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• for radiation oncologist: because each fraction requires a high
level of reproducibility, patient positioning and target motions
must be controlled;

• for the national health system: fractionation implies a greater
number of machines and also reimbursement of transportations.

In fact, hypofractionation, beside all radiobiological considera-
tions, is a more logical and practical approach. So questions are why
we performed fractionated radiotherapy, and in a second time, why
new radiation technologies could modify this dogma.

1. Rational for fractionated radiotherapy

Until recently, if the aim is to include all the tumor volume inside
the irradiated fields, some parts of critical organs are also irradiated
and often at a dose close to those delivered to the tumor. To decrease
late effects, it was necessary to take advantage of the differential
effects between tumors and normal tissues by fractionated radio-
therapy. According to the LQ model terminology, all tissues have a
radiobiological characteristic, indicator of its sensitivity to fraction
size: this is the !/" ratio, which ranges from 0.5–1 Gy to 10 Gy or
more. A low !/" (< 3 Gy) ratio indicated a tissue, which resists to
radiation damage by DNA repair; when dose per fraction increase,
the rate of cell death increase much higher. On the survival curve,
there is a large shouldering. On the other hand, tissues with a high
!/" ratio (> 10 Gy), which are often rapidly proliferating tissues, is
less sensitive to fractionation, with a limited shouldering (Fig. 1A).
The surviving fractions at 2 Gy (SF2) for a tissue with a high !/"
ratio is, so, lower than the SF2 of a tissue with a low !/" ratio. This
differential effect seems small, but when you multiplied it by many
fractions, you obtain a large difference at the end (Fig. 1B).

Because usually, tumors have a high !/" ratio and late-
responding tissues a low !/" ratio, fractionation protects electively
normal tissues: you can obtain a high rate of tumor control without
late toxicity. In the same way, the use of hyperfractionation (dose
per fraction < 2 Gy) allows to deliver a higher total dose without
increasing the risk of late effects. This has been clearly demon-
strated in an EORTC trial in head and neck carcinomas [3].

All these data have been obtained with 2D radiotherapy, where
a high volume of critical organs is included in the radiation fields.
However, the impact of new radiation technologies has clearly
decreased the rate of late toxicity.

In prostate cancer, radiobiological studies claimed that the !/"
ratio is low, even lower than normal tissues (< 2 Gy) [4]. In this case,
hypofractionation could have a radiobiological advantage, being
more efficient that conventional fractionation. However, random-
ized trials did not show a better biological control with this kind
of regimens [5]. At this moment, there is no clear evidence that
hypofractionation must be preferred because of a better efficiency.

2. Pathophysiology of late effects

The above considerations are based on the assumption that the
effect of radiation is only due to cell killing. This is probably true
at a cellular level, but must be reappraising at the tissular level. In
fact, beside fractionation, there are many other factors, which could
favor the occurrence of late toxicity.

One of the most important is the volume effect. The larger the
volume of critical organ irradiated at high dose the higher will be
the frequency of sequelae. This is clearly demonstrated for lung and
rectum. It is now clear that the V20 (volume of lung irradiated at a
dose > 20 Gy) is correlated to fibrosis [6]. In radiotherapy of prostate
cancer, the probability of radiation proctitis is also correlated to
the volume of rectum receiving more than 70 Gy [7]. Confirming
these data, the use of intensity-modulated radiotherapy (IMRT) has
clearly decreases the rate of rectal late toxicity [8]. Dose volume
effect has also been found in breast cancer [9].

The impact of radiation on tissue vasculature is probably also an
important factor for radiation efficiency [10]. Elegant experiments
have shown, for example, that endothelial apoptosis is an important
factor for intestinal radiation damage [11,12]. The vascular effect
of radiation is probably important in stereotactic body radiation
therapy (SBRT) [13].

Finally, pathophysiology of radiation-induced fibrosis must also
be considered for evaluation of late effects, particularly in breast
cancer [14]. Changes in microenvironment through chemokines
and inflammatory or fibrotic cytokines are associated with its evo-
lution and could modify the final result.

Norma tissue injury is a dynamic and progressive process.
Advances in predictive assays of radiosensitivity will help in the
future the adaptation of the fractionation schedule to patient’s bio-
logical profile [15].

Fig. 1. A. Survical curves fitted with the linear quadratic model, showing two  different cell types with different !/" ratio. At 2 Gy, there is a clear differential effect between
both  cell lines. B. Same cell types, with a fractionated schedule: the number of fractions, assuming there is a complete DNA repair between fractions, multiplies the differential
effect.

Linear-Quadratic model of dose response

Methods
To model the effects of radiosensitivity heterogeneity
within a tumor cell population, the standard Linear-Quad-
ratic model for dose response [3–6] was modified with a
heterogeneity component and a repopulation factor.

The linear quadratic (LQ) model
The Linear-Quadratic (LQ) model is currently the most
widely used formulation of dose-response in radiation
therapy [24]. The LQ model fits in vitro cell survival ex-
periments and incorporates the linear-quadratic behavior
of observed cell survival curves [3]. Although the model
was primarily derived from line-fitting [25], it is hypothe-
sized that the linear component accounts for cell killing
by DNA double strand breaks (DSBs) due to a single hit
of radiation, whereas the quadratic component represents
the lethal effects of two separate ionizing events that even-
tually cause DSBs [26, 27]. In the Linear-Quadratic equa-
tion, the surviving fraction (SF) of cells after n fractions of
a radiation dose d (Gy) is given by:

SF dð Þ ¼ e−nd αþβdð Þ ð1Þ

where α (Gy− 1) and β (Gy− 2) are tissue-dependent ra-
diosensitivity parameters. It follows directly from the LQ
model of Eq. (1) that the effect (E) of n equally sized frac-
tions of dose d is given by E = nd (α + βd). In turn, SF2, i.e.
the surviving fraction of tumor cells at 2 Gy, is a defined
value on this curve. This parameter is often used to com-
pare the radiation sensitivities of tumors.

Biologically effective dose (BED)
The biologically effective dose (BED) is a standard quan-
tity allowing comparison of various radiation therapy frac-
tionation schemes [28], and is dependent on the inherent
biologic radiosensitivity of tissues, which is defined as the
α to β ratio, α/β. This is derived from the LQ model [26],
in Eq. (1), as follows:

BED ¼ nd 1þ d
α=β

! "
ð2Þ

in which a same fractional dose (d) is delivered daily
[28, 29]. This BED formalism is used to derive biologically
equivalent fractionation schedules.

Expansion of the linear-quadratic equation to reflect the
effect of heterogeneous intratumoral radiosensitivity on
radiotherapy response
The heterogeneous radiosensitivity of tumor cells is mod-
eled by considering continuous distributions of intratu-
moral parameters α and β of Eq. (1). The innate variation
in radiosensitivity of tumor cells f(α, β) is given by the
two-dimensional Gaussian function:

f α; βð Þ ¼ e
− α−αcð Þ2

2 σα2
þ β−βcð Þ2

2 σβ
2

# $

ð3Þ

centered at (αc, βc), and the variations in α and β distribu-
tion of tumor cells are determined by the parameters σα
and σβ. The function f(α, β) is restricted to certain ranges
of α and β parameters rather than infinite values by con-
sidering a cut-off of f(α, β) at 10− 2, and normalized to have
integrals equal to 100% to represent the complete tumor
cell population.
Combining Eqs. (1) and (3), the surviving fraction of

tumor cells after a radiation dose d is given by SF(d) ∙
f(α, β). It is assumed that both the delivery of each treat-
ment fraction and the response to radiation are instantan-
eous. Moreover, in this model the tumors are assumed to
be homogenously irradiated. A uniform tumor cell re-
population rate per day is also assumed, i.e., a fixed per-
centage of the surviving cells proliferate between fractions
and the percentage does not change over the course of
treatment. The size of a homogenous rate of repopulation
does not affect form of the radiosensitivity distributions
after treatments, and only functions as a scaling factor of
the absolute cell survival after treatment.

Variation in tumor cell repopulation based on radiation
resistance
The model can be further expanded to predict the effect
of non-homogeneous repopulation rates among tumor
cell subsets when the repopulation rate is co-varied with
radiosensitivity. The intratumoral variation on repopula-
tion p(α, β) is given by:

p α; βð Þ ¼ μ
eθ SF2 α;βð Þ

max
α;β

eθ SF2 α;βð Þ ð4Þ

where μ is the maximum intratumoral repopulation per-
centage, θ modulates the difference of repopulation rates
between tumor cell subsets and SF2(α, β) is the intratu-
moral distribution of SF2 values with respect to α and β.
Eq. (4) results in tumors with resistant cells repopulating
faster compared to sensitive cells. By instead consider-
ing (1 − SF2(α, β)) in Eq. (4), then sensitive tumor cells re-
populate faster than resistant cells. Combining Eqs. (3)
and (4), the daily fraction of new tumor cells due to re-
population is given by p(α, β) ∙ f(α, β).

Results
Determination of innate radiosensitivity heterogeneity
from in-vitro experiments
Quantitative in vitro measurements of the change in the
radiosensitivity of tumor cell cultures after exposure to
fractionated radiation therapy have been published [30,
31]. These data were used to allow realistic modeling of
the tumor cell response with the addition of heterogeneity.
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Relationship between total dose and dose per fraction

�= late responding issues 
low α/β ratio

�=acutely responding issues
high α/β ratio

Thames HD, IJROBP 8:219-26, 1982
Withers HR, Cancer 55:2086-95, 1985

greater sensitivity of late responses to changes in dose per fraction

         

      

         

      



Effect=αd+βd2

Fractionation spares slowly responding tissues
more than tissues and tumors that show an early response
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Altered fractionation

• Hyperfractionation (HF) 

• Accelerated Fractionation (AF)

• Normofractionated RT

• Hypofractionation 

• Ultra hypofractionation
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Hyperfractionation

• Small fractions and increased total doses
• Multiple fractions are delivered on each treatment day, the overall 

treatment time is therefore unchanged

• Rationale: to increase the total dose translating into a higher probability of 
cure without an increase in late toxicity

• Reduction of dose per fraction has more effect on late-responding tissues
• +++ Tumors with a rapidly proliferating clonogenic population, they mimic

the acute-responding tissues and are not affected by the decrease in dose 
per fraction. No suitable for low α/β tumors

         

      

         

      



Accelerated fractionation

• Both the dose per fraction and the total dose are either the same or 
slightly lower than the doses used in standard fractionation. The key 
element is the reduction in the overall time.

• Rationale: shortening the overall treatment time helps overcome 
accelerated tumor repopulation
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H & N cancer

As overall time increases, a greater total radiation dose is
requiered to control tumour

Bentzen SM, Radiother Oncol 1991; 22: 161-6
Withers HR, Acta Oncol 1988; 27: 131-46

For treatments longer than 4 weeks,
the effect of proliferation is equivalent to

a loss of radiation dose of about 0,5-0,6 Gy/day

Such a dose increment is consistent with a 4-day clonogen doubling rate, 
compared with a median of about 60 days in published reports of
unperturbed tumor growth rates.

Acta Oncol. 1988;27(2):131-46.

The hazard of accelerated tumor clonogen
repopulation during radiotherapy.
Withers HR , Taylor JM, Maciejewski B.

Abstract
When analysis of results of radiotherapy for nearly 500 patients with
oropharyngeal cancer showed evidence for rapid tumor regrowth during
extensions of treatment from about 5 weeks to about 8 weeks, we searched
the literature on radiotherapy for head and neck cancer to determine
whether it revealed similar evidence of accelerated tumor regrowth.
Estimates of doses to achieve local control in 50% of cases (TCD50) were
made from published local control rates, and the dependence of these doses
on overall treatment duration was evaluated. In parallel, published
scattergrams were analyzed to estimate the rate of tumor regrowth over the
period of 4-10 weeks from initiation of therapy. Both analyses suggested that,
on average, clonogen repopulation in squamous cell carcinomas of the head
and neck accelerates only after a lag period of the order of 4 +/- 1 weeks
after initiation of radiotherapy and that a dose increment of about 0.6 Gy per
day is required to compensate for this repopulation. Such a dose increment
is consistent with a 4-day clonogen doubling rate, compared with a median of
about 60 days in published reports of unperturbed tumor growth rates. The
values presented here are average values for a large number of patients: it is
necessary, not only to verify the results of these retrospective analyses in
prospective studies, but also to develop methods to predict the time of onset
and rate of accelerated tumor clonogen repopulation in the individual
patient.

