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From: Burtt, Julie

Sent: June 26, 2025 2:37 PM

To: Registry / Greffe (CNSC/CCSN)

Cc:

Subject: Un'dertaking—June 25, 2025 .
Attachments: Spix et al, 2008.pdf; Lane et al, 2013.pdf; Leuraud et al, 2024.pdf; Richardson et al,

2023.pdf; Richardson et al, 2018.pdf; Richardson et al, 2025.pdf

In satisfaction of the Undertaking made in the DNGS hearing on June 25, 2025, please note the following studies
which are attached and hyperlinked for ease of access.

1. KiKK Study
a. Original publication: Spix C, Schmiedel S, Kaatsch P, Schulze-Rath R, and Blettner M, 2008. Case-
control study on childhood cancer in the vicinity of nuclear power plants in Germany 1980-2003.
European Journal of Cancer 44(2): 275-284 (Attached, or available here)
b. CNSC website link includes history and follow-up studies: https://www.cnsc-
ccsn.gc.ca/eng/resources/perspectives-on-nuclear-issues/the-kikk-study-explained-fact-sheet/

2. RADICON Study (which refutes the KiKK study for Canadian situation)
a. Original publication: R Lane, E. Dagher, J. Burtt, and P. A. Thompson. "Radiation exposure and
cancer incidence (1990 to 2008) around nuclear power plants in Ontario, Canada." (2013).
(Attached, or available here: DOI: 10.4236/jep.2013.49104)
b. CNSC website link: https://www.cnsc-ccsn.gec.ca/eng/resources/health/health-studies/radicon-
study/

3. INWORKS Study

a. Suite of original publications (2023 is the most recent “main” analysis, however I’'ve attached
several (not all) related publications): Richardson DB, Leuraud K, Laurier D, Gillies M, Haylock R,
Kelly-Reif K, Bertke S, Daniels RD, Thierry-Chef |, Moissonnier M, Kesminiene A. Cancer mortality
after low dose exposure to ionising radiation in workers in France, the United Kingdom, and the
United States (INWORKS): cohort study. BMJ. 2023 Aug 16;382. (Attached, or available here)

b. CNSC website link: INWORKS: Cancer mortality after low dose exposure to ionising radiation in
workers

Should the Commission require any supporting information, clarification, or have follow-up questions, | remain
available.

Kindest regards,
Julie Burtt

Julie J. Burtt, MSc., PhD Candidate

Radiation and Health Sciences Specialist
Health Sciences and Environmental Compliance Division
Canadian Nuclear Safety Commission

Spécialiste des sciences de la radioprotection et de la santé
Division des sciences de la santé at de la conformité environnementale

Commission Canadienne de Sireté Nucléaire )
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ABSTIRACGI

The 1984 Windscale study raised concern about a possible association between living in the
vicinity of nuclear power plants and childhood cancer No such effect for all cancers was
seen in ecological studies in Germany (1980-1995) Results from exploratory analyses led
to a new study :

Pre-selected areas around all 16 ma]or nuclear power plants in Germany formed the
study area The design is'a matched case—ontrol study; cases are all cancers under five
years diagnosed in 1980-2003: 1592 cases, and 4735 controls Inverse distance of place of
residence to the negf“est nuclear power plant at the time of diagnosis was used as the inde-
pendent variable in a conditional logistic regression model

Results showr;;a}n increased risk for childhood cancer under five years when living near
nuclear power plaiﬁ'ts:in Germany The inner 5-km zone shows an increased risk (cdds ratio
1 47; lower one-sided 95% confidence limit 1 16} The effect was largely restricted te leukae-
mia T
The results:_a;é'cempatible with the corresponding subgroups in the previous German
ecological studies, with which this study shares most of the cases They contrast with
the lack of an effect observed or expected from other studies due to low doses from routine
nuclear power plant operaticn

© 2007 Published by Elsevier L td

1, Introduction

The German population has Iong

een womed about the po-

rates of all cancers in children under 15 years of age during
1980-1990 in communities within a 15-km zone of all West
German nuclear power plants (812 cases) were compared with

tential dangers and health effects 'of nuclear power In 1984,
the public was frightened by reports of elevated childhood
cancer rates within a 10-mile zone of the Windscale {Sella-
field} nuclear power plant in England, other investigations fol-
lowed shortly™ The German Childhood Cancer Registry,
founded in 1980, investigated whether there had been a sim-
ilar increase in Germany. In an ecclogical study with a similar
design to the UK (United Kingdom) studies,*® the incidence

* Corresponding author: Tel: +4% 6131 17 6852; fax:+49 6131 17 2968

E-mail address: Spix@imbei uni-mainz.de (C Spix)

URL: httpy//www kinderkrebsregister.de (C Spix)
0959-8049/$ - see front matter © 2007 Published by Elsevier Ltd
dei:10 1016/j ejca 2007 .10 024

those in reference communities with similar population
densities and degrees of urbanisation No statisticaily signifi-
cant increase in risk was found (relative risk [RR] 0 97; 95%
confidence interval [CI] [0 87;1.08]}  Nevertheless, exploratory
analyses of subsets showed statistically significant results
particularly for acute leukaemia in children under five years
of age living in the inner 5-km zone (RR 301; 95%CI
[125;10 31}) When five more years of data had been accrued
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{1991-1595) the study was repeated: the RR for all cancers
amongst children under 15 living within a 15-km zone was
105 (95% CI [092;120])) and the RR for acute leukaemia
amongst children under 5 living within a 5-km zone was
139 (95% CI [0 69;2 57])) &

In the late 1590s, a third party obtained data up to 1998
from the German Childhood Cancer Registry {GCCR) by
county via the Bundesamt fiir Strahlenschutz (Federal Office
for Radiation Protection) for the State of Bavaria The data
were analysed in an exploratory manner applying linear
regression to standardised incidence ratios (SIR's) by county.
Elevated SIR's were observed for selected combinations of
years, counties, and disease subgreups around Bavarian nu-
clear power plants. The GCCR criticised the methods used
in this analysis® Nevertheless the results, published over
the Internet but never in a peer-reviewed journal and quoted
briefly by the Deutsches Arzteblatt,’® were sufficiently alarm-
ing to the public to induce the German Federal Ministry for
the Environment, Nature Conservation and Nuclear Safety
to call for applications for another study. The design origi-
nated from discussions with a Bundesamt fur Strahlenschutz
(Federal Office for Radiation Protection)-expert committee
The design was influenced by the exploratory results of the
previous studies ** The study is a matched case-control study
in which the exposure surrogate is the distance of individual
residences at the date of diagnosis from the nearest nuclear
power plant Data from 1396 to 2003 are now included

The main question of the investigation presented here is:
Is the risk of childhood cancer associated with living in the
proximity of nuclear power stations? The distance measure,
previously based on community midpeints, is now deter-
mined by the place of residence at the date of diagnosis A
subset of cases and controls was to be interviewed with.re-
gard to potential confounders

Since the emissions from a nuclear power plant add only
minimally to the background radiation level, no effect would
be expected on the basis of the usual models for the effects of
low levels of radiation, as presented by the biclogical effects
of ionizing radiation (BEIR) - Committee and the international
commission on radiclogical protection {ICRP) **** However,
these models are based mainly on data from adults, as child-
hood cancer is very rare. The BEIR Committee reviewed stud-
ies on leukaemia/childhood cancer of populations living
around nuclear facilities but did not draw any conclusions
from them, as they generally do not include individual est-
mates of radiation dose 2

This paper presents the overall results of the recent study
conducted by the GCCR. Another paper presents the results
for leukaemia and the comparison with the previous ecologi-
cal studies in more detail *

2. Materials and methods

21.  Nuclear power plants

The study covered the data available at the GCCR for 1980~
2003. The expert committee selected all 16 sufficiently large
and long running German nuclear power plants, resulting in
the inclusion of only West German nuclear power plants A
power plant was considered relevant for the study from 1 year

after it started producing energy until 5 years after ceasing to
operate (Table 1) The committee then selected areas around
these power plants, with an emphasis on the east side be-
cause of the predominant west winds in Germany For each
nuclear power plant, the corresponding county, its next
neighbour and usually one meore county east of it were to be
included These counties define the area for this specific nu-
clear power plant These areas overlap for several nuclear
power plants The total study area is shown in Fig 1 The bor-
ders shown are county borders As can be seen, nuclear power
plants tend to sit close to district borders A county in Ger-
many consists either of one large city (community) or of a lar-
ger mixed/rural area with a varying number of smaller towns
and villages (communities) **

22 Participants

One thousand five hundred and ninety two cases of cancer
amongst children under 5 years of age, with oncologic dis-
eases included in the International Classification of Child-
hood Cancer (ICCC)'® resident in the study area at the date
of diagnosis with known address and diagnesed in the rele-
vant study period of the nearest nuclear power plant were in-
cluded = All cases were matched with controls selected from
the records of the appropriate registrar’s offices. The controls
were matched for date of birth (as closely as possible but at
least within 15 years), age, sex and nuclear power plant area

7 (at the date of diagnosis} Per conircl, a community was se-

lected randomly out of the respective area according to the
case-corresponding population (by sex, age and year of diag-
nosis} This community was asked to make available ad-

dresses and names of children with the matching criteria

From this address list the control closest to the date of birth
of the case was selected

Not all communities complied with our request to provide
the addresses of controls Six controls per case were re-
quested and three of these were selected randomly Finally,
4735 controls were used in the analysis

For all case and control children, the gec-code of the place
of residence at the date of diagnosis was obtained from the
land register ** For 9 9% of the case children and 8.4% of the
controls, the address could not be coded and was replaced
by the street mid-point (140 cases, 359 controls} or by the
community or zip-code area mid-point (20 cases, 40 controls)
The position of the chimney of each nuclear power plant was
coded in the same way from high-resolution maps All dis-
tances were given in metres.

