
Physique	pour	Tous	!	

Rayonnements	Ionisants	
(par	delà	le	bien	et	le	mal)	

On ne les 

voit pas


On ne les 
entend pas


Mais ce n'est 
pas une raison 
pour ne pas en 

parler !




Rayonnements	Ionisants	

Cours	1	:	"Ils"	sont	partout	! 	 	 	 	05/11 		
	
Cours	2	:	Tous	irradiés	? 	 	 	 	 	12/11	
	
Cours	3	:	Vous	avez	dit	"risque"	? 	 	26/11	
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Physique	pour	Tous	!	

Résumé	du	Cours	1	("Ils"	sont	partout	!)	

•  Principaux	types	de	rayonnements	ionisants	

Rayons	X	 RadioacHvité	

Photons	 Photons	
(gamma)	

Electrons	
(beta)	

Noyau	4He	
(alpha)	



Physique	pour	Tous	!	

Résumé	du	Cours	1	("Ils"	sont	partout	!)	

•  Principales	sources	de	rayonnements	ionisants	"au	quo?dien"			

RadioacHvité	naturelle	 RadioacHvité	arHficielle	

ApplicaHons	
médicales	



Physique	pour	Tous	!	

Résumé	du	Cours	2	(Tous	irradiés	?)	

•  Ac?vité	radioac?ve	:			

1	Becquerel	[Bq]		
=				

1	désintégraHon	/	seconde	



Physique	pour	Tous	!	

Résumé	du	Cours	2	(Tous	irradiés	?)	

•  Ac?vité	radioac?ve	:			

	
•  Ordres	de	grandeur		

1	Becquerel	[Bq]		
=				

1	désintégraHon	/	seconde	

130	Bq	/	kg	 2	à	30	Bq	/	L	 107-1010	Bq	



Physique	pour	Tous	!	

Résumé	du	Cours	2	

•  Dose	de	rayonnements	:		

Dose	physique	[Gray]	=	Energie	déposée	par	kilogramme	de	maHère	

Dose	biologique	[Sievert]	=	Dose	[Gray]	x	Efficacité	Biologique	RelaHve	(EBR)	

dépend	du	type	de	rayonnement	:	
	-	photon,	électron	=	1	
	-	proton	=	2	
	-	alpha	=	20	



Physique	pour	Tous	!	

Résumé	du	Cours	2	

•  Dose	de	rayonnements	:	

•  Ordres	de	grandeur			

Dose	physique	[Gray]	=	Energie	déposée	par	kilogramme	de	maHère	

Dose	biologique	[Sievert]	=	Dose	[Gray]	x	Efficacité	Biologique	RelaHve	(EBR)	

10-6	Sv	(μSv)	 10-3	Sv	(mSv)	 103	Gy	(kGy)	
(1	journée)	



Physique	pour	Tous	!	

La	Radioprotec?on	



Physique	pour	Tous	!	

Histoire	de	la	radioprotec?on	

•  Découverte	des	rayons	X	(1895)	et	de	la	radioac?vité	(1896)	
•  Premières	applica?ons	médicales	dès	1897	

	A.	Béclère		(1897)	 G.	Chicotot	(1907)	
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Physique	pour	Tous	!	

Histoire	de	la	radioprotec?on	

•  Découverte	des	rayons	X	(1895)	et	de	la	radioac?vité	(1896)	
•  Premières	applica?ons	médicales	dès	1897	
•  L'euphorie	du	Radium	et	des	rayons	X	au	début	du	XXeme	siècle		



Physique	pour	Tous	!	

Histoire	de	la	radioprotec?on	

•  Puis	la	prise	de	conscience	des	risques	...	
•  Effets	des	fortes	exposiHons	aux	rayonnements	iden?fiés	dès	1896		

		

Stèle	en	hommage	aux	premiers	
radiologues	(Hambourg)		
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Radiodermite	des	mains	
(radiologues)	



Physique	pour	Tous	!	

Histoire	de	la	radioprotec?on	

•  Puis	la	prise	de	conscience	des	risques	...	
•  Effets	des	fortes	exposiHons	aux	rayonnements	iden?fiés	dès	1896		
•  Effets	des	faibles	exposiHons	aux	rayonnements	à	par?r	des	années	1920	

		

22.08.2013
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Absurd applications Absurd applications

Absurd applications Radium girls

Excès	de	cancers	de	la	mâchoire	chez	les	"Radium	Girls"	(environ	2%)	



Physique	pour	Tous	!	

Radioprotec?on	des	travailleurs	

1928	:	Créa?on	de	la	«	Commission	Interna-onale	de	Protec-on	Contre	les	Rayons	X	
et	le	Radium	»	(CIPR)		
(aujourd’hui	la	«	Commission	Interna-onale	de	Protec-on	Radiologique	»)		
	



Physique	pour	Tous	!	

Radioprotec?on	des	travailleurs	

1928	:	Créa?on	de	la	«	Commission	Interna-onale	de	Protec-on	Contre	les	Rayons	X	
et	le	Radium	»	(CIPR)		
(aujourd’hui	la	«	Commission	Interna-onale	de	Protec-on	Radiologique	»)		
	
1930	:	émergence	de	l’idée	d’un	seuil	de	tolérance	en-dessous	duquel	il	n’y	aurait	
pas	d’effet	indésirable		
	
	
	
	
	
	
	
	
⇒  on	cherche	à	limiter	l'appari?on	des	effets	des	fortes	exposi?ons	
⇒  seuil	de	tolérance	≈	500	mSv	/an	
	
	

Rolf	Sievert	(1896-1966)	



Physique	pour	Tous	!	

Radioprotec?on	des	travailleurs	

1928	:	Créa?on	de	la	«	Commission	Interna-onale	de	Protec-on	Contre	les	Rayons	X	
et	le	Radium	»	(CIPR)		
(aujourd’hui	la	«	Commission	Interna-onale	de	Protec-on	Radiologique	»)		
	
1930	:	émergence	de	l’idée	d’un	seuil	de	tolérance	en-dessous	duquel	il	n’y	aurait	
pas	d’effet	indésirable		
	
1949	:	mise	en	place	d'un	seuil	d’exposiHon	maximale	permissible	
	
	
	
	
	
	
	
⇒  on	cherche	à	limiter	le	risque	de	cancers	radio-induits	
⇒  seuil	d'exposi?on	≈	150	mSv	/an	
	
	

Robert	Stone	(1895-1966)	
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Radioprotec?on	des	travailleurs	

1928	:	Créa?on	de	la	«	Commission	Interna-onale	de	Protec-on	Contre	les	Rayons	X	
et	le	Radium	»	(CIPR)		
(aujourd’hui	la	«	Commission	Interna-onale	de	Protec-on	Radiologique	»)		
	
1930	:	émergence	de	l’idée	d’un	seuil	de	tolérance	en-dessous	duquel	il	n’y	aurait	
pas	d’effet	indésirable		
	
1949	:	mise	en	place	d'un	seuil	d’exposiHon	maximale	permissible	
	
1977	:	principe	ALARA	(As	Low	As	Reasonably	Achievable)	
	
⇒  on	ne	peut	pas	réduire	indéfiniment	le	seuil	d'exposi?on	des	travailleurs	(sauf	à	

interdire	l'u?lisa?on	des	rayonnements	ionisants)	
	



Physique	pour	Tous	!	

Radioprotec?on	des	travailleurs	

1928	:	Créa?on	de	la	«	Commission	Interna-onale	de	Protec-on	Contre	les	Rayons	X	
et	le	Radium	»	(CIPR)		
(aujourd’hui	la	«	Commission	Interna-onale	de	Protec-on	Radiologique	»)		
	
1930	:	émergence	de	l’idée	d’un	seuil	de	tolérance	en-dessous	duquel	il	n’y	aurait	
pas	d’effet	indésirable		
	
1949	:	mise	en	place	d'un	seuil	d’exposiHon	maximale	permissible	
	
1977	:	principe	ALARA	(As	Low	As	Reasonably	Achievable)	
	
⇒  on	ne	peut	pas	réduire	indéfiniment	le	seuil	d'exposi?on	des	travailleurs	(sauf	à	

interdire	l'u?lisa?on	des	rayonnements	ionisants)	

⇒  on	doit	donc	chercher	à	maintenir	l'exposi?on	des	travailleurs	aussi	faible	que	
possible	tout	en	tenant	compte	des	critères	socio-économiques	

	
	



Physique	pour	Tous	!	

