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What is a cell survival curve?
• A cell survival curve 

is a graphical 
representation of the 
fraction of cells 
surviving a given 
dose of radiation

• This graph is 
obtained by plotting 
the surviving fraction 

SF

the surviving fraction 
along the logarithmic 
y-axis and the dose  
along the linear x-
axis

Dose



Reminder: All curves are plotted on semi-log plots

Linear Scale

Sigmoid Shape

Straight Line

Cell Survival Curve of Micro-organism
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�Initial portion is 

continuously bending at 

low dose region till point 

B.

�At higher dose region 

Mammalian Cell Survival Curve

Dose

�

the curve becomes a 

straight line.



Two Models to describe mammalian 

cell survival curve

• Multi Target Model

• Linear Quadratic (LQ) Model



Linear Quadratic model (LQ Model)

�Only one target has to be 

inactivated.

�This target is considered to 

be two strands of DNA

�Effect α D

�The α term represent the 

probability of inactivating a 

target directly by single hit, 

meaning two strands of DNA 

are hit by single exposure. 



The   term represent the 

inactivation of two strands of 

DNA by two different 

radiation events, each strand 

inactivation represent sub 

lethal damage,  interaction of 

which result into cell death.

The sub lethal damage may 

Linear Quadratic model (LQ Model)

Effect α α α α D2

The sub lethal damage may 

be repaired called Elkind’s

Recovery

Double hit kill is similar to the MHE



Linear Quadratic model (LQ Model)

The sum of the two process of cell killing (linear and 

quadratic) will decide the final survival fraction.





Killing by SHE=Killing by 

two hit event

Linear = Quadratic

ααααD = ββββD2

Linear Quadratic model (LQ Model)

Linear Hit

SF
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ααααD = ββββD2

α/β =α/β =α/β =α/β = D2/D

α/β = α/β = α/β = α/β = D

�So α/β α/β α/β α/β can be defined as the dose at which contribution by single hit kill 

becomes equal to double hit kil.

�It represent the dose beyond which the double hit kill becomes main mode of 

cell kill and before that the cell kill is mainly by single hit.

Quadratic Hit

SF



• α/β = D, dose at which 
the contribution in cell 
kill by both processes 
becomes equal.

• α/β also represents the 
point beyond which the 
curve becomes a 
straight line and 
predominantly double 
hit events  take place.



α/β α/β α/β α/β Ratio defines “curviness” of survival curve
Small α/β ratio indicate more curvy nature of large α/β ratio indicate less curvy 

the shoulder As seen in late responding tissue nature as seen in early responding tissue

In late reacting tissue, the killing by MHE will surpass the killing by 

SHE quicker and at lower dose as compare to the early reacting 

tissue. Dose Dose

Shoulder is narrow
Shoulder is broad

Late responding tissue α/β = 1Gy to 7 Gy (3Gy)

Responsible for late effect of radiation 

Eg. Spinal cord, urinary bladder, kidney, liver 

etc.

Early responding tissue α/β = 6Gy to 15 Gy (10)

Responsible for acute effect of radiation

Eg, skin, mucosa, lining of intestine, bone marrow 

etc.

D = α/βα/βα/βα/β
D = α/βα/βα/βα/β

SF



Calculated α/β ratios for some tissues



Calculated α/β ratios for some tumors



• Late reacting tissue: 

spinal  cord, bladder, 

kidney.

• Early reacting tissue:  

skin mucosa, bone 

marrow.

• Shoulder is narrow.

• Exponential relationship 

reaches early in late 

reacting tissue.

• Shoulder is broader.

• Exponential relationship 

reaches late in early 

reacting tissue.



• Fraction size (Dose per fraction)

• Turnover (proliferative status)

• Overall treatment time.

• Organization of functional subunit in the • Organization of functional subunit in the 

organ.
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Fraction size (Dose per fraction)

� Effect of change in dose 

per fraction on normal 

tissue injury depends 

upon the shape of survival 

curve.

