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The Four “R” of Radiotherapy

•Reoxygenation

•Repopulation

•Reassortment

•Repair



The 4 Rs form the basis of 
fractionated radiotherapy.

Fractionation spares normal 
tissues because of repair of SLD 
b/w dose fractions & repopulation 
of cells.

Fractionation increases damage 
to the tumor because of 
reoxygenation & reassortment of 
cells into radiosensitive phases of 
cycle b/w fractions.



Tumor & early 

responding tissues. 

Large α/β.

α dominates at low 

doses.

Tumor & late 

responding tissues. 

Low α/β.

β dominates at low 

doses.
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α/β for Head and neck cancer =10 Gy

α is the component of cell killing proportional to the dose.

β is the component of cell killing proportional to the square of the dose.

D = the dose at which α = β

Therefore α/β is the dose at which, the linear and quadratic component of cell killing 

are equal.







The first report on the new rays was heralded by W.C. Rontgen in November 1895 

and his first written report was published at the end of December 1985. Within a few 

days the publicity in the German press reached London on January 6, 1896 and from 

there was cabled to newspapers all over the world 

History



Just three weeks later, on January 29, 1896, E.H. Grubbe  a vacuum tube 

manufacturer in Chicago used the new rays therapeutically for the first time, at the 

suggestion of Dr. Ludlam. The patient had breast cancer and was exposed to 

single treatment for about 1 h

History



In Austria, the dermatologist Leopold Freund had among 

others observed epilation after exposure to x-rays. In 

1896 he treated a patient with hairy nevus (3) daily over 2 

weeks and was the first to give fractionated radiotherapy.

History



In 1914 the Austrian radiologist Gottwald Schwarz 

suggested that multiple doses would be more effective 

because the time of greater radiosensitivity was the time 

of mitosis 

In 1918 Kroening and Friedrich showed that the dose necessary to produce the 

same skin reaction had to be increased when multiple fractions were used rather 

than just one 



Early Fractionation

The first successful treatments for cancer were made with fractionated 

radiotherapy; not deliberately intentional, but due to the fact that the early x-

ray tubes were low output devices and treatment needed to be repeated 

daily. Due to the lack of effective dosimetry for decades after the discovery 

of radiotherapy, skin reaction was the only way of determining the dose.

 As the machines improved, Single fraction RT became possible in 1914 

after the invention of coolidge cathode tube the ability to deliver higher 

doses over a shorter period of time became available and debate about the 

best way of delivering radiotherapy intensified.

History



Two schools of thought

                  ERLANGEN                                                          PARIS

The following ten years was a period of uncertainty about the proper 

way to fractionate.



The Erlangen School

A group in Germany of which the most influential member was Wintz argued that 

single doses were the most effective, and that fractionated radiotherapy was 

"weak" and "primitive". Their rationale for single-fraction radiotherapy was based 

on their interpretation of the Bergonié–Tribondeau Law of radiation sensitivity, 

published in 1906, 

which concluded: “From this law, it is easy 

to understand that roentgen radiation 

destroys tumors without destroying healthy 

tissues.” Therefore, it appeared that there 

was an inherent advantage of roentgen 

irradiation that might be lost if cancer cells 

were allowed time to recover. 



Wintz and his colleagues argued that “recovery from radiation injury 

depends on cellular metabolism and a rapidly growing tumor cell is better 

able to affect recovery from injury than a connective tissue cell. Therefore, 

the difference in recovery will favor the tumor if the cancerocidal dose is not 

applied in the first treatment 

This view of radiotherapy remained popular into the 1920s but increasing 

evidence of superior outcomes (higher cure rates and lower toxicity) 

gradually eradicated this method - at least until the introduction of 

stereotactic radiosurgery several decades later.



History
In 1930s, experiments were done by Regaud 

& colleagues in France. Rams could not 
be sterilized with a single dose of 
X-rays, without extensive skin 
damage.

If the radiation was delivered in daily 
fraction over a period of time, 
sterilization was seen possible 
without skin damage.

Testes was regarded as a model of growing 
tumor and skin as dose limiting normal 
tissue.

This led to the Coutard study that 
culminated in the fractionated EBRT 
techniques of today. (Lancet 1934; 2:1 – 8 
Coutard H. Principles of X-ray therapy in 
malignant diseases.)