1928	:	Créa?on	de	la	«	Commission	Interna-onale	de	Protec-on	Contre	les	Rayons	X	
et	le	Radium	»	(CIPR)		
(aujourd’hui	la	«	Commission	Interna-onale	de	Protec-on	Radiologique	»)		
	
1930	:	émergence	de	l’idée	d’un	seuil	de	tolérance	en-dessous	duquel	il	n’y	aurait	
pas	d’effet	indésirable		
	
1949	:	mise	en	place	d'un	seuil	d’exposiHon	maximale	permissible	
	
1977	:	principe	ALARA	(As	Low	As	Reasonably	Achievable)	

500	

1930	 1950	 1975	 1990	

150	

50	
20	

mSv	/an	

Evolu?on	des	limites	
d'exposi?on	pour	les	
travailleurs	(CIPR)	

Depuis	2003	en	France	:	
20	mSv	/	an	

Radioprotec?on	des	travailleurs	



Physique	pour	Tous	!	

Radioprotec?on	des	popula?ons	

•  Prise	en	compte	du	risque	pour	les	popula?ons	:	
	-	bombardements	d'Hiroshima	et	de	Nagasaki	(1945)	
	-	essais	nucléaires	atmosphériques	(années	1950-1990)	

Bombardement	de	Nagasaki	 Essai	nucléaire	de	Castle	Bravo	(Atoll	de	Bikini)	



Physique	pour	Tous	!	

Radioprotec?on	des	popula?ons	

•  Prise	en	compte	du	risque	pour	les	popula?ons	:	
	-	bombardements	d'Hiroshima	et	de	Nagasaki	(1945)	
	-	essais	nucléaires	atmosphériques	(années	1950-1990)	

	
1955	:	créa?on	de	l’UNSCEAR	(United	Na-on	Specific	Commitee	on	Effects	of	Atomic	
Radia-ons)	pour	le	suivi	mondial	de	l’exposi?on	de	la	popula?on	



Physique	pour	Tous	!	

Radioprotec?on	des	popula?ons	

•  Prise	en	compte	du	risque	pour	les	popula?ons	:	
	-	bombardements	d'Hiroshima	et	de	Nagasaki	(1945)	
	-	essais	nucléaires	atmosphériques	(années	1950-1990)	

	
1955	:	créa?on	de	l’UNSCEAR	(United	Na-on	Specific	Commitee	on	Effects	of	Atomic	
Radia-ons)	pour	le	suivi	mondial	de	l’exposi?on	de	la	popula?on	
	
	
	

	
⇒  Limites	d'exposi?on	pour	la	popula?on	de	5	mSv	/	an,	puis	1	mSv	/	an	(1991)	

Depuis	2003	en	France	:	
1	mSv	/	an	

(hors	exposi?on	naturelle	et	
examens	médicaux)	



Physique	pour	Tous	!	

Principes	de	la	radioprotec?on	

•  Principe	1	:	jus?fica?on	de	l’u?lisa?on	des	rayonnements	ionisants	



Physique	pour	Tous	!	

Principes	de	la	radioprotec?on	

•  Principe	1	:	jus?fica?on	de	l’u?lisa?on	des	rayonnements	ionisants	

	U?lisa?on	non	jus?fiée	si	une	autre	solu?on	équivalente	existe	

Energie	nucléaire		 Imagerie	médicale		



Physique	pour	Tous	!	

Principes	de	la	radioprotec?on	

•  Principe	1	:	jus?fica?on	de	l’u?lisa?on	des	rayonnements	ionisants	

	U?lisa?on	non	jus?fiée	si	une	autre	solu?on	équivalente	existe	

Energie	nucléaire		 Imagerie	médicale		



Physique	pour	Tous	!	

Principes	de	la	radioprotec?on	

•  Principe	1	:	jus?fica?on	de	l’u?lisa?on	des	rayonnements	ionisants	
•  Principe	2	:	op?misa?on	de	la	protec?on	



Physique	pour	Tous	!	

Principes	de	la	radioprotec?on	

•  Principe	1	:	jus?fica?on	de	l’u?lisa?on	des	rayonnements	ionisants	
•  Principe	2	:	op?misa?on	de	la	protec?on	

	Réduire	autant	que	raisonnablement	possible	l'exposi?on	des	individus	

Durée	
d'exposi?on	

Distance	de	la	source	de	
rayonnements	

U?lisa?on	
d'écrans	de	
protec?on	



Physique	pour	Tous	!	

Principes	de	la	radioprotec?on	

•  Principe	1	:	jus?fica?on	de	l’u?lisa?on	des	rayonnements	ionisants	
•  Principe	2	:	op?misa?on	de	la	protec?on	

	Réduire	autant	que	raisonnablement	possible	l'exposi?on	des	individus	
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Physique	pour	Tous	!	

Principes	de	la	radioprotec?on	

•  Principe	1	:	jus?fica?on	de	l’u?lisa?on	des	rayonnements	ionisants	
•  Principe	2	:	op?misa?on	de	la	protec?on	
•  Principe	3	:	limites	individuelles	d'exposi?on	



Physique	pour	Tous	!	

Principes	de	la	radioprotec?on	

•  Principe	1	:	jus?fica?on	de	l’u?lisa?on	des	rayonnements	ionisants	
•  Principe	2	:	op?misa?on	de	la	protec?on	
•  Principe	3	:	limites	individuelles	d'exposi?on	
	

	Valeur	maximale	de	dose	annuelle	
	
	
	
	
	
	
	

	
						Comment	ces	limites	sont-elles	calculées	???	

	
Pourquoi	la	limite	n'est	pas	de	0	mSv	/	an	?	

Pourquoi	la	limite	public	est-elle	inférieure	à	la	dose	moyenne	de	radioac-vité	naturelle	?				
	
	

Travailleurs	(environ	400	000	en	France)	
	

20	mSv	/	an	*	

Autres	(public)	
	

1	mSv	/	an	
(*	femme	enceinte	:	1	mSv	pendant	la	totalité	
de	la	grossesse)	



Physique	pour	Tous	!	

Calcul	du	risque	
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Radiobiologie	
•  L'étude	des	effets	des	rayonnements	sur	le	vivant	:	

	-	s'étend	sur	une	échelle	temporelle	de	10-18	sec	à	plusieurs	dizaines	d'années	
	-	rassemble	de	nombreuses	disciplines	(physique,	chimie,	biologie,	médecine)	

2.6 E�ets des rayonnements ionisants sur les constituants cellulaires

Figure 2.10.: Représentation multi-échelle de la compaction de l’ADN en chromo-
some (source : wikipédia)

2. La fibre de chromatine : L’enchaînement des nucléosomes (chacun séparés
d’une centaine de bases) est compacté en hélice de 30 nm de diamètre,

3. La chromatine peut subir di�érents niveaux de compactions pour former les
chromosomes. L’ADN des cellules humaines se condense en 46 chromosomes
dont chacun contient environ 35000 gènes (soit plusieurs millions de paires de
bases).

Avant de se diviser, la cellule doit organiser son matériel génétique et suit un cycle
cellulaire décrit par des phases précises (cf. Figure 2.11) dont dépendent les degrés de
compactions de l’ADN. La Figure 2.12 représente les di�érents degrés de compactions
en fonction des phases du cycle.

1. Durant l’interphase (qui correspond aux trois premières phases : G1, S, G2),
la cellule est en croissance. Cette phase correspond à 90 % du temps de vie
d’une cellule durant laquelle l’ADN est déroulé. La cellule va en faire une copie.
L’ADN, contenu dans un espace restreint de la cellule, le noyau, est attaché à
sa copie par une structure que l’on appelle un centromère (qui correspond à
l’étape 3 de la Figure 2.13).

2. Durant la mitose (la phase M, qui regroupe prophase, métaphase, anaphase
et télophase), la chromatine est enroulée en chromosomes (étapes 4 et 5 de la
Figure 2.13). L’enveloppe nucléaire se casse et les chromosomes sont libres dans

77



Physique	pour	Tous	!	

Radiobiologie	

•  Deux	mécanismes	d'araque	des	rayonnements	sur	les	cellules	:	

Créa?on	de	radicaux	libres	

Cassures	des	brins	
d'ADN	



Physique	pour	Tous	!	

Radiobiologie	



Physique	pour	Tous	!	

Radiobiologie	



Physique	pour	Tous	!	

Radiobiologie	

Deux	types	d'effets	néfastes	possibles	



Physique	pour	Tous	!	

