The history of fractionation in radiotherapy essentially began with animal experiment is
France in the 1920s – 1930s. It was shown that sterilisation by testicular irradiation was
not possible with a single radiation fraction without extensive damage to the scrotum.
By fractionating radiotherapy over several weeks, sterilisation was then possible without
unacceptable skin damage.

The dose per fraction of radiation given is an important determinant in tissue reaction
and complication rate. Early responding tissues are less sensitive to changes in fraction
size while late responding tissue are more sensitive to large dose per fraction. In this
example, although the total dose between the 2 radiotherapy schemes are similar,
despite a lower total dose, the late complication of fibrosis is much higher (67% vs 5%)
in the scheme with the higher dose per fraction of 4Gy.

Tumour control or cure is only possible when then number of surviving clonogenic
tumour cells = 0. As radiotherapy kills a proportion of cells with every dose, increasing
the dose increases the probability of cure by decreasing the probability of any cells
surviving the radiation. TCP is a deterministic effect that is the probability of control
begins at a certain dose level and then increases with subsequent dose. The graph
indicates that TCP begins at about 40Gy but the probability of control is low (0.004%). By
increasing the dose, the probability of cell surviving drops. If the average number of cells
surviving is 1, then the cure rate is about 37%. The TCP then increases to 90% when the
dose is increased so that the probability is that only 0.1 cell survives radiation.

To indicate the TCP in another way, we can plot the cell survival as a negative function on
a semi‐logarithmic scale. As cell survival is as a first order kinetic (proportional to dose
rather than absolute) the plot as a log scale is a straight line with a negative gradient.
We can add this graph to the earlier graph to get an estimate of the probability of cure
with cell survival.

To show the effect of fractionation of normal tissues, different fraction size of radiation
can be given to a radiation dose where an isoeffect of different tissues are seen. The
figure shows that different tissue have different radiosensitivity for an effect. More
importantly it shows the different sensitivity to fraction size according to tissue types.
The “acute responding” tissues eg jejunum and have a shallower slope indicating less
sensitivity to fraction size. The spinal cord and kidneys are examples of late responding
tissue which are more sensitive to changes in fraction size indicated by the steeper
slopes of isoeffect.

The cell survival curves can be explained by the linear quadratic model with 2
components : alpha (α) and Beta (β). Alpha determines the shape of the initial
slope and beta determines the curvature of the subsequent segment of the plot.
Cells with a low α/β ratio which are the late reacting tissues have a shallower
initial slope (shoulder) but becomes more “bendy” with increasing dose per
fraction. Cells with high α/β ratio (early reacting tissues) have a steeper initial
slope but is less “bendy” compare to cell with low α/β ratio at higher doses. This
indicates that early reacting tissues are less sensitive to fraction size changes.

The values for alpha and beta cannot be obtained from the cell survival curves. Alpha or
linear cell kill is proportional to the dose given and Beta or quadratic cell kill is
proportional to the (dose)2. The values of α and β cannot be obtained from the curve,
but the α/β value is dose where the proportion of the linear and quadratic components
are equal.
The graphs show cell survival for late reacting (left) and early tissues (right). The α/β
ratio for late reacting tissues is about 3 Gy and for early reacting tissue is about 10Gy.

Fractionation in radiotherapy is used mainly to spare the late reacting tissues.
The effect of fractionation is to reproduce the shoulder region of the cell survival curve.
This has the effect of straightening out the curve somewhat. Note the difference
between the curves (a) and (b) of the early reacting tissue is less compared to (c) and (d)
of the late reacting tissue. As the shoulder region is larger for late reacting tissues,
reproducing the shoulder with each radiation fraction results is a much higher survival
compare to the same dose as single fraction. This indicates that cells with low α/β values
are much more sensitive to fraction size changes.

The biological basis of fractionation in radiotherapy can be explained by the 5R’s. Within
a tumour cell system in‐vitro, repair is the most important component. Radiotherapy can
cause different forms of damage including lethal and sub‐lethal damage. Higher dose per
fraction are more likely to induce higher proportion of irrepairable lethal damage.
Smaller fractions allows repair of sub‐lethal damage.