PMID: 3390344 DOI: 10.3109/02841868809090333
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Accelerated repopulation

PURPOSE/OBJECTIVE:

METHODS AND MATERIALS:

RESULTS:

Int J Radiat Oncol Biol Phys. 2002 Sep 1;54(1):229-36.

How fast is repopulation of tumor cells during the
treatment gap?
Tarnawski R , Fowler J, Skladowski K, Swierniak A, Suwiński R, Maciejewski B, Wygoda
A.

Abstract
Our goal was to analyze the repopulation of

surviving tumor cells during a treatment gap in radiotherapy for head-and-
neck cancer.

Clinical material is based on the records of
1502 patients treated by radiotherapy alone in Maria Sklodowska-Curie
Memorial Institute in Gliwice during the period between1980 and 1989. All
patients had histologically confirmed squamous cell carcinoma of the larynx
or pharynx. The mean gap duration was 9 days. Only 10% of patients were
treated without gaps. The dose per fraction was in the range of 1.5 to 2.5 Gy.
Patient data were fitted directly to the mixed linear-quadratic model using
maximum-likelihood estimation. Tumor stage or tumor localization was
introduced into the equation as a categorical variable. Tumor proliferation
was estimated by dividing the treatment gaps into three groups: the first 2
weeks, second 2 weeks, and the period after 4 weeks of irradiation.

Tumor control probability was significantly correlated with
radiation dose, tumor progression (according to TNM), overall treatment
time, and gap duration. Laryngeal cancers had a better prognosis than
cancers of the oro- and nasopharynx. Significant tumor repopulation was
found after the first 2 weeks of radiotherapy. During the treatment gap, the
proliferation rate was equal to 0.75 Gy/day. During the days with irradiation,
repopulation was slower and equal to 0.2 Gy/day.
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1502 patients squamous cell carcinoma of the larynx or pharynx
The dose per fraction was in the range of 1.5 to 2.5 Gy. 
The mean gap duration was 9 days
Significant tumor repopulation was found after the first 2 weeks of radiotherapy.
During the treatment gap, the proliferation rate was equal to 0.75 Gy/day.
During the days with irradiation, repopulation was slower and equal to 0.2 Gy/day.   

         

      

         

      



BACKGROUND AND PURPOSE:

MATERIALS AND METHODS:

RESULTS:

See 1 citation found by title matching your search:

Radiother Oncol. 2018 Apr;127(1):20-26. doi: 10.1016/j.radonc.2018.02.015. Epub 2018 Mar
10.

Dose dependence of accelerated repopulation in
head and neck cancer: Supporting evidence and
clinical implications.
Shuryak I , Hall EJ , Brenner DJ .

Abstract
Accelerated repopulation (AR) can

compromise tumor control after conventional radiotherapy for fast-growing
tumors. Standard AR models assume it begins at a fixed time, with
repopulation rates independent of the number of clonogens killed. We
investigate the validity and significance of an alternative model where onset-
time and rate of AR depend on the number of clonogens killed, and thus on
dose and dose-fractionation.

We analyzed tumor control (TCP) from
randomized trials for head and neck cancer (HNC, 7283 patients), featuring
wide ranges of doses, times, and fractionation-schemes. We used the linear-
quadratic model with the standard dose-independent AR model, or with an
alternative dose-dependent model, where AR onset and rate depend on
clonogen killing.

The alternative dose-dependent model of AR provides
significantly-improved descriptions of a wide range of randomized clinical
data, relative to the standard dose-independent model. This preferred model
predicts that, for currently-used HNC fractionation schemes, the last 5
fractions do not increase TCP, but simply compensate for increased
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Standard Accelerated Repopulation (AR) models: AR  begins at a fixed time, with repopulation rates independent of the 
number of clonogens killed. 

Alternative model: onset-time and rate of AR depend on the number of  clonogens killed, and thus on dose and dose-
fractionation.

proportion of the total dose delivered before the onset of AR

mean proportion of tumor clonogens killed per day

dose-independent AR rate

kick off time



BACKGROUND AND PURPOSE:

MATERIALS AND METHODS:

RESULTS:
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clinical implications.
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For currently-used HNC fractionation schemes, the last 5 fractions do not increase TCP, but simply compensate for 
increased accelerated repopulation.

The alternative dose-dependent model of AR provides
significantly-improved descriptions of a wide range of 

randomized clinical data



BACKGROUND AND PURPOSE:

METHODS AND MATERIALS:

RESULTS:

Radiother Oncol. 1997 Aug;44(2):111-21.

Accelerated fractionation (AF) compared to
conventional fractionation (CF) improves loco-
regional control in the radiotherapy of advanced
head and neck cancers: results of the EORTC 22851
randomized trial.
Horiot JC , Bontemps P, van den Bogaert W, Le Fur R, van den Weijngaert D, Bolla M,
Bernier J, Lusinchi A, Stuschke M, Lopez-Torrecilla J, Begg AC, Pierart M, Collette L.

Abstract
A 5 week-hyperfractionated and

accelerated radiotherapy regimen without reduction of the total dose was
developed to fight tumour repopulation during treatment and tumour hypoxia.
The purpose of the study was to try to improve loco-regional control in high
risk head and neck carcinoma treated with curative radiotherapy.

From 1985 to 1995, a randomised controlled
trial of the EORTC Cooperative Group of Radiotherapy (EORTC 22851)
compared the experimental regimen (72 Gy/45 fractions/5 weeks) to standard
fractionation and overall treatment time (70 Gy/35 fractions/7 weeks) in T2,
T3 and T4 head and neck cancers (hypopharynx excluded). The end-point
criteria were local and loco-regional control, overall and disease-free survival,
and acute and late toxicities. Five hundred twelve patients were accrued.

Patients in the AF (accelerated fractionation) arm did significantly
better with regard to loco-regional control (P = 0.02) resulting at 5 years in a
13% gain (95% CI 3-23% gain) in loco-regional control over the CF
(conventional fractionation) arm. This improvement is of larger magnitude in
patients with poorer prognosis (N2-3 any T, T4 any N) than in patients with
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72 Gy in 45 fractions over 5 weeks
Split-course schedule
Fractions oh 1.6 Gy /three times a day
An approximate 2-week break administered after 28 Gy

         

      

         

      Hyperfractionated and accelerated radiotherapy regimen without reduction of the total dose 



54 Gy/36 fr
12 consecutive days 
1.5 Gy /3 times a day

         

      

         

      Continuous hyperfractionated and accelerated radiotherapy regimen



BACKGROUND AND PURPOSE:

PATIENTS AND METHODS:

Radiother Oncol. 1999 Dec;53(3):219-26.

Repair halftimes estimated from observations of
treatment-related morbidity after CHART or
conventional radiotherapy in head and neck cancer.
Bentzen SM , Saunders MI, Dische S.

Abstract
The CHART (Continuous

Hyperfractionated Accelerated Radiotherapy) head and neck cancer
fractionation schedule delivered 54 Gy in 36 fractions on 12 consecutive days
and this was compared in a randomised controlled trial with conventional
fractionation delivering 66 Gy in 33 fractions over 6-7 weeks. Patients
receiving CHART experienced statistically significantly less treatment-related
morbidity after 6 months than patients receiving conventional fractionation.
However, this improved tolerance was much less than anticipated from
existing knowledge of dose-fractionation effects on late-responding normal
tissues. Here, the experience from the CHART study is analysed and repair
halftimes for three types of late treatment-related morbidity of human tissues
are estimated.

The CHART trial was open for patient accrual
from March 1990 to April 1995 and a total of 918 patients in 11 participating
centres were randomised. All patients were followed at regular intervals for a
minimum of 5 years or until the time of death. At each follow-up, a number of
treatment-related morbidity items were evaluated and scored prospectively.
Data for three late endpoints are analysed here: laryngeal oedema, skin
telangiectasia and subcutaneous fibrosis. Differences in the incidence of
these endpoints in the two trial arms were quantified by means of the ratio of
hazard rates in a Cox proportional hazards model. Monte Carlo sampling was
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Estimated repair halftime of late treatment-related toxicities: 
4.9 h (3.2, 6.4 CI) for laryngeal oedema
3.8 h (2.5, 4.6 CI) for skin telangiectasia
4.4 h (3.8, 4.9 CI) for subcutaneous fibrosis

         

      

         

      



BACKGROUND:

METHODS:

FINDINGS:

Lancet. 2006 Sep 2;368(9538):843-54.

Hyperfractionated or accelerated radiotherapy in
head and neck cancer: a meta-analysis.
Bourhis J , Overgaard J, Audry H, Ang KK, Saunders M, Bernier J, Horiot JC, Le Maître
A, Pajak TF, Poulsen MG, O'Sullivan B, Dobrowsky W, Hliniak A, Skladowski K, Hay JH,
Pinto LH, Fallai C, Fu KK, Sylvester R, Pignon JP; Meta-Analysis of Radiotherapy in
Carcinomas of Head and neck (MARCH) Collaborative Group.

Abstract
Several trials have studied the role of unconventional

fractionated radiotherapy in head and neck squamous cell carcinoma, but
the effect of such treatment on survival is not clear. The aim of this meta-
analysis was to assess whether this type of radiotherapy could improve
survival.

Randomised trials comparing conventional radiotherapy with
hyperfractionated or accelerated radiotherapy, or both, in patients with
non-metastatic HNSCC were identified and updated individual patient data
were obtained. Overall survival was the main endpoint. Trials were grouped in
three pre-specified categories: hyperfractionated, accelerated, and
accelerated with total dose reduction.

15 trials with 6515 patients were included. The median follow-up
was 6 years. Tumours sites were mostly oropharynx and larynx; 5221 (74%)
patients had stage III-IV disease (International Union Against Cancer, 1987).
There was a significant survival benefit with altered fractionated
radiotherapy, corresponding to an absolute benefit of 3.4% at 5 years
(hazard ratio 0.92, 95% CI 0.86-0.97; p=0.003). The benefit was significantly
higher with hyperfractionated radiotherapy (8% at 5 years) than with
accelerated radiotherapy (2% with accelerated fractionation without total
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BACKGROUND:

METHODS:

Lancet Oncol. 2017 Sep;18(9):1221-1237. doi: 10.1016/S1470-2045(17)30458-8. Epub 2017
Jul 27.

Role of radiotherapy fractionation in head and neck
cancers (MARCH): an updated meta-analysis.
Lacas B , Bourhis J , Overgaard J , Zhang Q , Grégoire V , Nankivell M , Zackrisson
B , Szutkowski Z , Suwiński R , Poulsen M , O'Sullivan B , Corvò R , Laskar SG ,
Fallai C , Yamazaki H , Dobrowsky W , Cho KH , Beadle B , Langendijk JA ,
Viegas CMP , Hay J , Lotayef M , Parmar MKB , Aupérin A , van Herpen C ,
Maingon P , Trotti AM , Grau C , Pignon JP , Blanchard P ; MARCH Collaborative
Group.

Erratum in
Correction to Lancet Oncol 2017; 18: 1221-37.  [Lancet Oncol. 2018]

Abstract
The Meta-Analysis of Radiotherapy in squamous cell

Carcinomas of Head and neck (MARCH) showed that altered fractionation
radiotherapy is associated with improved overall and progression-free
survival compared with conventional radiotherapy, with hyperfractionated
radiotherapy showing the greatest benefit. This update aims to confirm and
explain the superiority of hyperfractionated radiotherapy over other altered
fractionation radiotherapy regimens and to assess the benefit of altered
fractionation within the context of concomitant chemotherapy with the
inclusion of new trials.

For this updated meta-analysis, we searched bibliography
databases, trials registries, and meeting proceedings for published or
unpublished randomised trials done between Jan 1, 2009, and July 15, 2015,
comparing primary or postoperative conventional fractionation radiotherapy
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only the hyperfractionated, and not the accelerated, schedules provide a substantial mortality benefit 
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See 1 citation found by title matching your search:

J Clin Oncol. 2005 Aug 20;23(24):5560-7.

