Int ] Cancer Manag. 2017 October; 10(10):e12204.

doi: 10.5812/ijcm.12204.

Published online 2017 October 28.

Review Article

Effect of Hypofractionation on Prostate Cancer Radiotherapy
Abolfazl Arabpour,' and Daryoush Shahbazi-Gahrouei®”

'Nuclear and Radiological/Biomedical Engineering Department, University of Florida, Gainesville, FL 32611, USA
zDepartment of Medical Physics, School of Medicine, Isfahan University of Medical Sciences, Isfahan, Iran

"Corresponding author: Daryoush Shahbazi-Gahrouei, Professor of Medical Physics, Department of Medical Physics, School of Medicine, Isfahan University of Medical Sciences,

Isfahan, Iran. Tel: +98-3137929095, Fax: +98-3137929032, E-mail: shahbazi24@yahoo.com

Received 2017 May 30; Revised 2017 July 22; Accepted 2017 October 22.

Abstract

from hypofractionated treatments.

be achieved for the patient.

Control Probability (TCP)

Context: Prior research over the past few decades has shown that the hypofractionated external beam radiation therapy could be
a valuable method with an outstanding potential to treat the prostate cancer. The alpha-beta ratio (/) is an indication of the
fractionation sensitivity of a particular cell type. Values of a/3 > 10 Gy are responsible for early-responding normal tissues and
most tumors, while values of «/3 < 5 Gy are for late-responding normal tissues. The o/ ratio could be raised by either a local tumor
control increase or a decrease of normal tissue late effects through the application of an unconventional fractionation schedules.

Evidence Acquisition: This review article aimed to investigation the details of radiobiological and clinical trials which are reported
to highlight the characteristics of hypofractionation for the prostate cancer treatment based on the investigation of clinical results

Results: With the sufficient radiobiological and physiological research studies, it may be claimed that if /3 value for prostate
cancer is less than the adjacent surrounding organs at risk and by applying fewer and larger fractions; a better therapeutic ratio can

Conclusions: Radiobiological modeling can play a major role in the design of new protocols. Also, one should be aware that in
modeling the hypofractionated treatment, normal tissue iso-effects are significantly important and some assumptions needed to
be made regarding o/ values for the critical normal tissue complication endpoint.

Keywords: Prostate Cancer, Hypofractionation, Linear Quadratic Model, Normal Tissue Complication Probability (NTCP), Tumor

1. Context

Mid 1930’s Coutard et al. (1) reported that his radiation
fractionated strategy had an amazing result regarding the
cure of deep-seated tumors which had previously thought
to be hopeless. The fractionated technique employed
has been used in external beam radiotherapy ever since.
Coutard suggested that a protracted schedule of telether-
apy using multiple fractions regime over several weeks
could be beneficial. However, other researchers believed
that the fractionated method is a “primitive” method (2, 3).
They reasoned that the distinction in response to radiation
and normal tissue “will favor the tumor if the canceroci-
dal dose is not applied in the first treatment”. Additionally,
they used the law of Bergonie and Tribondeau added to this
discussion that a fractionated schedule will increase the
probability of irradiating a cancer cell during a radiosen-
sitive phase of the cell cycle.

In the last two decades, radiation biology is applied in
radiation therapy and recommended as a shortened frac-
tionation schedule in the treatment of prostate cancer.

Technological developments such as intensity-modulated
radiation therapy (IMRT) and improved target localization
such as using nanoparticles as a targeted therapy have
been combined with radiation biology to generate enthu-
siasm for hypofractionated regimens (4, 5).

Based on the global cancer statistics literature, one
of the most common male cancer diagnosed after non-
melanoma skin cancer is prostate cancer (6). Hence, find-
ingaright treatment regime accompanied with using new
software for accurate treatment planning will help to cure
the prostate cancer (7-9). Since in most cases the prostate
cancer at diagnosis is organ confined (10), prostatectomy,
external beam radiation therapy (EBRT) and definitive ra-
diotherapy were introduced as conventional methods to
be used for treatment (11).