It would seem that the best way to deliver radiotherapy is by giving small doses per
fraction. However, this will increase treatment time if the fractions are given on a daily
basis. However this runs into the problem of another “R” namely repopulation. The
figure indicates the local control and survival of patients with Head & Neck cancers
treated with radiotherapy. In the past, planned gaps during the treatment was made to
reduce the early tissue reactions. We can see that the longer OTT treatment schedules
results in lower local control rates as well as survival. This is because with SCC, after 4
weeks of treatment tumours tend to undergo rapid repopulation which is faster than the
rate of repopulation prior to therapy. Therefore the shortest fractionation schedule of
5.5 weeks had the best local control and overall survival in the Danish series of trials.
Overgaard et al (1997) IJROBP 39:S2:188; R&O 43:S2:55. (cannot find these citations)

So does this mean we should give smaller fractions within a shorter time? This is true to
a certain extent. By giving more than 1 small fraction per day, we can shortened the OTT.
However, the gap between the 2 fractions must be adequate to allow for tissue repair.
The repair half times for normal tissue is 1‐1.5 hours. A 6 hour gap between fractions is
the minimum recommended to allow full repair of radiation damage to occur. If the
second radiation dose is given in less than this time, the risk of complications increases.
The graph shows percentage of late complications in patients including necrosis, with
different time intervals between 2 fractions of radiotherapy. 4.5 hours gap between
fractions is inadequate and results in unacceptable toxicity.

Hyperfractionation has been taken to the extreme by giving 8 fractions a day 2 hours
apart. This scheme included a planned gap of 2 weeks. Modification of the schedule had
to be done to include increasing the rest period to 4 weeks and lowering the total dose.
Approximately 2/3 of the patients achieved remission but 56% recurred indicating a local
control rate of about 38%. Late complication rate was 70% in the whole group.
In another trial, treatment gap of < 4.5 hours resulted in much higher complication rate
compared to gaps over 4.5 hours. (Cox et al). Reducing the gap to < 6 hours was found to
increase the rate of myelitis.
Cancer. 1985 Jul 1;56(1):16‐9.
Rapid hyperfractionated radiotherapy. Clinical results in 178 advanced squamous cell
carcinomas of the head and neck.
Nguyen TD, Demange L, Froissart D, Panis X, Loirette M.
Int J Radiat Oncol Biol Phys. 1991 Jun;20(6):1191‐5.
ASTRO plenary: interfraction interval is a major determinant of late effects, with
hyperfractionated radiation therapy of carcinomas of upper respiratory and digestive
tracts: results from Radiation Therapy Oncology Group protocol 8313.
Cox JD, Pajak TF, Marcial VA, Coia L, Mohiuddin M, Fu KK, Selim H, Rubin P, Ortiz H.

Conventional fractionation in radiotherapy utilises fraction size of 1.8 ‐2 Gy per day for 5
days a week resulting in a total dose of 9‐10Gy per week

The efficacy of radiotherapy depend on the number of cells needed to be sterilised. The
higher the number of cells, the larger the dose required for local control. Gross tumour
require 70‐80 Gy for sterilisation whereas microscopic disease requires less dose of
about 45‐50 Gy for sterilisation.

The table indicates that a dose of 50Gy may be adequate to control microscopic disease
but will only control 50% of nodes 2‐3 cm in size. Increasing the dose to 70 Gy will
control about 90% of nodes of the same size. Small T1 tumour may require only 60Gy for
control but larger T3‐T4 tumours will need 70Gy or more for a similar control rate.

There are several ways of escalating the dose to the target as above. Here we will be
focusing on alteration in fractionation schedule

Various radiotherapy related parameters can be modified, these in turn determine the
type of altered fractionation. Also, it should be realized that these parameters determine
the outcomes both in terms of the total dose that can be delivered, the probability of
tumor control and normal tissue toxicity.