Epidermal growth factor receptor expression in
pretreatment biopsies from head and neck
squamous cell carcinoma as a predictive factor for a
benefit from accelerated radiation therapy in a
randomized controlled trial.
Bentzen SM , Atasoy BM, Daley FM, Dische S, Richman PI, Saunders MI, Trott KR,
Wilson GD.

Abstract
Accelerated repopulation is a main reason for locoregional

failure after fractionated radiotherapy for head and neck squamous cell
carcinoma (HNSCC). Epidermal growth factor receptor (EGFR) is a key
controller of cellular proliferation in HNSCC, which stimulated the current
study to look for a direct link between EGFR status and a possible clinical
advantage of accelerated radiotherapy.

Immunohistochemical staining for EGFR was
performed in 304 patients with available pretreatment tumor biopsy material
among 918 patients randomized to receive continuous hyperfractionated
accelerated radiotherapy versus conventionally fractionated radiotherapy.
The EGFR index was estimated as the proportion of tumor cells with EGFR
membrane staining.

Significant benefit in locoregional tumor control from continuous
hyperfractionated accelerated radiotherapy was seen in patients with
HNSCC with high EGFR expression (2P = .010) but not in those with low
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Role for the EGFR in determining the proliferative cellular response to fractionated radiotherapy in HNSCC
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Acta Oncol. 2005;44(1):50-8.

The role of epidermal growth factor receptor and E-
cadherin for the outcome of reduction in the overall
treatment time of radiotherapy of supraglottic larynx
squamous cell carcinoma.
Eriksen JG , Steiniche T, Overgaard J; Danish Head and Neck Cancer study group
(DAHANCA).

Abstract
Reduction of the overall treatment time (OTT) of radiotherapy results in
increased T-site control in squamous cell carcinomas of the head and neck
(HNSCC). However, the response is heterogeneous and accelerated
repopulation of clonogenic tumour cells during therapy may be one of the
factors determining this response. The aim of the present study was to
identify the influence of the epidermal growth factor receptor (EGFr) and E-
cadherin for T-site control when the OTT was reduced and whether the
markers add information to the histopathological grading in selecting patients
for accelerated radiotherapy. A total of 209 patients from randomized
DAHANCA-trials with supraglottic larynx squamous cell carcinomas
treated with primary radiotherapy with different OTT of 9(1/2), 6(1/2), and
5(1/2) weeks. Available formalin-fixed paraffin embedded tumour tissues were
re-evaluated for histopathological characteristics and stained for EGFr and E-
cadherin. Data were correlated with patient and tumour characteristics and 5-
year T-site control. EGFr and E-cadherin were not associated with patient or
tumour characteristics except that EGFr correlated to carcinomas with a well
to moderate histopathological feature. Tumours with high EGFr or low E-
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PURPOSE:

METHODS AND MATERIALS:

RESULTS:

Int J Radiat Oncol Biol Phys. 2010 Jun 1;77(2):438-46. doi: 10.1016/j.ijrobp.2009.05.021. Epub
2009 Sep 3.

Predicting the effect of accelerated fractionation in
postoperative radiotherapy for head and neck
cancer based on molecular marker profiles: data
from a randomized clinical trial.
Suwinski R , Jaworska M, Nikiel B, Grzegorz W, Bankowska-Wozniak M, Wojciech M,
Krzysztof S, Dariusz L.

Abstract
To determine the prognostic and predictive values of molecular

marker expression profiles based on data from a randomized clinical trial
of postoperative conventional fractionation (p-CF) therapy versus 7-day-
per-week postoperative continuous accelerated irradiation (p-CAIR) therapy
for squamous cell cancer of the head and neck.

Tumor samples from 148 patients (72 p-CF
and 76 p-CAIR patients) were available for molecular studies.
Immunohistochemistry was used to assess levels of EGFR, nm23, Ki-67, p-
53, and cyclin D1 expression. To evaluate the effect of fractionation relative
to the expression profiles, data for locoregional tumor control (LRC) were
analyzed using the Cox proportional hazard regression model. Survival
curves were compared using the Cox f test.

Patients who had tumors with low Ki-67, low p-53, and high EGFR
expression levels and oral cavity/oropharyngeal primary cancer sites tended
to benefit from p-CAIR. A joint score for the gain in LRC from p-CAIR based
of these features was used to separate the patients into two groups: those
who benefited significantly from p-CAIR with respect to LRC (n = 49 patients;
5-year LRC of 28% vs. 68%; p = 0.01) and those who did not benefit from p-
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Lancet. 1997 Jul 19;350(9072):161-5.

Continuous hyperfractionated accelerated
radiotherapy (CHART) versus conventional
radiotherapy in non-small-cell lung cancer: a
randomised multicentre trial. CHART Steering
Committee.
Saunders M , Dische S, Barrett A, Harvey A, Gibson D, Parmar M.

Abstract
Human tumour cells can proliferate rapidly, and giving

radiotherapy in many small fractions may reduce long-term normal-tissue
morbidity. In response to these observations, we developed the CHART
(continuous hyperfractionated accelerated radiotherapy) regimen, which
uses thirty-six small fractions of 1.5 Gy given three times per day, to give 54
Gy in only 12 consecutive days. We report the long-term follow-up of a trial of
CHART versus conventional radiotherapy in patients with locally advanced
non-small-cell lung cancer (NSCLC).

563 patients were entered by thirteen centres between April,
1990, and March, 1995. We included patients with NSCLC localised to the
chest with a performance status of 0 or 1 in whom radical radiotherapy was
chosen as the definitive management. Patients were randomly allocated in a
3:2 ratio to CHART or conventional radiotherapy. The latter was thirty
fractions of 2 Gy to a total dose of 60 Gy in 6 weeks.

The groups were well matched for possible prognostic factors.
Overall there was a 24% reduction in the relative risk of death, which is
equivalent to an absolute improvement in 2-year survival of 9% from 20% to
29% (p = 0.004, 95% CI 0.63-0.92). Subgroup analyses (predefined) suggest
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PURPOSE:

MATERIAL AND METHODS:

RESULTS:

J Clin Oncol. 2012 Aug 1;30(22):2788-97. doi: 10.1200/JCO.2012.41.6677. Epub 2012 Jul 2.

Hyperfractionated or accelerated radiotherapy in
lung cancer: an individual patient data meta-
analysis.
Mauguen A , Le Péchoux C, Saunders MI, Schild SE, Turrisi AT, Baumann M, Sause
WT, Ball D, Belani CP, Bonner JA, Zajusz A, Dahlberg SE, Nankivell M, Mandrekar SJ,
Paulus R, Behrendt K, Koch R, Bishop JF, Dische S, Arriagada R, De Ruysscher D,
Pignon JP.

Abstract
In lung cancer, randomized trials assessing hyperfractionated

or accelerated radiotherapy seem to yield conflicting results regarding the
effects on overall (OS) or progression-free survival (PFS). The Meta-
Analysis of Radiotherapy in Lung Cancer Collaborative Group decided to
address the role of modified radiotherapy fractionation.

We performed an individual patient data
meta-analysis in patients with nonmetastatic lung cancer, which included
trials comparing modified radiotherapy with conventional radiotherapy.

In non-small-cell lung cancer (NSCLC; 10 trials, 2,000 patients),
modified fractionation improved OS as compared with conventional schedules
(hazard ratio [HR] = 0.88, 95% CI, 0.80 to 0.97; P = .009), resulting in an
absolute benefit of 2.5% (8.3% to 10.8%) at 5 years. No evidence of
heterogeneity between trials was found. There was no evidence of a benefit
on PFS (HR = 0.94; 95% CI, 0.86 to 1.03; P = .19). Modified radiotherapy
reduced deaths resulting from lung cancer (HR = 0.89; 95% CI, 0.81 to 0.98;
P = .02), and there was a nonsignificant reduction of non-lung cancer deaths
(HR = 0.87; 95% CI, 0.66 to 1.15; P = .33). In small-cell lung cancer (SCLC;
two trials, 685 patients), similar results were found: OS, HR = 0.87, 95% CI,
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Radiother Oncol. 2012 Feb;102(2):228-33. doi: 10.1016/j.radonc.2011.10.010. Epub 2011 Nov
17.

Individualised isotoxic accelerated radiotherapy and
chemotherapy are associated with improved long-
term survival of patients with stage III NSCLC: a
prospective population-based study.
De Ruysscher D , van Baardwijk A, Steevens J, Botterweck A, Bosmans G, Reymen B,
Wanders R, Borger J, Dingemans AM, Bootsma G, Pitz C, Lunde R, Geraedts W,
Oellers M, Dekker A, Lambin P.

Abstract
Individualised, isotoxic, accelerated radiotherapy (INDAR)

allows the delivery of high biological radiation doses, but the long-term
survival associated with this approach is unknown.

Patients with stage III NSCLC in the Netherlands Cancer
Registry/Limburg from January 1, 2002 to December 31, 2008 were included.

Patients (1002) with stage III NSCLC were diagnosed, of which
938 had T4 and/or N2-N3 disease. Patients treated with curative intent were
staged with FDG-PET scans and a contrast-enhanced CT or an MRI of the
brain. There were no shifts over time in the patient or tumour characteristics
at diagnosis. The number of stage III NSCLC patients remained stable over
time, but the proportion treated with palliative intent decreased from 47% in
2002 to 37% in 2008, and the percentage treated with chemo-radiation (RT)
increased from 24.6% in 2002 to 47.8% in 2008 (p<0.001). The proportion of
surgical patients remained below 5%. Sequential chemotherapy and
conventional RT resulted in a median and a 5-year survival of 17.5 months
and 8.4%, respectively, whereas with sequential chemotherapy and INDAR
this was 23.6 months and 31%, respectively (p<0.001). Concurrent
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Tailored approach based upon predefined organ
at risk dose constraints

BACKGROUND:

METHODS:

FINDINGS:

Eur J Cancer. 2012 Oct;48(15):2339-46. doi: 10.1016/j.ejca.2012.04.014. Epub 2012 May 18.

Mature results of a phase II trial on individualised
accelerated radiotherapy based on normal tissue
constraints in concurrent chemo-radiation for stage
III non-small cell lung cancer.
van Baardwijk A , Reymen B, Wanders S, Borger J, Ollers M, Dingemans AM, Bootsma
G, Geraedts W, Pitz C, Lunde R, Peters F, Lambin P, De Ruysscher D.

Abstract
Sequential chemotherapy and individualised accelerated

radiotherapy (INDAR) has been shown to be effective in non-small cell lung
cancer (NSCLC), allowing delivering of high biological doses. We therefore
performed a phase II trial (clinicaltrials.gov; NCT00572325) investigating the
same strategy in concurrent chemo-radiation in stage III NSCLC.

137 stage III patients fit for concurrent chemo-radiation (PS 0-2;
FEV(1) and DLCO ≥ 30%) were included from April 2006 till December 2009.
An individualised prescribed dose based on normal tissue dose constraints
was applied: mean lung dose (MLD) 19 Gy, spinal cord 54 Gy, brachial plexus
66 Gy, central structures 74 Gy. A total dose between 51 and 69 Gy was
delivered in 1.5 Gy BID up to 45 Gy, followed by 2 Gy QD. Radiotherapy was
started at the 2nd or 3rd course of chemotherapy. Primary end-point was
overall survival (OS) and secondary end-point toxicity common terminology
criteria for adverse events v3.0 (CTCAEv3.0).