23.  Control for potential confounders

To assess potential confounding, the families of a subset of
all cases and controls were invited to participate in a tele-
phene interview covering other potential risk factors for
childhood cancer VV*® The subset included all cases with
selected diagnoses (leukaemia, lymphoma or a central ner-
vous system tumour) diagnosed in 1992-2003 and their con-
trols The questions were summarised to a total of 20
potental confounders: social status, information on addi-
tional radiation exposure (parents, child), other risk factors
(such as pesticides, mother's hormone intake}, immune sys-
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Table 1 - Relevant nuclear power plants and their operation periods and study periods

Name Operanng period Study period

Brunsbittel . ' 23.06.1976 = 3112 2003 01 011980 - 3112 2003
Brokdorf 1 0810,1986 - 31.12 2003 08.10 1887 - 31.12 2003
Krismmel "14,09,1983 - 31 12,2003 14 09 1984 - 31.12 2003
Stade 1:1972 - 31 12,2003 01 01 1980 - 31.12 2003
Unterweser 19,1978 ~ 31,12,2003 " 01011580 - 31.12 2003
Linger: 1.1968 —05.01:1977 01 01 1580 - 05 01 1882
Emsland - 1988 - 31,12,2003 14 04 1989 - 31.12 2003
Grohnde 01021984 ~31.12:2003 01 09 1985 -~ 3112 2003
Wiirgassen +110/20,1971.~26.08:1994 01.01 1980 - 26.08 1998
Grafenrheinfeld ‘09.12.1981 = 31122003 09 12 1982 - 31 12 2003

Biblis _ 16 071974.% 3112.2003 - -

' 2209 1958 - 31 12 2003

26 05 1976 — 31 12 2003 -

S 0603 1979 - 31,12 2003 -

Isar co S 20 11 1977:-31.12.2003 -
T ' - 14,08 1965 =13 01 1977

© 09 03:1984 - 31.12 20

Philippsourg

Gundremmingen )

o, 01.011980 - 3112 2003
©4-01.01.1980 - 31129003
01,01 1980 - 3112 2063
©71109:03.1980 - 31 12 2003
~ 01:01.1980 ~ 31 12 2003
. '01'01:1980 - 31 12 2003

All periods nght censored at 31 12 2003 (end of study) and study penods left

order is rough]y North tc Seuth; -
a -The 'gap’ was intentionally mcluded in the study penod

nsored at11'1980 (star of childhood cancer registration) The

tem related issues (such as vaccinations, breast feeding and
child’s social interaction), type of region and folic acid in
pregnancy In addition, we asked about previous residences
of the child

24 Statistical methods

The main question was whether there is a monotenic
descending relation between proximity of place of residence
at the date of diagnosis to the nearest nuclear power plant in-
cluded in the study at the time of diagnosis and the risk for
childhood cancer On the basis of the linear no-threshold
low-dose effect excess relative risk-models as proposed by
the BEIR Committee, the ICRP and the dispersion models pre-
sented by the United Nations Scientific Committee on the Ef-
fects of Atomic Radiation (UNSCEAR), a conditional logistic
regression with 1/(distance) as the continuous independent
variable was used ***?? In the following 1/(distance in k)
is referred to as measure of proximity We adopted the view
preposed by BEIR that a beneficial effect of radiation cannot
be expected even at extremely low doses *? Ihis is the basis
for the one-sided analysis

Additionally, categorical analyses were performed for the
inner 5- and 10-km zones versus the respective outer zones
The results of the categorical models and the continuous
model were compared by calculating the corresponding odds
ratio (OR) from the continuous model, using the mean prox-
imity of the controls in the respective inner zone The condi-
tonal logistic regression model included one proximity
measure at a time (continuous or categorical) and no other
covatiates

If it is assumed that the estimated odds ratios are approx-
imations of relative risk estimates, the categorical results can
be converted to population attributable risks and to an attrib-
utable risk fraction for exposed cases with corresponding
confidence intervals 2°

The primary analysis included all cases in children under 5
years of age at diagnosis The diagnostic groups defined in
advance in the study protocol were leukaemia (ICCC la-g),
lymphoid leukaemia (ICCC TIa), acute non-lymphocytic
leukaemia (ICCC Ib), central nervous system tumours includ-
ing medulloblastoma {ICCC llIa-f) and embryonal tumours ex-
cept for medulloblastoma (ICCC IVa, V and VIa) Further
detailed results for the leukaemia subgroups are presented
elsewhere ™ In further subgroup analyses, we divided the
operating periods of the nuclear power plants by half, and
we analysed only those whe were to be interviewed All
regression results are presented with one-sided lower confi-
dence limits (CI) at a significance level of 5%.

25  Sensitivity analyses

The randomness of the selection of the three matched con-
trols from the maximum of six controls was assessed by
repeating the regression using all available (up to 6) controls.
The appropriateness of the fitted curve was investigated by
fractional polynomial and Box-Tidwell-models for assessing
the ‘best fitting’ curve {based on the deviance) 2* #

Further sensitivity analyses were required in additien to
those planned in advance, while 10% of the communities gen-
erally refused to provide control addresses, the proportion of
refused addresses was higher (16%) amongst the communi-
ties situated in the inner 5-km zone Therefore, the relevant
analyses were repeated only for cases and controls from com-
munities which provided control addresses

The questionnaire part of the study raised a strong suspi-
cion that communities might have sent the addresses of per-
sons who were never resident in the respective cornmunity
before the date of diagnosis of the corresponding case (about
5%). We therefore simulated artificial datasets by removing
this 5% of controls from the analysis, assuming these 5% were
either randomly distributed with respect to distance from the
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Fig. 1 - Selected nuclear power plants and study areas in Germany. Each nuclear power plant is identified by name; Lingen/

Emsland are two reactors 2 km from each other.

nuclear power plant, or more likely to live close to it or far
from it For a sub sample of the controls (45%) we were able
to check the address information at the date of diagnosis of
the corresponding case Amongst these we found 15% of con-
trols that had not lived in the indicated place at that time,
though they might have lived there prior to the date of diag-
nosis of the corresponding case. The analysis was repeated
including only controls, where the address could be checked

and excluding those, whose address at the date of diagnosis
of the corresponding case had been incorrect

The previous German studies had shown single nuclear
power plants to inflience the results considerably, so the cal-
culations were repeated leaving the nuclear power plants out
of the analysis one by cne.

As confounder assessment we planned to use a change by
more than one standard deviation (out of the calculation for
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the respective subset of cases not including any confounder
variables) of the continucus proximity parameter

To ensure the correctness of our analyses all relevant com-
putations were repeated independently by the coordinating
centre of clinical trials (KKS) of the University of Mainz

3. Results

Table 2 shows the characteristics of the case children and the
controls. The age and sex distributions were similar, as these
were matching criteria The case children lived 1 2-816 km
from the nearest nuclear power plant and the controls be-
tween 11km and 92 0km

The parzmeter from the continuous model for the mea-
sure of proximity was =118 (lower one-sided 95% confi-
dence limit [CL] 0 46) (Table 3, Fig. 2) The diagnostic subsets
defined in the study protocol showed a statistically significant
effect only for leukaemia, which was stronger than the gen-
eral effect (Table 2). We also give the complementary calcula-
tion beyond the study protocol {non-leukaemia cases, Table
3). No statistically significant difference was found comparing
the first and second half of the respective operating periods of
the nuclear power plants The effect in the subgroup eligible

for interviewing was almost the same as that in the study
as a whole, although it was not statistically significant be-
cause of small numbers (f=105; lower one-sided 95% CI
-0 30) (Table 3).

When the continuous model was refitted with all available
{maximally 6) controls per case (1592 cases, 8527 controls},
the parameter estimate was f=118 (lower one-sided 95%
CL 0 50, which is identical to that obtained with the three se-
lected controls {compare to Table 3) When the model was
refitted after exclusion of communities that did not provide
control addresses (leaving 1310 cases and 3905 controls), a
statistically significant parameter estimate was found
B =101 (lower one-sided 95% CL 0 24) (compare to Table 3).

When 5% of all controls - were either excluded randomly
from the dataset with respect to their distances from the
nearest nuclear power-station, or selectively from close to or
far from the nearest niclear power station, we found average
statistically significant.estimated regression parameters of
118, 154 or 109, respecﬁvely, based on 1000 simulations
each These are all close to the results found with the full data
{compare to Table 3) Excluding the controls from the analysis,
which had their address at the date of diagnesis checked and
found incorrect, led to an estimated regression parameter of

Table 2 - Characteristics of cases of all malignancies in children under 5 years of age, as defined by the ICCC, diagnosed in
1980-2003 resident in the study areas, and their matched controls

‘Coritrols

All
Boys
Girls - -

Age (years}
0-=<1- -
152
2-<3
3-<4

wet plant:operation period
plant operation period

i (19._95,—20(_)3. selected diagnoses)

..gst.'_nucl_ear power plant (km)

Mean proximity measure® in the inner 5-km radius -
Correspanding hanmionic mean distance (km) '

1592 -

1000 4735 1000
2656 551
2079 439
1016
984
901
947
775

22
1766
720
1.447
802
2073 438
2662 562
1402 296
148 31
464 98.
1589 336
1181 243
726 153
371 78
956 54
0 3245 -
31

a:Contrels matched fo cases with respective diagnosis,
b Proximity measure = 1/distance in km (kilometres)
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Table 3 - Estimated parameters from the conditional co
groups and some relevant time periods

nuous logistic regression model for all cancers, diagnostic

Estimated Lower one-sided 95% N controls
regrassion confidence limit
) coefficient
All malignancies 1980-2003 - 118 046 L asm 4735
Diagnostic groups 1980—2003 : o SR
- Leukaemia . ' 175 065 . 593 1766
Central nervous system tumours ) -102 -340 242 726
Embryonal tumours : . 052 =084 : - 486 : 1447
all malignancies except leukaemla B 078 =026 . o998 - - 2968
First half of power plant operation penod o ::" . :.31_89 08s ' © 698 . 2073
:Second half S L0547 =047 894 . 2862
-.-j.--E.hgib]e for intervie 1agn_os_ed 1993-2003 . .: S 2105 Te-03p 471 1402

with 15_1_i_kaemia, lymphoma, °
or a gentral nervous systern tumour

a: The difference between the first and the second half was niot statistically significant