�Change in dose per 

fraction damages late 

reacting tissue more than 

Late Reacting tissue

SF Dose reacting tissue more than 

early reacting tissues

Early Reacting Tissue



• Proliferative status mainly determine the timing 
of expression of injury as radiation injury 
manifests when cell attempts to multiply.

• Epithelial and hematopoietic have rapid turnover 
so injury will manifest early as acute effects and so injury will manifest early as acute effects and 
usually take days to weeks.

• Late effects occur in tissue with slow turn over 
like endothelial, neurological tissues and 
parenchymal tissue of lung, liver and kidney and 
manifest late, usually takes months to years.



.Overall treatment time

• Overall treatment time affects normal tissue 

injury because of repopulation which occur 

only in early reacting tissues.

• Increasing overall treatment time will spare 

early reacting tissues only.early reacting tissues only.

• Late responding tissue do not experience 

repopulation so increasing overall time during 

the course of radiotherapy will not spare 

them.



Organization of functional subunit in 

the organ.

• If functional subunits are arranged in serial

like in spinal cord, damage to some subunit

will lead to change in the whole organ.

• In organs where subunits are arranged in• In organs where subunits are arranged in

parallel like kidneys, each subunit acts

independently, and if some subunits are

damaged, organ continue to function

normally.









• When changing one dose schedule to other, one 
has to be careful.

• When we change fraction size (dose/fraction) we 
need to take into account the 

• If calculated by α/β value of Early reacting tissues, 
then it leads to more damage to late reacting 
tissues



Dose

D1 D2

SFL1

SFE1

SFE2

Early Reacting  Tissue

SF

�As dose /Fc increased the SF reduces 

more in LRT than ERT or more cell killing in 

LRT than ERT.

�So increase in dose per Fc will damage 

LRT more than ERT.

�So be careful while changing D/F from 

conventional Fc

SFL2

Late Reacting Tissue



Biological Effective Dose(BED)

Biologically Effective Dose (BED)



=

�If dose per fraction remain same then RE will depend inversely to α/β value.

(BED) =

Biological Effective Dose(BED)

�If dose per fraction remain same then RE will depend inversely to α/β value.

�Which means, that same dose per fraction will affect late reacting tissue more than 

early reacting tissue as average α/β value for late reacting tissue is 3 as compare to 

10 for early reacting tissue.

�So increasing the dose per fraction will have more effect  on late reacting tissues

�Similarly the BED for a fixed fractionation schedule will be more for late reacting 

tissue as compare to early reacting tissue.



Clinical Applications



(BED) 

Conventionally we give 60 Gy in 30f with 2 Gy per f.

If dose per F in increased from 2 to 4 Gy the isoeffective total dose will be

2 1
So when dose per fraction is changed 

and if you calculate isoeffective dose 

(D)

Iso-effective total dose

X ( 1 + 4/3)  =    60 x ( 1+ 2/3)

=  60 x 5/3 x 3/7  =  43 Gy 

X ( 1 + 4/10 ) = 60 x ( 1 + 2/10 )

= 60 x 12/10 x 10/14 = 52 Gy

FOR LATE REACTING TISSUES

FOR EARLY  REACTING TISSUES

and if you calculate isoeffective dose 

based on early reacting tissue, you 

are likely to damage late reacting 

tissue more.

So always calculate the iso effective 

doses keeping in mind the late 

reacting tissues.



Altered Fractionation
Fractionation Schedule Schedule

Conventional IIIII IIIII IIIII IIIII IIIII IIIII

200 cGy per day; 5 days a week

Hyperfractionation II II II II II II II II II II II II II II II II II II II II II II II II II II II II II II

115 cGy  X 2 per day; 5 days a week.