The median tumour volume was 76.4 ± 94.1 cc; 49.6% of patients
had N2 and 32.1% N3 disease. The median dose was 65.0 ± 6.0 Gy
delivered in 35 ± 5.7 days. Six patients (4.4%) did not complete radiotherapy.
With a median follow-up of 30.9 months, the median OS was 25.0 months (2-
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In the first three weeks: 
30 twice daily fractions of 1.5 Gy

Next: 
2 Gy fractions once a day until a mean lung dose of 19 Gy
with a total ranging between 54 to 69 Gy in 5.5 weeks. 
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Hypofractionation

• Increased doses per fraction

• Rationale: better outcomes by increasing BED without lengthening
treatment time and thereby preventing cancer cell repopulation. 
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The alfa and beta of tumours: a review of
parameters of the linear-quadratic model,
derived from clinical radiotherapy studies
C. M. van Leeuwen1, A. L. Oei1,2, J. Crezee1, A. Bel1, N. A. P. Franken1,2, L. J. A. Stalpers1 and H. P. Kok1*

Abstract

Background: Prediction of radiobiological response is a major challenge in radiotherapy. Of several radiobiological
models, the linear-quadratic (LQ) model has been best validated by experimental and clinical data. Clinically, the LQ
model is mainly used to estimate equivalent radiotherapy schedules (e.g. calculate the equivalent dose in 2 Gy
fractions, EQD2), but increasingly also to predict tumour control probability (TCP) and normal tissue complication
probability (NTCP) using logistic models. The selection of accurate LQ parameters α, β and α/β is pivotal for a
reliable estimate of radiation response. The aim of this review is to provide an overview of published values for the
LQ parameters of human tumours as a guideline for radiation oncologists and radiation researchers to select
appropriate radiobiological parameter values for LQ modelling in clinical radiotherapy.

Methods and materials: We performed a systematic literature search and found sixty-four clinical studies reporting
α, β and α/β for tumours. Tumour site, histology, stage, number of patients, type of LQ model, radiation type, TCP
model, clinical endpoint and radiobiological parameter estimates were extracted. Next, we stratified by tumour site
and by tumour histology. Study heterogeneity was expressed by the I2 statistic, i.e. the percentage of variance in
reported values not explained by chance.

Results: A large heterogeneity in LQ parameters was found within and between studies (I2 > 75%). For the same
tumour site, differences in histology partially explain differences in the LQ parameters: epithelial tumours have
higher α/β values than adenocarcinomas. For tumour sites with different histologies, such as in oesophageal cancer,
the α/β estimates correlate well with histology. However, many other factors contribute to the study heterogeneity
of LQ parameters, e.g. tumour stage, type of LQ model, TCP model and clinical endpoint (i.e. survival, tumour
control and biochemical control).

Conclusions: The value of LQ parameters for tumours as published in clinical radiotherapy studies depends on
many clinical and methodological factors. Therefore, for clinical use of the LQ model, LQ parameters for tumour
should be selected carefully, based on tumour site, histology and the applied LQ model. To account for
uncertainties in LQ parameter estimates, exploring a range of values is recommended.

Keywords: α/β ratio, Fractionation sensitivity, Radiosensitivity, Study heterogeneity
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A large heterogeneity in LQ parameters was found
within and between studies
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Effect of intratumor heterogeneity on the optimal fractionation 
in radiotherapy

↓
Ø temporal and spatial variations in tumor blood (hypoxia)
Ø rapid transitions between different phases of cell cycle

Ø repair of sublethal damage
Ø repopulation
Ø re-oxygenation

↓
heterogeneous radiosensitivity

↓
can affect BED achieved with standard fractionation or 

hypofractionated regimens

van Leeuwen et al. Radiation Oncology (2018) 13:96 

Review of 64 clinical studies



In the presence of heterogeneous alpha and beta in the tumor, hypofractionation can either
increase or decrease BEDtarget depending on the variances 𝜎𝛼 and 𝜎𝛽. 

Intratumor heterogeneity is an important factor which can affect radiobiological comparison of 
different fractionation regimens. 



𝛼/𝛽usually assumed to be low (1.0–1.8 Gy)
Eight trials from seven studies, randomized 6993 patients between CRT and HRT

Clinically estimated 𝛼/𝛽 ranged between1.3 and 11.1Gy (4.9 ± 3.9 Gy )

         

      

         

      

slow growing tumors without significant tumor repopulation 
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See 1 citation found by title matching your search:

Lancet Oncol. 2016 Aug;17(8):1047-1060. doi: 10.1016/S1470-2045(16)30102-4. Epub 2016
Jun 20.

Conventional versus hypofractionated high-dose
intensity-modulated radiotherapy for prostate
cancer: 5-year outcomes of the randomised, non-
inferiority, phase 3 CHHiP trial.
Dearnaley D , Syndikus I , Mossop H , Khoo V , Birtle A , Bloomfield D , Graham J ,
Kirkbride P , Logue J , Malik Z , Money-Kyrle J , O'Sullivan JM , Panades M ,
Parker C , Patterson H , Scrase C , Staffurth J , Stockdale A , Tremlett J ,
Bidmead M , Mayles H , Naismith O , South C , Gao A , Cruickshank C , Hassan
S , Pugh J , Griffin C , Hall E ; CHHiP Investigators.

Erratum in
Correction to Lancet Oncol 2016; 17:1055.  [Lancet Oncol. 2016]

Abstract
Prostate cancer might have high radiation-fraction

sensitivity that would give a therapeutic advantage to hypofractionated
treatment. We present a pre-planned analysis of the efficacy and side-effects
of a randomised trial comparing conventional and hypofractionated
radiotherapy after 5 years follow-up.

CHHiP is a randomised, phase 3, non-inferiority trial that
recruited men with localised prostate cancer (pT1b-T3aN0M0). Patients
were randomly assigned (1:1:1) to conventional (74 Gy delivered in 37
fractions over 7·4 weeks) or one of two hypofractionated schedules (60 Gy
in 20 fractions over 4 weeks or 57 Gy in 19 fractions over 3·8 weeks) all
delivered with intensity-modulated techniques. Most patients were given
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Lancet. 2019 Aug 3;394(10196):385-395. doi: 10.1016/S0140-6736(19)31131-6. Epub 2019
Jun 18.

Ultra-hypofractionated versus conventionally
fractionated radiotherapy for prostate cancer: 5-year
outcomes of the HYPO-RT-PC randomised, non-
inferiority, phase 3 trial.
Widmark A , Gunnlaugsson A , Beckman L , Thellenberg-Karlsson C , Hoyer M ,
Lagerlund M , Kindblom J , Ginman C , Johansson B , Björnlinger K , Seke M ,
Agrup M , Fransson P , Tavelin B , Norman D , Zackrisson B , Anderson H , Kjellén
E , Franzén L , Nilsson P .

Abstract
Hypofractionated radiotherapy for prostate cancer has

gained increased attention due to its proposed high radiation-fraction
sensitivity. Recent reports from studies comparing moderately
hypofractionated and conventionally fractionated radiotherapy support the
clinical use of moderate hypofractionation. To date, there are no published
randomised studies on ultra-hypofractionated radiotherapy. Here, we report
the outcomes of the Scandinavian HYPO-RT-PC phase 3 trial with the aim to
show non-inferiority of ultra-hypofractionation compared with conventional
fractionation.

In this open-label, randomised, phase 3 non-inferiority trial done
in 12 centres in Sweden and Denmark, we recruited men up to 75 years of
age with intermediate-to-high-risk prostate cancer and a WHO performance
status between 0 and 2. Patients were randomly assigned to ultra-
hypofractionation (42·7 Gy in seven fractions, 3 days per week for 2·5 weeks)
or conventional fractionated radiotherapy (78·0 Gy in 39 fractions, 5 days
per week for 8 weeks). No androgen deprivation therapy was allowed. The
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Lancet Oncol. 2019 Nov;20(11):1531-1543. doi: 10.1016/S1470-2045(19)30569-8. Epub 2019
Sep 17.

Intensity-modulated fractionated radiotherapy
versus stereotactic body radiotherapy for prostate
cancer (PACE-B): acute toxicity findings from an
international, randomised, open-label, phase 3, non-
inferiority trial.
Brand DH , Tree AC , Ostler P , van der Voet H , Loblaw A , Chu W , Ford D , Tolan
S , Jain S , Martin A , Staffurth J , Camilleri P , Kancherla K , Frew J , Chan A ,
Dayes IS , Henderson D , Brown S , Cruickshank C , Burnett S , Duffton A ,
Griffin C , Hinder V , Morrison K , Naismith O , Hall E , van As N ; PACE Trial
Investigators.

Abstract
Localised prostate cancer is commonly treated with

external-beam radiotherapy. Moderate hypofractionation has been shown to
be non-inferior to conventional fractionation. Ultra-hypofractionated
stereotactic body radiotherapy would allow shorter treatment courses but
could increase acute toxicity compared with conventionally fractionated or
moderately hypofractionated radiotherapy. We report the acute toxicity
findings from a randomised trial of standard-of-care conventionally
fractionated or moderately hypofractionated radiotherapy versus five-fraction
stereotactic body radiotherapy for low-risk to intermediate-risk localised
prostate cancer.

PACE is an international, phase 3, open-label, randomised, non-
inferiority trial. In PACE-B, eligible men aged 18 years and older, with WHO
performance status 0-2, low-risk or intermediate-risk prostate
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Moderate Hypofractionation in High-Risk, Organ-
Confined Prostate Cancer: Final Results of a Phase
III Randomized Trial.
Arcangeli G , Saracino B , Arcangeli S , Gomellini S , Petrongari MG , Sanguineti G ,
Strigari L .

Abstract
Purpose To report the final results on treatment outcomes of a randomized
trial comparing conventional and hypofractionated radiotherapy in high-risk,
organ-confined prostate cancer (PCa). Patients and Methods This single-
institution, randomized clinical trial, conducted from January 2003 to
December 2007, enrolled 168 patients with high-risk PCa who were
randomly assigned in a 1:1 ratio to conventional (80 Gy in 40 fractions in 8
weeks) or hypofractionated radiotherapy (62 Gy in 20 fractions in 5 weeks) to
prostate and seminal vesicles. The primary outcome measure was late
toxicity. Additional outcomes were freedom from biochemical failure (FFBF),
prostate cancer-specific survival (PCaSS), and overall survival (OS),
evaluated on an intention-to-treat basis. Results A total of 85 patients were
assigned to conventional and 83 to hypofractionated radiotherapy. At a
median follow-up of 9 years (interquartile range, 7.5 to 10.1 years), no
differences was observed in physician-assessed late gastro intestinal and
genitourinary toxicity greater than or equal to grade 2 ( P = .68 and .57,
respectively) were found between the two arms. The 10-year FFBF rate was
72% in the hypofractionation group and 65% in the conventional
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Meta-analysis of 13 randomized trials

Time factor: 𝛼/𝛽 1,2 →2,7 Gy

REVIEW Open Access

The alfa and beta of tumours: a review of
parameters of the linear-quadratic model,
derived from clinical radiotherapy studies
C. M. van Leeuwen1, A. L. Oei1,2, J. Crezee1, A. Bel1, N. A. P. Franken1,2, L. J. A. Stalpers1 and H. P. Kok1*

Abstract

Background: Prediction of radiobiological response is a major challenge in radiotherapy. Of several radiobiological
models, the linear-quadratic (LQ) model has been best validated by experimental and clinical data. Clinically, the LQ
model is mainly used to estimate equivalent radiotherapy schedules (e.g. calculate the equivalent dose in 2 Gy
fractions, EQD2), but increasingly also to predict tumour control probability (TCP) and normal tissue complication
probability (NTCP) using logistic models. The selection of accurate LQ parameters α, β and α/β is pivotal for a
reliable estimate of radiation response. The aim of this review is to provide an overview of published values for the
LQ parameters of human tumours as a guideline for radiation oncologists and radiation researchers to select
appropriate radiobiological parameter values for LQ modelling in clinical radiotherapy.

Methods and materials: We performed a systematic literature search and found sixty-four clinical studies reporting
α, β and α/β for tumours. Tumour site, histology, stage, number of patients, type of LQ model, radiation type, TCP
model, clinical endpoint and radiobiological parameter estimates were extracted. Next, we stratified by tumour site
and by tumour histology. Study heterogeneity was expressed by the I2 statistic, i.e. the percentage of variance in
reported values not explained by chance.

Results: A large heterogeneity in LQ parameters was found within and between studies (I2 > 75%). For the same
tumour site, differences in histology partially explain differences in the LQ parameters: epithelial tumours have
higher α/β values than adenocarcinomas. For tumour sites with different histologies, such as in oesophageal cancer,
the α/β estimates correlate well with histology. However, many other factors contribute to the study heterogeneity
of LQ parameters, e.g. tumour stage, type of LQ model, TCP model and clinical endpoint (i.e. survival, tumour
control and biochemical control).

