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�� PrevalentiePrevalentie

�� EpidemiologischeEpidemiologische datadata

�� DosisDosis responsrespons

�� HormesisHormesis??

�� Atomic bomb survivor studiesAtomic bomb survivor studies

�� BorstkankerBorstkanker

�� Model Model mammascreeningmammascreening BRCABRCA
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US Mortality, 2000US Mortality, 2000

US Mortality Public Use Data Tape 2000, National Ce nter for Health Statistics,
Centers for Disease Control and Prevention, 2002.

1.1. Heart DiseasesHeart Diseases 710,760710,760 29.629.6

2.2. CancerCancer 553,091553,091 23.023.0

3.3. CerebrovascularCerebrovascular diseasesdiseases 167,661167,661 7.07.0

4.4. Chronic lower respiratory diseasesChronic lower respiratory diseases 122,009122,009 5.15.1

5.5. Accidents (Unintentional injuries)Accidents (Unintentional injuries) 97,90097,900 4.14.1

6.6. Diabetes mellitusDiabetes mellitus 69,30169,301 2.92.9

7.7. Influenza and PneumoniaInfluenza and Pneumonia 65,31365,313 2.72.7

8.8. AlzheimerAlzheimer’’s diseases disease 49,55849,558 2.12.1

9.9. NephritisNephritis 37,25137,251 1.51.5

10.10. SepticemiaSepticemia 31,22431,224 1.3 1.3 

Rank Cause of Death
No. of 
deaths

% of all 
deaths
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2003 Estimated US Cancer Deaths*2003 Estimated US Cancer Deaths*

ONS=Other nervous system.
*Excludes basal and squamous cell skin cancers and i n situ carcinomas except urinary bladder.
Source: American Cancer Society, 2003.

Men
285,900

Women
270,600

25%25% Lung & bronchusLung & bronchus

15%15% BreastBreast

11%11% Colon & rectumColon & rectum

6%6% PancreasPancreas

5%5% OvaryOvary

4%4% NonNon--Hodgkin lymphomaHodgkin lymphoma

4%4% LeukemiaLeukemia

3%3% Uterine corpusUterine corpus

2%2% Brain/ONSBrain/ONS

2%2% Multiple myelomaMultiple myeloma

23%23% All other sitesAll other sites

Lung & bronchus 31%

Prostate 10%

Colon & rectum 10%

Pancreas 5%

Non-Hodgkin lymphoma      4%

Leukemia 4%

Esophagus 4%

Liver/intrahepatic 3%
bile duct

Urinary bladder 3%

Kidney 3%

All other sites 22%
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2003 Estimated US Cancer Cases*2003 Estimated US Cancer Cases*

*Excludes basal and squamous cell skin cancers and i n situ carcinomas except urinary bladder.
Source: American Cancer Society, 2003.

Men
675,300

Women
658,800

32%32% BreastBreast

12%12% Lung & bronchusLung & bronchus

11%11% Colon & rectumColon & rectum

6%6% Uterine corpusUterine corpus

4%4% Ovary Ovary 

4%4% NonNon--Hodgkin lymphoma Hodgkin lymphoma 

3%3% Melanoma of skinMelanoma of skin

3%3% ThyroidThyroid

2%2% PancreasPancreas

2%2% Urinary bladderUrinary bladder

20%20% All Other SitesAll Other Sites

Prostate 33%

Lung & bronchus 14%

Colon & rectum 11%

Urinary bladder 6%

Melanoma of skin 4%

Non-Hodgkin lymphoma 4%

Kidney 3%

Oral Cavity 3%

Leukemia 3%

Pancreas 2%

All Other Sites 17%
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Cancer Death Rates*, for Women, US, 1930Cancer Death Rates*, for Women, US, 1930 --19991999

*Age-adjusted to the 2000 US standard population.
Source:  US Mortality Public Use Data Tapes 1960-19 99, US Mortality Volumes 1930-1959,

National Center for Health Statistics, Centers for Disease Control and Prevention, 2002.
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Analyse van epidemiologische dataAnalyse van epidemiologische data

c+dc+dddccNoNo

NNb+db+da+ca+cTotalTotal

a+ba+bbbaaYesYes

TotalTotalNoNoYesYesExposureExposure

DiseaseDisease

Frequentie van ziekte onder blootgestelden: Re = a / (a + b )

