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Goal of Radiological ProtectionGoal of Radiological Protection
ICRP ICRP –– “Provide an appropriate standard of “Provide an appropriate standard of 
protection of humans against ionizing protection of humans against ionizing protection of humans against ionizing protection of humans against ionizing 
radiations without unduly limiting the radiations without unduly limiting the 
beneficial practices giving rise to radiation beneficial practices giving rise to radiation 
exposures”exposures”
Non Non –– human biota recently a focus of human biota recently a focus of 
interest interest –– outside the scope of this course.outside the scope of this course.
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This section This section –– a review of the harmful a review of the harmful 
effects of ionizing radiation as described by effects of ionizing radiation as described by 
(primarily) the ICRP(primarily) the ICRP
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Harmful Effects Harmful Effects -- CategoriesCategories
cell irradiated

DNA damagedamage repaired

un-repairable damage 
cell death at 
reproduction

Incorrectly repaired damage 
-cell remains viable

cell not triggered into 
unlimited proliferation, or, cell 

and progeny die off

germinal cell forms 
sperm or ovum with 

faulty genetic information

cell triggered 
into division and 

multiplication

enough cells killed to 
inhibit tissue function -

temporary or 
t

No Effect

(long time delay,
months or years) (short or long time delay)
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Stochastic
Effects

(Hereditary)

Stochastic
Effects

(Cancer)

permanent

Deterministic Effects

Deterministic Effects Deterministic Effects --
ThresholdThreshold
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Examples of Deterministic Effect Examples of Deterministic Effect 
ThresholdsThresholds

Estimates of Thresholds for Some Deterministic Effects in Adult Humans (from ICRP 60)Estimates of Thresholds for Some Deterministic Effects in Adult Humans (from ICRP 60) 
Threshold   

Tissue and Effect Total dose 
equivalent received 

in a single brief 
exposure (Sv) 

Total dose equivalent 
received in highly 

fractionated or protected 
exposures (Sv) 

Annual dose rate if 
received yearly for 
many years (Sv) 

Testes    
Temporary sterility 0.15 NA 0.4 
Permanent sterility 3.5-6.0 NA 2.0 

Ovaries    
Sterility 2.5-6.0 6.0 >0.2 

Lens
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Lens  
Detectable opacities 0.5-2.0 5 >0.1 
Visual impairment 5.0 >8 >0.15 

Bone Marrow    
Depression of hematopoeisis 0.5 NA >0.4 

 

Deterministic Effects in the SkinDeterministic Effects in the Skin

Estimates of Thresholds for Deterministic Effects in the Skin of Adult Humans 
Effect Threshold Notes 
Erythema or dry 
desquamation 

3 – 5 Gy Symptoms appear after about three weeks.  
Early erythematous reaction may be seen 
within a few hours and will subside in 24 – 
48 hours. 

Moist desquamation 20 Gy Blistering after about four to six weeks 
Tissue necrosis 50 Gy  Appears after about 3 weeks 
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Acute Radiation SyndromeAcute Radiation Syndrome

20072007 Med Phys 776Med Phys 776 77

20072007 Med Phys 776Med Phys 776 88

Source – Saenger, Medical Aspects of Radiation Accidents, 
United States Atomic Energy Commission, 1963
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Early Death from Acute Early Death from Acute 
Radiation ExposureRadiation Exposure

No deaths in a population below 1 GyNo deaths in a population below 1 Gy
LDLD50,6050,60 about 3 to 5 Gy without about 3 to 5 Gy without 
medical interventionmedical intervention
LDLD5,605,60 about 2 Gyabout 2 Gy
LD LD 95,6095,60 about 6 Gyabout 6 Gy
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Review cause of death from ICRP 60 Review cause of death from ICRP 60 
Table BTable B--22
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Cause of Death after Cause of Death after AcuteAcute LET Whole LET Whole 
Body Exposure (ICRP 60 Table BBody Exposure (ICRP 60 Table B--2)2)

WB WB 
Dose Dose Principal Effect Principal Effect 

C t ib ti  t  D thC t ib ti  t  D th

Time of Time of 
Death Death Dose Dose 

(Gy)(Gy) Contributing to DeathContributing to Death Death Death 
(days)(days)

33--55 Damage to bone MarrowDamage to bone Marrow 30 30 -- 6060

55--1515 Damage to GI tract and lungsDamage to GI tract and lungs 10 10 –– 2020
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>15>15 Damage to nervous systemDamage to nervous system 1 1 -- 55