Conclusions: The value of LQ parameters for tumours as published in clinical radiotherapy studies depends on
many clinical and methodological factors. Therefore, for clinical use of the LQ model, LQ parameters for tumour
should be selected carefully, based on tumour site, histology and the applied LQ model. To account for
uncertainties in LQ parameter estimates, exploring a range of values is recommended.

Keywords: α/β ratio, Fractionation sensitivity, Radiosensitivity, Study heterogeneity
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𝛼/𝛽usually assumed to be low (1.0–1.8 Gy)

Eight trials from seven studies, randomized 6993 patients between CRT and HRT

Clinically estimated 𝛼/𝛽 ranged between1.3 and 11.1Gy( 4.9 ± 3.9 Gy )

The estimated 𝜶/𝜷 values were inversely related to ADT usage
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PUSHING THE FRONTIERS OF RADIOBIOLOGY: A SPECIAL 
FEATURE IN MEMORY OF SIR OLIVER SCOTT AND PROFESSOR 
JACK FOWLER: REVIEW ARTICLE

Changes in radiotherapy fractionation—breast cancer

JOHN YARNOLD, FRCR

Division of Radiotherapy and Imaging, The Institute of Cancer Research, London, UK

Address correspondence to: Prof John Yarnold 
E-mail:  john. yarnold@ icr. ac. uk

A BIT OF HISTORY
My first exposure to Jack Fowler and Oliver Scott was at 
the Gray Laboratories and Mount Vernon Hospital in June 
1975, during the very first Royal College of Radiologists 
1 week radiobiology teaching course organised by Hugh 
Thomlinson for first year trainees. A few days’ contact with 
these individuals did more than anything else to stimulate 
in our student group a lasting interest in clinical radiation 
biology. In the years that followed, Jack Fowler became a 
leading interpreter of the linear–quadratic model developed 
by Rodney Withers and colleagues.1,2 No better summary 
exists of the early history of fractionation, including hypof-
ractionation, than that written by Jolian Hendry for a 
review of UK practices published by the The Royal College 
of Radiologists in 2006.3

Interest in hypofractionation applied to primary breast 
cancer was sparked by a review of super/hyperfraction-
ation (fractions <2.0 Gy) by the Canadian radiation biolo-
gist Bruce Douglas through the lens of the still-new linear 
quadratic model.4 On the final page of his 11-page manu-
script was a single reference to hypofractionation; “For 

breast cancer, however, the β/α value that can be calculated 
from published data is about 0.26”. Well, that sentence made 
me jump, since the reciprocal of 0.26 is an α/β-value of 3.8 
Gy. The data to which Douglas referred were published by 
Lionel Cohen in the British Journal of Radiology in 1952.5 
His manuscript combined an analysis of patients treated at 
the Radiotherapy Department, Johannesburg, with a review 
of earlier manuscripts describing tumour control in >1000 
locally advanced or recurrent breast cancer patients irra-
diated with a range of fractionation regimens (Figure  1). 
Douglas does not describe how he reanalysed Cohen’s 
data, but he will have controlled for time-related effects by 
estimating median tumour control doses for subgroups of 
patients treated to different total doses in daily fractions 
over similar time periods.

RANDOMISED TRIALS OF ADJUVANT 
HYPOFRACTIONATION
A 2016 systematic overview of fraction size in breast radio-
therapy in the Cochrane Database of Systematic Reviews 
identified four trials (three from UK and one Cana-
dian) reporting 10 year outcomes of hypofractionation 
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ABSTRACT

Conventional fractionation for half a century has been justified on the basis that 2.0 Gy fractions spare dose- 
limiting late-responding normal tissues to a greater degree than cancerous tissues. Early indications that breast cancer 
responds more strongly to fraction size than many other common cancers were followed several decades of investiga-
tion, but there is now reliable Level I evidence that this is the case. Four randomised trials testing fraction sizes in the 
range 2.7–3.3 Gy have reported 10-year follow up in almost 8000 patients, and they provide robust estimates of α/β in 
the range of 3 Gy. The implication is that there are no advantages in terms of safety or effectiveness of persisting with 
2.0 Gy fractions in patients with breast cancer. 15- or 16-fraction schedules are replacing the conventional 25-fraction 
regimen as a standard of care for adjuvant therapy in an increasing number of countries. A number of concerns relating 
to the appropriateness of hypofractionation in patient subgroups, including those treated post-mastectomy, advanced 
local-regional disease and/or to lymphatic pathways are addressed. Meanwhile, hypofractionation can be exploited 
to modulate dose intensity across the breast according to relapse risk by varying fraction size across the treatment 
volume. The lower limits of hypofractionation are currently being explored, one approach testing a 5-fraction schedule 
of local-regional radiotherapy delivered in 1 week.

α/β-values

6 Gy
3 Gy

4 Gy.
3 Gy

Hickey BE, Cochrane Database Syst Rev 2016; 7: CD003860. 
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Radical accelerated radiotherapy for non-small cell lung cancer (NSCLC):
A 5-year retrospective review of two dose fractionation schedules
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a b s t r a c t

Background and purpose: Numerous fractionation regimes are used for inoperable NSCLC patients not
suitable for stereotactic ablative radiotherapy. Continuous hyperfractionated accelerated radiotherapy
(CHART, 54 Gy, 36 fractions over 12 days) and hypofractionated accelerated radiotherapy (55 Gy, 20 frac-
tions over 4 weeks) are recommended UK schedules. In this single-centre retrospective analysis, we com-
pare both fractionation schemes for patients treated at our institution from 2010 to 15.
Materials and methods: Clinical demographic, tumour and survival data were collected alongside radio-
therapy dosimetric data from the Varian Eclipse Scripting application programming interface.
Differences were assessed using independent samples t-tests. Multivariate survival analysis was per-
formed using Cox regression.
Results: We identified 563 eligible patients; 43% received CHART and 57% hypofractionated radiotherapy.
Median age was 71 years, 56% were male, 95% PET staged with 53% WHO performance status 0–1. 30%,
14%, 50% and 6% were stage I, II, III and IV, respectively. 38% of patients underwent induction chemother-
apy. 99% completed their prescribed radiotherapy treatment. Overall response rate was 50% with a 6.5%
90-day mortality rate. Median disease-free survival was 19 months, 50% recurred locally. Median overall
survival was 22.5 months with 48% alive at 2 years. Multivariate analysis identified histology, stage, per-
formance status, chemotherapy and radiotherapy response as independent predictors of survival; no sig-
nificant differences between radiotherapy regimes were observed.
Conclusion: In our centre, CHART and hypofractionated accelerated radiotherapy produce similar out-
comes. Dose escalation studies are in progress to develop these schedules to match outcomes reported
in concurrent chemo-radiation studies.

! 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology xxx (2019) xxx–xxx

Lung cancer remains the leading cause of cancer mortality
worldwide as the improvement in 5-year survival, from 5% to
10% over the last 40 years [1], leaves outcomes lagging signifi-
cantly behind the other common cancers. The majority of new lung
cancer cases are non-small cell lung cancer (NSCLC), which
accounts for 85–90% of new lung cancer diagnoses. Despite
advances in the surgical management of lung cancer, most patients
present with disease that is too advanced or have significant co-
morbidities that make them inoperable at diagnosis. Therefore,
radical radiotherapy (RT) remains a mainstay of treatment for
inoperable, early-stage and locally-advanced lung cancer.

However, local relapse after radiotherapy is common and
improving local control remains an important goal and successful
local control has been found to correlate with improved survival
[2]. Strategies that have improved local control include the addi-
tion of chemotherapy as a radio-sensitizer and concurrent
chemo-radiotherapy (CTRT) is the current standard of care for
locally-advanced lung cancer [3] with RTOG 0617 [4] showing that
we can expect a median survival rate of 27.8 months for patients
with PET staged III disease. However, that study indicated that
dose escalation with conventional fractionation to 74 Gy had
worse survival outcomes and is a reminder of the morbidity of con-
current CTRT. A high proportion of patients are unsuitable for this
approach because of their age, co-morbidities and poorer perfor-
mance status [5] with only 20% of patients treated with CTRT in
a recent survey of UK radical radiotherapy practice [6].

Alternative strategies to improve local control seek to intensify
the anti-tumour effect through acceleration of the RT schedule
and/or dose escalation. The best example of the accelerated

https://doi.org/10.1016/j.radonc.2019.08.025
0167-8140/! 2019 Elsevier B.V. All rights reserved.
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hypofractionated accelerated regimens (55Gy/20 fr) shorten the overall treatment 
time

for combating tumour repopulation

erated hyperfractionated intensification of the RT schedule was
developed through randomised phase III trials with the result that
its benefits were widely reported [7]. An individual patient data
meta-analysis reiterates the advantages of the approach with an
absolute benefit of 3% in overall survival improvement at 5 years
in 2012 [8]. The real life experiences published by Din et al.
[15,16] indicated that the accelerated intensified schedules were
tending to be used in an older patient cohort with higher levels
of co-morbidities than patient published studies. Our patient
demographics are similar and our findings continue to indicate
that, in practice, both schedules are well tolerated, even when

given after chemotherapy, with very good patient compliance
and an extremely high treatment completion rate.

This updated audit documents a 48% 2-year overall survival
rate, which, when compared to the 29% figure published in the
CHART study [7] and the 18–42% range given by Kaster et al.
[14], reflects the evolution in practice that has occurred. We
believe that the increasing experience of our multi-disciplinary
teams, established in the late 1990s, has contributed to improved
patient selection and facilitated the adoption of best practice, most
notably, the routine use of PET-CT as demonstrated by near univer-
sal usage in this study. In our previous audit [12], we reported our
experience with accelerated RT prior to routine PET staging,

Table 3
Side effect details.

Side effect Hypofractionated Accelerated RT N = 185 CHART N = 124

All grades Grade 3+ All grades Grade 3+

Pneumonitis 42 (22.7%) 4 (2.2%) 38 (30.6%) 3 (2.4%)
Fibrosis 72 (38.9%) 2 (1.1%) 48 (38.7%) 1 (0.8%)
Oesophagitis 69 (37.3%) 6 (3.2%) 45 (36.3%) 1 (0.8%)
Nausea 7 (3.8%) 0 13 (10.5%) 0
Fatigue 55 (29.7%) 1 (0.5%) 39 (31.5%) 2 (1.6%)
Myelitis 0 (0%) 0 (0%) 0 (0%) 0 (0%)
No side effects 14 (7.6%) NA 11 (8.9%) NA

Table 4
Disease-free survival (DFS) and overall survival (OS) as stratified by stage.

Stage Median DFS (95%
CI)

Median OS (95%
CI)

1 year
DFS

1 year
OS

2 year
DFS

2 year
OS

3 year
DFS

3 year
OS

4 year
DFS

4 year
OS

5 year
DFS

5 year
OS

1 44.3 months
(39.9–48.7)

30.9 months
(26.2–35.6)

85.2% 79.5% 70.8% 60.6% 62.3% 40.9% 43.7% 32.8% 39.8% 20.0%

2 20.9 months
(15.5–26.3)

19.2 months
(14.8–23.7)

78.0% 72.8% 48.5% 41.1% 35.5% 23.1% 28.4% 11.5% 14.2% 7.7%

3 14.5 months
(12.8–16.1)

20.4 months
(17.5–23.2)

71.2% 74.5% 33.5% 43.5% 22.0% 25.0% 15.6% 13.3% 13.2% 10.6%

4 8.8 months
(4.0–13.6)

15.8 months
(11.3–20.4)

47.7% 69.7% 20.4% 28.5% 15.3% 22.2% 15.3% 11.1% 15.3% 7.4%

Fig. 1. Disease free and overall survival for CHART and the acclerated hypofractioned schedule (55/20).