Effets	déterministes	

•  Effets	apparaissant	après	une	forte	exposiHon	aux	rayonnements	
•  Unité	de	dose	:	le	Gray	(Gy)	
•  Effets	qui	apparaitront	chez	100%	des	individus	exposés	au-dessus	d'un	certain	

seuil	de	dose	(déterministe)	

radiosensibilité	
individuelle	



Physique	pour	Tous	!	

Effets	déterministes	

•  Effets	apparaissant	après	une	forte	exposiHon	aux	rayonnements	
•  Unité	de	dose	:	le	Gray	(Gy)	
•  Effets	qui	apparaitront	chez	100%	des	individus	exposés	au-dessus	d'un	certain	

seuil	de	dose	(déterministe)	

Erythème	:	2	Gy	(peau)	 Cataracte	:	5	Gy	ou	0.1	Gy/an	
(cristallin)	

Stérilité	:	4	Gy	(gonades)	 Décès	:	10	Gy	(corps	en?er)	



Physique	pour	Tous	!	

Exemples	:	la	radiothérapie	

•  Destruc?on	des	cellules	cancéreuses	par	des	photons	/	électrons	
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Exemples	:	la	radiothérapie	

•  Destruc?on	des	cellules	cancéreuses	par	des	photons	/	électrons	

•  Dose	totale	délivrée	à	la	tumeur	d'environ	60	Grays	
•  Dose	totale	délivrée	aux	Hssus	sains	et	organes	environnants	de	plusieurs	Grays		
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Exemples	:	la	radiothérapie	

41	41	41	41	

Acquisi-on	des	données	
anatomiques	

Reconstruc-on	de	la	
tumeur	et	des	organes	

Planifica-on	dosimétrique	Posi-onnement	et	
vérifica-on	par	l’imagerie	

Reconstruc-on	image	

Traitement	
(≈	25-30	séances)	 frac?onnement	(≈	2	Gy	/	séance)	pour	limiter	les	

effets	secondaires	
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Exemples	:	la	radiothérapie	

42	42	42	42	

•  Certains	effets	déterministes	restent	aujourd'hui	difficilement	évitables	:	
	

Erythèmes	(cancer	du	sein)	 Vomissements	(cancer	du	colon)	

Alopécie	(cancer	du	cerveau)	



Physique	pour	Tous	!	

Effets	stochas?ques	

•  Effets	apparaissant	après	une	faible	exposiHon	aux	rayonnements	
•  Unité	de	dose	:	le	Sievert	(Sv)	
•  Effets	(principalement	cancers	radio-induits)	qui	apparaitront	avec	une	certaine	

probabilité	chez	les	individus	(aléatoire)	

Dose	[mSv]	

Risque	de	cancer	



Physique	pour	Tous	!	

Calcul	du	risque	

•  Le	calcul	du	risque	nécessite	de	quan?fier	la	rela?on	dose-risque	

•  Données	provenant	majoritairement	du	suivi	des	survivants	des	bombardements	

d'Hiroshima	et	de	Nagasaki	(Life	Span	Study)		
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Physique	pour	Tous	!	

Calcul	du	risque	

•  Le	calcul	du	risque	nécessite	de	quan?fier	la	rela?on	dose-risque	

•  Données	provenant	majoritairement	du	suivi	des	survivants	des	bombardements	

d'Hiroshima	et	de	Nagasaki	(Life	Span	Study)		

Fortes	exposiHons	(>	100	mSv)	:	

		

Health Risks from Exposure to Low Levels of Ionizing Radiation: BEIR VII Phase 2

Copyright National Academy of Sciences. All rights reserved.

318 BEIR VII

age 60) for atomic bomb survivors with doses in each of 10
dose intervals less than 2.0 Sv. This plot helps convey the
overall dose-response relationship from the LSS cohort and
its role in low-dose risk estimation. Specific models are de-
tailed in Chapter 6. It is important to note that the difference
between the linear and linear-quadratic models in the low-
dose ranges is small relative to the error bars; therefore, the
difference between these models is small relative to the un-
certainty in the risk estimates produced from them. For solid
cancer incidence the linear-quadratic model did not offer sta-
tistically significant improvement in the fit, so the linear
model was used. For leukemia, a linear-quadratic model (in-
sert in Figure 13-1) was used because it fitted the data sig-
nificantly better than the linear model.

Plotted points are the estimated ERRs of solid cancer
incidence (averaged over sex and standardized to represent
individuals exposed at age 30 attained age 60) for atomic
bomb survivors with doses in each of 10 dose intervals,
plotted above the midpoints of the dose intervals. If R(d)
represents the age-specific instantaneous risk at some dose
d, then the excess relative risk at dose d is [R(d) – R(0)] /
R(0) (which is necessarily zero when dose is zero). Vertical

lines are approximate 95% confidence intervals. Solid and
dotted lines are estimated linear and linear-quadratic models
for ERR, estimated from all subjects with doses in the range
0 to 1.5 Sv. (These are not estimated from the points, but
from the lifetimes and doses of individual survivors, using
statistical methods discussed in Chapter 6.) A linear-qua-
dratic model will always fit the data better than a linear
model, since the linear model is a restricted special case with
quadratic coefficient equal to zero. For solid cancer inci-
dence, however, there is no statistically significant improve-
ment in fit due to the quadratic term. It should also be noted
that in the low-dose range of interest the difference between
the estimated linear and linear-quadratic models is small rela-
tive to the 95% CIs.

The full LSS cohort consists of approximately 120,000
persons who were identified at the time of the 1950 census.
However, most recent analyses have been restricted to ap-
proximately 87,000 survivors who were in the city at the
time of the bombings and for whom it is possible to estimate
doses. Special studies of subgroups of the LSS have pro-
vided clinical data, biological measurements, and informa-
tion on potential confounders or modifiers.

FIGURE 13-1 Excess relative risks of solid cancer for Japanese atomic bomb survivors.  The insert shows the fit of a linear-quadratic model
for leukemia, to illustrate the greater degree of curvature observed for that cancer.
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age 60) for atomic bomb survivors with doses in each of 10
dose intervals less than 2.0 Sv. This plot helps convey the
overall dose-response relationship from the LSS cohort and
its role in low-dose risk estimation. Specific models are de-
tailed in Chapter 6. It is important to note that the difference
between the linear and linear-quadratic models in the low-
dose ranges is small relative to the error bars; therefore, the
difference between these models is small relative to the un-
certainty in the risk estimates produced from them. For solid
cancer incidence the linear-quadratic model did not offer sta-
tistically significant improvement in the fit, so the linear
model was used. For leukemia, a linear-quadratic model (in-
sert in Figure 13-1) was used because it fitted the data sig-
nificantly better than the linear model.

Plotted points are the estimated ERRs of solid cancer
incidence (averaged over sex and standardized to represent
individuals exposed at age 30 attained age 60) for atomic
bomb survivors with doses in each of 10 dose intervals,
plotted above the midpoints of the dose intervals. If R(d)
represents the age-specific instantaneous risk at some dose
d, then the excess relative risk at dose d is [R(d) – R(0)] /
R(0) (which is necessarily zero when dose is zero). Vertical

lines are approximate 95% confidence intervals. Solid and
dotted lines are estimated linear and linear-quadratic models
for ERR, estimated from all subjects with doses in the range
0 to 1.5 Sv. (These are not estimated from the points, but
from the lifetimes and doses of individual survivors, using
statistical methods discussed in Chapter 6.) A linear-qua-
dratic model will always fit the data better than a linear
model, since the linear model is a restricted special case with
quadratic coefficient equal to zero. For solid cancer inci-
dence, however, there is no statistically significant improve-
ment in fit due to the quadratic term. It should also be noted
that in the low-dose range of interest the difference between
the estimated linear and linear-quadratic models is small rela-
tive to the 95% CIs.

The full LSS cohort consists of approximately 120,000
persons who were identified at the time of the 1950 census.
However, most recent analyses have been restricted to ap-
proximately 87,000 survivors who were in the city at the
time of the bombings and for whom it is possible to estimate
doses. Special studies of subgroups of the LSS have pro-
vided clinical data, biological measurements, and informa-
tion on potential confounders or modifiers.