33

[ r
%] -1

—_
oo

Odds Ratwo (log scale)

a5 10 15 20 25 30 35 40 45 50

Distance of place of residence from nuclear power station (km)
Fig. 2 - Graphical representation of the main regression
analyses. Estimated regression curve for all malignancies
versus distance from nearest power plant, based on 1592
cases and 4753 matched controls based on conditional
logistic regression modelling. Distance axis cut off at 50 km
Black line: continuous fitted regression curve Dotted curved
line: lower 95%-confidence limit of continuous fitted
regression curve Dotted straight lines: categorical analysis
for < 5 km and <10 km respectively

105, which again does not differ much from the full data
{compare Table 3}

Leaving the nuclear power stations out of the data set one
by one yielded statistically significant regression coefficients
close to the overall estimate

Fractional polynomial modslling and the Box-Tidwell
model both suggested that an alternative measure of proxim-
ity of the form 1/,/(distance} would fit slightly better than 1/
(distance}, but not significantly so

The categorica! analyses showed a statistically significant
effect for children living in the inner 5-km zone OR=161
(lower one-sided 95% CI 126). In comparison of diagnostic
groups, the effect was again found only for leukaemia (OR

2.19; lower one-sided 95% CI 151). Living in the inner 10-
km zone had a far smaller effect (OR = 1 18; lower one-sided
95% CL 103) The fitted curve for all malignancies predicted
similar OR’s for the inner 5 km and 10km zone as obtained
by the categorical analysis (Table 4, Fig 2)

Based on the categorical analysis, our result indicates that
29 out of the total observed 77 cases (38%; 95% CI [24%;61%]}
diagnosed in the inner 5-km zone in 1980-2003 may be attrib-
uted to the fact that they were living in this 5-km zone These
were 1.2 cases per year, representing 0 2% (95% CI [0 1%; G 4%}
of all 13,373 cases of cancer in children under 5 years in Ger-
many in those years.

4, Discussion
41 Principal findings

Our results show an increased risk for cancer amongst chil-
dren under S years of age living in the proximity to nuclear
power plants in Germany The continucus model, in agree-
ment with the categorical analyses, identified the inner 5-
km zone as the zone of increased risk {(abeut 1 5-fold higher)
The observed effect was largely restricted to leukaemia (Ta-
bies 3, 4)

Expression of the categorical estimate for living in the in-
ner 5-km zone asg an attributable risk fraction would attribute
29 out of 77 observed cases (38%; 95% CI [24%;61%;) in 1580
2003 to having lived in that zone representing ¢2% {95% CI
[0 1%;0 43%]) of all 13,373 childhood cancer cases under 5 years
in 1980-2003 in Germany

42 Previous studies

The associations found in our study were strongest for leu-
kaemia in children under 5 years of age living within a 5-
km zone of a nuclear power plant. This group had yielded
the most notable exploratory result in the first of the previous
ecological studies 7# it has tc be pointed out that the cases of
this study diagnosed in the study years 19801995 had already
been included in the previous studies and that the results pre-
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Table 4 - Estimated odds ratios from the conditional categorical and continuous logistic regression models for all cancers
and for dlagnosuc groups

OR for inner 5 km derived . ‘Modelling 5-kKm 7 " "-OR for inner 10 ki derived *  Modelling
. from continuous.1 ' from continuous model® - 10-km distance
R . S categorically
OR Lower one- “OR OR " Lower one- - OR ‘lower one-
sided 95%: " o sided 55% ' sided 95%
“confidence confidence confidence
limit - limit - limit
All malignancies 116" 123 109 - 118 103
Diagnostic groups ’ ) .
Leukaemnia 124 137 L1200 T LBE 106
Central nervous 0.33 083 - 054 103 071
system tumours R S : S
Embryonal tumours 1190 o S076. L 0120 110 T 088 210550081V

Cases dlagnosed/contmls restdent i the study area in 19 0—2003
OR: odds: ratio. : : .
a Using the mean prox1m1ty measure Uf the controls in- the inner S km radms ll(dlstance in km) 0 3245
b Using the mear proximity measure of the controls in the inner 5-km radius: 1/(distance/in km) 0 1786.

Table 5 - Results of studies on all malignancies under the age of 5 years in the vicinity of nuclear power plants performed
at the German Childhood Cancer Reglstry prewous studies 1 and 2 compared to recent study (categorical estimates)

Study’ penods R O " Relative risk
L ' ' est:ma_te/odds ratio

Previous studies : . s
1980-1990 Study 1 143

fo8g;2 43P

1991-1995 Study 2 . . ‘097 S 105071 891
1980-1995 Study 1+2 . 124 : B : [0.84;185]"

Recent study: Results shown for previous sturhes stur]).r penods for the period follomng the previous: stuches and; for the 1total study penod

19801980 (period of study 1) 199 [1. 33]b n-o
1991-1995 (period of study 2) L S im - [o.90) L2000
-1980-~1595 (period of previous studies 1+2) ' 0470 . L luzsl S
1996—2003 (period followmg previous studies) - Lo LAs L o os® 26
1980-2003 {rotal recent study period) i 3 161 R o 26 - 77

Relative risks and odds ratios by different study penods in the inner 5 km-radms (penods shown analogous to' periods of formerstudies)
a Relative risk resulting from ecological study, two-sided 95% confidence intérval : - P
b 0dds ratio resulting from case—contrel study, lower one sided 95% confidence limit

sented here are consequently not entirely independent Table 4.3.  Strengths and weaknesses

5 summarises the findings from the previous studies for all

malignancies, cases under the age of five in the inner 5-km The GCCR, founded in 1880, is a nationwide childhood cancer
zone It compares them with the-results of this case—control registry cooperating with all paediatric oncology units and
study split up by the previous study periods (1980-1990, therapy optimisation studies in Germany Registration for
1991-1995) and separating the new study years (1996-2003} cases under the age of 15 is 95% complete since the mid-
The observed effect estimate is larger in the earliest study 1980ies ** Almost all cases are registered with their full ad-
period {Table 5) This corresponds to the observation, that dress at the date of diaghosis Given this data base, this is

the regression parameter is larger in the first half of the nu- one of the largest studies with this objective world wide
clear power plant operation periods, though not significantly {1592 cases, including 593 leukaemia cases).
so (Table 3). While the ecological effect estimates are smallet, Distance to the nearest nuclear power plant at the date of

they are generally in the sama order of magnitude (Table 4) It diagnosis is a crude surrogate for potential exposure to radia-
is thus unlikely, that the previous findings were affected by tion, however, it does not account for topegraphy, weather,

ecclogical bias in a major way vegetation, differences in background radiation, other
This issue will be discussed more thoroughly for leukae- sources of individual exposure to radiation or the time actu-
mia in a separate paper ** ally spent by the individual in the home Information on pre-
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vious residences of the child from the questionnaire could not
be used in the analysis due to poor and selective participation
in the questionnaire part of the study (see below) The extre-
mely low number of parents reperting occupation in a nuclear
installation {0 cases, 4 controls) did not allow evaluating an
effect of parentzl radiation exposure.

The former studies investigated only the inner 15-km
zone. In the case control study, the study areas around the
nuclear power plants were very large and included casges
and controls from up to about 106-km distance from the nu-
clear power plants, which increases the statistical power
slightly. Adding unexposed cases and controls does not, how-
ever, cause bias

Gerrnan nuclear energy providers are required to maintain
the exposure of the population below 03 mSv/year** Gom-
pared to this, the annual background radiation exposure esti-
mated for the German population is 14 mSv/year. The
average annual dose of persons of any age from medical pro-
cedures is 1.8 mSv, though this is lower for children (no spe-
cific figures given)®® The actual emissions from nuclear
power plants are far lower; e.g for a 50-year-old person in
1991 living 5 ki from one of the German nuclear power sta-
tions included in the study, the expected cumulative exposure
to atmospheric discharges would have ranged from
0 0000019 mSv {Obrigheim) to ¢ 0003200 mSv {Gundremmin-
gen) % At these levels of radiation, no detectable effects are
expected from the usual models 2 13

The sensitivity analyses for the various expected and
unexpected problems in control recruitment yielded statisti-
cally significant regression parameters of a similar magnitude
to that reported in Table 2 We conclude that the biases due to
these problems were smail and the results cannot be ex-
plained by the biased control recruitment The specificity of
the effect for leukaemia makes it unlikely that biased control
recruitment is the explanation for the effects seen in this
study The analysis excluding the nuclear power station areas
one by one showed that the result is not caused'by.a specific
nuclear power plant

With regard to uncontrolled confounding, there may be
other risk factors close to nuclear power stations, although
no risk factors of the necessary strength for this effect are
known for childhood cancer and specifically childhood leu-
kaemia We saw considerable self-selection by the persons
who were to be interviewed, so that those who were inter-
viewed were not representative of the study populatien as a
whole, particularly with respect to their distance distribution
from nuclear power plants. Assessing the change in the
(biased) estimate by confounders as planned nevertheless,
showed that none of them changed the distance parameter
estimate by more than one standard deviation This is true
for all diagnoses investigated in the survey subset of the study
as well as for diagnosis subgroups

44, International context

The best-known quantitative summaries of current knowl-
edge on the effects of environmental low-dose radiation ef-
fects are based mostly on adult data Children are included,
but their small number makes a negligible impact These
models deal mainly with solid tumours and adult leukaemia,

applying them to children or to acute leukaernia should be
done with cauticn *21* The BEIR Committee has refused to as-
sess studies of residents living near nuclear facilities, many of
which had childhood cancer as the main objective, because of
lack of actual data on exposure They are reviewed, but not
summarised or discussed beyond this * Many other studies
have addressed the health risks of children of parents ex-
posed (occupationally or to radiation from the atomic bombs
dropped in Hiroshima and Nagasaki} and these are therefore
not comparable. If we had nevertheless applied the models
proposed for adults, no detectable effect would have been
predicted

