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Section D1: Ionizing radiation

1. The low-dose-effect relationship 
controversy

Most of the dose from �on�z�ng rad�at�on rece�ved 
by human be�ngs or�g�nates from med�cal X-rays 
and background rad�at�on. The term “background 
rad�at�on” encompasses cosm�c rad�at�on and 
terrestr�al rad�at�on, �nclud�ng radon decay products. 
Terrestr�al rad�at�on comes ma�nly from naturally 
rad�oact�ve atoms present �n the earth’s surface 
(e.g., uran�um, thor�um and the�r decay products) 
that can �rrad�ate l�v�ng be�ngs through close contact, 
�ngest�on of water and foodstuffs and �nhalat�on of a�r 
conta�n�ng rad�onucl�des or may be �ncorporated �nto 
the body (e.g., potass�um 40, carbon 14 and tr�t�um). 
There are major geograph�cal var�at�ons �n cosm�c and 
terrestr�al rad�at�on: doses due to cosm�c rad�at�on are 
h�gher �n polar reg�ons and at alt�tude, and terrestr�al 
rad�at�on depends on concentrat�ons of naturally 
rad�oact�ve atoms that vary greatly between d�fferent 
geolog�cal structures (B�llon et al., 2005). However, 
the rad�at�on dose due to rad�onucl�des �ncorporated 
�nto the body �s constant across the world, because 

  The old unit of radioactivity is the curie, the more recent one is the becquerel, which is much smaller. The amount of energy deposited in tissue by an exposure to ionizing 
radiation (“a dose”) can be expressed in joules per kilogram. The International Commission on Radiological Units gives 1 joule per kilogram a special name, the gray. 
However, simply measuring the amount of energy absorbed by tissue from ionizing radiation is not enough to predict the amount of potential harm. There are different 
kinds of ionizing radiation, such as alpha, beta and gamma rays and neutrons. Experience has shown that a 1-gray dose of alpha rays, for example, is about 10 to 20 times 
more harmful than a 1-gray dose of gamma rays. Beta rays and X-rays are about as harmful as gamma rays. The relative biological efficiency (RBE) of neutrons versus 
gamma rays varies inversely with neutron energy down to 0.4 MeV, where it can reach values of 20 and more. To express the size of an exposure in terms of potential 
harm, a measurement of the absorbed dose in joules per kilogram (hence in grays) in a given organ or tissue is multiplied by “quality factors” for that kind of radiation. The 
quality factors are chosen so that 1 sievert of radiation is the amount of any kind of radiation which would cause the same amount of harm as would result from absorbing 
1 gray of X-rays in the same organ or tissue; in this case the sievert is said to measure “dose equivalent’. The quality factor has been in part determined experimentally 
(RBE) and in part based on expert judgement. This dimensionless quality factor is chosen by the International Commission for Radiation Protection and the International 
Commission of Radiological Units. Some authors still use old units. One gray is equal to 100 rad and one sievert to 100 rem.

Risk factors for which no estimates were calculated

the�r uptake �s regulated by homeostat�c mechan�sms. 
The average annual effect�ve dose  del�vered by 
background �rrad�at�on �nclud�ng radon �s 2.4 mSv, 
w�th a typ�cal range between 1 and 10 mSv �n most 
countr�es, although �n some reg�ons �t can reach 50 
to 80 mSv (UNSCEAR 2000). Most of the effect�ve 
dose, however, �s related to lung dose from radon 
and �ts decay products; the average effect�ve dose¹ 
exclud�ng radon �s of the order of 1 mSv.

Most of these sources del�ver relat�vely low doses 
of less than 20 mSv per year at very low dose rates, 
�.e. below 2.5 µSv per hour. Most people �n France 
have an average annual exposure below 5 mSv per 
year from all three sources (natural, med�cal and 
�ndustr�al). A small fract�on of the total populat�on 
�s or may be exposed to h�gher doses of �on�z�ng 
rad�at�on for profess�onal (e.g., p�lots and a�rcrews, 
rad�at�on workers �n �ndustry, research or med�c�ne), 
c�rcumstant�al (e.g., h�gh terrestr�al content �n 
rad�oact�ve products) or med�cal reasons (e.g., 
rad�otherapy for cancerous d�seases).

Attributable causes of cancer in France in the year 2000



121

Wh�le the carc�nogen�c effects of h�gh- and 
med�um-dose rad�at�on are well establ�shed, there 
�s much controversy about the carc�nogen�c effects 
of low doses (10 to 100 mSv) of �on�z�ng rad�at�on �n 
humans and even more so for very low doses (<10 
mSv). Th�s controversy has cons�derable publ�c health 
�mpl�cat�ons, s�nce most human be�ngs are exposed 
to low or very low doses of �on�z�ng rad�at�on. Even �f 
low-dose rad�at�on enta�led very low cancer r�sk, the 
proport�on of cancer attr�butable to these sources of 
rad�at�on m�ght be substant�al because everybody �s 
exposed to cosm�c, terrestr�al and med�cal rad�at�on. 
Therefore, a small error �n low-dose r�sk assessment 
leads to large errors �n the number of cancers 
attr�buted to �on�z�ng rad�at�on exposures, whether 
occupat�onal or res�dent�al.

Est�mat�on of low-dose r�sk cr�t�cally depends 
on our ab�l�ty to establ�sh the relat�onsh�p between 
dose (and the dose-del�very pattern, e.g., acute or 
fract�onated, protracted) and detr�mental effects, 
�n part�cular w�th�n the range of low and very low 
doses.

A deta�led d�scuss�on of th�s controversy �s beyond 
the scope of th�s report and readers should refer 
to relevant publ�cat�ons (Ross� and Kellerer, 1972; 
Tub�ana et al., 2004, 2005a, b, 2006a, b; S�mmons, 
2004; Brenner and Hall, 2003b, 2004; Brenner and 
Sachs, 2006; US NRC, 2007), but the d�fferent 
pos�t�ons are summar�zed below.

There �s a consensus based on recent results of 
b�olog�cal and an�mal exper�mentat�on that:

- defence aga�nst �on�z�ng rad�at�on �nvolves 
not only cells but the�r m�croenv�ronment and the 
�mmunolog�cal system ;

- changes �n cell s�gnall�ng and gene 
transcr�pt�on (e�ther act�vat�on or �nh�b�t�on) are not 
the same �n response to very low (< 10 mSv), low 
(< 100 mSv) or h�gher doses;

- when only a small proport�on of cells are 
damaged, el�m�nat�on by death �s the ma�n cell and 
t�ssue response (Rothman, 2003; Coll�s, 2004).

The pos�t�on of the Internat�onal Comm�ss�on on 
Rad�olog�cal Protect�on (ICRP), the B�olog�cal Effects 
of Ion�z�ng Rad�at�on comm�ttee (BEIR VII) �s that:

- most of these results were obta�ned �n v�tro 
and have not been conf�rmed �n v�vo,

- the �n�t�al b�ophys�cal cell damage by �on�z�ng 
rad�at�on �s proport�onal to the dose,

- a cancer ar�ses from transformat�on of a 
s�ngle cell and cell neoplast�c transformat�on 
can be �nduced by a bystander effect or result �n 
genet�c �nstab�l�ty wh�ch could �nvolve a supra-
l�near low-dose–effect relat�onsh�p;

- hence, even the lowest dose has the potent�al 
to cause a small �ncrease �n the r�sk of cancer; the 
magn�tude of the effect, however, �s uncerta�n and 
the r�sk may be lower or h�gher than that pred�cted 
by a l�near no-threshold (LNT) model;

- an LNT dose–effect relat�onsh�p �s compat�ble 
w�th ep�dem�olog�cal data and rema�ns the best 
dose–effect model;

- an LNT dose–effect relat�onsh�p allows the 
est�mat�on of cancers attr�butable to �on�z�ng 
rad�at�on, whatever the dose, w�th adjustments 
tak�ng �nto account the dose rate;

- any add�t�onal dose one rece�ves, be �t very 
low, must be added to doses we rece�ve from 
other, unavo�dable sources, �nclud�ng natural 
background rad�at�on. On the bas�s of a l�fet�me 
comm�tment to dose from �on�z�ng rad�at�on (�.e., 
tens of mSv), we are above any threshold that 
m�ght be cred�ble from a rad�ob�olog�cal or even 
ep�dem�olog�cal perspect�ve.

Conversely, the French academ�es of med�c�ne 
and sc�ence cons�der that:

Because many organs and tissues of a human being are more or less exposed selectively as a result of internal contamination and localized medical exposures, it is 
convenient to use an additional concept, that of “effective dose”, which characterizes the overall potential health risk caused by any combination of heterogeneously 
distributed radiation. The effective dose accounts both for absorbed energy and type of radiation and for susceptibility of various organs and tissues to development of a 
radiation-induced cancer. This is done using a specific weighting factor for each tissue or organ on the basis of an equivalence of this risk compared to the risk resulting 
from the same dose equivalent homogeneously delivered to the entire body. The sum of these weighting factors is equal to unity. The sievert is also used as the unit for 
effective dose.

Risk factors for which no estimates were calculated
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- mult�ple and convergent data show that not 
one s�ngle but several strateg�es prov�de cell and 
t�ssue defence aga�nst �on�z�ng rad�at�on;

- these are more effect�ve for low doses and at 
low dose rates, s�nce �n that dose range cell death 
�s predom�nant. DNA repa�r (wh�ch can be error-
prone) �s ma�nly act�vated aga�nst h�gher doses, 
�n order to preserve t�ssue funct�on; moreover, 
el�m�nat�on of damaged or mutated cells �s more 
effect�ve at low doses and low dose rates (low 
dose hypersens�t�v�ty). M�tot�c death el�m�nates 
cells w�th DNA damage when the dose or dose 
rate �s too low to tr�gger act�vat�on of DNA repa�r.

- the �nc�dence of m�srepa�r �s h�gher at h�gh 
doses and h�gh dose rates. Adapt�ve response can 
�ncrease the eff�cacy of cell defence. Carc�nogen�c 
effect (per dose un�t) var�es w�th dose and dose 
rate.