FIGURE 13-1 Excess relative risks of solid cancer for Japanese atomic bomb survivors.  The insert shows the fit of a linear-quadratic model
for leukemia, to illustrate the greater degree of curvature observed for that cancer.
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•  Le	calcul	du	risque	nécessite	de	quan?fier	la	rela?on	dose-risque	

•  Données	provenant	majoritairement	du	suivi	des	survivants	des	bombardements	

d'Hiroshima	et	de	Nagasaki	(Life	Span	Study)		

Faibles	exposiHons	(<	100	mSv)	:	
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Modèles	dose	-	risque	

At moderate-to-high doses the excess risk of cancer 
is obtained from epidemiological studies of exposed 
groups of humans [3]. Predominant among these are 
the impressive studies of the Japanese survivors of 
the atomic bombings of Hiroshima and Nagasaki in 
1945, notably the Life Span Study (LSS) of ~50,000 
exposed survivors followed from October 1950 [6-8]. 
The results of these studies are supported by 
findings from other irradiated groups such as those 
exposed for medical reasons or occupationally (for 
example, underground hard rock miners exposed to 
radon and its decay products) [4]. Information is also 
available from experimental studies of laboratory 
animals.

The level of excess risk and its variation with dose 
at moderate-to-high doses are primarily obtained 
from the experience of the Japanese atomic bomb 
survivors. For leukaemia, the shape of the dose-
response curve is linear-quadratic (the slope 
increases with dose), although at high doses the 
curve peaks and then decreases as cell-killing rather 
than cell transformation predominates - dead cells 
cannot become malignant. For the grouping of 
cancers other than leukaemia (solid tumours), the 
dose-response curve does not deviate detectably 
from linearity, except for high doses where a leveling- 
off and decline due to cell sterilisation is apparent 
(although not so strongly as for leukaemia). 
Particular types of solid tumour also display a linear 
(or nearly linear) dose-response, although for the 
less common cancers the data begin to become 
sparse, making reliable inferences difficult.  
However, for a few types of solid tumour, for example 
bone cancer, there is some evidence for non-linearity 
that could be indicative of a threshold for these 
particular cancers [4].

For heritable genetic disorders, no epidemiological 
study has unambiguously detected a radiation-
induced excess of effects (even among 70,000 
offspring of Japanese atomic bomb survivors [9]) and 
risk estimates are primarily based upon studies of 
experimental animals irradiated at moderate-to-high 
doses. These experimental studies show an excess 
risk of anomalies in the offspring of irradiated animals 
which is directly proportional to the administered 
dose [5].

The question that must be addressed, in order to 
obtain estimates of the risk of radiation-induced 
health effects at low doses, is how the dose-
response relationship behaves between the 
relatively well-defined region at moderate-to-high 
doses and zero. This question is not easily answered 
since the difficulties of conducting studies at low 
doses are such that it is not possible to obtain direct 
estimates of risk in the low dose region that are 
sufficiently accurate to distinguish between several 
possible dose-response curves. Statistical 
extrapolation from the moderate-to-high dose-
response permits an envelope of curves ranging 
from bimodal and supra-linear at one extreme to a 
threshold and beneficial effects ("radiation 

hormesis") at the other extreme. This is illustrated 
in Figure 1.

To derive an appropriate dose-response 
relationship from this set of possible curves 
radiobiological arguments are invoked. These 
arguments rely upon an understanding of the 
biological mechanisms involved in the initiation by 
radiation of stochastic health effects. The 
conventional view is that for sparsely ionising 
radiations (e.g. gamma rays and beta particles) at 
low doses, the pertinent initiating events in the DNA 
of a cell nucleus are directly proportional to the 
number of particles traversing the cell and the risk 
rises linearly with dose. At higher doses, the 
probability of a contribution to an initiating event 
from two or more interacting particles increases, 
giving rise to a quadratic term in the dose-response 
and an increase in the slope of the curve. This 
linear-quadratic curve is the sub-linear dashed line 
shown in Figure 1. The linear portion of the curve 
at low doses has a slope which is half that of the 
linear fit to the data at moderate-to-high doses (the 
solid line in Figure 1). It is this linear-quadratic dose-
response relationship which provides the basis of 
risk estimates for stochastic effects induced by low 
doses of sparsely ionising radiations [3].

For densely ionising radiations (e.g. alpha particles) 
the dose-response is linear (up to the high dose 
region where cell-killing becomes important) with a 
slope that is greater than that for sparsely ionising 
radiations because of the enhanced radiobiological 
effectiveness of these radiations.

This conventional treatment of the risks to health 
from low doses of radiation has not gone without 
challenge [10]. One camp suggests that the 
resultant risk estimates greatly overestimate the 
true risks because it ignores the role of the body's 
defense processes. It is suggested that these 
processes are almost completely effective at 
detecting and eliminating damaged cells at low 
doses, and that it is only when the defenses become 
overwhelmed at higher doses that the possibility of 
stochastic effects arises. Essentially, this argument 
produces a threshold dose (or very nearly so) below 

Figure 1: Some possible dose-response curves 
describing the excess risk of stochastic health effects 
at low doses of radiation
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•  Le	calcul	du	risque	nécessite	de	quan?fier	la	rela?on	dose-risque	:	

	 	fortes	exposi?ons	(dose	>	100	mSv)	ó	rela?on	linéaire	

	 	faibles	exposi?ons	(dose	<	100	mSv)	ó	rela?on	indéterminée		

	

	

	

	

	

	

	

Comment	merre	en	place	une	réglementa?on	à	par?r	de	connaissances	

scien?fiques	encore	incertaines	?	
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Modèles	dose	-	risque	

At moderate-to-high doses the excess risk of cancer 
is obtained from epidemiological studies of exposed 
groups of humans [3]. Predominant among these are 
the impressive studies of the Japanese survivors of 
the atomic bombings of Hiroshima and Nagasaki in 
1945, notably the Life Span Study (LSS) of ~50,000 
exposed survivors followed from October 1950 [6-8]. 
The results of these studies are supported by 
findings from other irradiated groups such as those 
exposed for medical reasons or occupationally (for 
example, underground hard rock miners exposed to 
radon and its decay products) [4]. Information is also 
available from experimental studies of laboratory 
animals.

The level of excess risk and its variation with dose 
at moderate-to-high doses are primarily obtained 
from the experience of the Japanese atomic bomb 
survivors. For leukaemia, the shape of the dose-
response curve is linear-quadratic (the slope 
increases with dose), although at high doses the 
curve peaks and then decreases as cell-killing rather 
than cell transformation predominates - dead cells 
cannot become malignant. For the grouping of 
cancers other than leukaemia (solid tumours), the 
dose-response curve does not deviate detectably 
from linearity, except for high doses where a leveling- 
off and decline due to cell sterilisation is apparent 
(although not so strongly as for leukaemia). 
Particular types of solid tumour also display a linear 
(or nearly linear) dose-response, although for the 
less common cancers the data begin to become 
sparse, making reliable inferences difficult.  
However, for a few types of solid tumour, for example 
bone cancer, there is some evidence for non-linearity 
that could be indicative of a threshold for these 
particular cancers [4].

For heritable genetic disorders, no epidemiological 
study has unambiguously detected a radiation-
induced excess of effects (even among 70,000 
offspring of Japanese atomic bomb survivors [9]) and 
risk estimates are primarily based upon studies of 
experimental animals irradiated at moderate-to-high 
doses. These experimental studies show an excess 
risk of anomalies in the offspring of irradiated animals 
which is directly proportional to the administered 
dose [5].

The question that must be addressed, in order to 
obtain estimates of the risk of radiation-induced 
health effects at low doses, is how the dose-
response relationship behaves between the 
relatively well-defined region at moderate-to-high 
doses and zero. This question is not easily answered 
since the difficulties of conducting studies at low 
doses are such that it is not possible to obtain direct 
estimates of risk in the low dose region that are 
sufficiently accurate to distinguish between several 
possible dose-response curves. Statistical 
extrapolation from the moderate-to-high dose-
response permits an envelope of curves ranging 
from bimodal and supra-linear at one extreme to a 
threshold and beneficial effects ("radiation 

hormesis") at the other extreme. This is illustrated 
in Figure 1.

To derive an appropriate dose-response 
relationship from this set of possible curves 
radiobiological arguments are invoked. These 
arguments rely upon an understanding of the 
biological mechanisms involved in the initiation by 
radiation of stochastic health effects. The 
conventional view is that for sparsely ionising 
radiations (e.g. gamma rays and beta particles) at 
low doses, the pertinent initiating events in the DNA 
of a cell nucleus are directly proportional to the 
number of particles traversing the cell and the risk 
rises linearly with dose. At higher doses, the 
probability of a contribution to an initiating event 
from two or more interacting particles increases, 
giving rise to a quadratic term in the dose-response 
and an increase in the slope of the curve. This 
linear-quadratic curve is the sub-linear dashed line 
shown in Figure 1. The linear portion of the curve 
at low doses has a slope which is half that of the 
linear fit to the data at moderate-to-high doses (the 
solid line in Figure 1). It is this linear-quadratic dose-
response relationship which provides the basis of 
risk estimates for stochastic effects induced by low 
doses of sparsely ionising radiations [3].

