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led the M.D. Anderson group to conduct a pro-
spective, randomized trial discussed below.

The results from five randomized trials examin-
ing the benefit of moderate (less than 5 Gy/day)
hypofractionation schedules for prostate can-
cer are shown in Table 1 [11-17]. An Australian
trial compared 64 Gy/32 fractions (convention-
al schedule) to 55 Gy/20 fractions (hypofrac-
tionated schedule) in men with favorable risk
T1-2 prostate cancer [11]. The primary endpoint
of this trial was morbidity. The sample size of
220 men (110 each arm) was determined to
detect a difference in the frequency of mild late
radiation morbidity of 20% (40% vs. 20%) with
90% power. Efficacy was a secondary endpoint.
The median follow-up is 7.5 years. Two-dimen-
sional EBRT was used in each arm; no 3D or
IMRT was used. Three- or four-field techniques
were used with 6-23 MV photons. Morbidity
was measured with the LENT-SOMA question-
naires. Gl morbidity measured with these ques-
tionnaires emphasizes six symptoms (stool fre-
quency, stool consistency, rectal pain, mucus
discharge, urgency of defecation, and rectal
bleeding). GU morbidity includes four symp-
toms (urinary frequency, urgency, dysuria, and
hematuria). Treatment efficacy was determined
clinically and biochemically. PSA nadir and
three consecutive rises were examined to esti-
mate efficacy. Of the ten symptoms measured,
only the prevalence of rectal bleeding was dif-
ferent between the treatment arms. Upon early
analysis, the prevalence of rectal bleeding 2
years following treatment was 42% in the hypo-
fractionated arm and 27% in the conventionally
fractionated arm (p < .05) [18]. The prevalence
of rectal bleeding is somewhat higher than
expected and may be the result of the two-
dimensional methods employed. However,
upon final report there was no difference in late
Gl toxicity between the treatment arms. Late
grade 4 urinary toxicity was higher in the stan-
dard fractionation arm than the hypofraction-
ation arm (HR 1.58; p < 0.05). The authors also
reported on treatment efficacy. Freedom from
biochemical failure was significantly better
(53% vs. 34%; p < .05) in the hypofractionated
arm when using the Phoenix definition of bio-
chemical failure. This advantage was not appre-
ciated when using the ACD of biochemical fail-
ure (FFBF 44% vs. 44%).

A large randomized trial conducted at the Fox
Chase Cancer Center was recently reported
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[14]. Three hundred and three men were ran-
domized between 70.2 Gy in 26 fractions and
76 Gy in 38 fractions. These patients were all
treated with IMRT with the help of MRI for tar-
get delineation. The PTV margins were tighter
in the hypofractionated arm (3 mm posteriorly,
7 mm elsewhere versus 5 mm posteriorly, 8
mm elsewhere). Transabdominal ultrasound
was used daily to account for variations in blad-
der and rectal filling. With a median follow-up of
5.7 years there was no significant difference in
biochemical or clinical failure (23% vs. 21%).
There were no statistically significant differenc-
es in late gastrointestinal or urinary toxicity
between the treatment arms. However, in sub-
group analysis, patients with compromised uri-
nary function (IPSS > 12) before enrollment
had significantly worse urinary function when
treated with the hypofractionated regime.

Based on the promising results of their earlier
work, the group at M.D. Anderson Cancer
Center conducted a randomized trial compar-
ing 75.6 Gy in 42 fractions versus 72 Gy in 30
fractions [16, 17]. All patients were treated with
IMRT with the planning constraint that less
than 20% of the rectum receives greater than
70 Gy in the standard fractionation arm and
greater than 60 Gy in the hypofractionation
arm. At 5 years the freedom from biochemical
failure using the ACD was 96% in the hypofrac-
tionated arm and 92% in the standard fraction-
ation arm. This difference was not found to be
statistically significant. The rates of late grade
3 or greater Gl and GU toxicity were low and sta-
tistically equivalent in both arms. The rate of
late GI toxicity was found to correlate with the
amount of rectum receiving moderate and high
dose, once again emphasizing the importance
of limiting the dose to the rectum as much as
possible. Overall, the hypofractionated treat-
ment was effective and well tolerated.