Frequentie van ziekte onder niet-blootgestelden: R0 = c / ( c + d )
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Analyse van Analyse van epidemiologischeepidemiologische datadata

RR RR relatiefrelatief risicorisico

mate van effect mate van effect bijbij blootgesteldeblootgestelde personenpersonen
mate van effect mate van effect bijbij nietniet blootgesteldeblootgestelde personenpersonen

ERR excess relative riskERR excess relative risk

ERR = RR ERR = RR –– 11

EAR excess attributive EAR excess attributive risicorisico
–– maatmaat voorvoor aantalaantal effecteneffecten , toe , toe tete schrijvenschrijven aanaan blootstellingblootstelling

EAR = ERR x baselineEAR = ERR x baseline

RR =
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Analyse van Analyse van epidemiologischeepidemiologische datadata

�� RR00 = = frequentiefrequentie zonderzonder blootstellingblootstelling
�� RRee = = frequentiefrequentie met met blootstellingblootstelling (exposure)(exposure)
�� RRee –– RR00 = = verschilverschil in in frequentiefrequentie

Excess Absolute Excess Absolute RisicoRisico EAR = REAR = Ree –– RR00

RelatieveRelatieve risicorisico RR = RRR = Ree / R/ R

Excess Excess relatieverelatieve risicorisico = = bijdragebijdrage aanaan RR door RR door blootstellingblootstelling

ERR = RR ERR = RR –– 1 = (R1 = (Ree / R/ R00) ) -- 1 = (R1 = (Ree –– RR00) / R) / R00

ERR = EAR / RERR = EAR / R00 EAR = ERR x REAR = ERR x R 00
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National Academies Division on Earth and Life Studies National Academies Division on Earth and Life Studies –– USAUSA

Radiation Effects Research Foundation (RERF) Radiation Effects Research Foundation (RERF) –– JPN / USAJPN / USA
www.rerf.or.jpwww.rerf.or.jp

Board on Radiation Effects Research (BRER)Board on Radiation Effects Research (BRER)
www7.nationalacademies.org/brer/index.htmlwww7.nationalacademies.org/brer/index.html

EpidemiologischeEpidemiologische datadata

RERF laboratory – Hiroshima, Japan
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EpidemiologischeEpidemiologische datadata

�� RERF RERF -- LLS Life Span Study LLS Life Span Study overlevendenoverlevenden Hiroshima Hiroshima 
& Nagasaki& Nagasaki
�� T65D Tentative 1965 DoseT65D Tentative 1965 Dose
�� DS86 DS86 DosimetryDosimetry System 1986System 1986
�� DS02 DS02 DosimetryDosimetry review 2002review 2002

�� medischemedische toepassingentoepassingen
�� x x -- ray ray therapietherapie
�� radium radium -- injectieinjectie

�� beroepsmatigeberoepsmatige blootstellingblootstelling
�� radium painters, uranium radium painters, uranium mijnwerkersmijnwerkers
�� radiologenradiologen en en rrööntgentechnicintgentechnici

�� nucleairenucleaire ongevallenongevallen
�� Marshall Islands Marshall Islands -- fall outfall out
�� TjernobylTjernobyl
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�� DS86 DS86 
�� DosimetryDosimetry System 1986System 1986
�� BEIR V (1990)BEIR V (1990)

�� DS02 DS02 
�� DosimetryDosimetry System 2002System 2002
�� BEIR VII (2006)BEIR VII (2006)

EpidemiologischeEpidemiologische datadata
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Risico op kanker:

Met:
λ achtergrond bij geen dosis en is afhankelijk van
c stad
s geslacht
a huidige leeftijd
b geboortejaar
En:
e leeftijd ten tijde van de blootstelling
t tijd sinds blootstelling (t = a-e)

[ ]),,,,(1),,,( dtaesERRbasc +λ

EpidemiologischeEpidemiologische datadata
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DosisDosis responsrespons

Conclusie BEIR VII: 
“… the risk would continue in a linear fashion at lower doses without 
a threshold and that the smallest dose has the potential to cause a small risk
To humans. This assumption is termed the linear no-threshold model”.
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Low dose response: E = Low dose response: E = ααD + D + ββDD22