For densely ionising radiations (e.g. alpha particles) 
the dose-response is linear (up to the high dose 
region where cell-killing becomes important) with a 
slope that is greater than that for sparsely ionising 
radiations because of the enhanced radiobiological 
effectiveness of these radiations.

This conventional treatment of the risks to health 
from low doses of radiation has not gone without 
challenge [10]. One camp suggests that the 
resultant risk estimates greatly overestimate the 
true risks because it ignores the role of the body's 
defense processes. It is suggested that these 
processes are almost completely effective at 
detecting and eliminating damaged cells at low 
doses, and that it is only when the defenses become 
overwhelmed at higher doses that the possibility of 
stochastic effects arises. Essentially, this argument 
produces a threshold dose (or very nearly so) below 

Figure 1: Some possible dose-response curves 
describing the excess risk of stochastic health effects 
at low doses of radiation
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•  Le	calcul	du	risque	nécessite	de	quan?fier	la	rela?on	dose-risque	:	

	 	fortes	exposi?ons	(dose	>	100	mSv)	ó	rela?on	linéaire	
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Applica?on	d'un	modèle	linéaire	sans	seuil	

Risque	de	cancer	=	0.5%	/	100	mSv	
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Physique	pour	Tous	!	

Echelle	de	risque	

0.02 mSv/an!

0.2 mSv/an!

2 mSv/an!

200 mSv/an!Risque inacceptable!
!
!
!
!

Risque tolérable!
!
!

Risque acceptable!
!
!

Risque négligeable!
!
!

Risque	de	cancer	=	0.5%	/	100	mSv	

1	mSv/an	limite		
public	

20	mSv/an	limite		
travailleur	
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Protec?on	des	travailleurs	

8

Le modèle de tolérabilité du risque

Risque 
inacceptable

Risque tolérable

Risque résiduel 
acceptable

Limite

Niveau ALARA

Niveau d’exposition individuel

Optimisation

Dose	moyenne	des	travailleurs	en	France	≈	0.25	mSv/an	(maximum	≈	12	mSv/an)	

20	mSv/an	

qq	mSv/an	

•  La	limite	d'exposi?on	n'est	pas	un	seuil	de	risque	!	
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Protec?on	des	popula?ons	

•  Contrôle	des	rejets	des	installa?ons	nucléaires	

•  Probléma?que	de	la	ges?on	des	déchets	radioac?fs	
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les	personnes	les	plus	exposées	



Physique	pour	Tous	!	

Protec?on	des	popula?ons	

•  L'impact	sanitaire	est	évalué	par	un	calcul	de	la	dose	poten?ellement	reçue	par	
les	personnes	les	plus	exposées	

•  1ere	étape	du	calcul	:	transfert	des	radionucléides	dans	l'environnement		
	-	transfert	atmosphérique		
	-	dépôt	sur	les	sols		
	-	dilu?on	dans	les	milieux	aqua?ques	
	-	transfert	à	la	faune	et	la	flore	
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Protec?on	des	popula?ons	

•  Réseau	na?onal	de	mesures	de	la	radioac?vité	dans	l’environnement		
					(www.mesure-radioac?vite.fr)		
	
•  Réseau	OPERA-AIR	(radioac?vité	atmosphérique)	

Dépôt	de	137Cs	dans	les	sols	-	IRSN	 Suivi	des	rejets	de	3H	de	l'usine	de	La	Hague	(IRSN)	
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Protec?on	des	popula?ons	

•  2eme	étape	du	calcul	:	es?ma?on	de	la	dose	efficace	
	

	-	exposi?on	externe	:	rejets	atmosphériques	et	dépôts	sur	les	sols	
	

	-	exposi?on	interne	:	inhala?on	de	l'air	et	inges?on	de	denrées	alimentaires	
	
	
	
	
	
	
	
	
	
	

La	dose	prévisionnelle	maximum	ne	doit	pas	dépasser	la	limite	de	1	mSv/an	

(voir	cours	2	pour	le	
calcul	de	dose	à	par?r	
de	l'ac?vité	radioac?ve)	



Physique	pour	Tous	!	

Controverses	scien?fiques	
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Modèle	linéaire	sans	seuil	

•  La	grande	majorité	des	exposi?ons	aux	rayonnements	ionisants	concernent	des	
doses	(très)	inférieures	à	100	mSv		

•  La	réglementa?on	en	radioprotec?on	est	donc	principalement	construite	sur	le	
modèle	linéaire	sans	seuil	

At moderate-to-high doses the excess risk of cancer 
is obtained from epidemiological studies of exposed 
groups of humans [3]. Predominant among these are 
the impressive studies of the Japanese survivors of 
the atomic bombings of Hiroshima and Nagasaki in 
1945, notably the Life Span Study (LSS) of ~50,000 
exposed survivors followed from October 1950 [6-8]. 
The results of these studies are supported by 
findings from other irradiated groups such as those 
exposed for medical reasons or occupationally (for 
example, underground hard rock miners exposed to 
radon and its decay products) [4]. Information is also 
available from experimental studies of laboratory 
animals.

The level of excess risk and its variation with dose 
at moderate-to-high doses are primarily obtained 
from the experience of the Japanese atomic bomb 
survivors. For leukaemia, the shape of the dose-
response curve is linear-quadratic (the slope 
increases with dose), although at high doses the 
curve peaks and then decreases as cell-killing rather 
than cell transformation predominates - dead cells 
cannot become malignant. For the grouping of 
cancers other than leukaemia (solid tumours), the 
dose-response curve does not deviate detectably 
from linearity, except for high doses where a leveling- 
off and decline due to cell sterilisation is apparent 
(although not so strongly as for leukaemia). 
Particular types of solid tumour also display a linear 
(or nearly linear) dose-response, although for the 
less common cancers the data begin to become 
sparse, making reliable inferences difficult.  
However, for a few types of solid tumour, for example 
bone cancer, there is some evidence for non-linearity 
that could be indicative of a threshold for these 
particular cancers [4].

For heritable genetic disorders, no epidemiological 
study has unambiguously detected a radiation-
induced excess of effects (even among 70,000 
offspring of Japanese atomic bomb survivors [9]) and 
risk estimates are primarily based upon studies of 
experimental animals irradiated at moderate-to-high 
doses. These experimental studies show an excess 
risk of anomalies in the offspring of irradiated animals 
which is directly proportional to the administered 
dose [5].

The question that must be addressed, in order to 
obtain estimates of the risk of radiation-induced 
health effects at low doses, is how the dose-
response relationship behaves between the 
relatively well-defined region at moderate-to-high 
doses and zero. This question is not easily answered 
since the difficulties of conducting studies at low 
doses are such that it is not possible to obtain direct 
estimates of risk in the low dose region that are 
sufficiently accurate to distinguish between several 
possible dose-response curves. Statistical 
extrapolation from the moderate-to-high dose-
response permits an envelope of curves ranging 
from bimodal and supra-linear at one extreme to a 
threshold and beneficial effects ("radiation 

hormesis") at the other extreme. This is illustrated 
in Figure 1.

To derive an appropriate dose-response 
relationship from this set of possible curves 
radiobiological arguments are invoked. These 
arguments rely upon an understanding of the 
biological mechanisms involved in the initiation by 
radiation of stochastic health effects. The 
conventional view is that for sparsely ionising 
radiations (e.g. gamma rays and beta particles) at 
low doses, the pertinent initiating events in the DNA 
of a cell nucleus are directly proportional to the 
number of particles traversing the cell and the risk 
rises linearly with dose. At higher doses, the 
probability of a contribution to an initiating event 
from two or more interacting particles increases, 
giving rise to a quadratic term in the dose-response 
and an increase in the slope of the curve. This 
linear-quadratic curve is the sub-linear dashed line 
shown in Figure 1. The linear portion of the curve 
at low doses has a slope which is half that of the 
linear fit to the data at moderate-to-high doses (the 
solid line in Figure 1). It is this linear-quadratic dose-
response relationship which provides the basis of 
risk estimates for stochastic effects induced by low 
doses of sparsely ionising radiations [3].