A Canadian trial comparing 66 Gy in 33 frac-
tions (Long arm) to 52.5 Gy in 20 fractions
(Short arm) in men with low- and intermediate-
risk prostate cancer has been completed [13].
The dose was prescribed to the isocenter and
the prostate/seminal vesicle to edge of the
radiation treatment field was 15 mm (could be
reduced to 10 mm posteriorly at the discretion
of the investigator). Four-field arrangement,
radiation fields from origination from the front,
the back, the left and the right of the patient,
was required unless a prosthetic hip mandated

289

a three-field approach. Most patients were
treated using 3 dimensional planning with CT
simulation, but IMRT was not used. The study
was established as a non-inferiority study to
exclude an absolute difference in biochemical
or clinical failure (BCF) of 7.5%. In this trial the
5 year rate of failure (biochemical or clinical) is
higher in the Short arm compared to the Long
arm (60% vs. 53%). The difference was -7.0%
(90% ClI, -12.58% to -1.42%). Because the lower
bound was less than the predefined tolerance
of -7.5%, they could not exclude the possibility
of the short arm being inferior. At first glance
this would appear to suggest that hypo-frac-
tionated regimens are inferior compared to a
conventionally fractionated regimen, but the
two arms were not designed to be isoeffective
(same anticipated effect for given treatment
schedule). In fact, the biologically effective
dose of the Short arm is consistently less than
the Long arm until the alpha beta ratio reaches
a value of < 1. The results of the Canadian trial,
therefore, are not inconsistent with an alpha-
beta ratio for prostate cancer of 1.5. At a medi-
an follow-up of 5.7 years there is no difference
in 5-year actuarial rate of late grade 3 or great-
er GI/GU toxicity between the two arms.

Recently, an Italian study compared the toxicity
and efficacy of hypo-fractionated (62 Gy/20
fractions/5 weeks, 4 fractions per week) vs.
conventional fractionation radiotherapy (80
Gy/40 fractions/8 weeks) in patients with high-
risk prostate cancer [15, 19]. One hundred sixty
eight patients were randomized to receive
either hypo-fractionated or conventional frac-
tionated schedules of three-dimensional con-
formal radiotherapy to the prostate and semi-
nal vesicles. All patients received a 9-month
course of total androgen deprivation (TAD), and
radiotherapy started 2 months thereafter. No
significant difference was found for late toxicity
between the two treatment groups, with 3-year
Grade 2 rates of 17% and 16% for gastrointes-
tinal and 14% and 11% for genitourinary in the
hypo-fractionation and conventional fraction-
ation groups, respectively. The 5-year freedom
from biochemical failure (FFBF) rates were 85%
and 79% in the hypo-fractionation and conven-
tional fractionation groups, respectively (p =
0.065). The investigators concluded that that
late toxicity is equivalent between the two treat-
ment groups and that the hypo-fractionated
schedule used in this trial is equivalent and
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Figure 1. Treatment plan for a patient treated at 3 Gy per day for 18 fractions in the axial (top) and sagittal (middle)
planes. There is a 6 mm CTV (magenta) to PTV(blue) expansion. The dose volume histogram (bottom) for the treat-
ment plan shown above. Notice the PTV in blue, the rectum in green, and the bladder in orange.

possibly superior to the conventional fraction-
ation in terms of FFBF.

With the alpha/beta ratio likely being around
1.5 there could be an advantage to extreme
hypofractionation with doses of 5 Gy per day or
higher. There have been no prospective, ran-
domized trials completed to date testing this
hypothesis. The Proton Collaborative Group is
actively recruiting participants for a random-
ized trial of 79.2 Gy in 44 fractions versus 38
Gy in 5 fractions (ClinicalTrials.gov Identifier:
NCT01230866). This trial takes advantage of
the steep dose fall-off associated with particle
therapy to attempt to limit dose to nearby nor-
mal tissue. Even in the absence of randomized
trials many institutions are treating with
extreme hypofractionation. Table 2 summariz-
es prospectively collected studies with at least
80 patients published in manuscript form.