4 Accelerated radiotherapy for NSCLC
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Optimized Hypofractionation Can Markedly
Improve Tumor Control and Decrease Late Effects
for Head and Neck Cancer
Igor Shuryak, MD, PhD, Eric J. Hall, DPhil, DSc,
and David J. Brenner, PhD, DSc

Center for Radiological Research, Columbia University Irving Medical Center, New York, New York
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Summary

Radiation therapy of rapidly
growing human
papillomavirusenegative
head and neck cancers re-
mains challenging. We use
systematic radiobiological
optimization, focusing on
improved models of acceler-
ated repopulation, to identify
optimized fractionation
schemes that markedly
improve tumor control prob-
ability and sharply decrease
the late normal tissue
complication probability
compared with using stan-
dard 35 ! 2.0 Gy fraction-
ation. An optimized
hypofractionated head and
neck cancers schedule of
18 ! 3.0 Gy is predicted to
substantially increase tumor
control probability and

Purpose: Treatment of fast-growing, human papillomavirusenegative, head and neck
cancers (HNCs) remains challenging from the perspectives of both tumor control and
late sequelae. In this study, we use systematic radiobiological optimization to identify
fractionation schemes that markedly improve the radiotherapeutic effectiveness bal-
ance between tumor control probability (TCP) and late normal tissue complication
probability (LNTCP), as compared with standard fractionation.
Methods and Materials: We track the development after each treatment fraction of
both tumor control and late sequelae. Toward the end of the treatment, accelerated re-
population of fast-growing HNC tumors means that further fractions minimally
improve TCP but result in major LNTCP increases, providing the potential for optimi-
zation of the TCP-LNTCP balance. We used a recent improved model of accelerated
repopulation, calibrated with extensive HNC clinical trials data, to identify optimally
effective treatment regimens that both increase TCP and significantly decrease
LNTCP. For comparison, we also used standard repopulation models.
Results: An optimized hypofractionated schedule of 18 ! 3.0 Gy is predicted to sub-
stantially increase TCP, particularly for late-stage HNC tumors (eg, w35% to 49% for
late-stage tumors) while decreasing high-grade LNTCP (eg, w13% to <2%), as
compared with a standard 35 ! 2.0 Gy protocol. In addition, the treatment time is
reduced from 47 to 24 days. Twice-daily treatments of 1.8 Gy per fraction provide still
better outcomes. The hypofractionation predictions are robust, being almost indepen-
dent of the details of the repopulation model.
Conclusions: Hypofractionation or its close variant, accelerated hyperfractionation,
efficiently overcomes tumor repopulation in fast-growing tumors and can be opti-
mized toward the end of treatment when repopulation causes the TCP to increase
only very slowly while LNTCP increases rapidly. Radiobiological modeling suggests
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Research, Columbia University Irving Medical Center, 630 W 168th St,
New York, NY 10032. Tel: (212) 305-2405; E-mail: is144@cumc.
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fast-growing, 
HPV negative, H&N cancers:

hypofractionation (3 Gy x 18 fr)
or its close variant, 
accelerated hyperfractionation
(1.8 Gy BID x 38 fr )
efficiently overcomes tumor
repopulation



Re-population

Hypofractionated ablative treatments do not provide the time needed 
for re-population which occurs 3-4 weeks after the start of 
radiotherapy

Kim MS(2005) Radiat Oncol J 33:265-275         

      

         

      



The Tumor Radiobiology of SRS and SBRT: Are More than the 5
R’s Involved?

J. Martin Brown, PhD1, David J. Carlson, PhD2, and David J. Brenner, PhD3

1Department of Radiation Oncology, Stanford University School of Medicine, Stanford, CA 94305
2Department of Therapeutic Radiology, Yale University School of Medicine, New Haven, CT
06520
3Center for Radiological Research, Columbia University Medical Center, 630 W 168th St, New
York, NY 10032

Abstract
Stereotactic radiosurgery (SRS) and stereotactic body radiotherapy (SBRT), also known as
stereotactic ablative radiotherapy (SABR), are rapidly becoming accepted practice for the
radiotherapy of certain tumors. Typically SRS and SBRT involve the delivery of one or a few
large dose fractions of 8 to 30 Gy per fraction: a major paradigm shift from radiotherapy practice
over the past 90 years when, with relatively large amounts of normal tissues receiving high doses,
the goal was to maximize tumor response for an acceptable level of normal tissue injury. The
development of SRS and SBRT have come about because of technological advances in image
guidance and treatment delivery techniques that enable the delivery of large doses to tumors with
reduced margins and high gradients outside of the target, thereby minimizing doses to surrounding
normal tissues. Because the results obtained with SRS and SBRT have been impressive they have
raised the question of whether classic radiobiological modeling, and the linear-quadratic (LQ)
model, are appropriate for large doses per fraction. In addition to objections to the LQ model, the
possibility of additional biological effects resulting from endothelial cell damage and/or enhanced
tumor immunity, have been raised to account for the success of SRS and SBRT. In this review, we
conclude that the available preclinical and clinical data do not support a need to change the LQ
model nor invoke phenomena over and above the classic 5 R’s of radiobiology/radiotherapy with
the likely exception that for some tumors high doses of irradiation may produce enhanced
antitumor immunity. Thus, we suggest that for most tumors the standard radiobiology concepts of
the 5 R’s are sufficient to explain the clinical data, and the excellent results obtained from clinical
studies are the result of the much larger biologically effective doses (BEDs) that are delivered with
SRS and SBRT.
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Re-Oxygenation
As single fraction ablative treatments are associated with widespread 
vascular destruction of tumors, re-oxygenation plays little or no role in 
tumor response

The drastic drop in oxygen consumption due massive cell death could 
favor re-oxygenation of surviving hypoxic cells

Moderate doses per fraction 3-8 Gy may lead to some reoxygenation
since vascular damage may be irrelevant

Shibamoto Y (2011) Cancer 118:2078-2084.
Story M (2008) Semin Radiat Oncol 18:244-248.

         

      

         

      



Repair

As hypofractionated schedules require prolonged delivery times, they 
may interfere with sublethal damage repair. 

Around 10% loss of biological efficacy when irradiation lasts over 30 
minutes

High-dose per fraction irradiation schedules may be assumed to 
overwhelm repair mechanisms due to enzymatic pool depletion 

Fowler JF (2004). Int J Radiat Oncol Biol Phys 59:242-249.
Ling CC (2010) Radiother Oncol 95:261-268.
Brenner DJ (2008) Semin Radiat Oncol 18:234-239.

         

      

         

      



Re-distribution

High single-dose fractionation blocks the cell in the cycle phase, thus 
interfering with redistribution. 

Kim MS (2005) Radiat Oncol J 33:265-275
Park H (2000) Radiat Res 153:295-304.

         

      

         

      



Main radiobiological target 
of high-dose radiotherapy: 

tumor or endothelial cells ?

         

      

         

      



Hypothesis of endothelial cell damage

ØTumor microenvironment deterioration and indirect cell death due to 
hypoxia  

ØTumor endothelial cells were more radiosensitive than normal endothelial 
cells because of varying intrinsic radiosensitivity and structural differences

ØDoses higher than 10 Gy in a single fraction caused vascular damage
ØClonogenic survival was lower in tumour-bearing mice that were irradiated 

with single dose 10 Gy than in in vitro tumour samples

But… radioinduced tumor death did not change when endothelial cells were 
genetically engineered by deleting the Bax pro-apoptotic gene 

Song CW (2014) Int J Radiat Oncol Biol Phys 89:924-925
Clement JJ (1976) Int J Radiat Oncol Biol Phys 1:671–678
Moding EJ (2015) Sci Transl Med 7:278ra34

         

      

         

      



Acid sphingomyelinase (ASMase) pathway

• In ablative single-dose RT, apoptosis is mediated via the acid 
sphingomyelinase (ASMase) pathway

• ROS and RNS radiation-induced promote vasocontraction, which 
together with vascular wall inflammation leads to arterial 
hypertension and atherosclerosis

Fuks Z, Cancer Cell. 2005;8:89–91.
Marathe S, J Biol Chem. 1998;273:4081–8.
Garcia-Barros M, Science. 2003;300:1155–9

Soloviev AI, Biochem Pharmacol. 2019;159:121–39.
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Introduction
While tumor cure in patients with localized primary disease 
treated with conventional fractionated radiotherapy is approx-
imately 65% (1), new image-guided radiotherapy that precisely  
targets tumors in 3D yields an unprecedented >90% tumor  
ablation with a single 24-Gy exposure, irrespective of human 
tumor type (2, 3). This new approach to treat tumors with ultra-
high single-dose radiotherapy (SDRT) holds promise as a leap in 

cancer treatment, consistently ablating tumors resistant to frac-
tionated radiotherapy (4, 5).

Conventional fractionated radiotherapy employs wide normal- 
tissue safety margins to avoid missing of tumors, and repeated  
daily low-dose (1.8–2.5 Gy) exposures. A single exposure at this 
dose range, although noncurative, induces extensive DNA dam-
age, including potentially lethal DNA double-strand breaks (DSBs) 
(6), resolved by an adaptive DNA damage response (DDR), which 
coordinates cell cycle arrest and DSB repair (7). A therapeutic ratio 
is predicated on slow-dividing tissues being more radioresistant 
than rapidly dividing tumor cells (8), with slow-dividing tissues 
accruing less DNA repair errors as treatment progresses. Tumor 
cure versus local failure ultimately reflects the extent of misre-
paired DNA damage, with radioresistant tumors repairing damage 
faithfully, while radio sensitive tumors manifest error-prone DSB 
repair (6, 9), with residual misrepaired DSBs promoting genomic 
instability and lethal chromosomal aberrations in progeny (10). 
Mammalian DSB repair is accomplished by canonical nonhomol-
ogous end joining (NHEJ) and homology-directed repair (HDR), 
which normally protect chromosome integrity, while alternative 
NHEJ (alt-EJ) is error-prone, yielding potentially lethal errors 
(11). The single-target model of tumor cure by fractionation pos-
its that outcome depends exclusively on fidelity of tumor cell– 

Tumor cure with conventional fractionated radiotherapy is 65%, dependent on tumor cell–autonomous gradual buildup 
of DNA double-strand break (DSB) misrepair. Here we report that single-dose radiotherapy (SDRT), a disruptive technique 
that ablates more than 90% of human cancers, operates a distinct dual-target mechanism, linking acid sphingomyelinase–
mediated (ASMase-mediated) microvascular perfusion defects to DNA unrepair in tumor cells to confer tumor cell lethality. 
ASMase-mediated microcirculatory vasoconstriction after SDRT conferred an ischemic stress response within parenchymal 
tumor cells, with ROS triggering the evolutionarily conserved SUMO stress response, specifically depleting chromatin-
associated free SUMO3. Whereas SUMO3, but not SUMO2, was indispensable for homology-directed repair (HDR) of 
DSBs, HDR loss of function after SDRT yielded DSB unrepair, chromosomal aberrations, and tumor clonogen demise. 
Vasoconstriction blockade with the endothelin-1 inhibitor BQ-123, or ROS scavenging after SDRT using peroxiredoxin-6 
overexpression or the SOD mimetic tempol, prevented chromatin SUMO3 depletion, HDR loss of function, and SDRT tumor 
ablation. We also provide evidence of mouse-to-human translation of this biology in a randomized clinical trial, showing 
that 24 Gy SDRT, but not 3×9 Gy fractionation, coupled early tumor ischemia/reperfusion to human cancer ablation. The 
SDRT biology provides opportunities for mechanism-based selective tumor radiosensitization via accessing of SDRT/ASMase 
signaling, as current studies indicate that this pathway is tractable to pharmacologic intervention.
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ASMase-mediated microcirculatory vasoconstriction after SDRT 
↓

ischemic stress response within parenchymal tumor cells
↓

ROS 
↓

SUMO stress response
↓

depletion of chromatin- associated free SUMO3 (indispensable for HR of DSBs) 

ASMase-driven perfusion defects and consequent ROS/SSR–mediated HR inactivation

24 Gy SDRT, but not 3×9 Gy fractionation, coupled early tumor ischemia/reperfusion to human cancer ablation. 
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Abstract: Historically, the 4Rs and then the 5Rs of radiobiology explained the e↵ect of radiation therapy
(RT) fractionation on the treatment e�cacy. These 5Rs are: Repair, Redistribution, Reoxygenation,
Repopulation and, more recently, intrinsic Radiosensitivity. Advances in radiobiology have
demonstrated that RT is able to modify the tumor micro environment (TME) and to induce a
local and systemic (abscopal e↵ect) immune response. Conversely, RT is able to increase some
immunosuppressive barriers, which can lead to tumor radioresistance. Fractionation and dose can
a↵ect the immunomodulatory properties of RT. Here, we review how fractionation, dose and timing
shape the RT-induced anti-tumor immune response and the therapeutic e↵ect of RT. We discuss how
immunomodulators targeting immune checkpoint inhibitors and the cGAS/STING (cyclic GMP-AMP
Synthase/Stimulator of Interferon Genes) pathway can be successfully combined with RT. We then
review current trials evaluating the RT/Immunotherapy combination e�cacy and suggest new
innovative associations of RT with immunotherapies currently used in clinic or in development
with strategic schedule administration (fractionation, dose, and timing) to reverse immune-related
radioresistance. Overall, our work will present the existing evidence supporting the claim that the
reactivation of the anti-tumor immune response can be regarded as the 6th R of Radiobiology.