Summary of Deterministic Effects
•• Effects arising from a high degree of cell Effects arising from a high degree of cell 

killing.killing.
•• Threshold for each effectThreshold for each effect
•• Above the threshold, severity of the Above the threshold, severity of the 

effect increases with doseeffect increases with dose
•• In occupational settings they are In occupational settings they are 

associated with very large acute associated with very large acute 
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exposures in an accidentexposures in an accident
•• Regulatory dose limits completely Regulatory dose limits completely 

preclude the possibility of deterministic preclude the possibility of deterministic 
effectseffects
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Stochastic EffectsStochastic Effects
Cancer in the exposed Cancer in the exposed 
individualindividual
Severe hereditary disorders Severe hereditary disorders 
in progeny of exposed in progeny of exposed 
individualsindividuals
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individualsindividuals

Hereditary EffectsHereditary Effects

Have never been observed in humansHave never been observed in humans
E t l t d f  ( i ll )  E t l t d f  ( i ll )  Extrapolated from (especially) mouse Extrapolated from (especially) mouse 
studiesstudies
Current best estimate of “doubling dose” Current best estimate of “doubling dose” 
is 1 Gyis 1 Gy
1 Gy also lower 95% confidence value 1 Gy also lower 95% confidence value 
b d  b  f ff t i  th   b d  b  f ff t i  th   
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based on absence of effect in the progeny based on absence of effect in the progeny 
of the Japanese bomb survivorsof the Japanese bomb survivors
Example of effect from CemberExample of effect from Cember
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Induction of CancerInduction of Cancer
Cannot be directly observed in occupationally exposed persons Cannot be directly observed in occupationally exposed persons 
other than Uranium miners and early high dose workersother than Uranium miners and early high dose workers
•• risk is small compared to other risk factors and variationrisk is small compared to other risk factors and variation
•• (N B  Recent study by Cardis et al purports to show dose response)(N B  Recent study by Cardis et al purports to show dose response)•• (N.B. Recent study by Cardis et al purports to show dose response)(N.B. Recent study by Cardis et al purports to show dose response)

Risk factors extrapolated down from high dose Risk factors extrapolated down from high dose –– high dose rate high dose rate 
exposure situations exposure situations –– most important is Japanese bomb most important is Japanese bomb 
survivorssurvivors
Statistically significant effects (95% confidence) only observed Statistically significant effects (95% confidence) only observed 
over about 0.2 Svover about 0.2 Sv
Allowance made in extrapolation for presumed lower Allowance made in extrapolation for presumed lower 
effectiveness at low dose/low dose rates effectiveness at low dose/low dose rates –– the Dosethe Dose--Dose Rate Dose Rate 
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effectiveness at low dose/low dose rates effectiveness at low dose/low dose rates the Dosethe Dose Dose Rate Dose Rate 
Effectiveness Factor (DDREF)Effectiveness Factor (DDREF)
DDREF reasonable range of values thought to be 2 to 10 DDREF reasonable range of values thought to be 2 to 10 –– so 2 so 2 
was chosenwas chosen
Latency periods Latency periods –– vary for different types of cancervary for different types of cancer

Cancer RiskCancer Risk

Fatal Cancer RiskFatal Cancer Risk NonNon--Fatal Cancer Fatal Cancer 
RiskRisk

Adult WorkersAdult Workers
•• 4.0 % per Sv4.0 % per Sv

Whole PopulationWhole Population

RiskRisk

Adult WorkersAdult Workers
•• 0.8 % per Sv0.8 % per Sv

h l lh l l
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•• 5.0 % per Sv5.0 % per Sv Whole PopulationWhole Population
•• 1.0 % per SV1.0 % per SV

Baseline risk of fatal cancer in the whole population is about 25% or 25 000 in 
the example population 

Example – 100 000 workers each given 10 mSv
expect (4/100)*(10E-3/1)*100 000 = 40 additional cancer fatalities
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Linear NoLinear No--Threshold TheoryThreshold Theory
There is no threshold associated with the There is no threshold associated with the 
induction of stochastic effectsinduction of stochastic effects
Th  i k f t h ti  ff t  i  Th  i k f t h ti  ff t  i  The risk of stochastic effects increases The risk of stochastic effects increases 
linearly with exposurelinearly with exposure

There is controversy regarding the LNT There is controversy regarding the LNT 
theory theory –– however, ICRP UNSCEAR and however, ICRP UNSCEAR and 

ll d f b d lll d f b d l
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BEIR all identify it as best current modelBEIR all identify it as best current model
Appropriate forum for debate is the Appropriate forum for debate is the 
scientific community scientific community –– not in occupational not in occupational 
and public radiological protectionand public radiological protection

Linear Quadratic Curve for Linear Quadratic Curve for 
Stochastic EffectsStochastic Effects