For For extrapolatingextrapolating data data fromfrom acute acute highhigh--dosedose--raterate experimentsexperiments toto resultsresults expectedexpected
forfor lowlow doses and doses and lowlow--dosedose--raterate experimentsexperiments, the , the dosedose and and dosedose--raterate effectivenesseffectiveness
factor DDREF is factor DDREF is givengiven byby::

DDREF = DDREF = ααL L / / αα11

DosisDosis responsrespons
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DDREF DDREF geeftgeeft eeneen reductiereductie factor factor voorvoor kansschattingenkansschattingen bijbij lagelage dosisdosis en en laaglaag
dosistempodosistempo op basis van op basis van kansschattingenkansschattingen bijbij hogehoge dosisdosis en en hooghoog dosistempodosistempo

1977 UNSCEAR 1977 UNSCEAR 2,52,5
1980 BEIR III 1980 BEIR III 2.252.25
1986 UNSCEAR 1986 UNSCEAR < 5< 5
1988 UNSCEAR 1988 UNSCEAR 2 2 -- 1010
1990 BEIR V 1990 BEIR V 2 of 2 of meermeer
1991 ICRP 601991 ICRP 60 22
2006 BEIR VII 2006 BEIR VII 22
2006 ICRP 992006 ICRP 99 22

DosisDosis responsrespons
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HormesisHormesis??

BBC Focus, October 2007

Hormesis (Grieks: 'prikkeling') is het biologische effect dat een stof die in 
hoge dosis schadelijk is, bij lage dosis positieve effecten kan hebben. 
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HormesisHormesis??
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BEIR VII: “The possibility that low doses of radiation may have beneficial 
effects (a phenomenon often referred to as “hormesis”) has been the subject 
of considerable debate. Evidence for hormetic effects was reviewed, with 
emphasis on material published since the 1990 BEIR V study on the health 
effects of exposure to low levels of ionizing radiation. Although examples of 
apparent stimulatory or protective effects can be found in cellular and animal 
biology, the preponderance of available experimental information does not 
support the contention that low levels of ionizing radiation have a beneficial 
effect. The mechanism of any such possible effect remains obscure. At this 
time, the assumption that any stimulatory hormetic effects from low doses of 
ionizing radiation will have a significant health benefit to humans that exceeds 
potential detrimental effects from radiation exposure at the same dose is 
unwarranted.”

Vergelijkbare statements zijn gedaan door:
United States National Research Council
National Council on Radiation Protection and Measurements
United Nations Scientific Committee on the Effects of Atomic Radiation

HormesisHormesis??
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Atomic bomb survivor studiesAtomic bomb survivor studies
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Atomic bomb survivor studiesAtomic bomb survivor studies
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Atomic bomb survivor studiesAtomic bomb survivor studies
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8508503.0003.0005.0005.000VerdubbelingsdosisVerdubbelingsdosis –– Doubling Dose Doubling Dose 
mSvmSv

DDDD

250250--2.5002.5002.0002.000--11.00011.00095% 95% betrouwbaarheidsintervalbetrouwbaarheidsinterval

44--40%40%

12%12%

1/10001/1000

3030--300300

100100

8/10008/1000

830830

mannenmannen

LeukemieLeukemie

22--7%7%

3,5%3,5%

13/100013/1000

700700--25002500

13001300

370/1000370/1000

37.00037.000

VrouwenVrouwen

0,7/10000,7/1000

2020--250250

7070

6/10006/1000

590590

vrouwenvrouwen

SolideSolide tumorentumoren

2%2%ToegevoegdToegevoegd relatiefrelatief risicorisico bijbij
blootstellingblootstelling aanaan 100 100 mSvmSv

ERRERR

11--4%4%95% 95% betrouwbaarheidsintervalbetrouwbaarheidsinterval

800800Extra Extra aantalaantal bijbij blootstellingblootstelling 100 100 mSvmSv

400400--1600160095% 95% betrouwbaarheidsintervalbetrouwbaarheidsinterval

8/10008/1000ToegevoegdToegevoegd absoluutabsoluut risicorisico bijbij
blootstellingblootstelling aanaan 100 100 mSvmSv