- the LNT dose–effect relat�onsh�p �s 
�ncompat�ble w�th some b�olog�cal data and w�th 
data perta�n�ng to cancer �nduct�on by alpha 
em�tters;

- for reasons of stat�st�cal power, most 
ep�dem�olog�cal stud�es amalgamate h�gh-and 
low-dose exposure data and postulate an LNT 
dose–effect relat�onsh�p. Th�s �s based on the 
erroneous hypothes�s that cancer �nduct�on by 
rad�at�on and defence mechan�sms are s�m�lar �n 
both cases ;

- the prel�m�nary meta-analys�s of cohort 
stud�es for wh�ch low-dose data (< 100 mSv) were 
ava�lable show no s�gn�f�cant r�sk excess, e�ther 
for sol�d cancer or for leukaem�as;

- an LNT dose–effect relat�onsh�p allows 
est�mat�on of cancer attr�butable to �on�z�ng 
rad�at�on doses of 100–200 mSv, but leads to 
overest�mat�on for lower doses.

Observat�onal ep�dem�olog�cal stud�es on workers 
or pat�ents w�ll probably never have the stat�st�cal 
power to demonstrate a modest �ncreased cancer 
r�sk assoc�ated w�th low-dose rad�at�on (e.g., less 
than 10% excess r�sk), as such stud�es would need 
to �nclude m�ll�ons of subjects followed up over long 
per�ods, w�th accurate measurements of rad�at�on 
exposure and appropr�ate control of numerous 
potent�al confound�ng factors (e.g., smok�ng, 
soc�oeconom�c status).

Compar�sons of mortal�ty rates between groups 

deemed to be more h�ghly exposed to rad�at�on and 
the general populat�on or some adequate control 
group have often led to the f�nd�ng of equ�valent or 
lower all-cause death and cancer death rates �n the 
exposed groups. The current explanat�on for th�s 
observat�on �s the so-called “healthy worker effect”, 
wh�ch assumes that subjects profess�onally exposed 
to rad�at�on have h�gher soc�oeconom�c status and 
probably have health�er l�festyle than average and 
therefore the�r cancer r�sk �s lower than that of the 
average populat�on. (Doll et al., 2005; Cameron 
2002; Daunt 2002; Mu�rhead et al., 1999, 2003). Th�s 
concept has been cr�t�c�zed and ev�dence for less 
smok�ng and/or dr�nk�ng among workers has yet to 
be prov�ded.

Assessment of cancer r�sk assoc�ated w�th 
exposure to low doses of �on�z�ng rad�at�on often 
rel�es upon model approaches, ma�nly us�ng log�st�c 
models that allow other r�sk factors, such as tobacco 
or alcohol consumpt�on, to be taken �nto account. 
Most models are based on assumpt�ons about the 
type of relat�onsh�p between low-dose rad�at�on and 
organ-spec�f�c cancer r�sk. The US Comm�ttee on the 
B�olog�cal Effects of Ion�z�ng Rad�at�on (BEIR) fam�ly 
model (health r�sks from exposure to low levels of 
�on�z�ng rad�at�on) �s often used for est�mat�ng excess 
r�sk of cancer due to low-dose rad�at�on. The BEIR 
VII report �ssued �n 2006 (BEIR VII 2006) �ncludes 
the most recent vers�on of th�s model. The model �s 
based on the LNT hypothes�s wh�ch postulates that 
the carc�nogen�c effect per un�t dose �s constant, 
�rrespect�ve of the dose and the dose rate. The val�d�ty 
of th�s assumpt�on has been challenged by the report 
of the French academ�es (Tub�ana, 2005) wh�ch 
prov�ded b�olog�cal and ep�dem�olog�cal arguments 
aga�nst th�s constancy (see above).

An alternat�ve approach �s to avo�d the use of any 
model and to est�mate the rad�at�on odds-rat�os for 
d�fferent dose ranges, tak�ng �nto account potent�al 
confound�ng factors. Th�s approach can also take 
�nto account the fact that the mechan�sms of defence 
aga�nst �on�z�ng rad�at�on are not the same for d�fferent 
doses.

Because of the debate surrounding the effects 
of low doses of radiation, we chose not to estimate 
the numbers of cancer attributable to ionizing 
radiation in France, but rather to review briefly 
issues related to cancer risk and low-dose radiation, 

Attributable causes of cancer in France in the year 2000
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including radon exposure and the consequences 
of the Chernobyl accident and its impact on thyroid 
cancer incidence.

2. Exposure in France to ionizing radiation

Background radiation

In France, accord�ng to the Inst�tut de Rad�oprotect�on 
et de Sûreté Nucléa�re (IRSN 2002), cosm�c and 
terrestr�al rad�at�on del�vers an average annual dose 
of 2.4 mSv. Accord�ng to the BEIR VII model (2006), 
such exposure could cause nearly 6% of all cancers. 
However, large stud�es devoted to natural background 
exposures have not revealed any �ncreased r�sk, 
even for doses 30 t�mes h�gher. Thus, the ex�stence 
of a background rad�at�on cancer r�sk �n France �s 
speculat�ve and no rel�able attr�butable fract�on can 
be proposed.

Indoor radon exposure

Release of radon and �ts decay products from the 
ground or from bu�ld�ng mater�als results �n �ndoor 
exposure. Exposure levels �n houses are typ�cally 
one order of magn�tude lower than �n underground 
m�nes. The est�mat�on of an attr�butable r�sk due to 
�ndoor radon exposure requ�res dos�metr�c est�mates 
and relat�ve r�sk (RR) assessments for low radon 
concentrat�ons.

The level of exposure of the French populat�on to 
radon �s not known prec�sely. Radon measurement 
requ�res caut�on and radon levels are h�ghly sens�t�ve 
to geology, season, weather, type of dwell�ng 
(pr�vate house or apartment bu�ld�ng), construct�on 
mater�als and floor. Surveys carr�ed out �n France �n 
1982–2000, �nclud�ng 12 641 measurements (IRSN 
database) showed a crude ar�thmet�c mean of 89 Bq/
m3 and a geometr�c mean of 54 Bq/m3 for the ent�re 
French populat�on. We�ghted for populat�on dens�ty, 
the average was 68 Bq/m3 (B�llon et al., 2003). 
Though the geometr�c mean of these measurements 
�s close to the we�ghted average of measurements 
�n 29 European countr�es (58 Bq/m3) (UNSCEAR, 
2000), the latter data are not representat�ve of French 
populat�on exposure, due to overrepresentat�on of 
�nd�v�dual dwell�ngs and ground-floor measurements. 
These values contrast w�th those est�mated by 

the Observato�re de la Qual�té de l’A�r Intér�eur 
(OQAI) (K�rchner et al., 2006) �nclud�ng 570 houses 
representat�ve of 24 m�ll�on dwell�ngs �n cont�nental 
metropol�tan France: med�an 31 Bq/m3 �n bedrooms 
and 33 Bq/m3 �n other rooms.

A pooled analys�s of European stud�es of 
res�dent�al radon exposure and lung cancer resulted 
�n an RR of 1.08 (95% CI 1.03–1.16) for an �ncrease 
�n radon exposure of 100 Bq/m3 (Darby et al., 2005). 
The relat�ve r�sk excess �s, however, not s�gn�f�cant 
for radon concentrat�ons lower than 100 Bq/m3.

Range (Bq/m3) RR 95% CI

< 25 1.00 0.87–1.15

25–49 1.06 0.98–1.15

50–99 1.03 0.96–1.10

100–199 1.20 1.08–1.32

200–399 1.18 0.99–1.42

400–799 1.43 1.06–1.92

These est�mates take �nto account tobacco 
consumpt�on level, but ne�ther �ts durat�on nor 
env�ronmental tobacco smoke. None of the relevant 
tobacco r�sk parameters (“daily amount smoked, 
duration of smoking, age at onset of smoking, 
cumulative amount smoked […], environmental 
tobacco smoke”²) were taken �nto account �n the 
quoted stud�es of radon r�sk (Lub�n, 1997; Darby et 
al., 2005).

Consequences of radon exposure �ncrease 
dramat�cally for smokers: “In the absence of other 
causes of death, the absolute risks of lung cancer 
by age 75 years at usual radon concentrations of 0, 
100, and 400 Bq/m3 would be about 0.4%, 0.5%, 
and 0.7%, respectively, for lifelong non-smokers, 
and about 25 times greater (10%, 12%, and 16%) for 
cigarette smokers.” (Darby et al., 2005).

The calculat�on of attr�butable fract�on for radon 
exposure �s therefore debatable, s�nce �t can rely e�ther 
on s�gn�f�cant proven r�sk (smokers and s�gn�f�cant 
RR dose range) or on hypothet�cal extrapolated RR 
(�nclud�ng non-smokers and us�ng global dose–RR 
est�mates).

An est�mate of lung cancer deaths �n France 
attr�butable to �ndoor radon exposure (Catel�no�s et 
al., 2006) ranges from 1234 (90% uncerta�nty �nterval, 

² Giles G, Boyle P. Smoking and lung cancer. In  : Tobacco, Boyle P, et al. Ed., Oxford University Press, 2004; pp. 492-493.

Risk factors for which no estimates were calculated



124

593–2156) to 2913 (90% UI, 2763–3221), depend�ng 
on the model cons�dered. Th�s est�mate used an LNT 
dose–r�sk model wh�ch results �n a h�gh proport�on 
of deaths (47%) related to radon concentrat�on �n the 
range 0–99 Bq/m3.

These results are debatable because of several 
cons�derat�ons that lead to overest�mat�on of the 
burden due to radon:

- ep�dem�olog�cal and an�mal data show a 
dose–r�sk relat�onsh�p threshold for alpha em�tters 
wh�ch should be taken �nto account;

- no s�gn�f�cant r�sk excess was demonstrated 
for �ndoor radon exposure �n the 0–99 Bq/m3 
concentrat�on range (Darby et al., 2005);

- Catel�no�s et al. made use of IRSN est�mates 
of the French populat�on expos�t�on to radon 
(adjusted mean 87 Bq/m3) wh�ch are not cons�stent 
for French dwell�ngs. K�rchner (2006) est�mated 
that levels are s�gn�f�cantly lower (31–33 Bq/m3) 
and that radon concentrat�ons are h�gher than 100 
Bq/m3 �n only about 11% of dwell�ngs, compared 
w�th 24% accord�ng to IRSN.