Technical considerations

Advancements in radiation delivery have
allowed for greater implementation of hypofrac-
tionated treatment. This is because newer
techniques such as IMRT or stereotactic radia-
tion therapy (SRT) can deliver the high dose per
fraction to the prostate gland and limit normal
organs such as the bladder and rectum, effec-
tively exposing these normal tissues to less
dose per day. An example of a hypofractionated
treatment for prostate cancer is shown in
Figure 1, taken from an ongoing Phase | Study
at New York University Langone Medical Center
(NYULMC) where the prostate is treated with
doses of 3-3.3 Gy per day using IMRT. Note that
the bladder and rectal doses are well below the
prostate dose.

SRT with devices such as CyberKnife® (Accuray,
Inc., Sunnyvale, CA) [24] have been used in
more dramatic hypofractionated regimens
where doses to the prostate are 6-7.25 Gy per
day. In these cases, reducing normal tissue
exposure is even more important since large
fractions contribute more to late toxicity.

Proton beam therapy is another radiation
modality that may be used for hypofractionated
treatment. The physical principle that governs
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proton therapy is that it deposits dose in a cer-
tain range of tissue and then stops, giving no
dose beyond a certain point. This is called the
Bragg Peak. A recent study from Uppsala
University employed proton beam therapy for a
boost of 20 Gy in 5 fractions after 50 Gy in 2 Gy
fractions with conventional EBRT [25]. A peri-
neal boost was employed where the proton
beam is directed at the prostate through the
perineum.

Economic considerations

Prostate cancer is the most common type of
cancer in men in the United States, with
186,000 new cases in 2008 and 28,600
deaths, and this number is expected to rise by
55% by 2030 [26]. Mariotto and colleagues
estimate that costs related to prostate cancer
treatment will increase by 42% from 2010 to
2020 to a total of approximately $16.5 billion
[27].

However, while incidence and costs project
higher, resources available for such medical
treatment may not be available. In its 2008
annual report to Congress, the Medicare Board
of Trustees reported that the program’s hospi-
tal insurance trust fund could run out of money
by 2017 [28]. The fundamental problem is that
the ratio of workers paying Medicare taxes to
retired people drawing benefits is shrinking,
and at the same time, the price of health care
services per person is increasing. Currently
there are 3.9 workers paying taxes into
Medicare for every older American receiving
service (http://www.publicagendaarchives.org/
charts/fewer-workers-projected-hi-beneficiary).
By 2030, as the baby boom generation retires,
that is projected to drop to 2.4 workers for each
beneficiary. Medicare spending is expected to
grow by about 7 percent per year for the next
10 years. As a result, the financing of the pro-
gram is out of actuarial balance, presenting
serious challenges in both the short-term and
long-term. The context of these fiscal dilemmas
is even more serious. As of 2009, total national
debt (households, businesses and govern-
ments) exceeded $50.7 trillion, or approximate-
ly 350% of gross domestic product (GDP) of the
United States [29].
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Hypofractionated regimens for prostate cancer
treatment may have an important role in reduc-
ing health care expenditures since the overall
amount of administered treatment is greatly
reduced. If longer follow up demonstrates
equivalent rates of cancer control with low mor-
bidity, hypofractionated EBRT may become
widely accepted as the standard of care as it
will provide excellent oncologic outcomes with
the added benefit of cost savings and
convenience.

Conclusions

Debate exists over the optimal degree of hypo-
fractionation that should be used for prostate
cancer treatment. SRT studies, as noted above,
employ dramatically high doses per fraction
(6-7.25 Gy) for only 5 fractions while completed
proton studies have used hypofractionation
only for the “boost” portion of the treatment
with standard fractionation was used for the
majority of the RT course. Still others, including
NYULMC, have initiated prospective studies
with moderate hypofractionation (3-3.5 Gy per
fraction) for the entire schedule. Only future
studies will determine the optimal dose
schedule.
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