EAREAR

455/1000455/1000RisicoRisico op op kankerkanker zonderzonder blootstellingblootstellingR0R0

45.50045.500AantalAantal nieuwenieuwe gevallengevallen van van kankerkanker
zonderzonder blootstellingblootstelling per 100.000per 100.000

mannenmannen

GelijkmatigeGelijkmatige totaletotale lichaamsblootstellinglichaamsblootstelling met 100 met 100 mSvmSv effective doseeffective dose
incidentieincidentie van van kankerkanker / / morbiditeitmorbiditeit

Atomic bomb survivor studiesAtomic bomb survivor studies
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1.0001.0003.0003.0005.0005.000VerdubbelingsdosisVerdubbelingsdosis –– Doubling Dose Doubling Dose 
mSvmSv

DDDD

300300--3.0003.0002.0002.000--11.00011.00095% 95% betrouwbaarheidsintervalbetrouwbaarheidsinterval

33--35%35%

10%10%

0,7/10000,7/1000

2020--220220

7070

7/10007/1000

710710

mannenmannen

LeukemieLeukemie

22--7%7%

3,5%3,5%

6/10006/1000

300300--12001200

610610

175/1000175/1000

17.50017.500

VrouwenVrouwen

0,5/10000,5/1000

1010--190190

5050

5/10005/1000

530530

vrouwenvrouwen

SolideSolide tumorentumoren

2%2%ToegevoegdToegevoegd relatiefrelatief risicorisico bijbij
blootstellingblootstelling aanaan 100 100 mSvmSv

ERRERR

11--4%4%95% 95% betrouwbaarheidsintervalbetrouwbaarheidsinterval

410410Extra Extra aantalaantal bijbij blootstellingblootstelling 100 100 mSvmSv

200200--83083095% 95% betrouwbaarheidsintervalbetrouwbaarheidsinterval

4/10004/1000ToegevoegdToegevoegd absoluutabsoluut risicorisico bijbij
blootstellingblootstelling aanaan 100 100 mSvmSv

EAREAR

221/1000221/1000RisicoRisico op op kankerkanker zonderzonder blootstellingblootstellingR0R0

22.10022.100AantalAantal nieuwenieuwe gevallengevallen van van kankerkanker
zonderzonder blootstellingblootstelling per 100.000per 100.000

mannenmannen

GelijkmatigeGelijkmatige totaletotale lichaamsblootstellinglichaamsblootstelling met 100 met 100 mSvmSv effective doseeffective dose
kankersterftekankersterfte / / mortaliteitmortaliteit

Atomic bomb survivor studiesAtomic bomb survivor studies
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Atomic bomb survivor studiesAtomic bomb survivor studies



2626

BorstkankerBorstkanker
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BorstkankerBorstkanker
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2929

BorstkankerBorstkanker
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BorstkankerBorstkanker
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BEIR VII:

β = 0.51 (0.28,0.83)

BEIR V:

2)60/(/ −= aSvERR β
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βββ

βββ

α

α1 1,220 0,610
β1 1,385 0,554
β2 -0,104 0,804
β3 -2,212 1,376
β4 -0,0628 0,0321

BorstkankerBorstkanker
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Probability density function p(E,T)
Breast cancer age specific mortality BEIR V 
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Probability density function p(E,T) 
Breast cance r age  specific mortality BEIR VII
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Histogram of mean glandular dose per film
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Histogram of total mean glandular dose per woman 
for one-view examinations
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Young KC. Radiation doses in the UK trial of 
breast screening in women aged 40-48 years. 
The British Journal of Radiology 2002; 
75:362-370.

BorstkankerBorstkanker
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BorstkankerBorstkanker

�� BeschikbaarBeschikbaar::
�� DosisDosis responsrespons curve curve voorvoor tumortumor inductieinductie
�� GemiddeldeGemiddelde dosisdosis bijbij mammografiemammografie onderzoekonderzoek

�� ProbleemstellingProbleemstelling::
�� VrouwenVrouwen met met eeneen verhoogdverhoogd genetischgenetisch risicorisico op op borstkankerborstkanker op op 

jongejonge leeftijdleeftijd
�� Screening?Screening?
�� WelkeWelke modaliteitenmodaliteiten??