Interpretation:Interpretation:
Each small increment Each small increment Each small increment Each small increment 
of dose has an of dose has an 
associated small associated small 
increment of riskincrement of risk
Therefore Therefore –– doses are doses are 
to be maintained to be maintained 
AsAs
LL
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LowLow
AsAs
Reasonably Reasonably 
AchievableAchievable
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EffectsEffects
•Stochastic Effects

•no threshold (statistical 
probability)

Deterministic Effects

•threshold
•no effect will be seen forprobability)

•possibility of stochastic 
effect with any dose –
probability increases with 
dose
•severity of effect is not 
related to dose received

no effect will be seen for 
doses below threshold 
•above threshold severity of 
effect depends on dose

•effect is seen due to death of 
cells → enough cells to 
affect/impair this function of a 
tissue or organ
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•cancer
•genetic effects

•radiation burns
•blood effects
•cataracts (lens of eye)
•Acute Radiation Syndromes

Risks and Hazards of Risks and Hazards of 
Prenatal Exposure to Prenatal Exposure to 

Ionizing Radiation Ionizing Radiation 
(ICRP 60 and ICRP 84)(ICRP 60 and ICRP 84)
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Acknowledgement:g
The information in this
presentation is a summary
of the relevant sections
f ICRP 60 d ICRP 84

20072007 Med Phys 776Med Phys 776 2121

of ICRP 60 and ICRP 84

Principal EffectsPrincipal Effects

a)a) Lethal effects in the embryoLethal effects in the embryo
b)b) Malformations and other Malformations and other 

growth/structural changesgrowth/structural changes
c)c) Mental RetardationMental Retardation
d)d) Cancer Induction including leukemiaCancer Induction including leukemia

d ffd ff
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e)e) Hereditary effectsHereditary effects
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Lethal EffectsLethal Effects

Can be induced in animals at fairly low Can be induced in animals at fairly low 
doses (0 1 Gy) around the time of doses (0 1 Gy) around the time of doses (0.1 Gy) around the time of doses (0.1 Gy) around the time of 
implantation.  Can be induced by higher implantation.  Can be induced by higher 
doses at other stages of development.doses at other stages of development.
Pregnancy loss following exposure is know Pregnancy loss following exposure is know 
to occur for humans.to occur for humans.
Insufficient data to develop projections of Insufficient data to develop projections of 
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Insufficient data to develop projections of Insufficient data to develop projections of 
risk of fetal death at particular stages.risk of fetal death at particular stages.

MalformationsMalformations
Induced malformations are characteristic of the Induced malformations are characteristic of the 
period of organogenesis at time of exposure.period of organogenesis at time of exposure.p g g pp g g p
•• Highest sensitivity during most active phase of cell Highest sensitivity during most active phase of cell 

multiplication and specialization in structure of concernmultiplication and specialization in structure of concern

Growth disturbances  without malformation may Growth disturbances  without malformation may 
also occur especially later in pregnancy also occur especially later in pregnancy –– cell cell 
killingkilling
Malformations have a threshold of 100Malformations have a threshold of 100--200 mGy 200 mGy 
or higher and are typically associated with central or higher and are typically associated with central 
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or higher and are typically associated with central or higher and are typically associated with central 
nervous system problems (ICRP 84)nervous system problems (ICRP 84)
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Mental RetardationMental Retardation
Modified development of the human brain Modified development of the human brain 
--> dose related increases in rate of mental > dose related increases in rate of mental 
impairment.  Has been observed.  impairment.  Has been observed.  
Time sensitive.Time sensitive.
•• Has not been observed prior to 8 weeks or Has not been observed prior to 8 weeks or 

after 25 weeksafter 25 weeks
•• 8 8 –– 15 weeks highest sensitivity 15 weeks highest sensitivity 

Fraction becoming severely mentally retarded Fraction becoming severely mentally retarded 
increased by 0 4 Svincreased by 0 4 Sv--11
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increased by 0.4 Svincreased by 0.4 Sv ..
•• 16 16 –– 25 weeks25 weeks

Fraction increased by 0.1 SvFraction increased by 0.1 Sv--11..

Probably a threshold of 0.12 Probably a threshold of 0.12 –– 0.2 Gy.0.2 Gy.

Mental Retardation cont.Mental Retardation cont.