Medical radiation

Med�cal rad�at�on �ncludes d�agnost�c and therapeut�c 
procedures w�th X-rays, sc�nt�grams and metabol�c 
rad�otherapy (mak�ng use of rad�oact�ve products). 
Average doses and total annual doses result�ng from 
d�agnost�c procedures were calculated for the year 
2002 accord�ng to two hypotheses (Scanff, 2005). 
The ma�n results (average of low and h�gh hypothes�s 
est�mates) are g�ven �n the follow�ng table¹.

Number of 
acts (%)

Collective 
effective dose 
in man - mSv 

(%)

Average 
effective 

dose per act 
mSv

Convent�onal 
rad�ology

60 635 575 
(89.8%)

16 684 755 
(36.6%)

0.28

Computer�zed 
tomography

5 109 481 
(7.5%)

17 682 526 
(38.8%)

3.46

Nuclear 
med�c�ne

849 620 
(1.2%)

3 402 402 
(7.4%)

4.00

Intervent�onal 
rad�ology

892 385 
(1.3%)

7 771 511 
(17%)

8.71

Total
67 487 062 

(100%)
45 541 194 

(100%)
0.67

The average dose per French �nhab�tant was 0.75 
mSv/y. Est�mates for 1982 from UNSCEAR (1988) 
lead to an average effect�ve dose of 1.6 mSv/y, �f one 
red�str�butes among all French subjects a “collect�ve 
dose” est�mated for each anatom�c s�te of rad�ograph�c 
exam�nat�on. These s�te-spec�f�c “collect�ve doses” 
are d�splayed �n the follow�ng table : 

Collective effective dose equivalent from diagnostic 

x-ray examinations in France, 1982

a/ Exam�nat�ons �n wh�ch fluoroscopy �s only used for 

pos�t�on�ng the pat�ent pr�or to f�lm rad�ography.

Attributable causes of cancer in France in the year 2000

Exam�nat�on 

Collect�ve 
effect�ve dose 

equ�valent 
(man Sv)

Accounted for 
by fluoroscop�e 

(%)

Cerv�cal sp�ne 1680 18a/

Thorac�c sp�ne 2100 16.5 a/

Lumbar sp�ne 8500 13 a/

Sacro-lumbar 
sp�ne

3400 7 a/

Pelv�s, h�p 5350 3 a/

Abdomen 4120 6.5 a/

IV urography 20580 11.5 a/

Hysterography 810 17

Cholecystography 4860 34.5

Skull 4990 10 a/

Bar�um enema 8210 21.5 

Bar�um meal 7460 31.5

Thorax 4110 3 a/

Cerebral 
ang�ography

1780 15

Thorac�c 
ang�ogaphy

680 70.5 

Abdom�nal 
ang�ography

5590 34

Infer�or l�mbs 
ang�ography

280 15

Phlebography 940 37

Obstetr�cal 
abdomen

930 8 a/

Pyelography 370 24

An attr�butable fract�on of cancers calculated from 
these exposures based on the collect�ve dose of 45 
541 194 man Sv �s not rel�able, s�nce procedures 
generally �nvolve very low doses for wh�ch the levels 
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of r�sk are unknown and cannot be merely der�ved 
from h�gh-dose data. For example, each of the 5 to 
6 m�ll�on chest rad�ograph�c exam�nat�ons del�vers a 
mean effect�ve dose of 0.02 mSv; each of the 1.5 to 
2.2 m�ll�on head CT scans del�vers about 1.8 mSv.

An attr�butable fract�on of cancers could be 
calculated rely�ng on �nd�v�dual dos�metry est�mates 
for repeated exam�nat�ons result�ng �n total doses 
h�gh enough for rel�able r�sk factors to be ava�lable (> 
50–100 mSv). Such cases are �nfrequent, however, 
and the requ�red data are not ava�lable. Moreover, a 
study conducted �n 2001–3 showed that for a g�ven 
procedure, the dose var�es greatly accord�ng to the 
rad�ograph�c dev�ce. For example, a face + prof�le 
chest rad�ography results �n doses rang�ng from 0.09 
to 0.70 mGy, and a prof�le lumbar column rad�ography 
from 9.5 to 36 mGy. Dos�metr�c est�mat�on der�ved 
from the number and type of exam�nat�ons, w�thout 
actual dos�metr�c measurements, �s therefore very 
approx�mate.

Computat�ons us�ng the BEIR VII model tak�ng 
�nto account the age-d�str�but�on of med�cal X-ray 
exam�nat�ons performed �n the Un�ted K�ngdom 
(Berr�ngton et al., 2004) are a subject of controversy 
(Tub�ana et al., 2004).

It may be noted that about tw�ce as many med�cal 
X-ray exam�nat�ons are performed �n France as �n the 
Un�ted K�ngdom, and effect�ve doses for med�cal X-
rays �n France are among the h�ghest �n �ndustr�al�zed 
countr�es (UNSCEAR 2000; Donad�eu et al., 2006).

3. Impact of fallout from the Chernobyl 
accident on cancer in France

The Chernobyl acc�dent occurred on 26 Apr�l 1986. 
Most of central and western Europe rece�ved fallout 
from the acc�dent, w�th geograph�cal var�at�ons �n 
levels, depend�ng on w�nds and other atmospher�c 
cond�t�ons that preva�led �n the days after the 
acc�dent.

Internat�onal collaborat�ve stud�es coord�nated 
by IARC and WHO have produced two reports on 
cancer consequences of the Chernobyl acc�dent, for 
local populat�ons and for the whole of Europe (Card�s 
et al., 2006a, b).

Est�mat�on of cancers that could be attr�butable to 
fallout, based on food contam�nat�on measurements 
carr�ed out �n 1986 by the Serv�ce Central de 
Protect�on contre les Rayonnements Ion�sants 

(SCPRI), �nd�cated 0.5 to 22 attr�butable cancers for 
the whole per�od 1991–2000 (Verger et al., 2000, 
2003). These results are probably b�ased towards 
overest�mat�on, s�nce measurements show�ng no food 
contam�nat�on were d�scarded. The authors used an 
LNT relat�onsh�p but recogn�zed that th�s model may 
overest�mate the r�sk.

Accord�ng to the BEIR VII model, between 0.003 
and 0.012% of all cancers occurr�ng before the age 
of 75 years (�.e., between 8 and 33 cancers) would 
be attr�butable to Chernobyl fallout �n France �n 
2000. However, the val�d�ty of th�s model �s open to 
d�scuss�on (see above).

Modell�ng performed by Catel�no�s et al. (2005) for 
eastern France, where the level of fallout was h�gher, 
�nd�cated that dur�ng 1991–2007, out of 894 to 1716 
thyro�d cancers �n subjects below 15 years of age, 
the excess due to fallout could be between 5 and 63 
cases.

These est�mates of attr�butable cancer rely on 
debatable dose reconstruct�ons and dose–r�sk 
relat�onsh�ps. So far, d�rect ep�dem�olog�cal ev�dence 
of an excess �n thyro�d cancer �nc�dence �n France 
due to fallout �s not ava�lable, but �t should be noted 
that the power to detect an �ncrease of the order of 
that pred�cted by the BEIR VII model �s very small.

A susta�ned �ncrease �n thyro�d cancer �nc�dence 
was observed over recent decades (ma�nly for 
pap�llary cancer, l�ttle for foll�cular cancer), w�th no 
change �n slope of the �nc�dence curve after 1986 
(F�gure D.1). In contrast, mortal�ty rates from thyro�d 
cancer rema�n low and stead�ly decrease w�th the 
calendar year, w�thout any not�ceable �nfluence of 
the Chernobyl acc�dent (F�gure D.2). The �ncrease 
�n thyro�d cancer �nc�dence �n France over recent 
decades �s mostly due to the �ntroduct�on of new 
d�agnost�c procedures; a study of d�agnost�c pract�ces 
�n s�x centres spec�al�z�ng �n thyro�d d�seases �n France 
by Leenhardt et al. (2004 a,b) showed the follow�ng 
data on methods used for thyro�d �nvest�gat�on:

1980 2000

Ultrasonography 3% 85%

F�ne needle b�opsy 4.5% 23%

S�nce thyro�d glands (part�cularly �n women) 
often harbour a few �slets of “cancerous” t�ssues, the 
more �mag�ng and b�opsy methods ga�n �n sens�t�v�ty, 

Risk factors for which no estimates were calculated
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the more “thyro�d cancers” are found. The cl�n�cal 
s�gn�f�cance of most screen-detected thyro�d cancers 
rema�ns quest�onable because most would rema�n 
�ndolent and would never progress to an �nvas�ve 
cancer.

Increases �n thyro�d cancer �nc�dence �n 
departments w�th cancer reg�str�es (Colonna et al., 
2002) showed no correlat�on between the magn�tude 
of the annual �ncrease �n thyro�d �nc�dence and 
est�mates of depos�t�on of caes�um 137 or �od�ne 131 
�n France �n Apr�l and May 1986.

In Apr�l 2006, the InVS released complete reports 
on surve�llance of thyro�d cancer �n France, �nclud�ng 
numerous new data show�ng that the Chernobyl 
acc�dent �s not l�kely to have contr�buted to �ncreas�ng 
the �nc�dence and mortal�ty from thyro�d cancer �n 
France (Chér�é-Chall�ne et al., 2006a,b)³.

4. Concluding remarks

At present, no d�rect observat�onal ep�dem�olog�cal 
data support an assoc�at�on between exposure to low 
doses of �on�z�ng rad�at�on and cancer occurrence. 
Hence, observat�onal ep�dem�olog�cal data, wh�ch are 
also compat�ble w�th absence of assoc�at�on or w�th a 
rather small assoc�at�on, are very d�ff�cult to assess. 
Est�mates based on LNT models, on the other hand, 
may markedly overest�mate rad�at�on-attr�butable 
cancers.
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Figure D.1.1 - Annual age-standardized incidence and mortality of thyroid cancer in France

(Remontet et al., 2003)
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Figure D.1.2 - Mortality from thyroid cancer in France in deaths per 100 000, age-standardization on European 

Standard Population (Source: C. H�ll, Inst�tut Gustave Roussy)
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A causal assoc�at�on has been establ�shed between 
human cancer and var�ous agents class�f�ed by 
IARC as Group 1 carc�nogens to wh�ch a negl�g�ble 
proport�on of the French populat�on was or m�ght 
have been exposed �n 1985. Nonetheless, we br�efly 
rev�ew these agents, w�thout prov�d�ng est�mates for 
the number of cancers attr�butable to these factors.

