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AbstrAct

Research over recent years has demonstrated that curative external-beam radiotherapy can be safely and efficaciously 
delivered with roughly half the number of treatments which was previously considered standard. We review the data 
supporting this change in practice, methods for implementation, as well as emerging future directions.
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introduction
External beam radiotherapy (EBRT) has been proven to have 
equivalent efficacy compared with radical prostatectomy 
for the definitive management of prostate cancer.1 Prostate 
EBRT has also undergone several major refinements over 
the last 20 years designed to improve accuracy, reduce dose 
to the rectum, and increase efficacy. One by-product of 
these efforts is that the duration of a conventional course of 
prostate radiotherapy now involves around 8 weeks of daily 
treatment, with clear implications for patient convenience 
and hospital resource utilization. Recent work has built on 
historical experience showing that shorter, or hypofraction-
ated, courses of prostate radiotherapy are non-inferior to 
conventional schedules. Here, we review the biology under-
lying such work, the key clinical trials which have recently 
been reported, the implementation of hypofractionated 
regimens and future research directions.

ProstAte cAncer rAdiobiology
A key concept underlying the practice of radiation oncology 
is that both total radiation dose as well as the dose per frac-
tion influence outcomes. In the laboratory, this is demon-
strated by cell survival curves, whereas the dose of a single 
fraction of radiation increases in a linear manner, there 
is a greater than exponential rate of cell kill. This is often 
described by the linear-quadratic model, where an indi-
vidual cell survival curve can be defined by the alpha–beta 
ratio (ABR). Most mucosal malignancies, typified by head 
and neck squamous cell carcinoma, have a higher ABR in 
the range of 8–10 Gy. On the cell survival curve, the slope 

for such tumours is relatively constant, as demonstrated in 
Figure 1. This is in contradistinction to several late reacting 
normal tissues such as spinal cord, where the ABR is 
approximately 2–3 Gy, resulting in a “bendier” cell survival 
curve. Since, at low doses per fraction there is greater cell 
kill of a high ABR tumour than a lower ABR normal tissue, 
we have a sound biological rationale for conventional frac-
tion sizes of 1.8–2 Gy per fraction.

Data from several avenues suggests that the ABR for 
prostate cancer is very low. In ground-breaking work 
from the 1990s, Brenner and Hall used data from low 
dose rate brachytherapy and EBRT tumour responses to 
calculate an ABR of 1.5 Gy [95% confidence interval (CI) 
(0.8–2.2)].2 Very large combined institutional experiences 
have also been explored for EBRT, showing mean ABRs 
of 1.6–3.7 Gy.3,4 Finally, older clinical trial data has been 
interrogated, with a 936 patient Canadian Randomized 
trial of conventional (66 Gy in 33 fractions) vs hypofrac-
tionated (52.5  Gy in 20 fractions) radiotherapy yielding 
an ABR estimate of 1.12.5,6 Due to 7% worse biochem-
ical–clinical failure, this particular trial could not confirm 
non-inferiority of the hypofractionated approach, possibly 
because of the relatively low biological equivalent dose in 
the experimental arm. There are caveats with all of this 
data given the number of other uncontrollable variables 
at work using either retrospective data or older and less 
accurate radiotherapy techniques. However, if the ABR 
of prostate cancer is as low, or lower, than surrounding 
normal tissues, there would be scope to increase the 
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Figure 1. Idealized cell survival curves showing the differ-
ence between a high and low ABR tissue corresponding to 
many mucosal malignancies (high ABR), some late respond-
ing normal tissues and prostate cancer (low ABR) respec-
tively. ABR, alpha–beta ratio.

fraction size to exploit the enhanced tumour cell kill compared 
with effects on neighbouring critical structures. This observa-
tion underpins the work in the field of hypofractionated pros-
tate radiotherapy.