Altered Fractionation Schedules
Biologic RationaleThe basis for accelerated fractionation patterns were the laboratory
experiments that led to the conclusion that
a) the fraction size is the dominant factor in determining late effects, and
the overall time has little influence
b) by contrast, the fraction size and overall treatment time both determine
the response of acutely responding tissues

Altered fractionation schemes which have been tried include both hypo and
hyperfractionated regimes. One extreme of hypofractionation is the “Manchester
scheme” with large dose per fraction (3.3 Gy) with smaller total dose (50Gy) resulting in
a short overall treatment time. The other extreme is CHART giving 3 fractions per day
and including treatment over weekend with a 12 day overall treatment time to a lower
dose (52‐54 Gy). The aim of these schemes is to accelerate treatment and reduce overall
treatment time or to give higher total dose for the same rate of late complications.

A schematic diagram to illustrate the various forms of altered fractionation, in the radical
radiotherapy setting. Hyperfractionation in the strictest form does not mean accelerated
treatment although they are often combined.

A schematic diagram to illustrate the various forms of altered fractionation, in the radical
radiotherapy setting.
Pure acceleration can be achieved by treating on saturdays or even continuously (in
theory)
CHART incorporated hyperfractionation and acceleration together with weekend
treatment. Other forms of accelerated hyperfractionation schemes usually utilises bid
treatment, one in the morning and the second fraction in the evening.
In split course treatment, there is a planned break during therapy to allow recovery from
acute side‐effect.
Concomitant boost is often done for Head & Neck tumours where Phase 1 fields treats
gross and microscopic disease while the “boost” Phase 2 fields covers gross disease and
hence a smaller field. By treating large and small fields on the same day, again once in
the morning and the boost field in the evening, it is meant to reduce the risk of severe
side‐effects of treating 2 large fields on the same day.

The basic aim of hyperfractionation is to further separate the early and late
effects. The overall treatment time remains conventional at 6‐8 wks, but since
two fractions are used per day, the number of fractions are doubled to 60‐80.
The number of fractions must be increased because the dose per fraction has
been decreased. The intent is to further reduce late effects while achieving the
same or better tumour control and the same or slightly increased early effects.
Note : the time between fractions should be at least 6 hours.

Accelerated repopulation of SCC H&N occurs after 4 weeks of radiotherapy. The main
aim of acceleration is to avoid tumour repopulation.
The tumour response to radiation is similar to acute responding tissues (with some
exceptions eg prostate). The α/β ratio of tumours is similar to acute responding tissue or
maybe higher eg squamous carcinomas of larynx. (Ref : Basic clinical radiobiology Van
der Kogel et al). Therefore tumours are less sensitive to dose fractionation changes and
are more sensitive to total dose and overall treatment time.
The radiobiological rationale for accelerated treatment are to reduce repopulation and
greater acute effect as treatment is given over a shorter period. However the shorter
treatment period would also increase the acute side‐effects.

The alternative strategy of accelerated treatment involves an approximately
conventional total dose with a conventional fraction number, but since two
fractions are given, the overall time is approximately halved. In practice, it is
never possible to quite achieve this, since the early effects become limiting. It is
usually necessary either to interpose a rest period in the middle of the treatment
or to slightly reduce the dose with early effects as the limiting factor. The intent
of this strategy is to reduce repopulation in rapidly proliferating tumours with
high α/β ratio like squamous cancers. Tumours with low α/β are unlikely to
benefit from accelerated treatment.

Altered fractionation scheme has been extensively studied in H&N cancer and we will
examine this in some detail.

Trials of accelerated radiotherapy in general has shown improved local control rates with
accelerated treatment. Acute toxicities were usually higher in both percentage and
severity. The Polish trial treated with 2 Gy per fraction every day of the week including
sat and Sunday reducing OTT to 5 weeks. This scheme had to be modified as 22% of
patients developed Grade 4 radiation necrosis. No grade 4 toxicity was seen when
fraction size was reduced to 1.8Gy per fraction but OTT was then increased to 6 weeks
similar to the trial of Overgaard et al.
Skladowski K et al IJROBP Vol. 66 No.3 pp 706 – 713 2006

Very accelerated radiotherapy without significant dose reduction run the risk of severe
acute toxicity. One such trials had to be stopped due to treatment related deaths. CHART
was a very accelerated form of radiotherapy with a compromise in the total dose.
Although the 2 treatment arms showed similar results, it is interesting to note that
tumours can be controlled with lower dose if the radiation schedule is short.