•• MammografieMammografie
•• MRIMRI

�� VanafVanaf welkewelke leeftijdleeftijd??
�� Tot Tot welkewelke leeftijdleeftijd??
�� WelkWelk interval?interval?

�� AanpakAanpak: : modelvormingmodelvorming
�� ValidatieValidatie
�� AnalyseAnalyse
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Model BRCA Model BRCA mammascreeningmammascreening
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Model BRCA Model BRCA mammascreeningmammascreening

The probability density function The probability density function p(ap(abcbc,g,g) of breast cancer at age () of breast cancer at age (aabcbc) and ) and 
genetic predisposition (g) (where g is equal to brcagenetic predisposition (g) (where g is equal to brca11, brca, brca22, , bracbracuu or the or the 
population) is modeled by a normal distribution given bypopulation) is modeled by a normal distribution given by

Where the mean breast cancer age is given by Where the mean breast cancer age is given by µµgg, the standard deviation is , the standard deviation is 
given by given by σσgg and the integral is given by and the integral is given by ffgg..
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Model BRCA Model BRCA mammascreeningmammascreening

Jonker MA, Jacobi CE, Hoogendoorn WE, Nagelkerke NJ, de  Bock GH, van Houwelingen JC.
Modeling familial clustered breast cancer using publ ished data.
Cancer Epidemiol Biomarkers Prev. 2003 Dec;12(12):14 79-85.
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Model BRCA Model BRCA mammascreeningmammascreening

Probability density function
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Jonker MA, Jacobi CE, Hoogendoorn WE, Nagelkerke NJ, de  Bock GH, van Houwelingen JC.
Modeling familial clustered breast cancer using publ ished data.
Cancer Epidemiol Biomarkers Prev. 2003 Dec;12(12):14 79-85.
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17.2011.505.0014.90S

56.3052.0045.0066.30M

0.490.520.600.08F

BrcauBrca2Brca1Population

Model BRCA Model BRCA mammascreeningmammascreening
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A preclinical age is calculated using a logA preclinical age is calculated using a log--normal distribution. normal distribution. 
The probability distribution of this function is given by a normThe probability distribution of this function is given by a normally distributed ally distributed 
logarithm of the preclinical breast cancer period logarithm of the preclinical breast cancer period xxpcpc::

Where Where µµpcpc and and σσpcpc are the mean and standard deviation of the logarithm of the are the mean and standard deviation of the logarithm of the 
preclinical breast cancer period preclinical breast cancer period xxpcpc..
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Probability density function pdf
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Model BRCA Model BRCA mammascreeningmammascreening

Peer PG, Verbeek AL, Straatman H, Hendriks JH, Holland  R.
Age-specific sensitivities of mammographic screening  for breast cancer.
Breast Cancer Res Treat. 1996;38(2):153-60. 

m  = 1.9
sd = 0.6
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Model BRCA Model BRCA mammascreeningmammascreening

abcapc

a1 aNNpre Ndet Nint Nend Nnot

a1..aNa1..aN screening screening leeftijdenleeftijden
apcapc preklinischepreklinische borstkankerborstkanker leeftijdleeftijd
abcabc klinischeklinische borstkankerborstkanker leeftijdleeftijd

NpreNpre aantalaantal tumortumor voorvoor start screeningstart screening
NdetNdet aantalaantal door screening door screening gedetecteerdegedetecteerde tumorentumoren
NintNint aantalaantal in screening in screening gemistegemiste tumorentumoren (interval (interval tumorentumoren))
NendNend aantalaantal tumorentumoren nana eindeeinde screeningscreening
NnotNnot aantalaantal vrouwenvrouwen zonderzonder borstkankerborstkanker
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Model BRCA Model BRCA mammascreeningmammascreening

Kansberekening mbv Monte Carlo. Los op tumorleeftijd abc met R = [0,1] 

Incidentele kans op tumorinductie tgv dosis d op leeftijd ai:

Totale indicentele kans op tumor tgv genetische aanleg g en tumorinductie

op leeftijd ai met dosis d:

Totale cumulatieve kans op tumor tgv genetische aanleg g en tumorinductie
op leeftijd a met dosis d:
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Absolute kans op tumor tgv mammascreening
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Model BRCA Model BRCA mammascreeningmammascreening