conventionAl ProstAte rAdiotherAPy
Radiation doses of 60–64 Gy in 1.8–2 Gy fractions were standard 
until at least the 1990s. However, another key tenet of radiobi-
ology, is that the greater the dose of radiotherapy delivered to 
a volume, the higher the probability of tumour control.7 Tech-
nological advances, especially in the use of conformal radio-
therapy techniques, have enabled higher radiation doses to be 
investigated. A series of randomized controlled trials have asked 
whether dose escalated radiotherapy has any clinical advan-
tage compared with standard doses. In brief summary, they 
have generally shown that doses of 74–80 Gy are superior in 
terms of biochemical disease control compared with doses of  
64–70.2 Gy, without achieving a survival benefit, despite 
follow-up now extended beyond 10 years.8,9 There is also a 
higher risk of late toxicity, usually in the form of radiation proc-
titis. This latter issue has largely been managed through a combi-
nation of newer technologies (expanded as “Hypofractionated 
prostate radiotherapy” in the next section) as well as approaches 
to temporarily distance the rectum from the prostate such as the 
surgical insertion of hydrogel, rectal balloons or a rectal rod. On 
this basis, radiation doses of ~74–80 Gy have become widely 
adopted not only in clinical practice, but also within the control 
arms of contemporary clinical trials.10–12

There are issues with both patient access and convenience as well 
as resource utilization with treatment regimens which extend 
for around 8 weeks. Some evidence suggests that radiotherapy 
is underutilized as a treatment for prostate cancer, although 
the causes for this extend beyond access and convenience.13 
Conversely, given the high incidence of prostate cancer, there is 
a multiplicative effect where high incidence multiplied by a long 
treatment schedule results in clear implications regarding the 
resourcing of radiotherapy. Concurrently, there are several other 
ablative approaches available including cryotherapy, high inten-
sity focussed ultrasound and electroporation, most of which 
involve a single treatment administered without the need for an 
overnight stay in hospital.14 Although the evidence supporting 
most of these ablative strategies is non-randomized, and some 
of these tensions tend to be opposing, both from a patient 
access aspect as well as resourcing and retaining appeal amongst 
numerous competing treatment strategies, there is merit in 
exploring hypofractionated approaches beyond the biological 
and technological rationales already outlined.

hyPoFrActionAted ProstAte 
rAdiotherAPy
Newer technologies have emerged which made the deliverability 
of hypofractionated prostate radiotherapy regimens feasible.15 
Image-guided radiotherapy (IGRT) ensures more accurate 
targeting of the prostate, while intensity modulated radiotherapy 
(IMRT) enables greater control over the focussing of the radia-
tion dose within a volume, allowing more dose to the tumour, and 
less to normal tissues.16,17 Some early Phase II data showed the 
integration of IGRT and IMRT allows the deployment of hypof-
ractionated radiotherapy.18,19 This led to several randomized 
trials being undertaken comparing conventional and hypofrac-
tionated approaches.20–22 Most showed no clear enduring benefit 
for hypofractionation, and as such need to be considered nega-
tive trials. However, they were all relatively small, single centre 
experiences and hence, underpowered to detect small differences 
in efficacy. One 206 male study from the MD Anderson Cancer 
Centre presented, thus far in abstract form only, showed an abso-
lute benefit of 4.7% in prostate cancer recurrence after a median 
follow up of 8.4 years in favour of the hypofractionated arm of 
72 Gy in 30 fractions compared with 75.6 Gy in 42 fractions 
(10.7 vs 15.4%, p = 0.034)23 Another notable exception was the 
large collaborative Dutch HYPRO trial, which accrued 820 males 
with intermediate- or high-risk disease, randomizing between 
78  Gy in 39 fractions and 64.6  Gy in 19 fractions.24 Although 
the hazard ratio was 0.86 in favour of the shorter arm, similar to 
the smaller trials, the 95% CI crossed 1 and was hence non-sig-
nificant under the superiority requirement defined at the outset 
[95% CI (0.63–1.16), p = 0.36].