Radiotherapy is often used in H&N cancer the post‐operative setting with large tumours,
node or margin positivity. This particular trial looked at the effect of shortening
treatment time to 5 weeks for patients with high risk disease. This was couple with an
increased dose (64Gy) versus the standard dose (60 Gy)
Note the original manuscript has a mistake in the diagram where the high risk arm was
started to have RT over 6 weeks

There was no difference seen in loco‐regional control or survival. However there was a
doubling in the rate of confluent mucositis to 50%. The mucositis took the same time to
heal as with conventional fractionation.

CHART is a very interesting form of very accelerated radiotherapy. It uses small
hyperfractionated doses with a reduced overall dose and a greatly shortened treatment
time of 12 days.

The Medical Research Council (MRC) of UK conducted a large multi‐centre trial to
evaluate the efficacy of CHART versus conventional radiotherapy. Although there was no
significant difference for DFS there was a trend for benefit in patients with advanced
cancers. The trend in benefit seen was in a sub‐group analysis and therefore must be
viewed with caution. There were also less late effect although the acute side‐effects
were worse and occurred earlier – in the 3rd week ie one week after treatment was
completed.

Another method of accelerated radiotherapy is to give simultaneous small field boost
together with the large fields. This is usually done towards the end of the large field
radiation hence “delayed concomitant boost”

The RTOG did a complicated trial with 4 arms. The split course arm has a planned 2 week
break after 24 fractions (38.4Gy). The arm with concomitnat boost treated the boost
field simultaneously for the last 12 fractions

In this trial, 2 treatment arms, hyperfractionation and Accelerated radiotherapy with
concomitant boost had improved local control rates. This however did not translate into
improve DFS or OS. Acute reactions were worse in all 3 accelerated radiotherapy arms
and late effect increased at 24 months in the hyperfractionation arm.

The graph shows clear separation of local control rates for accelerated radiotherapy with
boost and hyperfractionation.

Other trials of hyperfractionated treatment have shown significant improvement in local
control but with increased acute toxicity. Late toxicities however were similar.

We need to review the issue of acute toxicity in H&N cancer as it causes great morbidity
in terms of pain and dysphagia, limiting patient’s oral intake and nutrition.

As mentioned previously continuous radiotherapy was associated with higher risk of
acute side‐effects. Data from Poland indicates severe dysphagia in ¾ of patients. Patients
with SCC are often older, smokers with multiple co‐morbidities.

Due to toxicity compliance is an issue and many patients cannot complete the allocated
protocol.

We can see that various forms of accelerated treatment are all associated with increased
severe acute toxicity.

Altered fractionation with or without chemotherapy demands good infrastructural and
continuous nutritional support which possibly can be undertaken only at higher referral
centres. Without proper support there is significant morbidity and even mortality during
or soon after treatment.

To combine the results of all different trials, a meta‐analysis of altered versus
conventional radiotherapy for H&N cancer was published in 2006 and updated in 2010.

This analysis indicates a small overall advantage in altered fractionation radiotherapy
with an 8% relative reduction of death or 3.4% absolute reduction. Although there is a
suggestion that hyperfractionation regimes are better, there is significant heterogeneity
between the trials and therefore interpretation of the results must be with some
caution.
Hyperfractionated or accelerated radiotherapy in head and neck cancer: a meta‐analysis
Jean Bourhis et al
Lancet 2006; 368: 843–54

The benefit on local control was more significant with 23% reduction in risk or about 8%
absolute benefit. This time benefit was seen across all forms of altered fractionation