For densely ionising radiations (e.g. alpha particles) 
the dose-response is linear (up to the high dose 
region where cell-killing becomes important) with a 
slope that is greater than that for sparsely ionising 
radiations because of the enhanced radiobiological 
effectiveness of these radiations.

This conventional treatment of the risks to health 
from low doses of radiation has not gone without 
challenge [10]. One camp suggests that the 
resultant risk estimates greatly overestimate the 
true risks because it ignores the role of the body's 
defense processes. It is suggested that these 
processes are almost completely effective at 
detecting and eliminating damaged cells at low 
doses, and that it is only when the defenses become 
overwhelmed at higher doses that the possibility of 
stochastic effects arises. Essentially, this argument 
produces a threshold dose (or very nearly so) below 

Figure 1: Some possible dose-response curves 
describing the excess risk of stochastic health effects 
at low doses of radiation

Nuclear Future, Volume 01, No.03 

Risque	de	cancer	=	0.5%	/	100	mSv	
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Modèle	linéaire	sans	seuil	

•  La	grande	majorité	des	exposi?ons	aux	rayonnements	ionisants	concernent	des	
doses	(très)	inférieures	à	100	mSv	

•  La	réglementa?on	en	radioprotec?on	est	donc	principalement	construite	sur	le	
modèle	linéaire	sans	seuil	

	
•  Mais	ce	modèle	n'est	pas	encore	prouvé	scien?fiquement	:	

"The	LNT	(Linear	No	Threshold)	model	is	not	universally	accepted	
as	biological	truth,	but	rather,	because	we	do	not	actually	know	
what	level	of	risk	is	associated	with	very-low-dose	exposure,	it	is	
considered	to	be	a	prudent	judgment	for	public	policy	aimed	at	

avoiding	unnecessary	risk	from	exposure”		
(CIPR	2007)	



Physique	pour	Tous	!	

Un	modèle	controversé	

•  Les	résultats	les	plus	récents	proviennent	d'études	épidémiologiques	:	

	-	imagerie	médicale	(scanner,	...)	

	-	travailleurs	(industrie	nucléaire,	...)	

	-	radioac?vité	naturelle	(radon,	...)	
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Un	modèle	controversé	

•  Plusieurs	études	semblent	merre	en	évidence	une	rela?on	linéaire	sans	seuil	

pour	les	faibles	doses	
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Un	modèle	controversé	

•  Plusieurs	études	semblent	merre	en	évidence	une	rela?on	linéaire	sans	seuil	

pour	les	faibles	doses	

	

Radon	:	
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Figure 1. Relative risk of lung cancer versus long-term average residential radon 
concentration in the European pooling study
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Source: Darby et al. 2005
Relative risks and 95% confidence intervals are shown for categorical analyses and also best fitting straight line.
Risks are relative to that at 0 Bq/m3.

As mentioned above, there is substantial year-to-year random variation in the 
average annual radon concentration in a home, depending, for example, on variation 
in the weather (Zhang et al. 2007). Therefore, if the risk of lung cancer due to 
radon from the case-control studies is estimated based only on the measured radon 
concentrations and without taking this variation into account, then the risk is likely 
to be underestimated. Therefore, in the European pooling study, the analysis was 
repeated using “long-term average radon concentration” (i.e. taking into account 
the random year-to-year variability in measured radon concentration). The final 
estimated risk coefficient, based on the long-term average radon concentration, 
was 16% per 100 Bq/m3 (95% confidence interval 5-31%). Once again, on this 
proportionate scale, the risk did not vary more than would be expected by chance 
with age or sex or according to the smoking status of the individual, and the dose-
response relationship was approximately linear, as demonstrated in Figure 1. 

Darby	2005	

20000	personnes,	9	pays	européens	
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earliest of death, loss-to-follow-up, or Dec 31, 2008. 
Because it typically takes at least 2 years for radiation-
related leukaemia to develop and 5 years for a solid 
cancer to develop,16 doses were lagged by 2 years for 
leukaemia and by 5 years for brain tumours. Application 
of the exclusions and lag periods are described in the 
appendix. We did sensitivity analyses in which the 
exclusion and lag periods were increased to 10 years for 
brain tumours, the follow-up period for leukaemia was 
decreased from 2008 to 2004, and the age at end of 
follow-up was restricted to patients younger than 
25 years for leukaemia and younger than 28 years for 
brain tumours. We did signifi cance tests on the basis of 
the likelihood-ratio test. Unless otherwise stated, we 
based CIs on the profi le likelihood.17 When the statistical 
software failed to produce a convergent profi le likelihood 
bound we used the Wald-based (Fisher information-
based) confi dence bound. All p values are two-sided and 
p<0·05 was regarded as signifi cant. We did all statistical 
analyses with the DATAB and AMFIT modules of the 
EPICURE programme.18

Role of the funding source
The sponsors of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the report. MSP and ABdG had full access to 
all the data in the study and had fi nal responsibility for 
the decision to submit for publication.

Results
After exclusion of 33 372 patients who could not be traced 
by NHSCR because of incomplete names or dates of 
birth in the RIS databases (and 960 non-UK resident 

Leukaemia* Brain tumours†

Cases Person-years Cases Person-years

Sex

Male 42 953 634 65 657 169

Female 31 764 937 70 529 372

Unknown 1 2413 0 1666

Age at fi rst exposure, years

0 10 198 052 17 139 414

1–<5 17 262 437 18 185 942

5–<10 17 269 369 27 189 415

10–<15 10 345 320 30 236 891

≥15 20 645 807 43 436 545

Attained age, years

0–<20 47 900 383 65 537 567

20–<30 23 689 274 53 519 313

30–<35 2 106 376 12 106 376

≥35 2 24 951 5 24 951

Years since fi rst exposure

0–<10 53 1 266 110 77 733 337

10–<15 15 347 786 45 347 786

15–<20 6 101 213 13 101 213

≥20 0 5871 0 5871

Number of CT scans

1 45 1 239 170 72 862 661

2–4 22 429 324 50 291 192

≥5 7 52 493 13 34 354

Overall 74 1 720 984 135 1 188 207

Person-year data in the leukaemia group do not sum to the overall number 
because of rounding. *Follow-up starting 2 years after fi rst CT scan. †Follow-up 
starting 5 years after fi rst CT scan.

Table 2: Cases of leukaemia and brain tumours and person-years for 
patients in the assessed cohort

Figure: Relative risk of leukaemia and brain tumours in relation to estimated 
radiation doses to the red bone marrow and brain from CT scans
(A) Leukaemia and (B) brain tumours. Dotted line is the fi tted linear 
dose-response model (excess relative risk per mGy). Bars show 95% CIs.
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Radon	:	
	

Darby	2005	

200	Bq/m3	≈	10	mSv/an	

11

Figure 1. Relative risk of lung cancer versus long-term average residential radon 
concentration in the European pooling study

0                 200              400               600               800  

3.00

2.00

1.00

0.00

Long-term average radon (Bq/m3)

R
el

at
iv

e 
ri

sk

Source: Darby et al. 2005
Relative risks and 95% confidence intervals are shown for categorical analyses and also best fitting straight line.
Risks are relative to that at 0 Bq/m3.

As mentioned above, there is substantial year-to-year random variation in the 
average annual radon concentration in a home, depending, for example, on variation 
in the weather (Zhang et al. 2007). Therefore, if the risk of lung cancer due to 
radon from the case-control studies is estimated based only on the measured radon 
concentrations and without taking this variation into account, then the risk is likely 
to be underestimated. Therefore, in the European pooling study, the analysis was 
repeated using “long-term average radon concentration” (i.e. taking into account 
the random year-to-year variability in measured radon concentration). The final 
estimated risk coefficient, based on the long-term average radon concentration, 
was 16% per 100 Bq/m3 (95% confidence interval 5-31%). Once again, on this 
proportionate scale, the risk did not vary more than would be expected by chance 
with age or sex or according to the smoking status of the individual, and the dose-
response relationship was approximately linear, as demonstrated in Figure 1. 
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earliest of death, loss-to-follow-up, or Dec 31, 2008. 
Because it typically takes at least 2 years for radiation-
related leukaemia to develop and 5 years for a solid 
cancer to develop,16 doses were lagged by 2 years for 
leukaemia and by 5 years for brain tumours. Application 
of the exclusions and lag periods are described in the 
appendix. We did sensitivity analyses in which the 
exclusion and lag periods were increased to 10 years for 
brain tumours, the follow-up period for leukaemia was 
decreased from 2008 to 2004, and the age at end of 
follow-up was restricted to patients younger than 
25 years for leukaemia and younger than 28 years for 
brain tumours. We did signifi cance tests on the basis of 
the likelihood-ratio test. Unless otherwise stated, we 
based CIs on the profi le likelihood.17 When the statistical 
software failed to produce a convergent profi le likelihood 
bound we used the Wald-based (Fisher information-
based) confi dence bound. All p values are two-sided and 
p<0·05 was regarded as signifi cant. We did all statistical 
analyses with the DATAB and AMFIT modules of the 
EPICURE programme.18

Role of the funding source
The sponsors of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the report. MSP and ABdG had full access to 
all the data in the study and had fi nal responsibility for 
the decision to submit for publication.