2. Evidence Acquisition

After the second world war, since there were not
enough available therapy machines the tendency was to
use the hypofractionated regimens for the patients (12).
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There are a couple of valuable reports that the treatment
of the patients has been done by the radical external-beam
radiotherapy at Saint Thomas’s hospital in London. This re-
port,which has been gathered by Collins et al. (13) reported
232 patients from 1964 to 1984. Patients were treated with 3-
field, 4-field, or a double-rotation technique from a cobalt-
60 machine or linac over 3 weeks with six 6 Gy fractions (2
fractions per week) for a total dose of 36 Gy. Two patients
developed rectal strictures, and “a few patients” had recur-
rent rectal bleeding. They tolerated well, with very few late
complications. The survival curves demonstrated that the
hypofractionated regimen had good results in comparison
to other methods of treatments.

Livesey et al. (14) reported more than 700 men treated
with a hypofractionated regimen from 1995 to 1998 using
3.13 Gy fractions to 50 Gy at the Christie hospital. They used
modern techniques such as the use of risk-group stratifi-
cation, CT scan for the treatment planning, and defined a
clinical tumor volume (CTV) based on the risk of seminal
vesicle invasion. They were stratified into low, intermedi-
ate, and high-risk disease based on clinical stage, prostate
specific antigen (PSA), and Gleason score. The freedom
from biochemical recurrence at 5 years was 82%, 56%, and
39% for the low, intermediate, and high-risk groups, re-
spectively.

Both studies demonstrated a low rate of morbidity.
Neither of these fractionation regimens was explicitly de-
signed to exploit the fractionation sensitivity of prostate
cancer. In the recent years, most of the trials, which have
been done explicitly, were designed assuming that o/ 3 was
low (14, 15). This review article aimed to investigation the
details of radiobiological and clinical trials which are re-
ported to highlight the characteristics of hypofractiona-
tion for the prostate cancer treatment based on the in-
vestigating of clinical results from hypofractionated treat-
ments.

3. Results

3.1. Fractionation and Radiobiology Model

Hypofractionation and radiobiology models have com-
mon parameters. These parameters are important to be
considered for predicting the sensitivity of prostate cancer
cells accurately.

The modern radiobiology has been started by the cre-
ation of the linear-quadratic model (LQ) formalism for the
mammalian cell killing, which has been caused by induced
radiation. This method predicts that the survival rate of
the cell depends on factors such as overall radiation dose,
dose per fraction, and the overall treatment time. More-
over, the oS could provide a prediction of the dose re-
sponse of tumors and normal tissues to the fractionated

irradiation (4, 14). The Equation 1 present this model (16,
17):

SF — ]]X; _ (—ad+pa?) )

where N, is the initial number of cells (clonogens),
(N75) the mean number of surviving clonogens after a radi-
ation dose d, SF the surviving fraction and v and 3 the cell-
specific ‘single-hit’ and ‘double-hit’ coefficients, respec-
tively. The formalism should have been averaged over the
cell cycle for the asynchronous cell population cases (18).

By the implementing the model for the fractionated
dose delivery (where n is fractions, and d is the dose), the
surviving fraction at the end of the treatment course is
given by:

SF = [e(—wdﬁ-ﬂf)}" — [e(—aAnAd+5,nAd2):| o)

Note that for the Equation 2, it is assumed that the sub-
lethal lesion repair has been completed in the interfrac-
tion interval. The Equation 3 could be rewritten according
to the total dose D (=n x d):

SF = [e(*a-D+ B<d.D)i|

704.D.<1+;%i> (3)
= le

The term D [1+ d/(a/B)] is called the biologically effec-
tive dose (BED); if delivered in an infinite number of tiny
fractions, a total dose equal to the BED is radiobiologically
equivalent (achieves the same surviving fraction) to the
regimen of interest (n is the number of fractions and d
presents the size) (16). If the fraction size d tends to zero
or (aff3) tends to infinity, then the product of the multi-
plication of [1+d | («/B)] and D, tends to unity. The Equa-
tion 3 can be written as SF = exp [-a.BED]. The BED could
also represent the therapeutic ratio (TR) of the number of
fractions. Hence, the BED,3-3, could signify the late ef-
fect (normal tissue effect) and BED,3-10, early effect (tu-
mor effect), respectively (19). The maximum TR is attained
at the smallest fraction sizes which are consistent with the
steady decrease of BED g -5 (as the number of fractions in-
creases).