A French study of a design similar to that of the earlier
incidence studies in Germany, in which SIR were computed
for communities by distance, found no elevated SIR for leu-
kaemia amongst children under five living in the inner 5-km
zone of French nuclear installations (670 cases, SIR 097,
95% CI [0 69;1 33]) ¥ When this study was repeatad, with dis-
tance replaced by estimated gaseous discharges, neither the
highest exposure categery (0001 mSv/year; 750 cases, SIR
093, 95% CI [030;217]), nor any other exposure category
was associated with an elevated SIR for leukaemia % A recent
study addressed the risk for leukaemia of children under six
years of age in countries near the Chernobyl site (421 cases),
on the basis of estimated cumulative doses from gaseous dis-
charges and from food, derived from individual residence his-
tories This study estimated an OR of 1 46 (95% CI [1 0052 12])
for doses between 1 and 5mGy compared with <1 mGy?®
1mGy is a far higher exposure than from & nuclear power
plant under regular conditions in Germany %

For some of the nuclear power plants in relatively isolated
communities in northern Britain, Kinlen suggested popula-
tion mixing as a potential cause of elevated leukaemia rigks *®
We inspected migration figures,® but there are ne indications
that any of the nuclear sites investigated here were particu-
larly isolated and all have average migration at any time dur-
ing the study period This is not to say that infective causes
may not in principle be an alternative explanation for the pat-
terns we see in this study

5. Conclusion

The design of this study aimed to clarify issues raised by pre-
vious ecclogical studies in Germany by using the same data
plus more recent cases in a case-control study assigning indi-
vidual distance estimates (as compared to community based
zones) In Germany 1980-2003 we see an increased risk for
cancer in children under 5 years of age, particularly leukae-
mia, when living in proximity (<5 km) to a nuclear power sta-
tion This observation is not consistent with most
international studies, unexpected given the observed levels
of radiation, and remains unexplained We cannot exclude
the possibility that this effect is the result of uncontrolled
confounding or pure chance
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Fact Sheet: The KiKK Study Explained

e Background

* CNSC Perspective

e KiKK Study Follow-up
e Further Analyses

e Conclusion

Background

In 2003, the German Federal Office for Radiation Protection (BfS), in
response to concerns resulting from previous German Childhood Cancer
Registry (GCCR) studies (1, 2, 3), initiated a case-control study of children
less than 5 years of age living within 5 km of a nuclear power plant (NPP).
This study, named the Kinderkrebs in der umgebung von Kernkraftwerken
(KiKK) study, looked at all childhood cancer cases diagnosed between 1980
and 2003 compared to control children without cancer. The KiKK study (4)
used distance from a NPP as a substitute for radiation exposure to evaluate
the risk of childhood cancer and focused on cases within the 5 km zone of
the 16 NPPs in Germany.

The main finding was an increased risk of leukemia in children less than
five years of age with decreasing distance from a NPP. The authors of this
paper caution the readers that their findings are unexpected given the very
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low observed levels of radiation and they state that the cause of childhood
leukemia remains unexplained and may be due to uncontrolled
confounding or pure chance (4).

CNSC Perspective

CNSC staff have analyzed the KiKK and other recent scientific literature
regarding the sources and health effects of radiation exposure. The reason
for the increased childhood leukemia rate around German NPPs is unclear.
However, the increased rates could not be explained by the actual radiation
emissions from the German NPPs.

Since childhood leukemia is thought to be caused by several factors, other
factors may have been responsible for the observed results. Therefore,
other factors in the environment need to be considered. More extensive,
interdisciplinary research on the causes and mechanisms of the
development of childhood leukemia is required to fully understand the
disease.

What follows are the details of recent key international studies that have
examined the relationship of distance from nuclear power plants and
leukemia in children.

KiKK Study Follow-Up

Kaatsch et al (2008) (6)

Kaatsch et al (6) conducted a follow-up to the initial KiKK study. The study
focused on the 593 childhood leukemia cases (rather than all malignancies)
registered between 1980 and 2003 at the GCCR in children who were under
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5 years of age and living near one of the 16 nuclear power sites when
diagnosed. Distance from a NPP served as a proxy for the radiation
exposure caused by the facilities.

Kaatsch et al (6) indicate that "When leaving each nuclear power plant out
of the calculations one by one, the results change only marginally: the
regression coefficients vary between 1.39 and 2.09, all results remain
statistically significant." Thus, results could not be attributed to a single
reactor site, but were consistent for all 16 nuclear power sites in total.

However, the authors then state: “The maximum deviation from the overall
coefficient of 1.75 is seen when analyzing the data excluding the nuclear
power plant Krimmel (regression coefficient: 1.39 with lower 95% CL of
0.14) (6)." A well-known childhood leukemia cluster started in 1990 and
continued to at least 2005 in the surrounding area of Krummel. Thus, the
estimated risk in the 5 km ring was highly sensitive to whether or not the
Kridmmel NPP was included in the KiKK study (7, 8).

The authors noted that an increasing trend with the inverse distance from
the sites, considered as a continuous variable, was not detected when the
distance was categorical (6). Likewise, the risk estimates obtained in the
incidence analysis (9) also appeared to be lower than those obtained with
the case-control approach (6). The authors also indicate that the results
were largely attributed to cases in previous studies of the GCCR from 1980
to 1990 (1) and 1991 to 1995 (2), especially in the 5 km zone as there was
overlap between these studies and the more recent one (1980-2003). In
fact, the risk estimate of 1.78 (lower 95% CL: 0.99) determined that the most
recent time period (1996-2003) was lower than in the previous time periods,
and only a tendency towards an increase in risk with closer residential
proximity was seen (6).
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The strength of this study was the availability of individual measurements
of residential proximity to the nearest NPP for each subject based on the
residence at time of diagnosis. However, individual radiation exposures
from the NPP emissions, other sources of radiation exposure (i.e., medical
exposures), time spent at places other than their home address, and
residential history of the study subjects was not available.

The authors noted the association may be influenced by other factors
related to childhood leukemia (i.e., social class, pesticides, factors
influencing immunological factors, exposure to other ionizing radiation).
Unfortunately, the response rates to the study interview were very poor,
especially in the 5 km zone, so no conclusions on the relationship between
potential cofounding risk factors and the reported finding could be drawn.
Without information on any of the possible causes of childhood leukemia, it
is not possible to make any inference on risks.

The authors noted that the radiation exposure near a NPP in routine
operation is extremely small compared to exposure to ionizing radiation of
the general public from other sources (1,000-100,000 less than the annual
average natural radiation (1.4 mSv) or medical (1.8 mSv) exposures in
Germany). The authors did not attribute the increased childhood leukemia
to the NPP emissions and noted the findings were not consistent with
current radiation biological and epidemiological evidence (10). The authors
concluded the observed positive distance trend remains unexplained and
no statements on the cause of the increase cancer rates can be made (6).
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Further Analyses

Grosche (2008) (11)

Grosche (11) conducted a further analysis of the data used in the KiKK case-
control study and concluded that the observed trend in risk decreased over
time, indicative of some agent being involved for which the prevalence is
reduced over time. However, currently, there is no clear explanation for a
causal relationship between any chemical or physical risk factor and the
observed risk.

COMARE (2011) (7)

The 14th Committee on Medical Aspects of Radiation in the Environment (7)
also observed that for 1991-1995 and 1996-2003, the evidence for an
increased risk of leukemia in young children living within the 5 km zone of
German NPPs, excluding Krummel, is only weak. Nonetheless, the Krimmel
cluster could not be explained by the routine radioactive discharges.

German Radiological Protection Commission (SSK,
2008) (12)

The German Radiological Protection Commission (SSK) appointed an
interdisciplinary international working group of experts to review the
current knowledge on radiation and leukaemia, to summarize an
independent reanalysis of the KiKK data, and to make a final evaluation of
the study’s overall design, conduct, results and interpretation.

The experts noted several limitations of the KiKK study, such as the lack of
information on exposure and other risk factors known to be related to
childhood leukaemia. The evidence for increased childhood cancer risk was

CMD 25-H2.E - Page 018



only limited to the 5 km zone and the risk decreased with time. They stated
that distance from a NPP is not suitable for establishing a correlation with
radiation exposure from NPPs; and the actual exposures from the German
NPPs are lower by a factor of 1,000 than those that could cause the risks
reported by the KiKK study. Likewise, the natural radiation exposure within
the study area, medical radiation exposure, and any fluctuations in these
exposures are both greater by several orders of magnitude than the
additional radiation exposures caused by the relevant NPPs.

A reassessment of the KiKK results also showed that the marked impact of
the urban/rural status of the residence area on the estimated risk (12).
Thus, the international expert working group concluded that the reasons
for the increased childhood leukemia rate that the KiKK study observed
remain unclear. Since leukemia is caused by multiple factors, numerous
influencing factors could have been responsible for the observed result (12,
13).

Little et al (2008) (14) and Laurier et al (2008) (15)

Little et a/ (14) and Laurier et al (15) reviewed the KiKK study and came to
similar conclusions that the excess leukemia in children aged 0-4 years
around the 5 km zone of the German NPPs was not supported by studies
from other countries and to date, nothing can explain the observed excess.
The most likely explanation is the hypothesis of an infectious agent
associated with population mixing around nuclear sites (16); however, the
infectious agent has yet to be found. The 14th Committee on Medical
Aspects of Radiation in the Environment (7) came to similar conclusions.
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Other Studies

Since the KiKK study was published, several other studies in the United
Kingdom (17), France (18), Switzerland (19) and Finland (20) have come to
the conclusion that there is no relationship between childhood leukemia
and distance from a NPP. While the French Geocap study (8) did find a
relationship between distance and childhood leukemia using a case-control
methodology, the use of a dose-based geographic zoning (DBGZ)
methodology yielded very different results for the same data. Using DBGZ,
the odds ratio and standardized incidence ratio was close to one in all of
the dose categories indicating that the association cannot be explained by
the NPP gaseous discharges (8, 21).