1. Inorganic arsenic in drinking water

Inorgan�c arsen�c �n dr�nk�ng water causes bladder, 
sk�n and lung cancers �n humans (IARC, 2004). 
The most s�gn�f�cant exposures, �n terms of levels 
and populat�ons, occur around the Gulf of Bengal, 
�n South Amer�ca and �n Ta�wan, Ch�na. In Europe, 
�ntermed�ate levels of arsen�c �n groundwater (below 
200 µg/L) are found �n areas of Hungary and Roman�a 
�n the Danube bas�n, as well as �n Germany, Greece 
and Spa�n. The stud�es show�ng an excess cancer r�sk 
have been conducted �n areas w�th elevated arsen�c 
content (typ�cally above 200 µg/L), wh�le the results 
of stud�es of bladder cancer conducted �n areas w�th 
low or �ntermed�ate contam�nat�on are suggest�ve of 
a poss�ble �ncreased r�sk (IARC, 2004).

No data are ava�lable on the proport�on of the 
populat�on �n France exposed to arsen�c �n dr�nk�ng 
water, but �t �s known (M�cquel, 2003) that �n some 
reg�ons �nclud�ng Alsace and the Mass�f central, 
arsen�c levels may be h�gh for up to 200.000 
�nhab�tants wh�ch would result �n few add�t�onal 
cancer cases each year.

There ex�st �n France pockets of local so�l and 
water contam�nat�on due to gold m�nes, e.g., �n 
Sals�gne (Aude). Gold m�ners from th�s area were 

exposed to h�gh arsen�c doses (and also to radon 
and s�l�ca) and had twofold h�gher mortal�ty from lung 
cancer (S�monato et al., 1994). Excess deaths from 
lung, pharynx and d�gest�ve system cancers were 
reported �n v�llages surround�ng the �ndustr�al m�n�ng 
complex (Dondon et al., 2005). 

2. Additional cancer risk factors

A number of add�t�onal chem�cal or phys�cal agents, 
�nfect�ons, l�festyles or geograph�cal c�rcumstances 
have been class�f�ed as Group 1 carc�nogens by the 
IARC, that are not relevant to France. These factors 
�nclude:

- Paras�t�c �nfect�ons such as Schistosoma 
haematobium, �nvolved �n bladder cancer �n Afr�ca 
(IARC 1994c), and Opisthorchis viverrini, �nvolved 
�n l�ver cholang�ocarc�noma �n south-east As�a 
(IARC, 1994d). The prevalence of these �nfect�ons 
�s negl�g�ble �n France.

- Aflatox�ns are tox�ns produced by natural 
Aspergillus fung� (A flavus, A nomius, A parasiticus) 
that can be found �n corn and raw peanuts (IARC, 
2002). H�gh �ntake of aflatox�ns �s assoc�ated 
w�th elevated rates of hepatocarc�noma. Th�s 
assoc�at�on �s found ma�nly �n Afr�ca and south-
east As�a, where HBV carr�ers who eat food 
contam�nated w�th aflatox�ns have a more than 
100-fold �ncrease �n l�ver cancer r�sk. Although 
contam�nat�on of foodstuffs may occas�onally 
occur �n France, �ts �mpact on l�ver cancer burden 
�s l�kely to be m�n�mal.

Attributable causes of cancer in France in the year 2000

Section D2: Established risk factors for 
cancer not included in the study
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A large number of r�sk factors have been l�nked to 
cancer r�sk �n ep�dem�olog�cal stud�es. For most 
of them, the current ev�dence does not allow a 
conclus�on as to the presence or absence of a 
causal relat�onsh�p. The present rev�ew of avo�dable 
causes of cancer �n France �s based on establ�shed 
r�sk factors, selected on the bas�s of evaluat�ons 
made by author�tat�ve �nternat�onal panels, ch�efly 
w�th�n the IARC Monographs programme. It �s not 
poss�ble to rev�ew �n deta�l all suspected causes of 
cancer. However, because of the�r �mportance �n the 
publ�c percept�on as �mportant causes of cancer, �n 
th�s chapter we d�scuss the ev�dence ava�lable for 
selected factors, �nclud�ng pollutants, non-�on�z�ng 
rad�at�on (other than UV l�ght) and nutr�t�onal factors.

1. Diet

Ep�dem�olog�cal stud�es have found strong 
assoc�at�ons between d�et and card�ovascular 
d�seases, that have been largely reproduced �n 
laboratory exper�ments. These f�nd�ngs have 
led to the development of eff�c�ent publ�c health 
and pharmaceut�cal �ntervent�ons. In contrast to 
card�ovascular d�seases, d�et and cancer rema�ns 
at present a most d�ff�cult and compl�cated area 
of study. Doll and Peto (1981) est�mated that 35% 
of cancer deaths �n the USA could be attr�butable 
to d�etary and nutr�t�onal pract�ces, w�th, however, 
a w�de “range of acceptable est�mates” between 
10% and 70%. These est�mates have been w�dely 
quoted and used w�thout comment by subsequent 
authors address�ng the �mpact of nutr�t�on on cancer 
burden. Most of the ev�dence ava�lable at the t�me of 
Doll and Peto’s report was based on case–control 
stud�es, and select�on and recall b�ases have been 
found to be part�cularly �nfluent�al �n nutr�t�on-related 
�nvest�gat�ons us�ng the case–control des�gn. More 
recently, Doll and Peto made new est�mat�ons 

accord�ng to wh�ch 25% of cancer deaths could be 
due to “d�et”, w�th a range of acceptable est�mates of 
15 to 35% (Doll and Peto, 2005). As for the�r 1981 
est�mates, Doll and Peto prov�ded l�ttle deta�l on how 
these est�mates were computed.

Many early stud�es cons�stently suggested a l�nk 
between �ntake of d�etary fat and �ncreased r�sk of 
several common forms of cancer. However, several 
recent, well conducted large-scale cohort stud�es and 
random�zed tr�als, conducted ma�nly �n North Amer�ca, 
have prov�ded ev�dence aga�nst an major d�rect role 
of nutr�t�onal factors �n cancer occurrence (e.g., for 
breast cancer: M�chels et al., 2007; for colorectal 
cancer: Marques-V�dal et al., 2006). These stud�es 
also found ev�dence of a lack of assoc�at�on between 
f�bre �ntake and r�sk of colorectal cancer (M�chels et 
al., 2005; Park et al., 2005) and no ev�dence that fat 
�ntake �nfluences the r�sk of colorectal cancer.

The ev�dence l�nk�ng h�gh �ntakes of fru�t and 
vegetables to lower cancer r�sk has been rev�ewed 
by an IARC work�ng group (IARC, 2003): there was 
no cancer for wh�ch the ev�dence was evaluated as 
suff�c�ent to conclude that h�gher fru�t or vegetable 
�ntake had a prevent�ve effect.

H�gher consumpt�on of m�lk and calc�um �s 
assoc�ated w�th lower r�sk of colorectal cancer, w�th 
the �nverse assoc�at�on for m�lk l�m�ted to cancers 
of the d�stal colon and rectum (Cho et al., 2004). 
Preserved meat and red meat probably �ncrease the 
r�sk of colorectal cancer, but relat�ve r�sks found so 
far are of the order of a 30% �ncrease for very h�gh 
versus very low �ntakes of red meat (Norat et al., 
2005), wh�ch �s qu�te lower than ant�c�pated by results 
of ecolog�cal and case-control stud�es.

In contrast, the recent stud�es have underl�ned 
the role of obes�ty and overwe�ght �n many human 
cancers (e.g., colorectal cancer, breast cancer and 
pancreas cancer).

It �s worth not�ng that an ev�dence-based attempt 
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to est�mate the attr�butable burden of cancer �n the 
Nord�c countr�es d�d not try to prov�de an est�mate 
for nutr�t�onal factors, because of lack of ev�dence of 
the �mpl�cat�on of these factors �n cancer occurrence 
(Olsen et al., 1997).

The �mportance of d�etary factors �n cancer 
must therefore be recons�dered. The follow�ng 
example suggests that one must be caut�ous w�th 
Doll and Peto’s 2005 est�mate that 25% of cancer 
mortal�ty could be due to d�etary factors. Suppose 
that a protect�ve nutr�ent A confers a reduct�on �n the 
mortal�ty from oro-pharyngeal, oesophageal, gastr�c, 
pancreat�c and colorectal cancer that reaches 20% 
among subjects �n the h�ghest (f�fth) qu�nt�le of �ntake 
(Table D3.1), as compared to subjects w�th lowest 
�ntake (f�rst qu�nt�le), w�th a l�near relat�onsh�p �n the 
�ntermed�ate groups. The 20% reduct�on �s a real�st�c 
f�gure, s�m�lar to results found �n some of the best 
conducted stud�es.

Table D3.1 – Hypothetical population distribution and RR of a protective nutrient A in the French population

Categories 1 (lowest intake) 2 3 4 5 (highest intake)

% population in each category 20% 20% 20% 20% 20%

RR 1.00 (reference) 0.95 0.90 0.85 0.80

Table D3.2 – Theoretical numbers of cancer deaths attributable to protective nutrient A comparing a population 

whose distribution is presented in Table D3.1, and a population with 100% of subjects in the lowest quintile

Males Females

Oral cav�ty and pharynx 435 81

Oesophagus 386 77

Stomach 351 223

Colon-rectum 927 845

Pancreas 403 356

Total 2502 1583

% of all cancer 2.9% 2.7%

If all the populat�on had an �ntake of nutr�ent A 
s�m�lar to that observed �n the lowest qu�nt�le, �.e., 
everybody had m�n�mal �ntake of nutr�ent A, there 
would be an 11% �ncrease �n cancer deaths assoc�ated 
w�th th�s nutr�ent A (Table D3.2), an �ncrease that 
would correspond to 2.9% of all cancer deaths �n 
males and 2.7% �n females.

Risk factors for which no estimates were calculated
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Th�s example suggests that Doll and Peto’s 
est�mate of 25% of cancer mortal�ty attr�butable to 
d�et �n the�r 2005 report was somewhat excess�ve. 
It �s thus unl�kely that the avo�dance of st�ll unknown 
d�etary r�sk factors or the promot�on of st�ll unknown 
protect�ve nutr�ents would lead to reduct�ons �n 
cancer mortal�ty of the magn�tude proposed by Doll 
and Peto. In Sect�on E1, new work�ng hypotheses on 
d�et and cancer are presented.