Accelerated Fractionation II II II II II II II II II II II II II II II II II II II II II II II II II

150-200 cGy  X 2 per day; 5 days a week

CHART II II II II II II II II II II II II II II II II II II II II II II II II II

150-200 cGy  X 2 per day; 7 days a week

Hypofractionation I I I I I I I I I I
400 -500 cGy per day; twice a week

Split Course IIIII IIIII Rest → IIIII IIIII
> 250 cGy per day



Clinical Examples of BED

X 6 W

OROR

Tumor



Biological Effective Dose(BED)
X 7 W

OR

Tumor



Conventional Fractionation = 84Gy

OR Tumor

X 7 W

Hyperfractionated RT when dose per fraction is reduced, is hotter as compare 

to conventional fractionation for the acute effects and tumor both  as both have 

similar α/β ratio (increases from 84 to 89.8 Gy) while late effects decreases 

(from 116.7 to 111.4 Gy) as dose per fraction is reduced from 2Gy to 1.15Gy. 

Conventional Fractionation = 116.7Gy



EORTC 22791 Trial in Head & Neck Cancer

• With hyper fractionation, dose to the tumor will be 5.8 Gy 

(6.9%) higher than in control arm (89.8 Gy-84 Gy).

• Late responding tissues will receive 5.3 Gy(5%) less than in 

control arm (116.7Gy-111.4Gy)

3

• These changes in doses should be translated into 12% 

increase in tumor control and around 20% reduction into 

subcutaneous fibrosis.

• In this trial, 19% difference was observed in local tumor 

control, which is reasonable in agreement with calculate 

difference of 12%.

• However there was no difference in subcutaneous fibrosis in 

two arms, probable reflecting 6 hours gap between two 

fraction being insufficient for complete recovery.



Improvement in local 

control should be 12% as 

10%

control should be 12% as 

calculated from L-Q model, 

which is in close agreement 

with clinically observed 

improvement of 10%



Concomitant boost:

30 x 1.8Gy in 6 weeks, 5 days per week

Total dose = 54Gy

12 x 1.5 Gy in 2 

and ½ week

Total dose = 18Gy

Total Dose to the tumor will 

be 72 Gy in 6 weeks.



Conventional Fractionation = 84Gy

OR

Tumor

Concomitant boost as compare to conventional fractionation is equally effective for 

tumor and acute reaction (84 vs 84.4 Gy) but less damaging for late reacting tissues 

(116 vs 113 Gy).

However compare with hyper fractionation, the effect is same for late reacting 

tissue(111.4 vs 113.4) but less effective for early reacting tissues including tumor ( 

89.8 vs 84.4 Gy).   

Conventional Fractionation = 116.7Gy



Conventional Fractionation = 84Gy

Direct comparison of CHART with other fractionation should not be done as we know that 

some cancer specially Head & Neck cancers show accelerated repopulation and overall 

treatment time is important.

The accelerated repopulation will have a negative effect on biologically effective dose as it 

represent new cells production.

So time factor has to be added to the BED equation. 

Conventional Fractionation = 116.7Gy



Time Factor in L-Q Model

• The effect of accelerated repopulation will 

depends upon

– Timing of repopulation during radiation 

treatment.treatment.

– Potential tumor doubling time.

– Total duration of repopulation.



�This will have negative effect on BED and this is given by following expression..

Where t  is the total time in days  for accelerated repopulation & T(pot) is potential 

Time Factor in L-Q Model

- Accelerated repopulation

Where t  is the total time in days  for accelerated repopulation & T(pot) is potential 

tumor doubling time



� The accelerated repopulation start 21 to 28 days after beginning of radiotherapy 

in Head & Neck cancer.

�So t=T-21 or 28 days for head and neck cancers where T is over all treatment time

�It can also be expressed as t=T-Tk where Tk is time when repopulation start

So Accelerated repopulation = 

αααα ~ 0.3 (initial slope of survival curve), T = 39 days

Tpot ~ 5 days (median),    Tk = 21 days

T-Tk

So this much of dose is to be reduced from BED on account of repopulation.

This also shows as overall treatment time increases the BED decreases.

Dose equivalent to 

accelerated repopulation

Dose of radiation 

which goes waste



For CHART, the Tk (21 days) is greater than T as treatment finishes in 12 days so 

repopulation does not affect the BED.