The Paris School 



If the total dose, or the daily dose, or the intensity per minute has been too 

high, if the field has been too large in relation to the doses, or if the filtration or 

the tension has been too low, the connective tissue may be modified. The 

nutrition of the epithelioma cells thus becomes difficult. The cellular 

radiosensitivity, which seems to be linked up not only with the youthfulness of 

the cells but above all with the activity of their interchanges with the  

vasculoconnective tissue, is modified, often diminished, and sometimes 

suppressed. The cancer cells behave clinically as if they had become 

insensitive to the irradiations. 

History



Alongside the energy factor, considered originally as the sole factor or at least 

essential to the X ray therapy of cancer, the daily repetition of irradiation in 

doses either uniform or unequal and the increase in the number of days of 

treatment, have provoked a second factor, the time factor. 

History



At the International Congress of Otology in Paris in 1922 Regaud, Coutard and 

Hautant presented 6 patients with advanced carcinoma of the Iarynx treated by 

radiation therapy and now free of disease . This was the first time radiation therapy 

was shown to be an independent specialty practiced not by surgeons but by 

radiation therapists 

Beginning in 1919 Coutard treated incurable head and neck tumors with fractionated 

low dose roentgenotherapy. His methods were designed to mimic the low dosage 

radium technique of Regaud

Coutard reported cures but also described reactions of the skin and mucosa 

showing that they depended for specific doses on the total duration of treatment 

History



Evolution of "Standard" Fractionation Schedules

In 1937 Baclesse took over from Coutard in the Curie Institute. He further 

extended treatment time to avoid the severe reactions seen by Coutard, limiting 

the daily doses to 2 Gy and protracting treatment over 6-7 weeks. Data from 

patients treated between 1919 and 1947 suggests that the best outcomes were 

seen in those receiving treatment over this time frame as opposed to longer or 

shorter time periods. This technique was exported to the USA around this time.

In contrast to this technique were those developed in Manchester by Paterson. 

Due to the usual pressures the NHS seems to have with beds and equipment, 

treatment times were shortened to three weeks with a corresponding drop in the 

total dose to compensate for larger fraction sizes. This "Manchester" technique 

was popular in the Commonwealth in contrast to the "Paris" technique popular 

in continental Europe and the USA.

History



Rationale of fractionation

❑ Sparing of normal tissue

Repopulation from 
surviving fraction

Repair of sublethal damage 

    

❑ Increase tumor damage

Reoxygenation of hypoxic 
cells

Redistribution of cells along 
cell cycle

Improved Therapeutic 

Ratio

The 4 Rs of radiobiology



Fractionation
Standard / Conventional Fractionation

Altered / Modified Fractionation

• Hyper Fractionation

• Accelerated Fractionation

• Continuous Hyperfractionated Accelerated Radiation 
Therapy (CHART)

• Hypofractionation

• Split Course Radiotherapy

• Concomitant Boost

• SIB 



STANDARD FRACTIONATION

❖ 1.8 Gy to 2.0 Gy per # daily

❖ Single # per day

❖ Five fractions a week.

❖ Total dose – 50-70 Gy

❖ Total time – 5-7wks

❖ Empirical basis.   (Fletcher,1988)



Altered Fractionation - 

Rationale



cell injury mechanism is 
largely regulated by

❖ Coefficient α- lethal single 
impact injury

❖ Coefficient β-lethal injury 
due to accumulation of 

sub-lethal injuries

❖ α/β ratio ( intersection) 
gives a dose at which α-

component equals β-
component.

Linear-quadratic [α/β] model



Large vs small  [α/β] ratios

❖ Large [α/β] typical of 
tumors means low 

sensitivity to change in 
dose per fraction

❖ Small [α/β] ratio typical of 
late sequlae means high 
sensitivity to changes in 

dose per fraction.



comparison

HIGH a/β]

❖ Rapidly proliferating

❖ a/β more than 5

❖ Short doubling time(Tpot) 
HNSCC 4.5d

❖ Repopulate on treatment

❖ Sensitive to rate of dose 
accumulation , OTT

❖ Short latent period

❖ Hyper#/acceleration

LOW a/β

❖ Slow proliferation

❖ a/β less than 5

❖ Longer Tpot, breast 10.4d

❖ No repopulation on treat

❖ Sensitive to dose /# and inter# 

time

❖ Longer latent period

❖ Hypo#



Choice of fractionation



Altered fractionation

HYPERFRACTIONATION

❖ -More than one small # 

per day

❖ spare late effects

❖ improves tumor control 

through redistribution and 

reoxygenation

ACCELERATED 

FRACTIONATION

❖ Reduction of 

treatment time

❖ To overcome 

repopulation

❖ Late effect not 

expected to change

HYPOFRACTIONATION

❖ Delivers large dose 

per #

❖ Concerns  late effects



Hypofractionation 

T1/T2 N0 Glottic Carcinoma



The American Society for Radiation Oncology (ASTRO), 

American Society of Clinical Oncology (ASCO), and 

American Urological Association (AUA) hypofractionation 

guideline  defines moderate hypofractionation as 2.4–

3.4 Gy/fraction and ultrahypofractionated radiotherapy as 

doses per treatment of 5.0 Gy/fraction or higher, thus 

leaving a “grey zone” between 3.4 and 5 Gy.