2. Outdoor air pollution

Ep�dem�olog�cal stud�es and laboratory exper�ments 
�n an�mals have shown that a�r pollut�on can �nfluence 
all-cause mortal�ty, ma�nly through �ts now well 
documented �mpact on acute card�ovascular events 
and on resp�ratory d�seases. However, the effects 
of a�r pollut�on on cancer mortal�ty, part�cularly lung 
cancer mortal�ty, are st�ll a matter of debate.

In most European countr�es, outdoor a�r qual�ty 
has much �mproved �n recent decades (WHO-Europe, 
2003). A cons�stent f�nd�ng of US and European stud�es 
on a�r pollut�on has been the steady decrease �n a�r 
pollutant concentrat�ons over t�me, and nowadays, on 
average, a�r �n North Amer�can and European c�t�es 
seems less loaded w�th part�cles than 10–20 years 
ago (e.g., Pope et al., 2002; F�lleul et al., 2005).

Ep�dem�olog�cal stud�es on cancer r�sk from 
outdoor a�r pollut�on have been conducted for several 
decades and many def�n�t�ons of outdoor a�r pollut�on 
exposure have been used. The IARC Monographs 
programme has not evaluated the carc�nogen�c�ty of 
outdoor a�r pollut�on as a complex m�xture, although 
some of �ts components have been subject to separate 
evaluat�ons, �nclud�ng benzo[a]pyrene (Group 1), 
several other polycycl�c aromat�c hydrocarbons 
(Groups 2A and 2B) and d�esel eng�ne exhaust 
(Group 2A) (see below). The lung �s the ma�n target 
organ of these agents.

Earl�er stud�es generally compared res�dents 
of urban areas, where the a�r �s cons�dered more 
polluted, w�th res�dents of rural areas. For �nstance, 
�n France, no d�fference has been found �n cancer 
mortal�ty accord�ng to the s�ze of the c�ty (Salem et 
al., 1999). However, th�s k�nd of so-called “ecolog�cal” 
study prov�des very l�m�ted data on typ�cal levels of any 
pollutants �n the areas stud�ed and they are no longer 
cons�dered as useful for assess�ng relat�onsh�ps 
between a�r pollut�on and d�seases such as cancer.

Var�ous �nd�cators of a�r pollut�on used �n relevant 
stud�es can be cons�dered as three broad groups: (�) 
components of a�r pollut�on wh�ch are suspected to 
exert a carc�nogen�c effect per se, such as d�fferent 
fract�ons of f�ne part�culate matter (espec�ally part�cles 
hav�ng a med�an aerodynam�c d�ameter smaller than 
2.5 µm, or PM2.5), (��) components of a�r pollut�on 
wh�ch are not expected to cause cancer, but are 
cons�dered markers of the ma�n sources of pollut�on, 
such as sulfur ox�des (markers of em�ss�ons from 
major �ndustr�al sources and res�dent�al heat�ng) and 
n�trogen ox�des (markers of traff�c pollut�on), and (���) 
�nd�rect �nd�cators such as res�dence near sources of 
pollut�on such as major �ndustr�al em�ss�on sources or 
heavy road traff�c.

Boffetta and Nyberg (2003) publ�shed a deta�led 
rev�ew of these stud�es, and the rema�nder of th�s 
sect�on concentrates on ep�dem�olog�cal aspects of 
a�r pollut�on most relevant to th�s report.

Diesel engine exhaust

D�esel eng�ne exhaust (DEE) was class�f�ed as a 
Group 2A carc�nogen by the IARC, mean�ng that d�esel 
eng�ne exhaust was not a proven human carc�nogen. 
However, IARC last evaluated d�esel exhaust �n 1989 
(IARC, 1989). New stud�es are �n progress �n both the 
USA and Europe on health �ssues related to d�esel 
eng�ne exhaust. Three major cohort stud�es on d�esel 
eng�ne exhaust and lung cancer are almost complete 
and publ�cat�on of the�r ma�n results �s expected soon. 
These are:

1. Extended follow-up of potash m�ners cohort �n 
Germany. The f�rst follow-up reported an RR for 
lung cancer of 2.2 (95% CI 0.8–6.0) (Saver�n et 
al., 1999).
2. Cohort study of US m�ners.
3. Cohort study of US truckers.

Particulate matter

Part�culate matter (PM) suspended �n the a�r has 
rece�ved much attent�on dur�ng the past two decades, 
ma�nly s�nce laboratory exper�ments have shown the 
ab�l�ty of these part�cles to enhance tumor�genes�s �n 
an�mals.

In ep�dem�olog�cal stud�es, PM2.5 part�cles are 
those most strongly assoc�ated w�th all-cause 
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mortal�ty and card�ovascular mortal�ty. Three cohort 
stud�es �n the USA (Dockery et al., 1993; McDonnell 
et al., 2000; Pope et al., 2002; Laden et al., 2006) 
reported on the RR of lung cancer for exposure to 
PM2.5, as measured �n the areas of res�dence of the 
study subjects (Table D3.3). In all three stud�es, an 
�ncreased r�sk of lung cancer was found for �ncreased 
a�r concentrat�ons of PM2.5, although the �ncrease 
was heterogeneous among stud�es and s�gn�f�cant 
only �n the largest of the three stud�es (Pope et al., 
2002). None of the three stud�es found a s�gn�f�cant 
assoc�at�on between other a�r pollutants (e.g., NO², 
SO², total suspended part�cles) and lung cancer 
mortal�ty. The largest of the three stud�es (Pope 
et al., 2002) found that the assoc�at�on between 
exposure to PM2.5 and lung cancer was essent�ally 
observed among never-smokers, and was restr�cted 
to �nd�v�duals w�th educat�on equal to or lower than 
h�gh school, wh�le a stat�st�cally s�gn�f�cant �nverse 
assoc�at�on was detected �n �nd�v�duals w�th more than 
h�gh school educat�on (Krewsk� et al., 2005). S�m�larly 
�n the Advent�st Health and Smog (AHSMOG) cohort 
study, the health effects of PM10 part�cles were 
restr�cted to non-smokers (Abbey et al., 1999).

The US stud�es on the long-term effects of a�r 
pollut�on on health and on cancer �n part�cular can be 
cr�t�c�zed on the follow�ng po�nts:

(�) It �s unknown whether PM2.5 represents a 
measure of a�r pollut�on relevant to �ts carc�nogen�c 
potent�al.

(��) Relat�ve r�sks of lung cancer assoc�ated 
w�th a�r pollut�on, �n part�cular w�th PM2.5 and 
PM10, typ�cally range between 0.9 and 1.3 (Table 
D3.3). In th�s range of values, relat�ve r�sks are 
very sens�t�ve to confound�ng. In stud�es such 
as CPS-II, the �ssue of res�dual confound�ng by 
smok�ng or other factors rema�ns unresolved. 
For �nstance, smok�ng �n a closed area produces 
about 10 t�mes more PM2.5 than a low-em�ss�on 
d�esel eng�ne (Invern�z� et al., 2004). It follows 
that the h�ghest a�r concentrat�ons of PM2.5 or 
PM10 part�cles are encountered �n areas where 
people are smok�ng, ma�nly when smok�ng takes 
place �ndoors �n non-vent�lated rooms. The 
relat�ve r�sks of lung cancer w�th PM2.5 have been 
found to be s�gn�f�cantly �ncreased among non-
smokers, and not at all among current smokers 

Risk factors for which no estimates were calculated

(Pope et al., 2002), and th�s effect m�ght be due 
to res�dual confound�ng by �ndoor exposure to 
pass�ve smok�ng. Furthermore, �n the ACS study, 
f�ne part�cles were assoc�ated w�th �ncreases 
lung cancer r�sk �n subject w�th med�um or low 
educat�onal level but w�th s�gn�f�cantly decreased 
lung cancer r�sk �n subjects w�th h�gher educat�on 
level (Krewsk� et al., 2005). Th�s s�zeable effect 
mod�f�cat�on accord�ng to strata of a soc�o-
econom�c �nd�cator suggests res�dual confound�ng 
by other soc�al class-related factors, such as 
occupat�onal exposure to lung carc�nogens.

(���) The ava�lable data on exposure to a�r 
pollut�on, and to PM2.5 �n part�cular, are l�m�ted 
and refer to the present t�me or the recent past, 
and not to exposure that took place well before 
the stud�es were launched.

Studies on air pollution and lung cancer 
in Europe

The f�rst European cohort study, �n the Netherlands 
(Hoek et al., 2002) suggested that exposure to traff�c-
related a�r pollut�on �nclud�ng PM was assoc�ated 
w�th �ncreased mortal�ty from card�o-pulmonary 
d�seases �n subjects l�v�ng close to ma�n roads. 
Unfortunately, th�s study �ncluded too few subjects for 
proper assessment of the �nfluence of a�r pollut�on on 
lung cancer (Table D3.3). S�nce then, other stud�es 
�n Europe, such as the PAARC study �n France and 
the GENAIR study �n seven European countr�es 
(Table D3.3), have found no assoc�at�on between a�r 
pollutants and lung cancer.

Stud�es have been reported that suggest a 
poss�ble �ncreased r�sk of lung cancer from exposure 
to n�trogen ox�des (NOx) (Hoek et al., 2002; Nafstad 
et al., 2003; Nyberg et al., 2000; F�lleul et al., 2005). 
NOx �s an �nd�cator of exposure to outdoor a�r pollut�on, 
but �nterpretat�on of data on NOx exposure �s not 
stra�ghtforward, as NOx may be a marker of exposure 
to a w�de var�ety of components (Boffetta and Nyberg, 
2003). Correlat�ons between a�r concentrat�ons of 
NOx and d�esel eng�ne exhaust (DEE) or part�culate 
matter are stronger �n Europe than �n the USA. In 
th�s respect, the results of European stud�es on NOx 
strongly underl�ne that further efforts must be made 
to determ�ne what outdoor a�r pollut�on components 
or m�xtures are relevant to lung carc�nogen�c�ty.
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S�nce the publ�cat�on of results from the USA, 
f�ne part�cles have rece�ved more attent�on �n 
Europe, but there are st�ll no representat�ve data on 
average levels of exposure to f�ne part�cle pollut�on 
�n Europe. A study based on 21 mon�tor�ng stat�ons 
�n European c�t�es reported w�de var�at�ons �n f�ne 
part�cle concentrat�ons, w�th mean values �n w�nter 
�n the range 4.8–69.2 µg/m3 PM2.5 (med�an, 19.9 
µg/m3) and �n summer �n the range 3.3–23.1 µg/m3 
PM2.5 (med�an, 14.8 µg/m3) (Hazenkamp-von Arx et 
al., 2003). Two French c�t�es took part �n th�s study: 
Grenoble (average level 12.9 µg/m3 PM2.5 �n summer 
and 28.0 µg/m3 PM2.5 �n w�nter) and Par�s (15.9 µg/
m3 PM2.5 �n summer and 21.0 µg/m3 PM2.5�n w�nter).