Results
After exclusion of 33 372 patients who could not be traced 
by NHSCR because of incomplete names or dates of 
birth in the RIS databases (and 960 non-UK resident 

Leukaemia* Brain tumours†

Cases Person-years Cases Person-years

Sex

Male 42 953 634 65 657 169

Female 31 764 937 70 529 372

Unknown 1 2413 0 1666

Age at fi rst exposure, years

0 10 198 052 17 139 414

1–<5 17 262 437 18 185 942

5–<10 17 269 369 27 189 415

10–<15 10 345 320 30 236 891

≥15 20 645 807 43 436 545

Attained age, years

0–<20 47 900 383 65 537 567

20–<30 23 689 274 53 519 313

30–<35 2 106 376 12 106 376

≥35 2 24 951 5 24 951

Years since fi rst exposure

0–<10 53 1 266 110 77 733 337

10–<15 15 347 786 45 347 786

15–<20 6 101 213 13 101 213

≥20 0 5871 0 5871

Number of CT scans

1 45 1 239 170 72 862 661

2–4 22 429 324 50 291 192

≥5 7 52 493 13 34 354

Overall 74 1 720 984 135 1 188 207

Person-year data in the leukaemia group do not sum to the overall number 
because of rounding. *Follow-up starting 2 years after fi rst CT scan. †Follow-up 
starting 5 years after fi rst CT scan.

Table 2: Cases of leukaemia and brain tumours and person-years for 
patients in the assessed cohort

Figure: Relative risk of leukaemia and brain tumours in relation to estimated 
radiation doses to the red bone marrow and brain from CT scans
(A) Leukaemia and (B) brain tumours. Dotted line is the fi tted linear 
dose-response model (excess relative risk per mGy). Bars show 95% CIs.
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Physique	pour	Tous	!	

Un	modèle	controversé	

•  Certaines	études	ob?ennent	même	des	résultats	en	opposi?on	avec	le	modèle	

linéaire	sans	seuil	

RadioacHvité	naturelle	(Chine,	Inde,	...)	:	
and occupancy. Approximately 90,000 residents have
been continuously exposed to external c-ray doses of the
order of 4 mGy/year. The dose rate in the control areas
(35,000 residents) is of the order of 1 mGy/year. To date
there has been little evidence of radiation-induced health
effects, although increased frequencies of unstable
chromosome aberrations in circulating lymphocytes
have been detected.
The largest and most comprehensive study of high

background radiation is being conducted in Kerala, India.
The coastal belt of Karunagappally, Kerala contains
thorium-containing monazite sand with median outdoor
radiation levels of 4 mGy/year and in certain locations as
high as 70 mGy/year. A cohort of nearly 400,000 residents
in Karunagappally was established by the regional cancer
center in Trivandrum, Kerala between 1990–1997, and
interviews were conducted to obtain individual informa-
tion on cancer risk factors such as tobacco use, pregnancy
history, education and socioeconomic status. Measure-
ments of radiation levels in homes were conducted,
occupancy factors were obtained from interviews, and
biological dosimetry was conducted to validate cumula-
tive dose estimation. The population has a low rate of
illiteracy and a low rate of infant mortality. Medical
radiation for scanning and imaging is infrequent, there are
few environmental pollutants, and the primary occupation
is fishing. Similar to the China high background radiation
study, increases in unstable chromosome aberrations in
circulating lymphocytes were detected, but no significant
increases in cancer or leukemia have been detected to date.
An initial subcohort of nearly 70,000 residents of 6 of

the 12 available panchayats (administrative areas) was
followed for up to 15 years (10.5 years average), and
cancer incidence was determined through the regional
cancer registry that has existed since 1990 and is
described in IARC’s Cancer in Five Continents with a
high level of diagnoses based on histopathology or
cytology (11). Cumulative external radiation dose for
each individual was estimated based on outdoor and
indoor dosimetry of each household, taking into account
sex- and age-specific house occupancy factors. By the
end of 2005, 736,586 person-years of observation were
accumulated and 1,379 cancer cases and 30 leukemia
cases were identified. The excess relative risk (ERR) of
cancer excluding leukemia per Gy was estimated to be
20.13 (95% Cl: 20.58, 0.46). In site-specific analysis, no
cancer site or leukemia was significantly related to
cumulative radiation dose. For leukemia excluding
chronic lymphocytic leukemia (CLL), the ERR per Gy
was imprecise due to small numbers: 3.72 (95% CI ,0.0,
337). The range of external cumulative doses was broad
with 12% of the population estimated to have received
.200 mGy at the time of last follow-up (mean 161 mGy).
Migration, personal habits, socioeconomic status, age
and sex were all taken into account in the analyses.
Figure 1 is based on data from Nair et al. (9) on the

relative risk of all cancers excluding leukemia and 95%
CI over categories of cumulative dose. The numbers of
incident cancers in each of the five dose categories are
282, 371, 463, 211 and 22, respectively.

The initial subcohort was extended and preliminary
analyses were presented on the larger population of all
residents in the 12 panchayats with similar but more
precise results. Additional follow-up through 2008 is
planned that will increase the number of incident cancers
and, because the population is continually exposed to
high background radiation, will increase the cumulative
doses. It is being considered whether to conduct focused
screening studies to evaluate thyroid nodular disease,
cataract formation, autoimmune thyroid disease and
cytogenetic markers of exposure. More research on
childhood leukemia and childhood cancer is planned,
including possible expansion of the childhood exposure
cohort to include neighboring high background radiation
areas where over 36,000 newborns have been studied
comprehensively for malformations after characterization
of individual radiation doses (12). Because of the relatively
high cumulative doses, molecular studies might be
considered to confirm and extend recent studies of unique
indicators of heritable mutational effects in mitochondrial
DNA and on the Y chromosome (13, 14). The possible
association between high background radiation and non-
cancer mortality, e.g., ischemic heart disease, can be
evaluated. Opportunities to combine data with the China
high background radiation study in Yangjiang for certain
cancer sites should be pursued.

2. The current status of physical dosimetry of high
background radiation was presented by Naoto Fujinami

Elevated background radiation levels in some areas of
the world can result from monazite sand deposits, which
have high levels of thorium, such as Guarapari in Brazil,

FIG. 1. Risks of all cancers except leukemia in the current Kerala
cohort by estimated cumulative dose (9).

850 MEETING REPORT
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Un	modèle	controversé	

•  La	mise	en	évidence	épidémiologique	d'un	excès	de	risque	de	cancer	lié	aux	

rayonnements	ionisants	reste	très	difficile	:	

	

Taux	"naturel"	d'occurrence	des	cancers	

En	France	:		
		
	400	000	nouveaux	cancers	/	an	

	150	000	décès	/	an	
	
Risque	global	de	cancer	:	
	

	 		≈	20%	(1	personne	sur	5)	
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•  La	mise	en	évidence	épidémiologique	d'un	excès	de	risque	de	cancer	lié	aux	

rayonnements	ionisants	reste	très	difficile	:	

	

Facteurs	de	risque	

Total	
	=		

53,4	%	
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Un	modèle	controversé	

•  La	mise	en	évidence	épidémiologique	d'un	excès	de	risque	de	cancer	lié	aux	

rayonnements	ionisants	reste	très	difficile	:	

	

Biais	épidémiologiques	

Exemple	du	biais	protopathique	:	
	

	 	la	maladie	(cancer)	peut	être	antérieure	(voir	à	l'origine)	de	l'exposi?on	aux	
	 	rayonnements	ionisants	

Pour	quelle	raison	le	pa.ent	vient-il	
passer	un	examen	scanner	?	
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Principe	de	précau?on	?	