3.2. Possible CellKilling Scenarios

Reviewing literature shows the linear-quadratic model
overestimates cell killing at large fraction sizes (20-22).
However, other clinical studies, which have been done by
other research groups express that by utilizing an extreme
hypofractionation, we could validate the LQ model (23-26).
There is also some clinical research, which has been done
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presented by Song etal. (27) show that the LQ model under-
predicts the level of reproductive cell death necessary to
achieve the observed tumor control. Additionally, he states
that there are some other mechanisms involved, such as
indirect/necrotic cell death, which principally has been
caused by the vascular damages. By looking at these di-
verse research results we could have conveyed that there
is quite a confusion for the validation of LQ model and the
clinical outcomes that have created controversy (4, 27).

3.3. Radical Alteration of Hypofractionation Criterion

One of the crucial factors in a radiotherapy treatment
is the duration. If it is too fast (e.g. multiple fractions per
day), the therapy dose does not allow for rapidly dividing
cells such as mucosal cells torepopulate themselves, which
have been killed by the radiation (5, 28, 29). A technique,
which could be used for a hypofractionated regimen is to
convert the dose received by the mucosal cells that could
be equal to the tumor prescribed dose, or to a 2 Gy equiva-
lent dose (EQD2-Gy), applying an «/3 =10 Gy value and af-
terward see if it is within the ‘safe’ limit for the total treat-
ment time (30).

A high value of a8 (which is similar to 10 Gy) could
characterize an effect of radiation, which is so-called
‘acute’ effects caused by radiation treatment. However, hy-
pofractionation with a much lower /S values has been
demonstrated less problematic for ‘acute’ than for ‘late’
complications (30).

3.4. Contrast Between Hypofractionation and Standard Frac-
tionation

Some comprehensive investigations, which have been
done on the hypofractionation effect for the prostate car-
cinoma predicted «/f3 values ranges from 1.5 Gy to 8.5 Gy
with 1Gy interval according to the modern radiobiological
model (30). Those research findings indicated an o/ 5 value
of 5 Gy for late complications for both rectum and bladder
as the organs at risk (OARs). However, /3 of 3 Gy was pre-
dicted for the normal tissue for the late complications (31).

These studies adopted a variable, generalized equiva-
lent uniform dose normalized at 2 Gy per fraction (gEUD,)
to explain the radiobiological implication of the dose dis-
tribution. This model considered both sensitivity to frac-
tionation (through the linear-quadratic [LQ] model) and
volume effects (through generalized equivalent uniform
dose [gEUD]). Equation 4 demonstrates the value of gEUD,
for the prostate tumor and for the OARs (both rectum and
bladder).
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gEUD, = {MZM (d )}

1 a < 0, for tumor

(4)
a > 0, for OARs

Using a Poisson distribution model, Equations 5 cal-
culate tumor control probability (TCP) and normal tissue
complication probability (NTCP) values:

2
—n.SFy

TCP = e( D> (5)

In Equation 5, n and SF, present the number of clono-
genic cells per tumor and the surviving fraction at 2 Gy, re-
spectively. D is the calculated gEUD, for tumor.

-1
D5O 4.y

1 — 6
() )
In Equation 6, Ds, is the 50% response dose, D presents
the calculated gEUD, for OAR, and 7 is the maximum nor-
malized dose-response gradient. The values D5, and +y cited
in the studies of Mavroidis et al. (32) the endpoints for such

D5, values are smaller for bladder and necrosis and steno-
sis for rectum. The summary is shown in Table 1(33).

NTCP =

Table 1. Biologic Parameters for Bladder and Rectum Used in NTCP Calculation

Organ at Risk D50 (Gy) o
Bladder 80 3
Rectum 75 2.5

Kallman etal. (34) introduced a plan ranking factor, P+.
Equation 7 used NTCP and TCP to calculate P+. This com-
bination of NTCP and TCP in P+ has been done in order to
rank the treatment plans.

In this equation, § signifies a fraction of the patients
with statistically independent tumor and normal tissue re-
sponses. It should have a value less than 20% (32, 33).