Jaarlijkse screening 30 – 50 jaar
Dosis 3 mSv
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Cumulatieve kans op tumor tgv mammascreening
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Model BRCA Model BRCA mammascreeningmammascreening

Jaarlijkse screening 30 – 50 jaar
Dosis 3 mSv
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No of mutation carriers: 43
Mammography detected: 2
No of interval cancers: 6
Sensitivity: 25%
Age: 27-55
Screening: 4x1

Model BRCA Model BRCA mammascreeningmammascreening
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Validation screening model
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Yield: 1,2 2 (95%CI:0-5)
Interval: 4,6 6 (95%CI:2-10)

Model BRCA Model BRCA mammascreeningmammascreening
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No of mutation carriers: 128
Mammography detected: 5
No of interval cancers: 4
Sensitivity: 56%
Age: 21-65
Screening: 2x1
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Validation screening model
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Model BRCA Model BRCA mammascreeningmammascreening

�� Model Model validatievalidatie aanaan epidemiologischeepidemiologische datadata
�� KuhlKuhl en en BrekelmansBrekelmans

�� VariatieVariatie van:van:
�� DosisDosis
�� SensitiviteitSensitiviteit
�� Start Start leeftijdleeftijd
�� EindEind leeftijdleeftijd
�� IntervalInterval
�� ModaliteitModaliteit

�� SensitiviteitsanalyseSensitiviteitsanalyse
�� UitkomstmaatUitkomstmaat??
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727273734040--69, 1 yr69, 1 yr

11111197974040--69, 2 yr69, 2 yr

2062062422425050--69, 2 yr69, 2 yr

BRR(dBRR(d))

[2][2]
BRR(dBRR(d))

[1][1]
Screening age range, Screening age range, 
screening intervalscreening interval

Comparison of benefit / risk ratio

[1] Beemsterboer PMM, Warmerdam PG, Boer R, Koning HJ de. Radiation risk of mammography related 
to benefit in screening programmes: a favourable balance?. Journal of Medical Screening 1998; 5:81-87.

[2] Beckett JR, Kotre CJ, Michaelson JS. Analysis of benefit:risk ratio and mortality reduction for the UK 
Breast Screening Programme. The British Journal of Radiology 2003; 76:309-320.
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Benefit/risk ratio in terms of breast 
cancer mortality BRR(d) versus age 
at first screen with final screen at 
ages 64, 66, 68 and 70 years (3-
year screen interval).

Reduction in breast cancer 
mortality R(d) versus age at 
first screen with final screen at 
ages 64, 66, 68 and 70 years 
(3-year screen interval).

Beckett JR, Kotre CJ, Michaelson JS. Analysis of benefit:risk ratio and mortality reduction for 
the UK Breast Screening Programme. The British Journal of Radiology 2003; 76:309-320.
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Benefit/risk ratio in terms of breast 
cancer mortality BRR(d) versus 
interval between successive screen 
for age ranges 50-64 and 50-70.

Reduction in breast cancer 
mortality versus interval between 
successive screen for age ranges 
50-64 and 50-70.
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ConclusieConclusie

�� RisicoRisico mammaonderzoekmammaonderzoek
�� OngeveerOngeveer 1% 1% bijbij blootstellingblootstelling op 20 op 20 jaarjaar met 3 met 3 mSvmSv
�� NeemtNeemt kwadratischkwadratisch afaf met de met de leeftijdleeftijd

�� RisicoRisico borstkankerborstkanker BRCABRCA
�� 6060--85% op 70 85% op 70 jarigejarige leeftijdleeftijd

�� JaarlijkseJaarlijkse screeningscreening
�� BijdrageBijdrage 3.5% 3.5% bijbij screening 30screening 30--50 50 jaarjaar

�� Model Model reproduceertreproduceert epidemiologischeepidemiologische datadata
�� OntwikkelingOntwikkeling::

�� Benefit / risk ratioBenefit / risk ratio
�� Reduction of breast cancer mortalityReduction of breast cancer mortality
�� BeantwoordingBeantwoording screeningsvragenscreeningsvragen
�� SensitiviteitsanalyseSensitiviteitsanalyse
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