Ultra hypofractionation



Phenomena influencing effects of high doses per 

fraction

Enhanced antitumor immunity after tumor irradiation

In metastatic melanoma patients, SRT of a tumor was reported to 

contribute to the immunologic rejection of a metastatic lesion at a 

distant site 

Vascular damage at high doses and secondary cell killing



ReOxygenation



APPLICABILITY OF THE LQ MODEL TO HYPOFRACTIONATED SRT

                                           Current controversy



Other models offering an alternative to the LQ model

Since it is becoming clearer that LQ formalism is not 

adequate for

SRT, other models have been proposed.

. Universal survival curve model 

, The LQL model  (or modified LQ model), 

The generalized LQ (gLQ) model



Clinical use of Ultrahypofractionations 

Breast

Prostate

Rectum

Kidney

Lung 

Liver 

Pancreas

 

Spine 



The radiobiology of breast

39

Breast cancer is an 

exception in showing 

low α/β ratio.

So they are sensitive to 

high dose per fraction.

Adjusted α/β value for 

tumor control was 

estimated to be 3.5 GY



97 hospitals (47 radiotherapy
centres and 50 referring hospitals) in the UK. Patients aged at least 18 years with invasive carcinoma of the 
breast (pT1–3, pN0–1, M0) after breast conservation surgery or mastectomy were eligible.

Between Nov 24, 2011, and June 19, 2014, we recruited and obtained consent from 4096 patients from 97 UK
centres,

Interpretation :26 Gy in five fractions over 1 week is non-inferior to the standard of 40 Gy in 15 fractions over 3 
weeks for local tumour control, and is as safe in terms of normal tissue effects up to 5 years for patients 
prescribed adjuvant local radiotherapy after primary surgery for early-stage breast cancer

Published Online
April 28, 2020

The lancet 









Interpretation Ultra-hypofractionated radiotherapy is non-inferior to 
conventionally fractionated radiotherapy for intermediate-to-high risk 
prostate cancer regarding failure-free survival. Early side-effects are more 
pronounced with ultra-hypofractionation compared with conventional 
fractionation whereas late toxicity is similar in both treatment
groups. The results support the use of ultra-hypofractionation for 
radiotherapy of prostate cancer.

1200 patients





Interpretation Previous evidence (from the HYPO-RT-PC trial) suggested higher patient-
reported toxicity with ultrahypofractionation. By contrast, our results suggest that 
substantially shortening treatment courses with stereotactic body radiotherapy does 
not increase either gastrointestinal or genitourinary acute toxicity.



Conclusion: SBRT is safe in the treatment of high-risk, very high-risk and node-positive 
prostate cancer, even with prophylactic pelvic radiotherapy or prior transurethral 
resection of prostate. Longer follow-up is required to determine efficacy



Conclusion: In a cohort of mainly high-risk cancers, stereotactic once-weekly radiation 
therapy was easy to implement and well tolerated, with a low incidence
of acute and late toxicity and excellent biochemical control.





> 90% Local control

SBRT:Standard of Care in Medically Inoperable (stage I, II)



Operable stage I-II, cN0?

• Phase II-RTOG 0618……………….96% LC@4yrs

• ROSEL ( Dutch)--<=3cm……………2008

• STARS (US:Cyberknife) <4cm….. 2008

• RTOG 1021………………………………2010

To date, there have been three randomized control trials comparing surgery 
vs. SBRT in operable patients (ROSEL, STARS, RTOG 1021/ACOSOG Z4099), all 
of which have closed due to poor accrual. Despite this, a pooled analysis of 
patients from the STARS and ROSEL trials offers potential insight. 



26Gy/single fraction </=4cm 
42Gy/3 fraction >4cm

Local control at 12 months from treatment commencement was 
100% (p<0·0001). Seven (10%) patients had grade 3 treatment-
related adverse events, with no grade 4 adverse events observed. 



Thank you 
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