This table shows the improvement in local control and overall survival by the different
types of altered fractionation. For local control it is 6% absolute improvement and OS it
is 3%
Cochrane Database Syst Rev. 2010 Dec 8;(12):CD002026.
Hyperfractionated or accelerated radiotherapy for head and neck cancer.
Baujat B et al

In subset analysis, the effect of altered RT was more pronouned for local tumour, in
younger patients and good performance status. Older patients may fare better with
conventional RT

The CHART scheme was also tried in lung cancer following the exact protocol

The same CHART regime used in H&N cancer was also used in a NSCLC trial. The
comparator arm was treatment with conventional fractionation Phase 1 44Gy in 22
fractions and 16 Gy in 8 fractions Phase 2. CHART resulted in significant difference of
22% risk reduction of death. The 2 year survival was 30% compared to 21% and 3—year
survival was 20% compared to 13%.
The acute toxicities were similar except for dysphagia which was increased in CHART. In
the mid term there was a slight increase in radiation pneumonitis in the conventional
arm.

The current “standard” in inoperable lung cancer is chemotherapy with radiotherapy.
The Forrest plot shows cisplatin chemotherapy improves the result over radiotherapy
alone. However this improvement is less than that of CHART. .

The previous slides demonstrated the efficacy of CHART in terms of the control rates.
However while choosing an altered fractionation schedule it is imperative to understand
the effect that this alteration would have on the normal tissues encountered during
radiotherapy to the region. A thorough knowledge of the NTCP vis‐à‐vis the TCP is
essential. The CHART trials are a classic example of modification or enhancement of
controls at the cost of increased normal tissue toxicities. It also emphasizes the fact that
enhanced supportive care is warranted with the employment of such strategies,
especially in sites such as the head & neck, lung etc.
The reference quoted above, however examines the role of induction CT prior to CHART.
What it also illustrates is that combination of these schedules with other concomitant
modalities may enhance toxicity, again underlining the need for intense supportive care.

Despite the advantage of CHART, few centres offered this treatment as treatment over
the weekends proved to be very challenging. CHARTWELL was developed to overcome
this problem and the dose gradually increased to 60 Gy over18 fractions.
In a randomised trial of over 400 patients, there was no difference seen in local control
or survival for CHARTWELL versus conventional radiotherapy. Acute dysphagia and
radiological pneumonitis were more pronounced after CHARTWEL. Again there was a
trend (significant this time) for improvement in CHARTWELL for the more locally
advanced tumours.

Final results of the randomized phase III CHARTWEL‐trial (ARO 97‐1)
comparing
hyperfractionated‐accelerated
versus
conventionally
fractionated radiotherapy in non‐small cell lung cancer (NSCLC).
Baumann M, Herrmann T, Koch R, Matthiessen W, Appold S, Wahlers B,
Kepka L, Marschke G, Feltl D, Fietkau R, Budach V, Dunst J, Dziadziuszko R,
Krause M, Zips D; CHARTWEL‐Bronchus studygroup.
Radiother Oncol. 2011 Jul;100(1):76‐85. Epub 2011 Jul 13.
Four hundred and six patients with NSCLC were stratified according to
stage, histology, neoadjuvant chemotherapy and centre and were
randomized to receive 3D‐planned radiotherapy to 60Gy/40
fractions/2.5weeks (CHARTWEL) or 66Gy/33 fractions/6.5weeks
(conventional fractionation, CF).
RESULTS:
Overall survival (OS, primary endpoint) at 2, 3 and 5yr was not significantly
different after CHARTWEL (31%, 22% and 11%) versus CF (32%, 18% and
7%; HR 0.92, 95% CI 0.75‐1.13, p=0.43). Also local tumour control rates and
distant metastases did not significantly differ., without differences in clinical

signs of pneumopathy).

Shortening treatment time seems to have had a limited effect on lung cancers. The next
step is to examine the effect of increasing the dose to the tumour.

Phase 1/2 studies suggest a dose response curve for local control of NSCLC. Higher doses
are needed for larger tumours with conventional fractionation.

When corrected for stage distribution, the dose‐response relationship is clearer.
Nevertheless, overall results of hyperfractionation in lung cancer has been disappointing.