Conclusion

When drawing conclusions about the health effects of radiation, it is
important to consider all the evidence. Thus any claims of a link between
childhood leukemia and radiation from nuclear power plants are
unfounded and not supported by a wealth of evidence resulting from
multiple epidemiology studies.

The CNSC keeps up-to-date on emerging research to ensure the most
recent information, based on sound science, is considered in protecting the
health and safety of the public, workers and the environment. CNSC staff
contributes to the scientific radiation knowledge through their roles on
international scientific committees, and through the conduct of Canadian
studies of the relationship between ionizing radiation, workers and
members of the public.
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ABSTRACT

Radiation doses and cancer incidence among the population living within 25 km of three nuclear power plants (NPPs)
in Ontario, Canada were investigated for the period 1985 to 2008 for radiation exposure and 1990 to 2008 for cancer
incidence. This study design provided at least a five-year latency period between potential radiation exposure and can-
cer incidence. Around the NPPs, the incidence of childhood cancers, leukemia and non-Hodgkin lymphoma, in young
children (aged O - 4) was lower than the general Ontario population, but not statistically so. Cancer incidence in children
aged 0 - 14 was similar to the Ontario population. Overall, for all ages there was no consistent pattern of cancer inci-
dence (all cancers combined and radio-sensitive cancers) across the population living within 25 km of the three NPPs.
Some types of cancers were statistically higher than expected, others were statistically lower than expected, and others
were similar to the general Ontario population. Although variations in all cancers combined and radiosensitive cancers
were found in this study, the pattern was found to be within the natural variation of cancer in Ontario. During the period
1985 to 2000 (Pickering and Bruce NPPs) and 1985 to 2002 (Darlington NPP) radiation doses to members of the public
from the operation of the NPPs, estimated on the basis of a hypothetical individual at the facility fence line, were
<0.052 mSv/year; while for the period 2001 to 2008 (Pickering and Bruce NPPs) and 2003 to 2008 (Darlington NPP)
radiation doses, more realistically estimated using the critical group concept for six age classes, were <0.0067 mSv/year.
Hence, public doses from environmental releases of radionuclides from Ontario NPPs represent a very small fraction of
natural background radiation (1.338 and 2.02 mSv/year) in the regions where the NPPs are located. Our study shows no
evidence of childhood leukemia clusters around the three NPPs and that the incidence of all the cancers investigated for
all age groups is within the natural variation of the disease in Ontario. The radiation exposure from NPP operation is a
small contributor to the public’s total exposure to radiation and is not a plausible explanation for any excess cancers
observed within 25 km of any Ontario NPP.

Keywords: Cancer; Childhood Leukemia; Radiation Doses; Population; Nuclear Power Plants

1. Introduction was categorical [2]. Likewise, the risk estimates obtained
in the incidence analysis [3] also appeared to be lower
than those obtained with the case-control approach [2].
The results were largely attributed to cases in previous
studies from 1980 to 1990 [4] and 1991 to 1995 [5], es-
pecially in the 5 km zone. Likewise, the estimated risk in
the 5 km zone was highly sensitive to whether or not the
Kriimmel NPP was included [6,7]. Individual radiation
exposures from the NPP emissions and other sources
were not available. The authors concluded the observed
positive distance trend remained unexplained and no
statements on the cause of the increase cancer rates could
be made. A further analysis [8] observed the trend in risk
*Corresponding author. decreased over time, and a reassessment of the results

Several studies have evaluated the relationship between
distance from a nuclear facility and cancer incidence, but
few studies have assessed the relationship between ra-
dioactive discharges or radiation dose to members of the
public from a nuclear facility and cancer incidence.

In Germany, a case-control study (1980 to 2003) found
a statistically significant excess risk of leukemia among
children under 5 years old living within 5 km of a nuclear
power plant (NPP) [1,2]. However, an increasing trend
with the inverse distance from the sites, considered as a
continuous variable, was not detected when the distance

Copyright © 2013 SciRes. JEP
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showed a marked impact of the urban/rural status of the
residence on the estimated risk [9]. An independent re-
view of the study [9] concluded there was no support for
a causal relationship between any chemical or physical
risk factor and the observed risk of childhood leukemia.
Several reviews of this study came to similar conclusions
[6,10,11].

Other studies have been conducted in the United
Kingdom [12], France [10], Switzerland [13] and Finland
[14]. No relationship between childhood leukemia and
distance from an NPP was found. A recent study con-
ducted in France used a methodology allowing the as-
signment of radiation doses from nuclear facilities to the
cases of leukemia [7]. This study found a significant re-
lationship between distance and childhood leukemia;
however, when dose-based geographic zoning was used,
childhood leukemia could not be explained by the radia-
tion exposures from the NPPs’ gaseous discharges. Ear-
lier, French studies found no relationship between child-
hood leukemia incidence and distance from NPPs [10] or
radiation exposures in the municipalities near the sites
[15].

In Canada, McLaughlin et al. [16] examined leukemia
mortality (1950 to 1987) and incidence (1964 to 1986)
among children aged 0 - 14 within communities near (25
km) two Ontario NPPs (Pickering, Bruce). Childhood
leukemia in the vicinity of the Bruce and Pickering NPPs
was greater than expected although not statistically sig-
nificantly so. Prior to the opening of the Pickering NPP
(1950 to 1970), the mortality ratio by residence at birth
for the 25 km area was also higher than expected. The
confidence intervals included the null value and were
generally wide because of the small observed and ex-
pected numbers of deaths and cases. The results for leu-
kemia in children aged O - 4 were similar. When the ar-
eas near Bruce and Pickering NPPs were pooled, the evi-
dence became weaker. The statistical power of the study
was also limited due to the rarity of childhood leukemia
and the small number of observed and expected cases
and deaths. In conclusion, there was no statistical evi-
dence the difference was due to anything but the natural
variation of the disease.

Also in Canada, rates of cancer incidence and mortal-
ity, congenital anomalies and stillbirths were examined
from 1981 to 2004 in areas surrounding the Pickering
and Darlington NPPs [17]. The authors concluded that
although there were some elevated cancer rates (i.e.,
thyroid, breast, brain, and kidney cancer, and leukemia
(excluding CLL)), there was no clear pattern found
across time periods, sexes, and for incidence and mortal-
ity statistics. All childhood cancer mortality and inci-
dence rates were similar to the Ontario population. All
other health indicators were significantly low or at pro-
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vincial levels. Overall, the results were consistent with an
earlier analysis for the region from 1979 to 1993 [18]. In
general, disease rates did not indicate a pattern to suggest
the Pickering and Darlington NPPs were causing health
effects in the population.

To date, no Canadian study of cancer incidence among
the population has included an analysis of exposure of
members of the public to radioactive emissions from an
NPP. In Ontario, twenty nuclear power reactors located
on three NPP sites (Pickering, Bruce and Darlington)
which began operation between 1971 and 1989. The ob-
jective of this work was to conduct an ecological hy-
pothesis-screening study providing radiation dose esti-
mates for members of the public from environmental
radiation monitoring data and updated cancer incidence
data for populations living within 25 km of the three On-
tario NPPs from 1990 to 2008.

2. Methods

2.1. Radiation Doses to Members of the Public
Living near Ontario Nuclear Power Plants

Radionuclides released to the environment from Cana-
dian NPPs are listed in Table 1.

Data on annual radiation dose assessments for mem-
bers of the public using internal and external environ-
mental exposure pathways were collected from Ontario
Power Generation (OPG) and Bruce Power annual re-
ports [19-34]. Exposure pathways included in the dose
assessments were inhalation and ingestion of food and
water, exposure from air and water immersion, ground-
shine, and incidental soil and sediment ingestion. Con-
centrations of radionuclides in various environmental
compartments were obtained from the results of radio-

Table 1. Major radionuclide and radionuclide groups re-
leased from Canadian NPPs.

Tritium Oxide as water vapor (HTO)
Elemental Tritium (HT)
Carbon-14 (C-14)
Radioactive lodine
(mixed fission products of iodine)'
Radioactive Particulates
(mixture of alpha emitting radionuclides)
Noble Gases (mixture of Argon-41,
and Xenon and Krypton radioisotopes)

Atmospheric
Emissions

Tritium Oxide as water (HTO)
Carbon-14 (C-14)
Gross Beta/Gamma (mixture of beta
and gamma emitting radionuclides)

Liquid Effluent
Discharge

'At Pickering A and Pickering B NPPs, radioactive iodine and radioactive
particulate emissions, have continually been below limits of detection (limit
of detection has ranged from 1.0E+04 Bq per month to 1.0E+07 Bq per
month); *At Pickering A and Pickering B NPPs, noble gas emissions have
continually been below limits of detection (limit of detection has ranged
from 1.0E+12 Bq-MeV per month to 1.0E+13 Bq-MeV per month).

JEP

CMD 25-H2.E - Page 025



890 Radiation Exposure and Cancer Incidence
(1990 to 2008) around Nuclear Power Plants in Ontario, Canada

logical environmental monitoring programs (REMP).
Doses were calculated for members of the public using
either a hypothetical individual (1985-2001 for the
Pickering and Bruce NPPs; 1985-2003 for the Darlington
NPP) or critical groups (2001-2008 for the Pickering and
Bruce NPPs; 2003-2008 for the Darlington NPP). Table
2 summarizes the environmental media and radionuclides
monitored through the REMP and used in the dose cal-
culations.

While the use of a hypothetical individual resulted in
very conservative radiation dose estimates (individual
living at the NPP fence line and consuming exclusively
local food and water), critical group doses were more
realistic. A critical group represents a uniform group of
people whose location, age, diet, lifestyle, etc., caused
them to receive higher doses than other groups in the
exposed population. The three NPPs each have multiple
potential critical groups. At each critical group location,
age classes (adult, 15-year-old, 10-year-old, 5-year-old,
1-year-old, and nursing infant) have been attributed
characteristics to reflect different diet consumption rates,
and lifestyle habits. Site-specific surveys of residents and
local farms surrounding the NPPs were conducted to
obtain information on the characteristics of the potential
critical groups [35-43]. Surveys generated information on

Table 2. Environmental media and radionuclides monitored
for the purpose of estimating doses to members of the pub-
lic.