Also Also –– less severe effects and less severe effects and 
impairments observedimpairments observedimpairments observedimpairments observed
Manifests as shift in IQ curveManifests as shift in IQ curve
At 8 At 8 –– 15 weeks 15 weeks –– 30 IQ points Sv30 IQ points Sv--11..
Probably same risk observed different Probably same risk observed different 
waysways
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Cancer Induction including LeukemiaCancer Induction including Leukemia

In uteroIn utero exposure leads to increased risk of exposure leads to increased risk of 
childhood cancer during first 10 years of lifechildhood cancer during first 10 years of lifeg yg y
Observed from medically exposed mothers and Observed from medically exposed mothers and 
AA--bomb survivorsbomb survivors
Risk estimated at 2.8 x 10Risk estimated at 2.8 x 10--11 SvSv--1.  Relative risk may1.  Relative risk may be be 
as high as 1.4 for 10 mGy fetal doseas high as 1.4 for 10 mGy fetal dose
Risk for development of cancer in later life similar Risk for development of cancer in later life similar 
to exposure for postnatal irradiationto exposure for postnatal irradiation
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Individuals exposed Individuals exposed in uteroin utero to 10 mGy results to 10 mGy results 
ion absolute risk of about one excess death per ion absolute risk of about one excess death per 
1700 (ICRP 84)1700 (ICRP 84)

Risks in a pregnant population Risks in a pregnant population notnot
exposed to radiation (ICRP 84)exposed to radiation (ICRP 84)

Risks:Risks:
S bS b %%-- Spontaneous abortionSpontaneous abortion > 15%> 15%

-- Incidence of genetic abnormalitiesIncidence of genetic abnormalities 44--10%10%
-- Intrauterine growth retardationIntrauterine growth retardation 4%4%
-- Incidence of major malformationIncidence of major malformation 22--4%4%
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How to Protect?How to Protect?
Remember the goal Remember the goal –– appropriate standard appropriate standard 
of protection without undue limitationof protection without undue limitationpp
Myriad of potential exposure scenarios in Myriad of potential exposure scenarios in 
occupational, public and medical exposuresoccupational, public and medical exposures
•• Whole body externalWhole body external
•• Partial body externalPartial body external
•• Internally deposited radionuclidesInternally deposited radionuclides

EtceteraEtcetera

20072007 Med Phys 776Med Phys 776 2929

•• EtceteraEtcetera
•• How to compare types of exposure?How to compare types of exposure?
Answer lies in a uniform expression of risk Answer lies in a uniform expression of risk ––
concept of Detrimentconcept of Detriment

DetrimentDetriment
Conceptual value to reflect the overall Conceptual value to reflect the overall 
harm to an exposed population arising harm to an exposed population arising 
from Stochastic Effectsfrom Stochastic Effects
Four componentsFour components
•• Risk of fatal cancer in all relevant organsRisk of fatal cancer in all relevant organs
•• Allowance for different values of latency Allowance for different values of latency 

leading to different values of life lostleading to different values of life lost
Allo ance fo  mo bidit  es lting f om Allo ance fo  mo bidit  es lting f om 
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•• Allowance for morbidity resulting from Allowance for morbidity resulting from 
induced noninduced non--fatal cancerfatal cancer

•• Allowance for the risk of serious hereditary Allowance for the risk of serious hereditary 
disease in all future generationsdisease in all future generations
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Contribution to DetrimentContribution to Detriment

Organ 

Prob. of fatal 
cancer F per 
104 people/Sv 

Relative length 
of life lost (l/L) 

Relative non-
fatal 
contribution 
(2-k) 

Product 
F(l /L)(2-k) per 
104 people/Sv 

Relative 
contribution 

Bladder 30 0.65 1.50 29.4 0.040 

Bone Marrow 50 2.06 1.01 104.0 0.143 

Bone Surface 5 1.00 1.30 6.5 0.009 

Breast 20 1.21 1.50 36.4 0.050 

Colon 85 0.83 1.45 102.7 0.141 

Liver 15 1.00 1.05 15.8 0.022 

Lung 85 0.90 1.05 80.3 0.111 

Oesophagus 30 0.77 1.05 24.2 0.034 

Ovary 10 1.12 1.30 14.6 0.020 
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Gonads1 100 1.33  133.3 0.183 

Skin 2 1.00 2.00 4.0 0.006 

Stomach 110 0.83 1.10 100.0 0.139 

Thyroid 8 1.00 1.90 15.2 0.021 

Remainder2 50 0.91 1.29 58.9 0.081 

Total 500   725.3 1.000 

 

Overall Risk Factors Adopted by Overall Risk Factors Adopted by 
the ICRPthe ICRP

(nominal probability coefficients)(nominal probability coefficients)

Detriment  (10-2 Sv-1)

Exposed 
population

Fatal 
cancer

Non-fatal 
cancer

Severe 
hereditary 

effects
Total

Ad lt
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Adult 
workers 4.0 0.8 0.8 5.6

Whole 
population 5.0 1.0 1.3 7.3


