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The Story so far…
• Once upon a time there was natural ionizing radiation. 

• Uncontrolled  „man-made‟ radiation caused unexpected bad effects (e.g. 

early radiologists developed leukemia).

• Controlled  radiation is useful in biomedicine and power generation.

• In accidents or in the wrong hands, however, radiation can be deadly.

• Radiation knocks out  charged particles that can hit molecules or create 

chemicals that corrupt DNA

• We can modulate the effects using different types of radiation (LET) or 

adding chemicals (radiosensitizers, radioprotectors)

• DNA damage, if left unrepaired or misrepaired, leads to funny-looking 

chromosomes and products that either kill a cell, or cause it to malfunction, 

or behave very badly (e.g. cancer induction) 

• Cells react non-linearly to radiation, and are affected by the timing of dose 

delivery (dose fractionation or dose rate) as well as the 4Rs



Dose Rate 

&

Dose Fractionation

Saying #2: “It‟s all a Complex Matter of Space and Time”
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Chapter 5 and Chapter 22
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Physical and Biological Systems

Physical Systems (Ideal Dosimeters)

• Respond to Dose (only)

• Linear response

• Independent of dose rate

• Response depends on

D = Dose Rate x Time (reciprocity holds)

Biological Systems (Non-Ideal Dosimeters)

• Response to LET, O2, 4Rs, etc.

• “Loggish” shape due to statistics

• Dependent on dose rate/fractionation

• Response does not track with

• Dose Rate x Time (reciprocity failure)

Typical Dosimeter Response
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Some Famous “4’s”

R1 Repair

R2 Re-Assortment   

(Redistribution)

R3 Repopulation

R4 Oxygenation



• R1 – Repair of DNA Damage
– DSB’s are repaired by a set of enzymes

– SSB Repair time on the order of minutes

– DSB Repair time on the order of hours

• R2 – Re-Assortment or Redistribution 
– Cell Cycle Effect or Cell age effect

– Inverse Dose Rate Effect 
• expect the unexpected

– Exposure times on the order of cell cycle

(~ Tc)

Radiobiology “4 R’s”



• R3 – Repopulation or Replication
• Cell replication competes with cell killing

– Critical Dose Rate (equilibrium)

– Exposure Time on the order of multiple 

cell cycles (~ nTc)

• R4 – Re-Oxygenation
– Oxygenated cells are more radiosensitive 

– Inter-dose time gap offers re-oxygenating 
opportunity 

– Dead cells removed, reduced O2 
consumption, shorter diffusion distances, 
angiogenesis ? 

– Re-oxygenation time on the order of 6 hours

Radiobiology “4 Rs”



“Timing is Everything”

The duration of the 

radiation exposure 

relative to the time of  

biological processes 

determines the impact 

of dose rate and dose 

fractionation on cell 

survival.

Yet another famous J2B saying # 5…



Dose Rate/Fractionation Effects  are due to 4 R’s
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The Expected

R1- DNA Repair of Sublethal Damage



DNA Damage “Comet” Assay

Tail Moment = % DNA in Tail X Length of Tail
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25min





R1- Repair of Sublethal Damage is affected by Dose Rate

ALPHA

1 track

BETA

2-tracks

BETA damage depends on Dose 

Rate and Fractionation

A pair of DSB’s can yield fatal 

chromosome. If one DSB is 

repaired between  “Hits”, fewer 

fatal chromosomes are produced



Lower Dose Rate helps R1- Concurrent Repair
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What if high dose rate dose is  fractionated ?
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Leukemic Cells 

In Vivo

Recovery Factor = Survival (with delay) /

Survival (no delay)



Dose Fractionation – “Choppy” Survival Curves

Figure 5.11
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• See Lecture on Cell Survival Models (LQ)

• α /β ratio is an indicator of “insensitivity” to dose 

fractionation or dose rate

Flashback to α/β

α β α /β Tissue Type Sensitive to dose rate or dose 

fractionation

High

Low

Low

High

High

Low

Tumour

Early reactions

Normal 

Late reactions

Not so much

Very much so

BED – dose for

continuous low dose rate 



Another Saying # 6 

“In Radiobiology, Expect the Unexpected”

R2
Re-Assortment

(aka Re-Distribution)



LDR 

Brachytherapy



Inverse Dose Rate Effect

Scan 5.16

Acute 

HDR

Poorer survival at

Lower Dose Rate 

(in LDR range) !!!!



More Fractionation Experiments
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Inverse Dose Rate Effect
(Cells get “bunched” in G2-M)



Inverse Dose Rate Explained
R2 - Cell Cycle Effect



R3

Repopulation
Cell Killing versus Cell Replication

(Equilibrium idea)



LDR 

Brachytherapy



Dose Rate Effects in Brachytherapy

(implanted radioactive seeds) R3 effect



Variable Dose Rate Optimization
(R3 and R2 Effects as source decays)

Give higher dose rate “up front”



R4

Re-Oxygenation



Fractionate to Re-Oxygenate !



Dose Rate and 4R’s

• Concurrent or intermediate repair of DNA – R1

• Repopulation versus cell killing – R3

BUT…

• Re-assortment into sensitive cell phases – R2

• Re-oxygenation has time to occur – R4

R1, R3
R2, R4
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Differential Effects on 

Tumour and Normal Tissues

4Rs Tumour Cells Normal Cells

Repair

Re-

Assortment

Re-

Population

Re-

Oxygenation

Balance is affected by Dose Rate/Fractionation
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RD Stewart et al.

Duration of Chronic Exposure or

Time Gap between Acute Radiation Exposures
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Normal 
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