Keywords: radiotherapy fractionation; immune response; radiotherapy-immunotherapy association

1. Introduction

The generation of an immune response to eliminate cancer cells requires several steps, the first
one being the capture and processing of tumor associated antigens (TAA) by dendritic cells (DCs)
for processing [1,2]. DCs present TAA on MHC molecules to T cells, resulting in the priming and
activation of tumor-specific naive T cells that become e↵ector T cells. The activated e↵ector T cells
tra�c to tumor tissues where they infiltrate the tumor bed and kill target tumor cells. Tumor cell lysis
leads to TAA release, leading to subsequent striking changes in the immune response.

Historically, radiotherapy (RT) was considered as an immunosuppressive treatment due to its
role in the preparation for the allogeneic transplant through total body irradiation. Current evidence
has demonstrated that besides its direct action on tumor cell DNA, RT can induce systemic and
immune-mediated anti-tumor responses.

Radiation Therapy E↵ects: From DNA Breaks to Immunomodulation

Conventional anti-cancer treatments such as RT or chemotherapy exert a direct anti-tumor e↵ect
through DNA damage. The direct cytotoxic e↵ect of ionizing radiation is the result of three successive

Cancers 2019, 11, 860; doi:10.3390/cancers11060860 www.mdpi.com/journal/cancers

         

      

         

      



Demaria and Formenti T-cell dependent radiation response

FIGURE 1 | Ionizing radiation acts as a modifier of the tumor
microenvironment converting the tumor into an in situ vaccine.
Radiation induces an immunogenic cell death of tumor cells characterized by
calreticulin translocation to the surface of dying cells, and release of HMGB-1
and ATP. Calreticulin allows uptake of dying cells by dendritic cells via
scavenger receptor(s). HMGB-1 binds to TLR4 and promotes the
cross-presentation of tumor antigens, while ATP binds to P2X7 and triggers
the activation of the inflammasome. Activated dendritic cells migrate to the
draining lymph node, where they activate naïve T cells specific for tumor

antigens. Activated CD8 T cells acquire effector functions and traffic to the
tumor guided by radiation-induced chemokines. Tumor infiltration by CTLs is
facilitated by radiation-induced upregulation of VCAM-1 on the vascular
endothelium. Once in the tumor, CTLs interact efficiently with tumor cells
expressing increased levels of MHC-I, ICAM-1, NKG2D ligands, and Fas that
promote the formation of stable immunological synapses between targets
and effectors and facilitate the killing of tumor cells by CTLs. Tumor cells
killed by CTLs become a source of antigens for cross-presentation, thus
fueling the process.

(Formenti and Demaria, 2009). In murine models, exogenously
prepared DC injected in the tumor following radiation induced
anti-tumor immune responses (Nikitina and Gabrilovich, 2001;
Teitz-Tennenbaum et al., 2003; Kim et al., 2004). These effects
were translated in the majority of patients with hepatoma and
high risk sarcoma treated in two early clinical trials (Chi et al.,
2005; Finkelstein et al., 2012). In preclinical models molecu-
lar mimics of the danger signals associated with pathogens, like
olygodeoxynucleotides containing CpG motifs that bind to TLR9,
when injected intratumorally enhanced DC activation and ability
to cross-present tumor antigens released by radiation (Milas et al.,
2004; Mason et al., 2005). A similar combination of local radio-
therapy and CpG administration was tested in 15 patients with
low-grade B-cell lymphoma, showing abscopal responses, asso-
ciated with development of tumor-specific T cells (Brody et al.,
2010). Taken together, the data support the ability of radiation to
generate an in situ vaccine: the efficacy of this approach is depen-
dent on DC fitness and can be enhanced by interventions directed
at improving DC.

A complementary strategy is based on targeting checkpoint co-
inhibitory receptors or co-stimulatory receptors expressed by T
cells with blocking or agonistic antibodies, respectively, to achieve
stronger and more sustained responses of anti-tumor T cells.
Our group tested the hypothesis that inhibiting a key checkpoint
receptor, CTLA-4, in combination with radiotherapy would

induce therapeutically effective anti-tumor responses. While
CTLA-4 is a dominant inhibitory receptor for T cells, as demon-
strated by the development of uncontrolled T cell proliferation
in mice deficient in CTLA-4 (Chambers et al., 1997), CTLA-4
blockade as monotherapy failed to induce regression of poorly
immunogenic tumors, requiring its use in combination with vac-
cination (Peggs et al., 2008). Therefore, we hypothesized that
radiotherapy would synergize with anti-CTLA-4, due to its abil-
ity to generate an in situ vaccine. This hypothesis was confirmed
in mice models of poorly immunogenic carcinomas (Demaria
et al., 2005; Dewan et al., 2009). The therapeutic efficacy of the
anti-tumor T cells activated by treatment was enhanced by other
effects of radiation such as an improved tumor infiltration by
effector T cells, confirming it’s beneficial effects at both the prim-
ing and effector phase of anti-tumor responses (Matsumura et al.,
2008). A recent case report suggests that the success of the com-
bination of local radiotherapy and anti-CTLA-4 can be translated
in melanoma patients (Postow et al., 2012), with multiple clinical
trials being conducted to confirm these results.

Targeting of other co-stimulatory or co-inhibitory receptors
expressed by T cells, CD137 and programmed death (PD)-1,
respectively, has also shown some success in combination with
radiation in mice models (Newcomb et al., 2010; Verbrugge et al.,
2012), supporting more studies to develop these strategies for
clinical use.

Frontiers in Oncology | Molecular and Cellular Oncology August 2012 | Volume 2 | Article 95 | 4

In situ Vaccine

Demaria S, Frontiers in Oncology 2012
Vanpouille-Box C, Clin Canc Res 2018
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      Importance of dose per fraction

In preclinical models:
6 Gy x5 (IFN gamma)
8 Gy x3 (IFN gamma)

Dose >10-12 Gy: immunosuppressive effects
20-30 Gy (Treg)

Postow MA, N Engl J Med. 2012;366:925- 31.
Hiniker SM, Transl Oncol. 2012;5:404-7.
Golden EB, Cancer Immunol Res. 2013;1:365-72
Claire Vanpouille-Box, Clin Cancer Res 2017.



         

      

         

      



Challenge:
ü Delivering enough dose per fraction to generate sufficient

dsDNA to trigger cGAS/STING and induce IFN-mediated 
cross-priming while preventing Trex1 induction. 

This ideal window of opportunity might be specific to the 
individual patient and tumor.
ü The period of radiation delivery could also be relevant
ü The timing of the administration of immunotherapies along 

with RT treatment is relevant as well.
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ABSTRACT

Objectives: Concomitant radiotherapy with immune checkpoint blockade could 
be synergistic. Out-of-field effects could improve survival by slowing or blocking 
metastatic spreading. However, not much is known about the optimal size per fraction 
and inter-fraction time in that new context.

Methods: The new concept of Immunologically Effective Dose (IED) is proposed: 
it models an intrinsic immunogenicity of radiotherapy schedules, i.e. the fraction of 
immunogenicity that results from the choice of the dosing regimen. The IED is defined 
as the single dose, given in infinitely low dose rate, that produces the same amount 
of abscopal response as the radiation schedule being considered. The IED uses the 
classic parameters of the BED formula and adds two parameters for immunogenicity 
that describe the local availability of immune effectors within the tumor micro-
environment. Fundamentally, the IED adds a time dimension in the BED formula and 
describes an intrinsic immunogenicity level for radiotherapy.

Results: The IED is positively related to the intensity of the out-of-field, 
radiotherapy-mediated, immune effects described in some preclinical data. Examples 
of numerical simulations are given for various schedules. A web-based calculator is 
freely available.

Conclusions: Out-of-field effects of radiotherapy with immune checkpoint 
blockers might be better predicted and eventually, radiotherapy schedules with better 
local and systemic immunogenicity could be proposed.

Advances in knowledge: A model for the intrinsic level of immunogenicity of 
radiotherapy schedules, referred to as the Immunologically Effective Dose (IED), that 
is independent of the type of immunotherapy.

INTRODUCTION

The abscopal effect of radiotherapy describes 
a rarely observed phenomenon in which one or more 
metastases located out of the irradiation field regress at 
some point in time after radiotherapy [1]. Described more 
than sixty years ago, the effect was rare, unpredictable 

and for these reasons, considered more like an interesting 
curiosity than an actual therapeutic target. Today it is 
largely suspected that a significant part of out-of-field 
effects could be mediated by the immune system, hence 
the recent introduction and large diffusion of immune 
checkpoint blockade has strongly revived interest for the 
subject, with promising clinical case reports [2], [3] a 
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not much is known about the optimal size per fraction and inter-fraction time

IED models an intrinsic immunogenicity of 
radiotherapy schedules: 
the fraction of immunogenicity
that results from the choice of the dosing regimen. 

g(x) gradual
release of 
tumour
antigens at
time x, 

f(x) describes
the gradual
immune 
stimulation

         

      

         

      



Perspectives

Opportunities to optimize the biological efficacy of radiation beams

BACKGROUND:

METHODS:

See 1 citation found by title matching your search:

Lancet Oncol. 2017 Feb;18(2):202-211. doi: 10.1016/S1470-2045(16)30648-9. Epub 2016 Dec
18.

A genome-based model for adjusting radiotherapy
dose (GARD): a retrospective, cohort-based study.
Scott JG , Berglund A , Schell MJ , Mihaylov I , Fulp WJ , Yue B , Welsh E , Caudell
JJ , Ahmed K , Strom TS , Mellon E , Venkat P , Johnstone P , Foekens J , Lee J ,
Moros E , Dalton WS , Eschrich SA , McLeod H , Harrison LB , Torres-Roca JF .

Erratum in
Correction to Lancet Oncol 2017; 18: 205, 206, 208, 210.  [Lancet Oncol.
2017]

Abstract
Despite its common use in cancer treatment, radiotherapy

has not yet entered the era of precision medicine, and there have been no
approaches to adjust dose based on biological differences between or within
tumours. We aimed to assess whether a patient-specific molecular signature
of radiation sensitivity could be used to identify the optimum radiotherapy
dose.

We used the gene-expression-based radiation-sensitivity index
and the linear quadratic model to derive the genomic-adjusted radiation dose
(GARD). A high GARD value predicts for high therapeutic effect for
radiotherapy; which we postulate would relate to clinical outcome. Using
data from the prospective, observational Total Cancer Care (TCC) protocol,
we calculated GARD for primary tumours from 20 disease sites treated using
standard radiotherapy doses for each disease type. We also used
multivariable Cox modelling to assess whether GARD was independently
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Cured in a FLASH: Reducing Normal Tissue Toxicities
Using Ultra-High-Dose Rates

By Hania Al-Hallaq, PhD, Minsong Cao, PhD, Jon Kruse, PhD, Eric Klein, PhD

Received Jan 24, 2019. Accepted for publication Jan 25, 2019.