No stud�es �n Europe have yet reported data on 
assoc�at�ons between PM2.5 a�r concentrat�ons and 
subsequent mortal�ty from lung cancer, or other 
d�seases. Therefore, stud�es �n Europe gather�ng 
data on a�r pollutants have had recourse to relat�ve 
r�sks from the Amer�can ASC/CPS-II study (Pope 
et al., 2002; Krewsk� et al., 2005) for est�mat�ng the 
fract�on of lung cancer deaths attr�butable to PM2.5. In 
France, a recent study �n four c�t�es (Par�s, Grenoble, 
Rouen and Strasbourg) used the ASC/CPS-II relat�ve 
r�sks and est�mated that about 10% of lung cancers 
were attr�butable to PM2.5 part�cles (Nerr�ere et al., 
2005). There are three �mportant reasons, however, 
why the use of these data to calculate an AF for a�r 
pollut�on �n France requ�res caut�on:

(�) A�r pollut�on �n the USA and �n Europe 
has d�fferent quant�tat�ve and qual�tat�ve 
character�st�cs; for �nstance, the h�gher proport�on 
of d�esel cars �n Europe accounts for a greater 
concentrat�on of black smoke. It �s therefore 
not known whether RRs found �n US c�t�es are 
relevant to cond�t�ons preva�l�ng �n European c�t�es 
(Katsouyann�, 2005).

(��) In US c�t�es, �ncreases �n RR for lung 
cancer w�th PM2.5 were observed �n never-
smokers, wh�le no �ncreased RR was observed 
�n current smokers. Hence, extrapolat�on of RRs 
found �n US c�t�es to any other place must take 
�nto account the proport�ons of current, former 
and non-smokers �n the d�fferent study sett�ngs.

(���) The �ncrease �n lung cancer mortal�ty w�th 
�ncreas�ng PM2.5 concentrat�on �s not l�near, be�ng 

relat�vely steep below 15 µg/m3 but becom�ng 
slower above th�s concentrat�on (Pope et al., 
2002). Moreover, there �s no �nformat�on on RRs 
at PM2.5 concentrat�ons above 25 µg/m3. Thus 
appl�cat�on of the 8% �ncrease �n lung cancer 
mortal�ty for each 10-µg/m3 elevat�on �n PM2.5 �s 
probably not ent�rely val�d, �n part�cular for h�gh 
PM2.5 concentrat�ons such as those preva�l�ng �n 
many European c�t�es.

Air pollution and childhood cancer

A poss�ble �mpact of a�r pollut�on on ch�ldhood 
cancer has been the subject of a recent rev�ew 
of ep�dem�olog�cal results from 15 stud�es �n the 
USA, the Nord�c countr�es, Italy, France, the 
Un�ted K�ngdom and the Netherlands (Raaschou-
N�elsen and Reynolds, 2006). The rev�ew found no 
assoc�at�on between var�ous �nd�cators of a�r pollut�on 
and ch�ldhood cancer. The rev�ew also underl�ned the 
poor qual�ty of most stud�es on th�s subject.

The review by WHO-Europe on health effects 
of air pollution

In 2003, a report by the WHO Reg�onal Off�ce for 
Europe rev�ewed the health effects of a�r pollut�on, 
and concluded that “long-term exposure to current 
amb�ent PM concentrat�ons may lead to a marked 
reduct�on �n l�fe expectancy. The reduct�on �n l�fe 
expectancy �s pr�mar�ly due to �ncreased card�o-
pulmonary and lung cancer mortal�ty” (WHO-Europe, 
2003). The conclus�ons on lung cancer were based 
on exactly the same ep�dem�olog�cal stud�es �n the 
USA summar�zed �n Table D3.3. However, th�s 
rev�ew d�d not properly address the �ssue of res�dual 
confound�ng by r�sk factors for lung cancer such as 
pass�ve smok�ng, radon and occupat�onal exposures, 
and d�d not exam�ne why relat�ve r�sks of lung cancer 
vary accord�ng to educat�onal level. It also d�d not 
evaluate the reasons for d�fferences �n RR between 
smokers and non-smokers.

Conclusions on air pollution and cancer

There �s thus a clear lack of consensus w�th�n the 
sc�ent�f�c commun�ty on the l�kely �mpact of a�r 
pollut�on on cancer, �n part�cular lung cancer. Even 
sc�ent�sts exam�n�ng exactly the same data have 

Risk factors for which no estimates were calculated



138

come to d�fferent conclus�ons.
It �s b�olog�cally plaus�ble that heavy levels of 

exposure to a�r pollut�on can cause lung cancer �n 
humans, ma�nly when a�r pollut�on �s heavy. However, 
apart from except�onal c�rcumstances, levels of a�r 
pollut�on observed nowadays �n most European and 
North Amer�can c�t�es are usually lower than those 
observed �n the past. The problems and l�m�tat�ons 
d�scussed above �n assess�ng the carc�nogen�c 
�mpact of levels of a�r pollut�on preva�l�ng 20 years 
ago �n our countr�es precluded any est�mat�on of the 
number of cancers attr�butable to th�s agent.

The best way to make further progress w�ll be 
to organ�ze new stud�es, tak�ng �nto cons�derat�on 
the exper�ence of prospect�ve stud�es that were 
conducted �n North Amer�ca. In v�ew of the 
uncerta�nt�es regard�ng a�r pollut�on and lung cancer, 
a consort�um �s be�ng assembled �n Europe, under the 
lead of the Un�vers�ty of Utrecht (The Netherlands), 
to organ�ze a�r qual�ty assessments �n d�fferent types 
of area throughout Europe �n parallel w�th follow-up 
of d�sease occurrence and mortal�ty �n populat�ons 
res�d�ng �n these areas.

In conclus�on, because of the uncerta�nt�es �n 
the establ�shment of a causal assoc�at�on between 
outdoor a�r pollut�on and lung cancer r�sk and the 
fact that th�s agent has not been class�f�ed by IARC 
among the establ�shed human carc�nogens (Group 
1), we prov�ded no formal est�mate of the proport�on 
of lung cancer attr�butable to �t.

3. Residence near pollution sources

To p�npo�nt poss�ble �ndustr�al em�ss�ons respons�ble 
for the suggested urban excess of lung cancer and 
leukaem�a, populat�ons l�v�ng near po�nt sources of 
a�r pollut�on have been stud�ed.

L�v�ng near to f�ll�ng stat�ons or roads carry�ng 
heavy traff�c could enta�l exposure to part�culate 
matter (see above), d�esel eng�ne exhaust (see above) 
and benzene. One French study found an elevated 
r�sk of leukaem�a �n ch�ldren l�v�ng near f�ll�ng stat�ons, 
but no assoc�at�on w�th prox�m�ty of heavy road traff�c 
(Steffen et al., 2004). In contrast, one Ital�an study 
found no �ncrease �n deaths from leukaem�a �n a 
cohort of f�ll�ng-stat�on attendants (Lagor�o et al., 
1994) and another found an �ncreased leukaem�a r�sk 

l�nked to res�dence near roads carry�ng heavy traff�c, 
but none w�th prox�m�ty of f�ll�ng stat�ons (Cros�gnan� 
et al., 2004).

Increased r�sks have been reported for l�v�ng close 
to �ndustr�es such as smelters, foundr�es, chem�cal 
�ndustry and others w�th var�ous em�ss�ons, w�th up 
to doubled r�sk, although conf�dence �ntervals were 
mostly w�de (rev�ewed by Boffetta and Nyberg, 2003). 
Other stud�es have shown no relat�onsh�p, however. In 
part�cular, a number of stud�es concerned res�dence 
near sources releas�ng �norgan�c arsen�c �nto the 
a�r. Ecolog�cal stud�es suggested an �ncreased lung 
cancer r�sk, wh�le case–control stud�es prov�ded 
m�xed results (rev�ewed �n Boffetta and Nyberg, 
2003).

M�xed results have been obta�ned regard�ng waste 
dump�ng s�tes �n relat�on to ser�ous health cond�t�ons 
�nclud�ng cancer and congen�tal malformat�ons4  
(Vr�jhe�d 2002; Goldberg et al, 1999; Knox 2000; 
Jarup et al, 2002; Ell�ot et al, 2001). Some stud�es 
found moderate assoc�at�ons between l�v�ng near 
sol�d-waste �nc�nerators and non-Hodgk�n lymphoma 
or congen�tal malformat�ons (Floret et al., 2003; 
Cord�er et al., 2004), but others d�d not (e.g., Morr�s et 
al., 2003) and a recent rev�ew concluded that so far, 
no cons�stent assoc�at�on had been found between 
l�v�ng near a waste �nc�nerator and cancer (Franch�n� 
et al., 2004).

Excess cancer r�sks found by ecolog�cal stud�es 
on res�dence near waste �nc�nerators are typ�cally �n 
the range of 1 to 10%. In th�s range of values, res�dual 
confound�ng may play a major role �n the apparent 
assoc�at�ons found (Ell�ot et al., 1996, 2000). It must 
be noted that modern waste landf�lls and �nc�nerators 
reject less tox�c substances �nto the a�r and so�l than 
old fac�l�t�es, and assoc�at�ons w�th cancer found 
�n some ep�dem�olog�cal stud�es are related to old 
types of �nc�nerat�on fac�l�t�es. In add�t�on, many of 
the stud�es done on these top�cs to date are of sub-
opt�mal qual�ty, and further large-scale stud�es are 
needed, �nclud�ng use of b�omarkers for exposure 
assessment.