Pathway Radionuclides Measured'**

HTO, C-14
Boundary External Gamma from Noble
Gases (mainly Ar-41, Xe-133,
and Xe-135)
Ir-192,1-131*
HTO and Gross Beta from precipitation
and dry/wet fallout

Atmospheric Sampling

Garden and Inland Soils:
Cs-137, Cs-134, Co-60
Local Fruits, Vegetables, Silage and
Honey: HTO, C-14
Milk and Animal Feed: HTO, C-14, I-131°

Terrestrial Sampling

Lake Water and Water Supply
Plants: HTO, Gross Beta
Well Water: HTO, Gross Beta
Fish: HTO, C-14, Gamma Spectrometry
(Cs-137, Cs-134, Co-60)
Sediment: C-14, Cs-137, Cs-134, Co-60
Beach Sand/Silt: Gamma Spectrometry
(Cs-137, Cs-134, Co-60)

Aquatic Sampling

'Cs-134 and Co-60 measured in the environment are solely from reactor
operation; 2C-14 and Cs-137 measured in the environment are from both
reactor operation and nuclear weapon test fallout; *Organically Bound Trit-
ium is taken into account in model equations based on relationship with
HTO; *At all Ontario NPPs Radioactive lodine measured in ambient air has
consistently been too low to measure [19-34]; *At all Ontario NPPs radioac-
tive Iodine measured in milk samples have consistently remained below
detection limits (limit of detection ranges from 0.1 Bq/L - 0.2 Bg/L) [19-34].

Copyright © 2013 SciRes.

the number of people living at each residence or farm,
their age distribution, sources of water for various uses,
as well as the proportion of local and store bought food
consumed. If information could not be obtained from
surveys, default values in the CSA standard N288.1
[36,37] were used.

For each NPP, all annual total dose data for each hy-
pothetical individual or critical group from 1985 to 2008
were compiled [19-34]. The highest annual doses to
critical groups were mapped using ESRI® ArcGIS™
Desktop version 10.1 (ArcGIS) mapping software. A set
of maps was generated, one for each NPP, showing the
highest doses received to each potential critical group
over the study period. A polygon shape file was created
with boundaries extending at a radius every 5 km up to
25 km from the NPP, corresponding to the geographic
distribution of cancer incidence data used for this study.
The Darlington and Pickering NPPs are on the shore of
Lake Ontario and the Bruce NPP is on the shore of Lake
Huron; therefore, a large portion of the 25 km radius in-
cluded water.

For each NPP, the year with the highest critical group
dose within the study period were identified and a second
set of maps was created. For each NPP, atmospheric dis-
persion plumes for each radionuclide were generated,
based on the atmospheric emissions data for the given
year. The dispersion plumes were produced using the
EcoMetrix® IMPACT™ (IMPACT) modelling software,
which is based on CSA standard N288.1 [36,37]. Site-
specific weather data and release characteristics obtained
from each NPP were used in the model (available upon
request). From the model outputs, a dose plume was
generated in ArcGIS using air inhalation and immersion
dose conversion factors. For each NPP, the dose plume
represents a hypothetical annual dose that would be re-
ceived by an individual due to air immersion and inhala-
tion if that person spent the entire year outdoors at a par-
ticular location (full time occupancy).

The following equation was used to calculate the dose
due to air immersion and air inhalation:

Xy =X+ P01|:P(e)19 + P(i)19:|

where

X, is the dose received (uSv-yr ');

X, is the air emission release rate (Bg's™;

P, is the dilution factor due to atmospheric disper-
sion (s'm°);

P(e),, is the transfer parameter for dose to humans
via air immersion (Sv-yr '-Bq '-m’);

P(i),, is the transfer parameter for dose to humans
via air inhalation (Sv-yr "-Bq '-m?).

Parameters and assumptions used in the atmospheric
dispersion plume modelling and dose assessment are
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based on air emission data for each radionuclide and av-
erage annual Triple Joint Frequency meteorological con-
ditions (i.e., wind speed, stability class, and wind direc-
tion) and release characteristics (i.e., stack height, stack
exit velocity, gas and ambient temperatures). This infor-
mation came from industry reports formally submitted to
the national regulator, the Canadian Nuclear Safety
Commission (CNSC) [26,29,31,39-43]. Each report has
undergone a critical technical review by the CNSC.
Transfer parameters, P(e);9 and P(i);o and dose conver-
sion factors, DCF, and DCF; for air immersion and air
inhalation used in the dose assessment were adopted
from CSA standard N288.1 [36,37].

2.2. Cancer Incidence in Members of the Public
Living near Ontario Nuclear Power Plants

Cancer incidence data collected by the Ontario Cancer
Registry (OCR) [44] from 1990 to 1991 and the Cana-
dian Cancer Registry (CCR) [45] from 1992 to 2008
were obtained for the following: all cancer sites com-
bined; cancer of the thyroid, lung and bronchus; female
breast; ovary; esophagus; stomach; colon and rectum;
bladder; brain and other nervous system; liver; and leu-
kemia and non-Hodgkin lymphoma. These types of can-
cer were chosen because they are sensitive to radiation
[46-48]. Disease coding was based on the 3™ edition of
the International Classification of Diseases for Oncology
[49]. Cases coded to the 2™ edition were converted.

Population counts from the Census of Canada [50] for
the census years 1991, 1996, 2001, and 2006 were ob-
tained for the areas within 25 km of the three NPPs in
Ontario (data not shown). The tables prepared in this
study start in 1990 since it was the first year that Cancer
Care Ontario (CCO) data had sufficient completeness for
postal code information.The geographical areas in our
study included combined municipalities in the 25-km
radius from an NPP, based on its latitude and longitude.
This study focused on a 25-km radius from each Ontario
NPP to be consistent with a previous study [16] and be-
cause of the low population density around the Bruce
NPP. This is less specific than information at the indi-
vidual census subdivision (CSD) level and not as broad
as the census division (CD) level.

CCO conducted a data quality study to investigate
residence code errors at the census division (CD) and
census subdivision (CSD) level through a record linkage
to the Ontario property assessment files. The accuracy of
the CSD of residence was 84.4% whereas the accuracy of
the CD level of residence was 97.9% for the 1025 cases
having this information [51]. The CD is considered the
gold standard.

Standardized incidence ratios (SIRs) (O/E) based on

Copyright © 2013 SciRes.

residence at diagnosis, observed (O) and expected (E)
number of cancer cases and 95% confidence intervals
(ClIs) were calculated [52] based on the age- and sex-
specific rates of the comparison population (i.e., Ontario)
for the corresponding period (1990 to 2008) for the 25
km radius of each NPP. Internal calculations of observed
and expected cases were stratified by five-year age
groups and periods, and controlled for socio-economic
status using income quintile.

The statistical power of this study depends on the sta-
tistical significance criterion used, the magnitude of the
effect of interest, and the sample size. Table 7.2 given by
Breslow and Day [53] was used to calculate the power
using 80% as a standard for acceptance [54]. Using On-
tario as the reference population and the expected cases
for leukemia (all ages, both sexes combined) for people
living within 25 km of the Bruce NPP (which had the
smallest population) for example, the probability (%) of
obtaining a result significant at the 0.01 level (one sided)
of the expected value (E) of 70 (68.0 actual expected
cases) assuming no excess risk, and of the true R (or SIR
in our case), the sample power for R = 1.2 is 24%. For
childhood cancer (leukemia and NHL) near Bruce NPP
at a significance of 0.01, and E of 5, (5.2 actual) assume-
ing no excess risk, and a true R, the sample power for R =
1.5 is only 8.0%. As a result, the small population size
and the rareness of some cancers limited the statistical
power of our findings among the population living near
Bruce NPP. This was generally not an issue near Dar-
lington and Pickering NPPs which had large observed
and expected numbers of cancer cases.

Age-standardized incidence rates (ASIRs), per 100,000
population, were calculated using the direct method,
which involves weighing the age-specific rates for each
of the age groups (<1, 1 -4,5-9 --- 80 - 84, 85+) ac-
cording to the age distribution of the standard 1991 Ca-
nadian population. The 95% ClIs are not provided for the
ASIRs when the number of rounded cases is < 5 since the
approximation used is less accurate for a small number of
cases. SIRs were also calculated at the CD level by can-
cer site and for all ages and both sexes combined, for
Durham Region (location of Pickering and Darlington
NPPs) and Bruce County (location of Bruce NPP) using
Ontario rates as the comparison population. This pro-
vided an additional comparison of cancer incidence
around the NPPs with that of the 25 km radius analysis.

3. Results

3.1. Radiation Doses to Members of the Public
Living near Ontario Nuclear Power Plants

Data on radiation doses to members of the public were
obtained for the period 1985 to 2008 to provide exposure
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information during a minimum 5-year latency period
from the start of the cancer incidence data (1990-2008).
Annual doses to hypothetical individuals varied from
0.052 to 0.004 mSv and from 0.016 to 0.002 mSv be-
tween 1985 and 2000 for the Pickering and Bruce NPP
respectively. Annual doses for a hypothetical individual
at the Darlington NPP from 1985 to 2002 were slightly
lower and ranged from 0.010 to 0.001 mSv.

Tables 3-5 present the highest annual radiation dose to
each age class for each critical group at each NPP over
the study period. The highest estimated dose received to
a critical group over the study period was in 2005 for the
Pickering NPP, 2003 for the Darlington NPP and 2008
for the Bruce NPP. For comparison purposes, the annual
dose from natural background radiation at each site is
also presented. Radiation doses to members of the public
from the operation of Ontario NPPs (represented by con-
servatively estimated doses to critical groups (< 0.0067
mSv/year)) are much less than the difference in natural
background radiation between the Darlington/Pickering
area and the Bruce area (0.682 mSv/year) and hence only
represent a very minor contribution to the public’s over-
all radiation exposure.