In this Physics Oncology Scan, we address the latest hot
topic, flash radiation therapy. Although no human has been
treated to date, investigators are strongly engaged. The
available techniques range from x-rays to protons, with
dose rates exceeding 10,000 Gy/s. An abundance of
investigators and commercial entities are simultaneously
studying the technical capabilities and biological impact.
Thus far, the normal tissue sparing that has been evidenced
in animal studies generates hope that this will translate into
humans. Some in our field believe this is the most impactful
discovery over recent decades, but others remain skeptical
until human trials commence. We hope the 3 articles
discussed will enlighten our readership.

Montal-Gruel et al. X-rays can trigger the FLASH
effect: Ultra-high dose-rate synchrotron light source
prevents normal brain injury after whole brain
irradiation in mice. Radiother Oncol 2018.1

Summary: Theoretically, cancer of all types could be cured
if treated with sufficiently high radiation doses. Practically,
this strategy is limited by normal-tissue toxicities. Motay-
Gruel et al report on the use of a technical innovation to
deliver radiation at ultra-high dose rates in the hopes of
inducing a biological advantage in normal-tissue response
compared to tumors in a preclinical mouse model. Because
the radiation delivery is completed within a few millisec-
onds because of dose rates of >100 Gy/s, this technique is
referred to as FLASH radiation therapy (FLASH-RT).
Currently, the only systems capable of producing such
high-dose-rate beams while also irradiating a sufficiently
large treatment volume are synchrotron facilities such as

the European Synchrotron Radiation Facility in France,
with a beamline dedicated to medical applications known
as microbeam radiation therapy; microbeam radiation
therapy produces x-rays at dose rates of >10,000 Gy/s
which is reduced by w100-fold when accounting for the
time required to treat a large volume.

Previously, Montay-Gruel et al had shown that FLASH-
RT using 4 to 6 MeV electron beams in mice receiving
whole-brain irradiation provided an advantage in terms of
memory sparing when compared to standard dose rates.2 In
the current work, they investigated whether FLASH-RT
delivered with a 225 keV x-ray photon beam filtered with
0.3 mm of copper could induce the same advantage. Doses
of 10 Gy were delivered to the study group using an in-slice
dose rate of 12,000 Gy/s, which resulted in a mean dose
rate of 37 Gy/s when considering the treatment time of
0.27 seconds required to translate the mouse vertically
through the beam. The comparison group was treated to
10 Gy with conventional dose rates of 0.05 Gy/s (conv-RT).

Cognitive skills were evaluated in each group of 29 mice
using a novel object recognition test at 2 and 6 months after
treatment. Histological sampling and immunofluorescence/
microscopy were used to study cell division in the hippo-
campus and astrogliosis (ie, damage to brain cells after an
injury) post-RT. Mice irradiated with FLASH-RT showed no
significant differences in the recognition ratio compared to
unirradiated mice at either time point. Mice irradiated with
conventional dose rates show a significant drop in recogni-
tion ratio at 2 months (51.9% ! 6.5% vs 74.7% ! 5.1%,
P < .001) with no improvement at 6 months (56.0% ! 6.1%
vs 74.6% ! 5.2%, P Z .003). At 2 months, cellular division
in the hippocampus subgranular zone was lower in mice

Reprint requests to: Eric Klein, PhD, Department of Radiation Oncology,
Rhode Island Hospital, 593 Eddy St., Providence, RI. Tel: 1 (401) 606-
4283; E-mail: Eric.Klein@lifespan.org
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FLASH
ultra-light dose rate irradiation to deliver a single high dose IR in a very short time (<200ms)

• Increase the differential effect tumors/normal tissues
• Possible role of depletion of oxygen to organic hydroperoxides and 

lipid peroxidation

• Extremely short time of exposure: early modulation of radiochemical
events that depend upon oxygen concentration in irradiated volume. 
FLASH could cause a rapid consumption of local oxygen and elicit a 
transient radiation-induced hypoxia.

• Hyperoxygenation can abolish the FLASH effect in mice.

Bourhis J, Radioth Onc 2019, 139. 11-17



the most relevant parameters for the FLASH effect are the combination of: 
1)dose,
2)dose-rate within the pulse, 
3) overall time of irradiation (<200 milliseconds)

1–10 pulses of 1.8–2 microsecond, an overall time of less than
200 ms and a dose-rate within the pulse above 1.8 ! 105 Gy/s
(Table 1). In addition, it is important to point out that in all these
studies, total RT dose was delivered in one single large fraction.

The striking observation made after the exposure of biological
tissues to FLASH-RT, is a relative protection of normal tissues, as
compared to conventional dose-rate RT. This reduction in normal
tissue toxicity was first described in the seventies using mouse
models of gut and skin toxicity [8,9]. Later, Hendry et al. confirmed
the reduction in normal tissue toxicity [10], using 10 MeV electron
beam at 50 pulses per second and dose-rates within the pulse
above 105 Gy/s which remarkably reduced mice tail necrosis,
compared to similar doses delivered at much lower dose-rates
(103 Gy/s). It took more than three decades for this phenomenon
to be ‘‘re-discovered” in 2014 by our group with Vincent Favaudon
and Marie Catherine Vozenin [5]. Indeed, in addition to showing a
unique protection of normal tissues with FLASH-RT, a major differ-
ential effect between tumors and normal tissues was reported, as
FLASH-RT triggered a similar anti-tumor effect as compared with
conventional RT at isodose, in lung, breast and head and neck
tumor models [5]. Moreover, the possibility of increasing the dose
to the tumor using FLASH-RT was shown without induction of
normal-lung toxicity [5]. Recently, this marked improvement of
the differential effect between tumor and normal tissues triggered
by FLASH-RT was investigated and confirmed in various normal
tissue and tumor models tested in Lausanne [11,12], Orsay [5],
Grenoble [13] and Stanford [14]. More biological results are now
available and reported in this special issue of Radiotherapy &
Oncology.

The first obvious difference between FLASH-RT and CONV-RT is
the time required to deliver the dose which ranged from microsec-
ond to hundreds of milliseconds for FLASH-RT but raised up to
minutes for CONV-RT. This extremely short time of exposure made
possible by FLASH-RT suggests an early modulation of the radio-
chemical events that depend upon oxygen concentration in the
irradiated volume. FLASH-RT could cause a rapid consumption of
local oxygen and elicit a transient radiation-induced hypoxia, as
already described in several past publications in bacteria and
eukaryotic cellular models [15–19] as well as in mouse models in
relatively old reports [8,10]. The oxygen dependency of the FLASH
effect was confirmed recently by our team showing that
hyper-oxygenation could abolish the FLASH effect in mouse
(Montay-Gruel et al., in revision). Additional mechanistic studies

are ongoing to further characterize the mechanisms involved in
the differential effect of FLASH-RT and are not under the scope of
this present review.

Do the pre-clinical data support the clinical translation of
FLASH-RT?

The consistency of the normal tissue protection among species,
the magnitude of this benefit, and the excellent anti-tumor effects
observed so far, all suggest that the FLASH effect could also be
reproduced in human patients and encourage the testing of this
hypothesis in clinical trials.

A first significant observation motivating clinical translation is
the consistency of the pre-clinical data across four animal species,
i.e., zebrafish, mice, mini-pig and cat, showing that FLASH-RT
remarkably reduces normal-tissue side effects compared to con-
ventional dose-rate RT (Table 2), while providing an efficient
anti-tumor effect. In zebrafish embryos, the magnitude of the nor-
mal tissue protection obtained by FLASH-RT was significantly
superior to the one obtained by amifostine exposure [20] (Fig. 1).
Concerning mouse models, all types of normal tissues, including
skin, lung, gut and brain, appeared to be spared by FLASH-RT com-
pared to conventional dose-rate RT [5,8–14].

A second observation supporting the clinical translation is the
magnitude of the normal tissue protection allowed by FLASH-RT,
compared to conventional RT. The most relevant result comes from
the dose escalation experiment comparisons between conven-
tional dose-rate and FLASH on the skin of a mini-pig [12]. Single
irradiation doses ranging from 22 Gy to 34 Gy were delivered, with
an applicator of 2.6 cm diameter to the same animal and at the
same time. With an absence of late skin necrosis at 9 months as
endpoint, 25 Gy delivered at conventional dose-rate brought a sim-
ilar outcome to 34 Gy delivered with FLASH-RT. This result sug-
gests that the dose modifying factor for FLASH-RT is at least 1.36
compared with dose delivered at conventional dose-rate [12]
(Table 2). Interestingly, as the follow-up period is still ongoing,
no late alteration was observed in the FLASH-irradiated zones
where the skin appears macroscopically normal 28 months post-
irradiation. More recently, and as suggested in the editorial by Har-
rington [6], the impact of FLASH-RT on a large irradiation field
needed to be investigated. Therefore, the delivery of 31 Gy with
FLASH-RT was realized with an 8 ! 8 cm2 irradiation field on
the skin of the mini-pig. This dose and volume led to transient

Table 1
Parameters with which the FLASH effect has been observed. Both Kinetron [5] and Oriatron (eRT6) [7] are irradiation devices dedicated to produce FLASH irradiation.

Animal model Device Volume (cm2) Duration of RT (ms) Dose delivered
(single dose in Gy)

Mean dose-rate (Gy/s) Dose-rate within
the pulse (Gy/s)

Ref.

Mice, Zebrafish Kinetron
Oriatron

< 2 < 200 > 8 > 40 > 1.8.105 [5,11] (Montay-Gruel, in rev.)

Pig/Cats Kinetron
Oriatron

< 12 < 200 up to 41 300–400 > 1.106 [12]

Pig Oriatron 100 < 200 31 160 0.8,106 [12]

Table 2
Summary of the FLASH effect across species.

Mouse Cat Pig Zebrafish embryo

FLASH-RT is better than conventional dose-rate RT for normal tissue
protection

Yes Yes (when compared with published
studies)

Yes Yes

Dose modifying factor in normal tissue "1.8 (lung)
"1.4 (brain)

Not evaluated "1.36 "1.4

Improvement of the differential effect (tumor/normal tissues) with
FLASH-RT

Yes Yes Not
tested

Not tested

References [5] (Montay-Gruel, in
rev.)

[12] [12] Vozenin, (pers.
com.)

12 Clinical transfer of FLASH radiotherapy

FLASH effect was found to be reproducibile with 1-10 pulses of 1,8-2 microsecond, 
an overall time of less than 200 ms and a dose rate within the pulse above 1,8x105Gy

1 patient:
CD30+ T-cell cutaneous lymphoma
3.5-cm diameter skin tumor
5.6-MeV linac specifically designed for FLASH-RT
15 Gy to PTV in 90 ms
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For certain malignancies, stereotactic body radiation therapy
(SBRT), also known as stereotactic ablative radiation therapy,
has become an important addition to the armamentarium of
radiation oncologists. SBRT is the result of advances in image
guidance and treatment delivery techniques that enable large
radiation doses to be delivered to tumorswithminimal doses to
the surrounding normal tissues. Because the results obtained
have been impressive, they have raised the question ofwhether
classic radiobiologic modeling, and the linear-quadratic (LQ)
model in particular, is appropriate for large radiation doses per
fraction. All these challenges have been raised based either on
cell survival curves in vitro or preclinical tumor models.
Although these potential objections can be answered (1),
considerable uncertainty remains in radiation oncology
regarding to how to compare standard fractionation regimens
with the high dose/fraction, short courses used in SBRT.

The purpose of this report is to point out that all the
relevant clinical data, at least for early-stage non-small cell
lung cancer and brain metastases, support the use of the
simple LQ model, which requires just the parameter a/b to
convert 1 fractionation regimen to another (2-6). Impor-
tantly, the clinical data have shown that no additional bio-
logic effects contribute to the impressive results of large
doses per fraction and that the high tumor control rates can
be explained by the larger biologically effective doses of
the SBRT regimens. What follows is an attempt to sum-
marize this in a light-hearted manner:

If you want to cure a tumor
Then finish radiation sooner
Give it 3 ! 20 Grays

And cut the time to just 5 days.
To figure dose just use LQ
With terms that are but two.
No need to add more bits
As the patient data already fits.
So keep it simple with nothing new
Just stick with straight LQ
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Se vuoi curare un tumore

termina presto la radioterapia!

         

      

         

      