4. Water chlorination by-products

Chlor�nat�on by-products result from the �nteract�on of 
chlor�ne w�th organ�c chem�cals, whose level determ�nes 

4 Similarly to cancers, congenital malformations may also be caused by mutagenic agents. In an area where the presence of mutagenic agents is suspected, absence 
of increases in congenital malformation rates reinforces the likelihood that an absence of increased cancer incidence rates is not spurious.
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the concentrat�on of the by-products (IARC, 1991). 
Among the many halogenated compounds that may be 
formed, the most commonly found are tr�halomethanes, 
�nclud�ng chloroform, bromod�chloromethane, 
chlorod�bromomethane and bromoform. Dr�nk�ng, 
bath�ng and shower�ng are the ma�n sources of 
exposure. Concentrat�ons of tr�halomethanes depend 
ma�nly on water contam�nat�on by organ�c chem�cals: 
average measurements from the USA are of the order 
of 10 µg/L for chloroform, bromod�chloromethane and 
chlorod�bromomethane, wh�le those for bromoform are 
close to 5 µg/L (IARC, 1991). A pooled analys�s of s�x 
ep�dem�olog�cal stud�es resulted �n a summary RR of 
bladder cancer equal to 1.18 (95% CI 1.06–1.32) for 
exposure above 1 µg/L of tr�halomethanes (V�llanueva 
et al., 2004). One of the stud�es �ncluded �n the pooled 
analys�s was conducted �n France (Cord�er et al., 
1993); among the controls �ncluded �n th�s study, 
the prevalence of exposure above 1 µg/L was 16%. 
The �nterpretat�on of these data �s compl�cated by 
several factors. The concentrat�on of by-products �n 
water var�es depend�ng on the presence of organ�c 
contam�nants, wh�ch d�ffers by geograph�cal area 
and by season. In add�t�on, people consume water 
outs�de the�r homes, wh�ch �s seldom cons�dered �n 
ep�dem�olog�cal stud�es. Furthermore, although the 
poss�ble confound�ng effect of smok�ng has been 
taken �nto account �n several stud�es, confound�ng by 
other r�sk factors such as d�et rema�ns a poss�b�l�ty. 
Bear�ng �n m�nd these l�m�tat�ons and assum�ng that a 
causal assoc�at�on does ex�st, the f�gures ment�oned 
above would result �n an attr�butable fract�on of bladder 
cancer of 2.8%, correspond�ng to 252 �nc�dent cases 
and 91 deaths �n men and 50 �nc�dent cases and 28 
deaths �n women. There �s no cons�stent ev�dence of 
an effect on other cancers.

5. Pesticides

Several pest�c�des used �n the past have been 
shown to cause cancer �n exper�mental an�mals. Very 
few currently ava�lable pest�c�des are establ�shed 
exper�mental carc�nogens, and none �s an establ�shed 
human carc�nogen. Stud�es �n humans have fa�led to 
prov�de conv�nc�ng ev�dence of an �ncreased r�sk, even 
�n heav�ly exposed groups (S�em�atyck� et al., 2004).

D�ff�cult�es �n �nterpret�ng the ava�lable ev�dence 
�nclude the complex nature of exposure to pest�c�des, 
�nclud�ng var�at�ons �n agents used over t�me and 

the relat�ve rar�ty of cancers suspected to be due 
to pest�c�de exposure, such as lymphomas and 
sarcomas.

Ch�ldhood and �n-utero exposure to pest�c�des 
have been the subject of a number of ep�dem�olog�cal 
stud�es that exam�ned �ndoor and outdoor exposures 
(�nclud�ng use of �nsect�c�dal shampoos for treatment 
of ped�culos�s) and profess�onal exposure of parents 
(e.g., Menegaux et al., 2006; Ma et al., 2002; Me�nert 
et al., 2000; Flower et al., 2004; Reynolds et al., 
2005; Fear et al., 1998; Kr�stensen et al., 1995; 
Dan�els et al., 1997; Chen et al., 2005). Results were 
often contrad�ctory, �nd�cators were too crude for 
captur�ng complex exposures, and many stud�es had 
methodolog�cal l�m�tat�ons (Dan�els et al., 1997). Also, 
a proport�on of pos�t�ve results (�.e., the f�nd�ng of a 
stat�st�cally s�gn�f�cant assoc�at�on) could be due to 
the large number of stat�st�cal tests performed on 
large data sets collected �n these stud�es (Reynolds 
et al., 2005). Recall b�as probably plays a major role 
�n the apparent assoc�at�on between self-reported 
parental past exposures to pest�c�des and cancer 
occurr�ng �n the offpr�ng (Shüz et al., 2003).

Some ep�dem�olog�cal stud�es that suggested 
an assoc�at�on between spec�f�c pest�c�des and 
cancer were often false pos�t�ve results that were not 
conf�rmed by further stud�es w�th better study des�gn 
and large samples. Sect�on B.10 d�scusses the 
example of a false pos�t�ve result for DDE (the act�ve 
metabol�c by-product of DDT) and breast cancer. 
The eventual effects of pest�c�des on human health 
rema�ns however an open f�eld for research. 

A recent case-control study �n the Department of 
G�ronde (France) on a large sample of pat�ents w�th 
bra�n tumours suggest that moderate to relat�vely 
h�gh occupat�onal exposure to pest�c�des would not 
be assoc�ated w�th bra�n tumours, but that  heavy 
occupat�onal exposure to pest�c�des would be 
assoc�ated w�th bra�n tumours (Provost et al., 2007). 
The few observat�onal stud�es done on pest�c�des 
and bra�n cancer d�d not all f�nd an assoc�at�on, and 
thus results from the G�ronde study needs to be 
repl�cated.  

G�ven the lack of ev�dence l�nk�ng pest�c�de 
exposure to human cancer r�sk, no cases of cancer 
can be attr�buted to e�ther occupat�onal or non-
occupat�onal exposure to th�s group of agents.

Risk factors for which no estimates were calculated
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6. Dioxins

2,4,7,8-Tetrachlorod�benzo-p-d�ox�n (TCDD) �s an 
exper�mental carc�nogen w�th l�m�ted ev�dence of 
carc�nogen�c�ty �n humans. It �s class�f�ed as a Group 
1 human carc�nogen by IARC on the bas�s of strong 
ev�dence that the same mechan�sm (�nteract�on w�th 
the Ah receptor) operates �n exper�mental an�mals 
and �n humans (IARC, 1997). However, no clear 
excess of cancer has been shown among heav�ly 
exposed populat�ons, �nclud�ng chem�cal workers, US 
Veterans of the V�etnam war exposed to defol�ants, 
and res�dents �n contam�nated areas. For �nstance, 
a study �n the USA among four cohorts of workers �n 
whom excess cancer rates were observed suggested 
that h�gh TCDD exposure resulted �n an excess 
of all cancers comb�ned, w�thout any marked s�te 
spec�f�c�ty (Steenland et al., 1999). The excess cancer 
was l�m�ted to the most h�ghly exposed workers, w�th 
exposures that were l�kely to have been 100–1000 
t�mes h�gher than those exper�enced by the general 
populat�on and s�m�lar to the TCDD levels used �n 
an�mal stud�es.

The most ser�ous d�saster �nvolv�ng d�ox�ns was 
the explos�on at a chem�cal factory �n Seveso, Italy, 
�n July 1976 that resulted �n the contam�nat�on of 
res�dents w�th h�gh levels of TCDD. Follow-up of the 
whole populat�on l�v�ng �n the contam�nated areas, 
�nclud�ng l�nkage w�th the populat�on-based cancer 
reg�stry and w�th mortal�ty reg�str�es, has been 
conducted and stud�es of th�s cohort have prov�ded 
the most �nformat�ve data on exposure to TCDD and 
cancer. The study def�ned three areas around the 

acc�dent ep�centre, one of very h�gh and one of h�gh 
exposure (zones A and B, around 5750 �nhab�tants 
�n total) and one of lower exposure (zone R, around 
30 000 �nhab�tants). Table D3.4 shows that �n the 
long-term follow-up (20 years), no excess mortal�ty 
or breast cancer �nc�dence was detected �n any of the 
three areas, although a small, non-s�gn�f�cant excess 
of breast cancer mortal�ty was reported �n one of the 
�ntermed�ate follow-ups for women res�dent �n zones 
A or B who were aged less than 55 years (Baccarell� 
et al., 1999; Bertazz� et al., 2001; Pesator� et al., 
2003). The only cancers w�th s�gn�f�cantly �ncreased 
mortal�ty were lymphomas and leukaem�as, but only 
among res�dents �n the area at lower contam�nat�on. 
Altogether, these results do not support a causal role 
of TCDD �n cancer occurrence (Sm�th and Lop�pero, 
2001).

A further study was conducted on a subset of 
981 women res�dent �n zones A or B from whom 
serum samples were collected w�th�n f�ve years of the 
acc�dent and analysed for TCCD �n 1996-98 (Warner 
et al., 2002). F�fteen women reported hav�ng been 
d�agnosed w�th breast cancer, and the d�agnos�s was 
conf�rmed by pathology �n 13 cases (�n the follow-up 
study unt�l 1991 for cancer �nc�dence �n the whole 
cohort, 23 cases of breast cancer were reported 
[Pesator� et al., 2001]). The serum TCDD level of 
cases was sl�ghtly h�gher than that of the whole 
group of women; after adjustment for r�sk factors of 
breast cancer, the RR for a log10 �ncrease �n TCDD 
level was 2.1 (95% CI 1.0-4.6). After exclus�on of the 
two non-conf�rmed cases, th�s RR was no longer 
stat�st�cally s�gn�f�cant, and the p-value of the test 

Table D3.4 - 20-year mortality in dioxin-contaminated areas in Seveso, Italy (Bertazzi et al, 2001). Data are relative 

risks of dying from cancer among people residing in heavily (heavy) and less heavily (medium) contaminated 

areas around the disaster epicentre, compared with people residing in areas of low contamination

*Average acute exposure dose to d�ox�ns �n ppt (parts per tr�ll�on)

No deaths Heavy exposure No deaths Medium 
exposure

(15-580 ppt)* (1.7 - 4.3 ppt)

All causes 96 1.0 (0.9, 1.3) 649 1.0 (0.9, 1.1)

All cancers 27 0.9 (0.6, 1.3) 222 1.1 (0.9, 1.3)

Breast cancer 2 0.8 (0.2, 3.1) 12 0.7 (0.4, 1.3)

Leukemia, lymphoma 2 1.0 (0.8, 1.3) 26 1.9 (1.3, 2.7)

Attributable causes of cancer in France in the year 2000
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for trend �n the categor�cal analys�s was 0.07. Also, 
Warner’s study was based on a subset of people 
who gave blood samples �n the f�ve years follow�ng 
the acc�dent. Unl�ke Baccarell� et al., 1999, Bertazz� 
et al., 2001, and Pesator� et al., 2003, Warner et al. 
d�d not perform a proper follow-up of the cohort, but 
rather �nterv�ewed �n 1996-98 (�.e., 20 years after the 
acc�dent) the subset of women w�th blood samples 
who were st�ll al�ve and l�v�ng �n the area (and w�ll�ng 
to part�c�pate �n the�r new study – about 80% of the 
or�g�nal group). So, although �n Warner’s study, the 
results of the serum analys�s of the subgroup of 
women l�v�ng �n zones A and B �s suggest�ve of an 
assoc�at�on between TCDD exposure and breast 
cancer r�sk, a causal �nterpretat�on �s not supported 
by the lack of �ncreased �nc�dence �n the whole cohort, 
the self-reported nature of the def�n�t�on of cases, the 
unclear temporal sequence of serum collect�on and 
cancer d�agnos�s (as some cancers m�ght have been 
d�agnosed around the t�me or after breast cancer 
d�agnos�s), the borderl�ne stat�st�cal s�gn�f�cance of 
the assoc�at�on and the lack of an assoc�at�on �n other 
stud�es of TCDD-exposed women (IARC, 1997).