Hypofractionated regimes are often used in palliative treatment of advanced cancer. It is
very useful as it limits patient visit to the hospital especially for debilitated patients and
offers good symptom control for the relatively short patient life span. Various
hypfractionated regimes have been used in H&N cancers, each with its own merits.

IN NSCLC, several case series indicate good local control and survival in early stage lung
cancer using high doses per fraction for a few fraction. Lung toxicity specifically
pneumonitis were acceptable in most series.

Prostate cancers are thought to have a low α/β value, similar to late reacting tissue.
Therefore they should be more sensitive to large fraction size radiation therapy. Some
trial do indicate better biochemical control although the effect on overall survival is less
clear.

“Evidence from randomised trials has indicated that total doses >72 Gy are significantly
better in cases of biochemical disease‐free survival. Image‐guided radiotherapy resulted
in reduced safety margins around the prostate target volume and decreased acute and
late side‐effects. To date, data from two randomised controlled trials have indicated
comparable results between hypofractionation and normofractionation without an
increase of side‐effects. During the few last years, there have been tremendous
technological improvements with a focus on boosting the cure rate by increasing dose
delivery while maintaining a similar or improved side‐effect profile. Currently, efforts are
also focused on shortening treatment times and improving efficacy through new
technology.”‐ in the words of the authors of the above article.
Though we today have the technology to achieve this it is imperative that this
knowledge be adapted to the expertise, infrastructure and logistics available at a
particular Institute to achieve its primary objective: Uncomplicated cures.
Note that the series by Tsujii et al uses high LET radiation hence the dose is given as
66GyE (Gy equivalent)

Breast is an organ where hypofractionated treatment offers similar advantage to
conventional treatment without compromise on overall recurrence rate or cosmesis.
The article refers to the use of hypofractionated RT in the treatment of the entire breast.
The results need to be interpreted in the background of both local control and cosmetic
outcome.There are various other case control series available to support the same. The
experience and expertise should be able to guide selection of the optimal regimen and
method.

An example in hypofractionation in the treatment of breast cancer: The START B trial.
The intent is radical. The 2 fractions tested were 50Gy/ 25# and 40Gy/ 16 #. The
endpoints both control and toxicity. The outcomes were similar in the 2 groups. What
this emphasises is that hypofractionation has a definite place in the radical treatment of
cancer. It would have an enormous bearing on the cost and logistic issues. However,
good RT technique, attention to planning and proper patient selection are of paramoiunt
importance.

Partial breast radiation is also gaining acceptance. Here careful patient selection is
required as the treatment is more suited to patients with small breast tumours. The local
control rates appear comparable to standard radiotherapy.
Would refer participants to this article to review their knowledge and ideas on APBI,
about the best method, patient selection etc.

Participants should refer to this document for an indepth understanding of patient
selection, method of APBI, outcomes, both control rates and cosmesis.

To conclude‐
It is a widely accepted hypothesis that hyperfractionation allows one to escalate
total dose and thereby to enhance tumor control rate, without increasing the
risk for late normal tissue complications. The number of studies on experimental
tumours in a clinically relevant range is very limited.
Although some of these data suggest that tumor response is not significantly
altered by the use of smaller dose fractions below 1.6 Gy, other tumors show a
clear fractionation effect.
Also the experimental evidence for dose sparing with small doses per fraction in
late reacting tissues is very limited. The clinical data from various studies suggest
that dose escalation accompanied by reduced doses per fraction might improve
treatment outcome in some situations, but the line of evidence is not consistent.
For the treatment of head and neck cancers there is even evidence that
hyperfractionation regimens might even increase the incidence of severe late
sequelae. It can be speculated whether such an increase might be due to
insufficiently long intervals between daily fractions.
In conclusion it can be said that the experimental and clinical evidence for a
consistent therapeutic gain from hyperfractionated radiotherapy is still lacking.
The present studies indicate that the dose per fraction is a good choice.
Nevertheless, disease control and survival that are achievable with standard
radiotherapy are not satisfactory, and additional studies are warranted.