Table 3. Highest Estimated Annual Dose to Potential Criti-
cal Groups Age Classes Surrounding the Pickering NPP
(2001-2008).

Potential Highest Annual Dose (mSv) to Each Age Group
Critical
Groups at .

Pickering Nursing 1year 5years 10 years 15 years Adult

Infant old old old old

NPP

Fz.lrm 0.0020 0.0012 0.001 0.0011 0.0012 0.0015
Residents
Dairy Farm . 0616 0.0018 0.0012 0.0012 0.0012 0.0016
Residents

Sport Fishers  0.0008  0.0004 0.0004 0.0005 0.0006 0.0006
Urban

Residents 0.0022

0.0019 0.0013 0.0015 0.0016 0.0025

C2
Correctional NA NA NA NA
Institution

0.0034 0.0037

Industrial

Workers NA NA NA NA NA 0.0041
Squires Beach
. 0.0052 0.0033 0.0031 0.0035 0.0036 0.004
Residents
Cl
Correctional ~ NA NA NA NA  0.0061 0.0067
Institution

Annual Dose
from Natural  1.338 1.338  1.338 1.338 1.338 1.338
Background

NA: not applicable

Copyright © 2013 SciRes.

Table 4. Highest Estimated Annual Effective Dose to Poten-
tial Critical Group Age Classes Surrounding the Darlington
NPP (2003-2008).

Potential Critical Highest Annual Dose (mSv) to Each Age Group

Groups at
Darlington NPP

Nursing 1 year 5year 10 year 15 year

Infant old  old  old old Adult

Rural Residents  0.0010 7E-04 0.0006 0.0007 0.0006 0.0008

Bowmanville

. 0.0006 4E-04 0.0003 0.0004 0.0004 0.0004
Residents

Oshawa Residents 0.0006 3E-04 0.0003 0.0003 0.0003 0.0003

Campers 0.0004 3E-04 0.0003 0.0003 0.0003 0.0004

Non-Dairy

K 0.0017 0.001 0.0012 0.0012 0.0012 0.0009
Farm Residents

Dairy Farm . 1506 0,001 0.0009 0.0008 0.0008 0.0007
Residents

West/East Beach 515 gE 04 0.0008 0.0009 0.0009 0.001
Residents

Sport Fishers ~ 0.0001 1E-04 0.0001 0.0001 0.0001 0.0001
Industrial/

Commercial NA NA NA NA NA 0.0003
Workers

Annual Dose from

Natural Background 1.338 1.338 1.338 1338 1.338 1.338

NA: not applicable

The relative contribution of different radionuclides to
the total dose was analyzed. Doses from tritium are
higher in adults than in children or infants due to higher
inhalation rates, whereas the reverse is observed for
doses due to noble gases (as a result of increased shield-
ing due to higher assumed body fat in adults).

Critical group doses for Pickering (2005), Darlington
(2003), and Bruce (2008) were analyzed for spatial rela-
tionship between dose and distance from the three NPPs
(Figures 1-3). The analysis revealed that the highest
doses were not necessarily associated with critical groups
closest to the NPP. For example, residents living closer
to the Pickering NPP (such as the non-dairy-farm resi-
dent) have lower doses (0.0011 mSv) than the dairy-farm
residents living several km further away (0.0013 mSv).
This was also observed when comparing the doses to
urban residents (0.0020 mSv) with those of residents of
the correctional institution (0.0022 mSv). At the Dar-
lington NPP, the dairy-farm residents also have a lower
dose (0.0007 mSv) than the rural residents (0.0009 mSv)
located further away. Sport fishers near both the
Pickering and Darlington NPPs have the lowest doses of
all the critical groups, as they are expected to spend at
most 1% of the year at the fishing location. Similarly
industrial and commercial workers are expected to spend
only 20% of the time at the critical group location, also
resulting in lower doses. Residents living within 5 km of
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Table 5. Highest Estimated Annual Dose to Potential Criti-
cal Group Age Classes Surrounding the Bruce Power NPP
(2001-2008).

Potential Highest Annual Dose (mSv) to Each Age Group
Critical
Groups at .
Bruce Igower Nursing 1year 5Syear 10year 15 year Adult
Infant old old old old
NPP
ScottPoint 151 0.00245 0.00211 0.00167 0.00168 0.00234
Residents
Baie du Dore
. 0.00215 0.00174 0.00217 0.00238 0.0024 0.0027
Residents
Trailer Park

Albert Street  0.00103 0.00123 0.00108 0.00119 0.00119 0.0014
Residents

South of site

. 0.00100 0.00152 0.000977 0.00103 0.00101 0.00161
Residents

Inverhuron

. 0.00209 0.00116 0.00212 0.00233 0.00236 0.00268
Residents

Dairy Farm
South of
Tiverton
Residents

0.00197 0.00071 0.00163 0.00162 0.00147 0.00185

Farm nearest
Bruce A
Residents

0.00111 0.00162 0.00112 0.00117 0.00112 0.0017

Farm nearest

Bruce B 0.00181 0.00131 0.00177 0.00185 0.0018 0.00227
Residents
Bruce
Eco-Industrial NA NA NA NA NA 0.000285
Park Workers

Annual Dose
from Natural ~ 2.020 2.020 2.020 2.020 2.020 2.020
Background

NA: not applicable.

the Bruce NPP (0.0012 mSv) have lower doses than
residents who lived further away (0.0021 mSv). Both
groups are non-farm residents with the same dietary
characteristics (e.g., food coumption rates; proportion of
local vs. store-bought food). The difference in doses is
due primarily to differences in location relative to pre-
vailing wind conditions.

Figures 1-3 overlay onto the year with the highest
critical group doses the hypothetical atmospheric dose
plume for full time occupancy of an infant, child and
adult within the plume. The high value represents the
dose from inhalation and immersion for full time occu-
pancy at the stack and the low value bounds the fully
dispersed atmospheric release. These dose plumes, based
on site-specific average annual weather data, clearly in-
dicate a plume extending towards and over the lake, and
generally away from populated areas. The dose estimates
in the dispersion plumes are higher than critical group
doses not only because of the hypothetical full time oc-
cupancy in the plume but also because the IMPACT

Copyright © 2013 SciRes.

software assumes that the stack is at ground level. Actual
emissions from the three NPPs are released from stacks
at elevations greater than 10 m, allowing for increased air
dispersion before reaching the ground (point of im-
pingement).

3.2. Cancer Incidence in Members of the Public
Living near Ontario Nuclear Power Plants

Cancer incidence data were collected for all cancer sites
combined and for cancer sites sensitive to radiation.
Incidence data were analyzed for the following age
groups: 0 - 4,0 - 14, 0 - 24, 25 - 64, 65+ and 0 - 65+
when the number of cases was sufficient. A blank is
given if the number of cases is less than 6 and, therefore,
not reported.

Table 6 shows that the SIRs for childhood cancer
(leukemia and non-Hodgkin lymphoma) among children
aged 0 - 4 living within 25 km of the Pickering and
Darlington NPPs were lower than expected for the
Ontario population but not statistically significantly so.
Similarly, the incidence of childhood cancer in children
aged 0 - 14 living near the three NPPs was similar to
Ontario. Near the Bruce NPP, no information was
available for young children (aged 0 - 4) because there
were fewer than 6 cancer cases from 1990 to 2008.
Similarly, for children aged 0 - 14, leukemia and non-
Hodgkin lymphoma were combined to preserve confi-
dentiality of observed cases fewer than 6.

Table 7 shows the results for all cancer sites combined
and leukemia for those aged 0 - 24, 25 - 64, and 65+.
Other cancer sites were not provided for those aged 0 -
24 since, in general, few cases were observed; especially
near Bruce NPP. For all cancer sites combined and espe-
cially leukemia, the SIRs were either significantly less
than 1.0 or similar to Ontario for those aged 0 - 24 living
near all three NPPs.

The age groups 0 - 64 and 65+ were used for all other
cancer sites. Tables 8 to 10 present for all three NPPs the
SIRs for all the cancer sites, by age group and for both
sexes. For all three NPPs, it is very evident that lung and
bronchus, female breast and colon and rectum cancer are
the most common cancer sites. However, the number of
cases varies considerably between the three NPPs due to
the large differences in population size of people living
within 25 km of Pickering, Darlington and Bruce NPPs
(1,580,000; 380,000; and 24,500 respectively, based on
the 2006 census year). This is expected, as these are also
the most common types of cancer in the province, and in
Canada [55]. There was no consistent cancer incidence
pattern among people living near the three NPPs. Some
types of cancer were statistically significantly higher than
expected; however, some types of cancer were statisti-
cally significantly lower than expected, and some types
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Figure 1. 2005 Critical Group Doses and Hypothetical Air Dispersion Plume for Pickering NPP.

of cancer were the same as expected compared to the
general Ontario population.

As seen in Table 8, near the Pickering NPP all cancer
sites combined had a SIR significantly less than 1.0 (SIR
= 0.95, 95% CI: 0.94, 0.95, p < 0.01). Similarly, seven
cancer sites also had SIRs significantly less than 1.0
(lung and bronchus: SIR = 0.84; female breast: SIR =
0.97; colon and rectum: SIR = 0.92; bladder: SIR = 0.91;

Copyright © 2013 SciRes.

brain and other nervous system: SIR = 0.92; esophagus:
SIR = 0.84; and leukemia: SIR = 0.89). However, three
cancer sites had SIRs significantly greater than 1.0 (thy-
roid: SIR = 1.41; stomach: SIR = 1.06; and liver: SIR =
1.32). Thyroid and liver cancer were elevated in both
males and females and all age groups; whereas, the ele-
vated incidence of stomach cancer was limited to women
and those age 65+.
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Figure 2. 2003 Critical Group Doses and Hypothetical Air Dispersion Plume for Darlington NPP.