Liao etal. (35) in a clinical study considered two sets of
NTCP values, one for bladder and one for rectum to calcu-
late P+ values. Since in clinical radiation therapy, late rec-
tal toxicity plays a significant role (33). And applying NTCP
for the rectum can be a great help for the decision-making
process in the treatment planning.

From Figure 1, it can be seen that all hypofractionated
treatments have greater P+ values than the standard frac-
tionation for relatively responsive tumor cells (SF, = 0.4
and 0.5) (this happened when NTCP for the bladder is con-
sidered). However, for less responsive tumor cells (SF, =
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Py =TCP-TCPNNTCP=TCP—-NTCP+§x(1-TCP)x NTCP (7)

0.6), the P+ for all hypofractionation regimens at o/ val-
ues between 2.8 Gy and 3.5 Gy do not show any superior-
ity to the standard fractionation Figures 1and 3 illustrated
P+ values for the bladder and rectum (34). It has been as-
sumed that there are 5 x 10° clonogenic cells per tumor.
The implemented radiobiologic model has demonstrated
improved clinical results for hypofractionation with re-
spect to the standard fractionation under the given condi-
tions. This improvement is for both low o/ and high «/8
values.

The number of clonogenic per tumor cells assumed to
be or 10 x 108, 5 x 10° (19, 35). For final investigation of
the different /3 and SF,, 5 x 10° clonogenic cells per tu-
mor has been selected. For the prostate tumor cancer, it
is roughly about 0.5 (36). However, the uncertainty of SF,
could be notable (37). Since the uncertainty of SF, could
be indicative, its impact was studied for SF, ranging from
0.3 to 0.9. Also, NTCP has been calculated according to P+
model.

Figure 2 shows similar P+ results for the rectum. How-
ever, P+ for hypofractionation treatments reduces faster
and drops below standard fractionation at a lower value of
«/pB. InFigure1, for SF, =0.4,and o/ of 8.5 Gy, all hypofrac-
tionation treatments are anticipated to show superiority
with respect to a standard fractionation. For SF, = 0.5, and
the hypofractionation treatments of 4.7 Gy/fraction and 6.5
Gy/fraction, the P+ values are lower than the standard frac-
tionation for /3 higher than 6.5 Gyand 4.7 Gy, correspond-
ingly; however, at all /3 up to 8.5 Gy hypofractionation
treatments continued to be superior. At o/ of 2.5 Gy for SF,
=0.6, the P+ for all hypofractionation treatments shows in-
feriority respect to the standard fractionation. At high /3,
animproved result has been predicted for all hypofraction-
ation, which has been predicted to produce by the notable
decrease of predicted NTCP respect to TCP loss (34).

Asithasbeen shown in partd of Figures1and 2, the cal-
culated P+ values for the standard and hypofractionation
treatments are smaller than zero for the radiation resistant
tumor cells (SF, = 0.7). This signifies that there is no reason-
able obtainable complication-free tumor control possibil-
ity obtained with the fractionation and if a greater TCP is
desirable, the dose should be increased.

Nahum et al. (19) suggested a mean «//3 value of 8.3 Gy
for prostate tumor cells in a couple of reported radiobio-
logic clonogenic assays. Additionally, in order to demon-
strate the consistency of his results, he listed other in-vitro
studies in his publication. Those studies presented rela-
tively high o/ values ranging from 3.48 to 11 Gy (38, 39).

There are a number of studies and evidence showing
that the value of o3 is relatively low for the prostate and
breast cancers (18, 40, 41). These results have been shown
in Figure 3 as promising outcomes for both breast and
prostate tumors in the hypofractionated treatment proto-
cols. However, for the prostate tumors case, still, there is
some controversy about low o/ (18,19, 42).

Fowleretal. (44)reported a series of fairly satisfied clin-
ical results from the treatments of the early stage of non-
small cell lung cancer (NSCLC) tumors, which have been
done by external beam radiotherapy and conventional 1.8
-2.2 Gy and excess fraction sizes. In other studies, Yarnold
et al. and Miralbell et al. (41, 42) reported promising clin-
ical results from prostate cancer treatment by the exter-
nal beam radiotherapy with hypofractionated regimens
for relatively for provides low /3 tumors. Both scenarios
primarily follow the LQ model.