The desire for superior efficacy itself is questionable, as even 
equivalence between the two approaches would see the hypof-
ractionated approaches preferred. A more appropriate trial 
design to explore this is a non-inferiority randomized study. This 
model takes the initial view that the experimental arm has other 
factors beyond efficacy, which makes it more desirable, such as 
improved convenience or lower cost. It, therefore, hypothesizes 
that the experimental treatment is no worse than the standard 
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Figure 2. Illustration of how significance is determined for 
both superiority and non-inferiority trial designs. If two arms 
of a study are equivalent, the HR will be 1. A range is defined 
around the HR corresponding to the magnitude of the dif-
ferences between the two arms (HR  ±  δ). From the trial, a 
CI is constructed for the HR, usually with HR <1 implying the 
experimental arm had less events than the control arm. Trial 
(a) shows the experimental arm to be superior, and Trial (d) 
the experimental arm is in, as their CIs are all less than and 
greater than 1 respectively. Trial (b) shows non-inferiority of 
the experimental arm, since the upper limit of the CI is less 
than the pre-defined HIR + δ. The trial (c) CI straddles both 
1 and HR+δ, meaning it is either not superior or not non- 
inferior depending on the initial trial design.  CI,  confi-
dence interval; HR, Hazard ratio.

Table 1. Summary of the three large non-inferiority randomized controlled trials of conventional vs hypofractionated radiotherapy 
for prostate cancer

Trial Risk groups 
included

Number of 
patients

Median 
follow-up ADT? Dose/fractions 5-year 

control
Late G2–4 
GI toxicity

Late G2–4 
GU toxicity

RTOG 
0415

Low 1115 5.8 years No 73.8 Gy/39 85.3% 14% 22.8%

70 Gy/28 86.3% 22.4% 29.7%

CHHiP All, but majority 
intermediate

3216 5.1 years Yes 6–9 
months

74 Gy/37 88.3% 13.7% 9.1%

60 Gy/20 90.6% 11.9% 11.7%

57 Gy/19 85.9% 11.3% 6.6%

PROFIT Intermediate 1205 6 years No 78 Gy/39 85% 13.9% 22%

60 Gy/20 85% 8.9% 22.2%

ADT, androgen deprivation therapy.

approach. Rather than comparing the point estimate of an 
outcome such as 5  year biochemical control rates, it compares 
the upper limit of the 95% CI of the hazard ratio (the failure rate 
from the experimental arm is divided by the same figure from 
the control arm). This is because the true figure for the hazard 
ratio can lie anywhere within that CI, and to deem an experi-
mental treatment non-inferior, it is necessary to be confident 
that it is not unacceptably worse than the standard arm. Figure 2 
illustrates this difference between superiority and non-inferiority 
studies.

Evidence from non-inferiority trials
Three large, well-powered, non-inferiority randomized controlled 
trials have all reported non-inferior efficacy for hypofraction-
ated regimens compared to conventionally fractionated control 
arms.25–27 Follow-up is a median of 5–6 years in all studies, a 
mixture of low-, intermediate- and high-risk males were treated, 
and one study including androgen deprivation therapy for all 
patients. Their findings are summarized in Table  1. Although 
efficacy was non-inferior, there were differences in toxicity 
profiles, with PROFIT showing reduced late gastrointestinal 
toxicity in favour of the hypofractionated arm, whilst RTOG 
0415 demonstrated an increase in late gastrointestinal and geni-
tourinary Grade 2 toxicity for the abbreviated regimen. Whether 
this is due to different fraction sizes in the conventional arm, 
differing methods of radiation dose prescribing or merely chance 
findings will await further analyses. Summary patient quality of 
life showed no significant differences between arms in the three 
studies, with a more detailed report currently being prepared for 
the PROFIT cohort. On the basis of non-inferior efficacy, many 
centres are now beginning to offer hypofractionated regimens as 
a standard approach, as well as including hypofractionation as a 
component of standard treatment for currently accruing clinical 
trials.12