�Hyperfractionated Radiotherapy results into the largest BED and therefore may be 

expected to result in the best tumor control followed closely by the concomittnat boost 

schedule.

�CHART is less effective based on T(pot) of 5 days.

�CHART may be effective in a very fast growing tumor with T(pot) of less than 3 days. 



DAHANCA trial, 

66 Gy/33f/45 days 

5f/wk
66 Gy/33f/38 days

6f/wk 

�Dose compensated for repopulation is .6 Gy/day

Clinical application of overall treatment time

�Total gain in the dose is .6x7=4.2 Gy, roughly 6.5%

�This should translate into an improvement of 12% in tumor control.

�The results of this trial showed an improvement of local tumor control from 

64% to 76% (i.e. 12% gain), which is in agreement of the calculated gain of 

12%.

� This clinical trial provide direct evidence of the importance of over all 

treatment time. 



Improvement in local 

control should be 12% as 

8%

control should be 12% as 

calculated from L-Q model, 

which is in close agreement 

with clinically observed 

improvement of 8%



Radiotherapy Treatment Potentiation

• So with altered fractions like hyper-fractions RT, 
treatment is potentiated by giving more total 
dose than conventional RT (80.5 vs 70 Gy) as in 
EORTC trial or by reducing over all treatment time 
from six and half week to five and half week to from six and half week to five and half week to 
reduce the effect of repopulation as in DHANCA

• The other method to potentiate the treatment is 
by adding concurrent chemotherapy with 
radiotherapy, as done for H&N and cervical 
cancers.



British Columbia Study



British Columbia Study
• In one of the study from British Columbia, the concurrent 

conventional CRT was compared Accelerated RT alone in 
which overall treatment time was reduced from six and half 
week to five and half week.

• There was no difference in local control between two arms 
at 3 years.

• While from DAHANCA trial the gain in dose was 4.2 Gy or 
6.5%  by reducing the overall treatment time by one week, 6.5%  by reducing the overall treatment time by one week, 
which translated into 12% improvement in local control.

• Since there is no difference in local control, it can be 
presumed that same potentiation of radiotherapy was 
done by concurrent chemotherapy.

• Applying the findings DAHANCA trial here we can say that 
there was chemotherapy potentiation of the magnitude of 
4.2Gy which could have translated into a 12% gain in local 
control if compared with conventional fraction.



�Comparing CRT with RT alone.

�Chemotherapy potentiation as seen in �Chemotherapy potentiation as seen in 

previous study should result into 

difference of 12% in local control.

�This meta analysis also showed a 

differnece of 13.5 +/- 2.8% at 5 years 

which is in close agreement of calculated 

12%.



Clinical application of overall 

treatment time

• In head and neck cancers, usually there are 

three regions to be treated with different 

doses of radiation.

– Region 1:-Microsocopic region to be given 50 Gy.– Region 1:-Microsocopic region to be given 50 Gy.

– Region 2:-High tumor burdened microscopic 

disease to be treated with 60 Gy.

– Region 3:- Gross tumor to be treated with 70 Gy.





Clinical application of overall 

treatment time

• In conventional 
fractionation, this 
goal is achieved 
with a technique 
called shrinking 
field technique 
and delivering 2 and delivering 2 
Gy per fraction to 
all the three 
regions, treating 
region 1 for 5 
weeks, region 2 
for 6 weeks and 
region 3 for 7 
weeks.

50Gy/25F/5W-> 2Gy/F

60Gy/30F/6W-> 2Gy/F

70Gy/35F/7W-> 2Gy/F



• But in IMRT, usually one 
plan is prepared to deliver 
different doses to different 
regions over a period of 7 
weeks. Thus all the regions 
are treated for 7 weeks.

• So for region 1 and 2 we 
need to find out the 
equivalent doses for 50 Gy equivalent doses for 50 Gy 
in 5 weeks and 60 Gy in 6  
weeks, which can be 
delivered in 7 weeks.

• The equivalent dose need 
to be higher for countering 
the effect of repopulation. 