G�ven the uncerta�nt�es on the relat�onsh�p 
between d�ox�n exposure and cancer r�sk, and the 
very small number of European res�dents l�kely to 
be exposed at doses comparable to those �ncluded 
�n the ava�lable ep�dem�olog�cal stud�es, no est�mate 
has been made of the number of cases of cancer �n 
France attr�butable to d�ox�n exposure.

7. Use of indoor tanning equipment

Sunl�ght has been class�f�ed as a Group 1 carc�nogen 
by the IARC (IARC, 1992). S�m�larly to UVB and 
UVA rad�at�on, sunbeds have been class�f�ed by the 
IARC as an agent probably carc�nogen�c to humans 
(Group 2A) (IARC, 1992). B�olog�cal damage caused 
by exposure to sunbeds resembles that �nduced by 
sun exposure. Systemat�c rev�ew of ep�dem�olog�cal 
stud�es shows conv�nc�ng ev�dence for �ncreased 
r�sk of cutaneous melanoma (RR 1.7) due to sunbed 
use start�ng before 30 years of age (IARC, 2006; 
Gallagher et al., 2005; Ve�erød et al., 2003, 2004)5.

In 1985, �ndoor tann�ng was very l�ttle used by 
the French populat�on. Therefore, we have not made 

any est�mate of �mpact of sunbed use on cutaneous 
melanoma occurrence �n 2000. Inc�dence of 
cutaneous melanoma assoc�ated w�th �ndoor tann�ng 
w�ll start �ncreas�ng �n 2010, as exposure rates �n 
France �ncreased greatly �n the 1990s and 2000s. In 
2001–02, about 13% of the French populat�on below 
50 years old were us�ng sunbeds (Bata�lle et al., 
2005).

8. Non-ionizing radiation other than UV light

Extremely low-frequency magnetic fields

People are exposed to electr�c and magnet�c f�elds 
ar�s�ng from a w�de var�ety of sources. At extremely 
low frequenc�es (ELF), also called power frequenc�es 
(�n the range 50 to 60 Hz), man-made f�elds are many 
thousands of t�mes stronger than natural f�elds ar�s�ng 
from the sun or the earth (IARC, 2002).

H�gh-voltage power l�nes produce the h�ghest 
electr�c f�eld strengths that are encountered by 
people. The f�elds d�m�n�sh w�th d�stance, however, 
and are cons�derably attenuated by objects; they 
are one to three orders of magn�tude weaker �ns�de 
homes than outs�de (NRPB, 2001). The major 
sources of electr�c f�elds �ns�de bu�ld�ngs are therefore 
electr�cal appl�ances and current-carry�ng plumb�ng 
and/or electr�cal c�rcu�ts. The electr�c f�eld strength 
measured �n the centre of a room �s generally �n the 
range 1–20 V/m, but close to appl�ances and cables, 
may �ncrease to several hundred V/m (NRPB, 2001).

Magnet�c f�elds, on the other hand, pass 
through most mater�als. The strength of magnet�c 
f�elds produced by h�gh-voltage power l�nes rap�dly 
d�m�n�shes w�th d�stance and reaches background 
levels at d�stances of 50–300 metres from the power 
l�ne, depend�ng on the l�ne des�gn and current. For the 
general publ�c, the h�ghest magnet�c flux dens�t�es are 
l�kely to be encountered �n the v�c�n�ty of appl�ances 
or types of equ�pment that carry large currents. 
Typ�cal exposure levels are of the order of 0.01–0.2 
µT for magnet�c f�elds, w�th 4–5% of the populat�on 
hav�ng mean exposures above 0.3 µT and 1–2% 
hav�ng med�an exposures above 0.4 µT (Khe�fets et 
al., 2006).

Health effects on humans related to th�s non-

5 A comprehensive report by IARC including a systematic review with meta-analysis on artificial UV and skin cancer is available, and a summary of the report has been 
published in the International Journal of Cancer in 2006 (IARC, 2005, 2006).
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�on�z�ng type of rad�at�on have been �nvest�gated �n 
ep�dem�olog�cal stud�es for over two decades. The f�rst 
report of an assoc�at�on between ch�ldhood cancer 
and power l�ne exposure (Werthe�mer and Leeper, 
1979) has been followed by at least 24 stud�es on the 
same top�c (Ahlbom et al., 2000; IARC, 2002).

Three recent meta-analyses have both shown a 
s�gn�f�cant 1.7–2.0-fold excess of ch�ldhood leukaem�a 
for mean and med�an exposures above 0.3 and 0.4 
µT (Ahlbom et al., 2000; Greenland et al., 2000; 
Khe�fets et al., 2006). The ev�dence l�nk�ng exposure 
to ELF electr�c and magnet�c f�elds w�th human 
cancer was evaluated by an IARC Monographs 
work�ng group. ELF magnet�c f�elds were class�f�ed 
as a poss�ble human carc�nogen (Group 2B), based 
on l�m�ted ep�dem�olog�cal ev�dence of an �ncreased 
r�sk of ch�ldhood leukaem�a for exposures above 
0.4 µT (IARC, 2002). In the absence of conclus�ve 
ev�dence of a causal assoc�at�on between exposure 
to electromagnet�c f�elds and cancer, no cases can be 
attr�buted to th�s agent. If a causal assoc�at�on were 
cons�dered establ�shed, the attr�butable number of 
ch�ldhood leukaem�as due to exposure to ELF f�elds 
would range between 100 and 2400 cases per year 
worldw�de, represent�ng between 0.2 and 5% of the 50 
500 annual leukaem�a cases worldw�de �n �nd�v�duals 
below 15 years old (est�mate from Globocan 2002, on 
www.�arc.fr).

There �s �nadequate ev�dence �n humans for the 
carc�nogen�c�ty of ELF magnet�c f�elds �n relat�on to 
all other cancers (IARC, 2002). ELF electr�c f�elds 
were cons�dered not to be class�f�able as to the�r 
carc�nogen�c�ty to humans (Group 3) (IARC, 2002).

Cellular telephones

The frequency of s�gnals em�tted from cellular phones 
ranges between 450 and 2200 MHz, �n the m�crowave/
rad�ofrequency (RF) reg�on of the electromagnet�c 
spectrum. At present, the b�olog�cal mechan�sm, �f 
any, by wh�ch these s�gnals m�ght �ncrease r�sk of 
cancer �s unclear. Wh�le b�olog�cal effects of RF f�elds 
at levels below current �nternat�onal gu�del�nes have 
been conf�rmed (NRPB, 2001; AFSSE, 2005; Health 
Counc�l of the Netherlands, 2007), there �s at present 
l�ttle and �ncons�stent ev�dence of any carc�nogen�c 
effect �n laboratory an�mals.

The relat�on between cancer r�sk and RF exposure 
from mob�le phones has been the subject of a number 

of ep�dem�olog�cal cohort and case–control stud�es. 
Comprehens�ve rev�ews of the l�terature are conducted 
and updated per�od�cally by a number of nat�onal 
rad�at�on protect�on bod�es (Bo�ce and McLaughl�n, 
2002, for the Swed�sh Rad�at�on Protect�on Author�ty; 
NRPB, 2001; AFSSE 2005; Health Counc�l of the 
Netherlands, 2007). Most of the stud�es publ�shed to 
date, however, suffer from methodolog�cal l�m�tat�ons, 
�nclud�ng lack of �nformat�on on the level of RF f�eld 
exposure of �nd�v�dual study subjects, poss�ble recall 
and select�on b�as (�n case–control stud�es) and, 
�mportantly, l�m�ted numbers of subjects w�th long-
term use of cellular phones.

Results are now appear�ng of analyses of nat�onal 
data-sets �ncluded �n the INTERPHONE Study 
(Chr�stensen et al., 2004, 2005; Hepworth et al., 
2006; Lahkola et al., 2007; Lönn et al., 2004, 2005, 
2006; Schoemaker et al., 2005; Schüz et al., 2006; 
Takebayash� et al., 2006), some of wh�ch suggest a 
poss�ble �ncreased r�sk of acoust�c neur�noma and 
gl�oma �n long-term users of cellular telephones. Upon 
the�r complet�on �n 2007, the �nternat�onal analyses of 
the INTERPHONE study w�ll add cons�derably to the 
body of sc�ent�f�c ev�dence on cellular phone use and 
cancer r�sk.

In conclus�on, results ava�lable at present do 
not perm�t a def�n�t�ve conclus�on about a poss�ble 
assoc�at�on between cellular telephone use and the 
r�sk of mal�gnant and non-mal�gnant tumours of the 
central nervous system or of the parot�d gland.

9. Infectious agents

Human herpesv�rus 8 (HHV8) was class�f�ed by the 
IARC as a Group 2A carc�nogen (IARC Monograph 
No 70 1997). HHV8 �s probably assoc�ated w�th 
Kapos� sarcoma and poss�bly other cancers, but 
formal ev�dence has been produced only recently.
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