Of the three trials, PROFIT had some characteristics which 
increase the relevance of hypofractionation in contemporary prac-
tice.25 It was the only one of the three studies to mandate IGRT for 
all patients, and although IMRT was not essential on the study, the 
vast majority of the males managed on PROFIT did receive IMRT 
rather than three-dimensional conformal radiotherapy. The control 
arm of PROFIT received 78 Gy in 39 fractions prescribed so that 
the 95% isodose covered 99% of the planning target volume (PTV), 
an approach that remains very contemporary. Alongside CHHiP, 
which included accrual from the UK, as well as New Zealand, 
PROFIT enjoyed international cooperation, with patient accrual 
from Canada, Australia and France. This widespread engagement 
alongside the wide eligibility criteria means that the findings can 
confidently be applied broadly, rather than uniquely to a particular 
jurisdiction.

Data from these trials can also be used to infer both a dose 
response relationship as well as estimate an ABR. CHHiP had 
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Table 2. Dose volume histogram constraints for a 60 Gy in 20 
fraction plan in Newcastle

Structure Mandatory Ideal
Clinical target volume D98% > 60 Gy and < 60.2 Gy

Planning target 
volume

D98% > 57 Gy and < 57.2 Gy
V63 < 1%

Rectum/
bladder

V60 < 3% V60 < 1%

V57 < 15% V57 < 10%

V54 < 20% V54 < 15%

V46 < 35% V46 < 20%

V38 < 50% V38 < 30%

V15 < 80% V15 < 60%

Necks of femurs V30 < 5%

Urethra Dmax < 61 Gy

three arms: 74 Gy/37, 60 Gy/20 and 57 Gy/19. Using the conven-
tional arm as the reference, the hazard ratios for the two hypof-
ractionated arms were 0.84 and 1.2 respectively (p = NS), and 
0.7 in favour of the 60 Gy/20 arm when directly compared with 
57  Gy/19 (p = 0.0026). Furthermore, PROFIT showed essen-
tially equivalence between 60 Gy/20 and 78 Gy/39, with a hazard 
ratio of 0.96. Assuming these fractionation schedules are indeed 
equivalent, allows an estimate of the ABR of 1.33. Furthermore, 
accepting the caveats associated with intertrial comparisons 
these data suggest an efficacy hierarchy of 57/19, 74/37, 78/39 
and 60/20, again supporting a dose response relationship.

Patient selection
Although the findings from the non-inferiority studies are 
broadly applicable, there are some caveats worthy of mention. 
Obvious exclusion criteria such as previous pelvic radiotherapy 
or active colitis are relevant beyond hypofractionation to any 
consideration of prostate radiotherapy for a particular patient. 
PROFIT excluded males with a total hip joint replacement 
(THJR), and CHHiP males with bilateral THJRs. More modern 
planning techniques such as the fusion of MRI to aid prostate 
delineation and volumetric modulated arc therapy mean that, in 
our experience, hypofractionated regimens can usually be deliv-
ered to males with even bilateral THJRs, whilst respecting critical 
structure dose constraints.28,29 One relatively small single institu-
tional study suggested on post-hoc analysis that males with more 
obstructive urinary symptoms (international prostate symptom 
score >12) had worse late urinary toxicity following hypofrac-
tionated radiotherapy.22 These findings have not been replicated 
in other randomized studies of moderately hypofractionated 
regimens. Our approach is to optimally manage lower urinary 
tract symptoms prior to prostate radiotherapy, either medically 
or surgically, but not to consider them a validated contraindica-
tion to offering a hypofractionated schedule. Similarly, prostate 
volume alone was not an exclusion criteria in any of the three 
non-inferiority trials, meaning that achieving dose homogeneity 
across the PTV and respecting critical structure dose constraints 
should be key considerations in the deliverability of hypofrac-
tionated regimens.