•  Le	modèle	linéaire	sans	seuil	est	un	ou?ls	de	ges?on	du	risque	radiologique,	il	est	

souvent	associé	au	principe	de	précauHon	

		

"L'absence	de	cer-tudes,	compte	tenu	des	connaissances	scien-fiques	et	techniques	du	

moment,	ne	doit	pas	retarder	l'adop-on	de	mesures	effec-ves	et	propor-onnées	visant	à	

prévenir	un	risque	de	dommages	graves	et	irréversibles	à	l'environnement	à	un	coût	

économiquement	acceptable"	

	

(Loi	Barnier	du	code	de	l'environnement	(2	février	1995))	
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Pourquoi	la	limite	n'est	
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souvent	associé	au	principe	de	précauHon	

	

•  3	visions	des	choses	possibles	:	

1)  Applica?on	incomplète	du	principe	de	précau?on	

2)  Applica?on	extrême	du	principe	de	précau?on	

Coût	économique	de	la	
radioprotec?on	

Sur-protec?on	par	rapport	à	d'autres	
risques	(exemple	:	pollu?on)	

Pourquoi	la	limite	public	est-elle	
inférieure	à	la	dose	moyenne	de	

radioac-vité	naturelle	?				



Physique	pour	Tous	!	

Principe	de	précau?on	?	

•  Le	modèle	linéaire	sans	seuil	est	un	ou?ls	de	ges?on	du	risque	radiologique,	il	est	

souvent	associé	au	principe	de	précauHon	

	

•  3	visions	des	choses	possibles	:	

1)  Applica?on	incomplète	du	principe	de	précau?on	

2)  Applica?on	extrême	du	principe	de	précau?on	

3)  Applica?on	juste	du	principe	de	précau?on	(au	vu	des	connaissances	

scien?fiques	et	des	incer?tudes	actuelles)	
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Débats	de	société	
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Imagerie	médicale	

•  Es?ma?on	du	nombre	de	cancers	liés	à	l'imagerie	à	par?r	de	la	dose	moyenne		

						(≈	2	mSv/an)	et	du	modèle	linéaire	sans	seuil	(risque	de	0.5%	/	100	mSv)	

⇒  N	=	0.005	x	2/100	x	70	x	106	=	7000	cancers	/	an	

•  Le	résultat	de	ce	type	de	calcul	reste	très	approximaHf	(voir	très	faux)	:	

	 	-	dose	moyenne	/	habitant	biaisée	par	les	pa?ents	âgés	

	 	-	modèle	linéaire	sans	seuil	encore	incertain	pour	les	doses	<	100	mSv	

	

•  Le	calcul	du	risque	de	cancer	est	un	enjeu	important	pour	les	pa?ents	

pédiatriques	(risque	15	fois	plus	élevé	si	l'exposi?on	a	lieu	à	1	an	ou	à	75	ans)		
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Imagerie	médicale	

•  Inquiétudes	du	corps	médical	quant	aux	réac?ons	possibles	de	la	popula?on	

(anxiété,	refus	de	certains	examens	diagnos?ques,	...)	

	

•  Rapport	de	l'Académie	des	Sciences	et	de	l'Académie	NaHonale	de	Médecine	

publié	en	2005	en	France	(La	rela-on	dose-effet	et	l'es-ma-on	des	effets	

cancérogènes	des	faibles	doses	de	rayonnements	ionisants)	

	

	
"[...]	En	conclusion,	le	présent	rapport	émet	des	réserves	sur	l’usage	de	la	RLSS	(rela-on	linéaire	sans	

seuil)	pour	évaluer	le	risque	cancérogène	des	faibles	doses	(<	100	mSv).	La	RLSS	peut	cons-tuer	un	ou-l	
pragma-que	u-le	pour	fixer	les	règles	de	la	radioprotec-on	pour	des	doses	supérieures	à	une	dizaine	de	

mSv	;	mais,	n’étant	pas	fondée	sur	des	concepts	biologiques	correspondant	à	nos	connaissances	
actuelles,	elle	ne	peut	pas	être	u-lisée	sans	précau-on	pour	es-mer	par	extrapola-on	l’effet	des	faibles	
et	surtout	des	très	faibles	doses	(<	10	mSv),	notamment	dans	l’évalua-on	du	rapport	bénéfice-	risque,	

imposée	au	pra-cien	dans	le	cadre	de	la	pra-que	radiologique."	
(Maurice	TUBIANA	et	André	AURENGO,	2005)		

	hrp://www.academie-medecine.fr/la-rela?on-dose-effet-et-les?ma?on-des-effets-cancerogenes-des-faibles-doses-de-
rayonnements-ionisants/	
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•  Mars	2011	:	Séisme	puis	tsunami	au	Japon	
•  Fusion	du	coeur	de	3	réacteurs	à	la	centrale	de	Fukushima-Daiichi		
•  Quan?tés	importantes	de	radio-éléments	libérés	dans	l'atmosphère		
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Accident	nucléaire		

•  Evacua?on	des	popula?ons	:	
	-	110	000	personnes	évacuées	
	-	environ	85000	n'étaient	pas	rentrées	chez	elles	5	ans	après	l'accident	

	
•  Classement	des	zones	aujourd'hui	:	
	

	Dose	>	50	mSv/an	:	zone	interdite	
		
		

	
	Dose	20-50	mSv/an	:	déplacement	libre	possible	en	journée	
		
		

	
	Dose	<	20	mSv/an	:	retour	possible	(habita?on	/	travail)		
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•  Débat	sur	la	ges?on	de	l'évacua?on	:	

	1)	Opposants	à	l'évacuaHon	systémaHque	
	
-  non	prise	en	compte	de	l'avis	de	chacun	(absence	de	liberté)	
-  non	prise	en	compte	de	l'individu	(âge,	état	de	santé,	...)	
-  pas	de	logique	bénéfice-risque	(nombres	de	morts	liés	à	l'évacua?on	à	

Fukushima,	impact	socio-économique,	...)	
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•  Débat	sur	la	ges?on	de	l'évacua?on	:	

	1)	Opposants	à	l'évacuaHon	systémaHque	
	
-  non	prise	en	compte	de	l'avis	de	chacun	(absence	de	liberté)	
-  non	prise	en	compte	de	l'individu	(âge,	état	de	santé,	...)	
-  pas	de	logique	bénéfice-risque	(nombres	de	morts	liés	à	l'évacua?on	à	

Fukushima,	impact	socio-économique,	...)	
	

	2)	Opposants	au	mainHen	des	populaHons	dans	une	zone	où	l'exposiHon	est	
	de	20	mSv/an	

	
-  seuil	d'acceptabilité	du	risque	fixé	à	1	mSv	au	niveau	interna?onal	
-  droit	de	chaque	individu	à	la	santé	(rapport	de	Anand	Grover,	rapporteur	spécial	

du	Haut-Commissariat	aux	droits	de	l’homme	des	Na?ons	unies)	
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•  Une	réflexion	qui	nous	concerne	tous	...	

	

hrps://www.gouvernement.fr/risques/plan-
na?onal-de-reponse-a-un-accident-nucleaire-
ou-radiologique-majeur	

hrps://www.asn.fr/Informer/
Actualites/Ges?on-post-
accidentelle-d-un-accident-
nucleaire	
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Déchets	radioac?fs	?	

•  La	ges?on	des	déchets	radioac?fs	est	un	enjeu	de	société	en	France	

•  Agence	Na?onale	de	Ges?on	des	Déchets	Radioac?fs	(ANDRA)	

Produc-on	des	déchets	radioac-fs	(ANDRA)	

(www.andra.fr)	
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•  La	ges?on	des	déchets	radioac?fs	est	un	enjeu	de	société	en	France	

•  Les	déchets	faiblement-moyennement	radioac?fs	sont	stockés	en	surface	

Centre	de	Stockage	de	la	Manche	(CSM)	
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Déchets	radioac?fs	?	

•  La	ges?on	des	déchets	radioac?fs	est	un	enjeu	de	société	en	France	

•  Les	déchets	faiblement-moyennement	radioac?fs	sont	stockés	en	surface	

•  Les	déchets	fortement	radioac?fs	n'ont	pas	de	solu?on	de	stockage	aujourd'hui	
(projet	CIGEO	de	stockage	en	couches	géologiques	profondes)	

Sites	de	stockage	temporaires		
(La	Hague,	Marcoule,	Cadarache)	

Projet	CIGEO	
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•  Débats	publics	sur	le	plan	de	ges?on	des	déchets	radioac?fs	

hrps://pngmdr.debatpublic.fr/	