2

1

3



Per week increase of dose for 

repopulation is .6x5 = 3 Gy

2

1

3

Increasing overall treatment time from 5 to 

7 Wks will require 6Gy additional making it 

56 Gy in 7 weeks  with 1.6Gy per fx

Increasing overall treatment time from 6 to 

7 Wks will require 3Gy additional making it 

63 Gy in 7 weeks with 1.8 Gy per fx



Hypofractionation

• Total number of fraction is less as compare to conventional 
fraction, resulting into higher dose per fraction.

• Mainly used for palliative treatment eg bone metastasis (30 
Gy in 10 F).

• Recently being used as curative treatment in breast and 
prostate.prostate.

• The principle is that α/β value for subclinical disease in ca 
breast is 4.6 Gy and for late changes in the breast it is 3.6 Gy.

• So higher dose per F will result into more damages in sub 
clinical disease.

• Many trials from UK and Canada have shown same results 
with hypofraction (40Gy/3wk/15f) as with conventional 
fractions (50 Gy/25f/5wk) with similar late effects.



Hypofractionation

• For prostate cancer, α/β value is 1.5 while for 
rectum and for rectal toxicity it is 3.

• So increasing the dose per fraction will damage 
cancer cell more than rectal tissue.

• Many phase III trials are ongoing comparing • Many phase III trials are ongoing comparing 
hypofraction with conventional fraction in ca 
prostate.

• RTOG 0415 comparing 70 Gy in 28 F vs 73.8 Gy in 
41 F

• CHHiP from UK comparing 74 Gy in 37 F vs 60 Gy 
in 20 vs 57 Gy in 19 F.



Altered Fractionation

• Could be more effective in rapidly
growing tumors with a high
growth fraction,

Multiple daily 
fractionation (MDF)

Hyper fractions

• May be more efficacious for slow
growing tumors (large Do cell
populations) or for tumor with a
large Dq (e.g., melanoma).

Hypofractionation: 
(1, 2 or 3 fractions 
a week with higher 

doses)



Effect of inhomogeneity

inside the target.inside the target.



(CTV)GTVGTV

CTVCTV
PTVPTV

Dose homogeneity is considered when there is 10% variation of dose 

distribution across the target

Consider 60 Gy/ 30 F/ 6 w

All points across the 

target should receive 

between 57 to 63 Gy.

57 Gy

All points receiving 57 Gy 

in 30F with 1.9 Gy per F

63 Gy

All points receiving 63 Gy 

in 30F with 2.1 Gy per F

There are two variables

�Variation in physical dose as some cell getting less dose and some more than 

the prescribed dose

�Variation in Radiobiological dose as some cells receive 1.9 Gy per F which is less 

damaging and some 2.1 Gy which is more damaging.

�if less doses fall on cancer cells, all cells may not be sterilized and if high dose 

fall on normal tissue will result higher late toxicity as fibrosis.



Limitation of LQ model

• At dose lower than 1 Gy per fraction, LQ model underestimate biological effect.

•At higher dose per fraction, it overestimate the biological effects. Since we are using 

higher dose per fraction commonly in SBRT and HDR brachytherapry, we have to be 

careful in applying LQ model to these clinical situations.



Clinical Significance of Low dose 

Irradiation
• With modern radiotherapy techniques like IMRT, IGRT,  etc, large 

volume of normal tissue is irradiated with lower doses of radiation.

• In vitro tumor cell survival estimation display excess cell killing at 
low dose per fraction than predicted by LQ model.

• This phenomenon is called low dose hyper-radiosensitivity (HRS).

• HRS is due to apoptotic death of the cells in G2 phase of cell cycle at 
doses less than .3 Gy.

• HRS is due to apoptotic death of the cells in G2 phase of cell cycle at 
doses less than .3 Gy.

• At doses more than .3 Gy, G2 check point is activated which 
resulted into repair of the DNA damage leading to increased cell 
survival.

• HRS may result into more damage to dose limiting late reacting 
tissues in IMRT.

• But in late reacting tissues, very small no of cells are present in G2 
phase, thus HRS may not be the important issue. 