Planning considerations
The three non-inferiority randomized trials were all launched 
prior to 2006, meaning that many of the planning approaches 
have evolved significantly in the interim. CHHiP had three 
separate phases, including a final boost phase with no posterior 
expansion around the prostate.26 PROFIT only had 2 rectal dose 
volume histogram constraints—a D30 and D50.25 RTOG 0415 
dosed so that 100% of the dose was applied to at least 98% of the 
PTV.27 In addition, the identification of critical structures varied 
such as rectal wall verses volume, and whole organ contour verses 
only contouring in the vicinity of the PTV. Although all of these 
approaches have sound rationales, it is also helpful to attempt to 
make hypofractionated treatments more contemporary.

Institutions are going through this exercise in various ways. In 
Newcastle, we asked other centres around the world what their 
approaches were, modelled a series of patient plans including 
several scenarios such as THJRs, hydrogel insertion and elective 

proximal seminal vesicle irradiation, and shared our protocol 
for feedback through various avenues including social media. In 
brief summary, we:

•	 Prescribe 60 Gy in 20 fractions to 98% of the prostate/CTV, 
and concurrently 57 Gy to 98% of the PTV.

•	 Treat as a single phase, with a uniform 7mm expansion around 
the clinical target volume.

•	 Use IGRT for all patients, IMRT for most, and volumetric 
modulated arc therapy for patients with THJRs or lateral 
separation greater than 45 cm.

•	 Contour the whole of the bladder and rectum as solid organs, 
as well as a urethral PRV to prevent hot spots occurring in this 
region.

•	 Utilize a range of critical structure dose criteria, with both 
mandatory and ideal constraints (Table 2).

•	 Take care with minimizing intermediate dose wash (especially 
50% dose through the rectum) as well as excessive monitor 
units per fraction (aim for less than 600 for prostate only 
treatments).

Implementation
The large number of centres who participated in the various clin-
ical trials means that the infrastructure, knowledge and confi-
dence to deliver hypofractionated regimens was widespread, 
making adoption relatively straight-forward. Some clinicians 
are more cautious in embracing hypofractionation, mainly due 
to concerns regarding longer term toxicity. This can be seen 
with hypofractionated breast radiotherapy, which despite initial 
publications appearing in 2002, as of 2013 only 34.5% of female 
eligible for such treatment were receiving it in the USA.30,31 
Reassuringly, the Phase II trial which predated PROFIT has 
recently been updated with greater than 10 years of median 
follow-up, and it confirmed very low rates of physician graded 
2–4 late gastrointestinal (4%) and genitourinary (12%) toxicity 
at the 8-year time point.32 Where whole pelvic radiotherapy is 
being prescribed, there can be a tendency to conventionally frac-
tionate treatment. There is, however, literature showing it is safe 
to delivered regimens to pelvic lymph nodes in conjunction with 
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Table 3. Current and pending randomized trials investigating stereotactic EBRT for prostate cancer

Trial Control arm(s) Experimental arm Number of patients
HYPO-RT-PC (ISRCTN45905321) 78 Gy/39 42.7 Gy/7 592

PACE (NCT01584258) 78 Gy/39 or 62 Gy/20 36.25 Gy/5 858

HEAT (NCT01794403) 70.2 Gy/26 36.25 Gy/5 456

NRG GU005 (pending) 70 Gy/28 36.25 Gy/5 622

RPAH2 (NCT02361515) 62 Gy/20 37.5 Gy/5 96

Figure 3. Staging CT showing a pelvic lymph node (arrowed) 
which was negative by size criteria. Subsequent PSMA PET 
showed high avidity in both this lymph node, as well as sev-
eral others which were no more than 5 mm in maximal diame-
ter. PSMA, prostate specific membrane antigen.

a 28-day schedule similar to that utilized in RTOG 0415.33,34 A 
more insidious barrier to uptake remains the financial incentives 
in some jurisdictions incentivizing more prolonged treatment 
schedules. As clinicians, we need to engage with our funding 
bodies to ensure our practices are not penalized for offering 
prostate radiotherapy hypofractionation.