Tang et al. (45) used hypofractionation by external
beam radiotherapy for prostate cancer beyond the daily 3
Gy per fraction schedules. There are other trials that used a
five-fraction schedule delivering 35 Gy in five fractions (45,
46).

The «/f value for prostate cancer ranging from 1 to 4
were addressed, but they are based on clinical data sets
for the patients with early and intermediate-risk prostate
cancer (47-49). For more aggressive, poor-risk a relatively
higher o/ value was estimated (50).

The critical dose-limiting organ at risk near the
prostate with a low value of a/8 such as the anterior
rectal wall created a challenge for the dose-fractionation
regimens for the prostate cancer treatment. While the o/
ratio for the rectal wall is 3.5, some studies reported it to
be as high as 5 or 6. This means that normal tissue cannot
be spared by the use of fractionation (35).

In 2008, Tang et al. (45) combined IMRT with image-
guided radiotherapy (IGRT) and used fiducial gold seeds
implanted before radiotherapy considering OARs such as
both bladder and bowel at the time of radiation therapy
and utilized a custom vacuum lock bag for the immobiliza-
tion. They defined an action level based on the portal imag-
ing to deliver IGRT using a tolerance of only 2 mm.

If increasing the biological dose to the prostate gland
with applying hypofractionation is the best solution, de-
veloping a routine procedure with applying IGRT with
IMRT would be the best approach for the treatment. Since
a simple external beam would not be the solution, as a rou-
tine procedure simple external beam techniques, such as
those in current practice, are unlikely to be adequate (51).
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Figure 1. P+ Using NTCP of the Bladder as a Function of «/3 for Five Regimens at SF, of 0.4, 0.5, 0.6, and 0.7, Respectively; The number of clonogenic cells per tumor is about 5

X 10° (34).

There is a clinical report, in which a high dose rate
brachytherapy has been used as a boost after the exter-
nal beam radiotherapy (52). The other groups reported
monotherapy schedules of 36 Gy in four fractions and 31.5
Gy in three fractions (53). They exploited the low value of
«/f ratio of prostate cancer by utilizing a few large doses
per fraction in order to deliver a radical dose. That could
be a great motivation for other therapy centers to encour-
age them to develop a high dose brachytherapy procedure.
This satisfactory result comes from the conceptual physi-
cal fact that the brachytherapy method follows an inverse
square law, which makes achieving a steep dose gradients
adjacent to the critical OARs to be possible. Additionally,a 3
-5mm boundary around the prostate gland allows a micro-
scopic spread and extension of the target volume into the
base of the seminal vesicles. The brachytherapy method
has the capability to eliminate the errors of the internal
organ movement and set-up variability, which are the con-
cerns in the external beam radiotherapy. Those parameters
enable an accurate high-dose delivery to the CTV while pro-
tecting the critical normal tissues.

4. Conclusions

The reduction of the normal TCP without lowering the
EQD2 to the tumor can be achieved by the hypofractiona-

Int ] Cancer Manag. 2017;10(10):e12204.

tion treatment regimens for the prostate carcinoma. How-
ever, this is true if it is assumed that /5 for tumor is lower
than OARs. An improved therapeutic ratio in hypofraction-
ated regimens could have expected if the o/ ratio of the
prostate cancer is lower than the «/ ratio of OARs such
as rectum and bladder (14). Still, an optimal fractionation
schedule for the prostate cancer treatment remains con-
troversial.

The radiobiological models which have been adopted
to perform the studies of TCP is a function of dose, «/[3, SF,,
and a number of clonogenic cells. The clinical outcomes
confirm that all three parameters have a crucial role for the
models (34).

In the clinical studies which have been performed by
Ritter et al. (54) utilizing hypofractionation regimens for
the prostate carcinoma with high «/ ratios up to 8.5 Gy
with the different dose per fraction (Gy/fraction) such as
2.94,3.63, and 4.3, superior clinical results were predicted
over those of standard fractionation if the SF, is 0.5 or less
and number of clonogenic cells per tumor is less than 5 x
10°.
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