Future directions
Stereotactic monotherapy
The regimens explored up until this point hypofractionate rela-
tively mildly, and much larger doses per fraction has become a 
very active area of investigation. Largely using the Cyberknife 
platform, many series have been published demonstrating the 
feasibility of a five-fraction stereotactic treatment schedule. A 
large compilation of over 1100 patients worth of data showed 
excellent patient reported quality of life as well as high rates of 
disease control for such an approach, albeit after only 3 years of 
median follow-up.35,36 More mature data of a large 515 patient 
series with median follow-up extending beyond 7 years is 
now also available which appears to confirm these promising 
findings.37 Although there is some interest in reducing the 
number of fractions all the way down to one, a cautionary note 
should be sounded from the Sunnybrook randomised trial of 
1 vs 2 fractions of high-dose rate (HDR) brachytherapy mono-
therapy. Despite promising early data,38 a more recent update 
showed much worse efficacy outcomes for the single fraction 
approach.39 A small ongoing randomized controlled trial is 
currently comparing 45 Gy in 5 fractions of EBRT with 24 Gy 
in 1 fraction.40 Several randomized studies are comparing 5–7 
fraction experimental stereotactic schedules with convention-
ally or moderately hypofractionated alternatives (Table 3). Other 
smaller Phase II studies are investigating minimizing radiation 
dose to structures involved in erectile function,41 the integra-
tion of newer agents,42 the use of tumour nodule boosting43 or 
technological advances such as real time tumour tracking.44 The 
results of such research are eagerly anticipated, and will undoubt-
edly inform future practice.

Intrafraction motion management
With increasing doses per fraction of radiotherapy, treatment 
accuracy becomes an even higher priority. IGRT traditionally 
has focussed on correcting any prostate movement prior to 
commencing treatment, so called interfraction motion. More 
recently, we have gained a greater appreciation of prostate move-
ment during a treatment session, or intrafraction motion, with 
novel methods being implemented to address both translations 
and rotations.45 There are multiple vendor and investigative 

strategies which have been developed to manage this, with many 
now widely available and integrated into routine practice.46

Virtual HDR boost
Radiation dose escalation remains an area of active interest, 
with three randomized trials of brachytherapy boosting 
showing improved biochemical control which has not trans-
lated into an overall survival benefit at the cost of increased 
genitourinary morbidity.47–49 One novel way this is currently 
being explored is through so called virtual HDR boost, where 
1–3 stereotactic treatments are given prior to a more conven-
tionally fractionated course.50 This blended approach borrows 
from the very favourable results reported in the brachytherapy 
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disease, with 3 year physician Grade 2 or greater toxicity reduced 
from 5.7 to 0%.52 This has led to national recommendations in 
the United Kingdom to embrace this technique and should lead 
to further confidence in the wider use of hypofractionated pros-
tate radiotherapy.53 A different approach is the use heavy ions 
such as protons to both reduce dose to the rectum as well as lower 
the integral dose, with promising low toxicity results reported in 
large institutional series.54

Imaging
Advancing imaging capabilities are transforming the practice of 
prostate radiotherapy. Prostate MRI can help with local tumour 
detection and staging as well as prostate delineation.55 Appli-
cations under investigation include boosting MRI nodules as 
well as MRI-only planning, where a synthetic CT is created to 
allow treatment planning system dose calculation with the need 
for a dedicated CT.56 Prostate specific membrane antigen PET 
is emerging as having great potential as a highly sensitive and 
specific single staging investigation (Figure 3).57 The integration 
of such new imaging will further optimize both patient selection 
as well as treatment delivery of hypofractionated radiotherapy.

conclusions
The practice of prostate radiotherapy continues to evolve, and 
the growing evidence of the safety and efficacy of mildly hypof-
ractionated schedules is a key part of that evolution. The tech-
nology is available to implement, and the barriers to adoption 
are surmountable. Numerous promising avenues of enquiry are 
already flowing from and towards hypofractionated treatment 
as a springboard to ongoing improvements in the care of our 
patients.
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