Near the Darlington NPP, the data in Table 9 show
that for all cancer sites combined the SIR is significantly
greater than 1.0 (SIR = 1.08, 95% CI: 1.07, 1.09, p <
0.01). Five cancer sites also had SIRs significantly
greater than 1.0 (lung and bronchus: SIR = 1.12; colon
and rectum: SIR = 1.07; thyroid: SIR = 1.08; bladder:
SIR = 1.19; and leukemia: SIR = 1.26). While three of

Copyright © 2013 SciRes.

these cancers (lung and bronchus, bladder and leukemia)
were elevated in males and females and all age groups,
the increased incidence of colon and rectum and thyroid
cancer were essentially attributable to men and those
aged 65+, and all men, respectively. In contrast to
Pickering, near Darlington liver cancer had a SIR sig-
nificantly less than 1.0 (SIR = 0.83).

JEP

CMD 25-H2.E - Page 031



896

Radiation Exposure and Cancer Incidence

(1990 to 2008) around Nuclear Power Plants in Ontario, Canada

25 km

BFT\I:Iben St. In
BR32 Lal : St. Inverhul

\
X

_ 20km.

— S

©BR1 Red Pine St. Scott Point: 0.00211mSv
0.00111mSv) 2

@ BR116th € of Bruce

ip: 0.0027mSv

Tiyerton

123

DF11 9th C of Bruce

Kineardine

ip: 0.0011mSv )

9 © 2010 NAVTEQ © AND © 2013 Microsoft Corporation

Legend

Bruce Critical Groups
® <1 mSvlyear
® >=1 mSvlyear

0

Infant
:0.824

High

Low:0

Child

High : 0.763

Low :

Adult

High : 0.721

Low: 0

N e s Kilometers

25 5 10 15 20

Hypothetical Air Inmersion and Inhalation Dose Plume (mSv/year)

Figure 3. 2008 Critical Group Doses and Hypothetical Air Dispersion Plume for Bruce NPP.

Table 10 shows that near the Bruce NPP, all cancer
sites combined had a SIR significantly greater than 1.0
(SIR = 1.09, 95% CI: 1.05, 1.13, p < 0.01). While SIRs
were significantly greater than 1.0 for two cancer sites
(lung and bronchus: SIR = 1.17; colon and rectum: SIR =
1.17), two cancer sites had SIRs significantly less than
1.0 (bladder: SIR = 0.78; and liver: SIR < 1.00). Lung

Copyright © 2013 SciRes.

and bronchus cancer was elevated in males in the 0 - 64
age group; whereas the elevated incidence of colon and
rectum cancer was attributed to those aged 65+.

The SIR analysis for people living within the 25 km
radius of the three NPPs was found, in general, consistent
with the CD analysis of SIRs. The incidence of child-
hood leukemia and non-Hodgkin lymphoma in children
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Table 6. Cancer incidence for children aged 0 - 4 and 0 - 14 years living within a 25 km radius of an Ontario NPP at time of
diagnosis, 1990-2008.

Age0-4 Age0-14
NPP Cancer
o) E SIR 95% CI o) E SIR 95% CI

Non-Hodgkin 8 11.2 0.72 031 1.41 4 50.4 0.83 0.60 1.13

lymphoma
Pickering Leukemia 123 142.3 0.86 0.72 1.03 261 265.9 0.98 0.87 L11
Leukemia and NHL 131 153.5 0.85 0.71 1.01 303 316.3 0.96 0.85 1.07
Non-Hodgkin 2.7 10 12.9 0.77 0.37 1.42

lymphoma
Darlington Leukemia 34 36.0 0.94 0.65 1.32 74 68.1 1.09 0.85 1.36
Leukemia and NHL 387 <1.00 84 81.0 1.04 0.83 1.28
Bruce Leukemia and NHL 6 52 1.16 0.42 2.51

Table 7. Cancer incidence for all cancer sites and leukemia for people living within a 25 km radius of an Ontario NPP at time
of diagnosis, by age group, 1990-2008.

NPP Cancer Age o E SIR SIR flag 95% CI
Total 103259 109015 0.95 - 0.94 0.95
0-24 1742 1852 0.94 - 0.9 0.99
All sites
25-64 46867 49097 0.95 - 0.95 ,0.96
65+ 54650 58066 0.94 - 0.93 0.95
Pickering
Total 2819 3151 0.89 - 0.86 0.93
0-24 344 349 0.99 ° 0.88 1.1
Leukemia
25 -64 1061 1163 0.91 - 0.86 0.97
65+ 1414 1639 0.86 -- 0.82 0.91
Total 24707 22853 1.08 ++ 1.07 1.09
0-24 443 438 1.01 ° 0.92 1.11
All sites
25 -64 11413 10597 1.08 ++ 1.06 1.1
65+ 12851 11817 1.09 ++ 1.07 1.11
Darlington
Total 847 674 1.26 ++ 1.17 1.34
0-24 92 87 1.06 ° 0.86 1.3
Leukemia
25-64 299 254 1.18 ++ 1.05 1.32
65+ 456 334 1.37 ++ 1.24 1.5
Total 2570 2362 1.09 ++ 1.05 1.13
0-24 31 32 0.97 ° 0.66 1.37
All sites
25 -64 1048 973 1.08 + 1.01 1.14
65+ 1491 1357 1.1 ++ 1.04 1.16
Bruce
Total 80 68 1.18 ° 0.93 1.46
0-24 6 °
Leukemia
25 -64 23 >1.00 ++
65+ 37 39 0.95 ° 0.67 1.3

" significantly high, p-value < 0.01; significantly high, p-value < 0.05; ° not significant; ~ significantly low, p-value < 0.05; "~ significantly low, p-value < 0.01.
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Table 8. Cancer incidence for people living within a 25 km radius of Pickering NPP at time of diagnosis, by sex and age group,
1990-2008.

Cancer Age Observed Expected SIR (O/E) SIR flag 95% CILL 95% CI UL
Total 103259 109015 0.95 - 0.94 0.95
M 51439 55378 0.93 - 0.92 0.94
All sites F 51820 53637 0.97 - 0.96 0.97
0-64 48609 50949 0.95 - 0.95 0.96
65+ 54650 58066 0.94 - 0.93 0.95
Total 12358 14694 0.84 - 0.83 0.86
M 6918 8371 0.83 - 0.81 0.85
Lung and bronchus F 5440 6323 0.86 - 0.84 0.88
0-64 4347 5493 0.79 - 0.77 0.82
65+ 8011 9201 0.87 - 0.85 0.89
Total 15043 15444 0.97 - 0.96 0.99
Fermale breast F 15043 15444 0.97 - 0.96 0.99
0-64 9599 9478 1.01 ° 0.99 1.03
65+ 5444 5966 0.91 - 0.89 0.94
Total 8942 9768 0.92 - 0.90 0.93
M 4415 4910 0.90 - 0.87 0.93
Colon and rectum F 4527 4858 0.93 -- 0.90 0.96
0-64 3058 3277 0.93 - 0.90 0.97
65+ 5884 6491 0.91 - 0.88 0.93
Total 3879 2755 1.41 ++ 1.36 1.45
M 823 572 1.44 ++ 1.34 1.54
Thyroid F 3056 2183 1.40 ++ 1.35 1.45
0-64 3338 2384 1.40 ++ 1.35 1.45
65+ 541 371 1.46 ++ 1.34 1.59
Total 3183 3512 0.91 - 0.88 0.94
M 2337 2599 0.90 - 0.86 0.94
Bladder F 846 912 0.93 - 0.87 0.99
0-64 950 1062 0.89 - 0.84 0.95
65+ 2233 2450 0.91 - 0.87 0.95
Total 2819 3151 0.89 - 0.86 0.93
M 1575 1804 0.87 - 0.83 0.92
Leukemia F 1244 1347 0.92 - 0.87 0.98
0-64 1405 1512 0.93 - 0.88 0.98
65+ 1414 1639 0.86 - 0.82 0.91
Total 2348 2221 1.06 ++ 1.01 1.10
M 1446 1411 1.02 ° 0.97 1.08
Stomach F 902 810 1.11 ++ 1.04 1.19
0-64 850 839 1.01 ° 0.95 1.08
65+ 1498 1382 1.08 ++ 1.03 1.14
Total 1857 1928 0.96 ° 0.92 1.01
F 1857 1928 0.96 ° 0.92 1.01
Ovary 0-64 1090 1107 0.98 ° 0.93 1.04
65+ 767 821 0.93 ° 0.87 1.00
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Continued

Total 1805 1959
M 962 1068

nemoussysem F w3 »!
0-64 1188 1295

65+ 617 665

Total 1095 832

M 845 622

Liver F 250 210
0-64 544 407

65+ 551 426
Total 898 1068

M 603 766

Esophagus F 295 302
0-64 313 408

65+ 585 660

0.92 -- 0.88 0.96
0.90 - 0.84 0.96
0.95 ° 0.88 1.01
0.92 - 0.87 0.97
0.93 ° 0.86 1.00
1.32 ++ 1.24 1.40
1.36 ++ 1.27 1.45
1.19 ++ 1.05 1.35
1.34 ++ 1.23 1.45
1.29 ++ 1.19 1.41
0.84 -- 0.79 0.90
0.79 -- 0.73 0.85
0.98 ° 0.87 1.09
0.77 -- 0.68 0.86
0.89 -- 0.82 0.96

“significantly high, p-value < 0.01; *significantly high, p-value < 0.05; °not significant; ‘significantly low, p-value < 0.05; " significantly low, p-value <

0.01.

aged 0 - 14 in Durham Region and Bruce County was
similar to Ontario. Breast ovary, stomach, brain and other
nervous system, liver and esophagus cancer were either
significantly low or similar to Ontario in Durham Region
and Bruce County. All cancers sites combined, lung and
bronchus, thyroid, bladder, and leukemia were signifi-
cantly high in Durham Region but either significantly
low or similar to Ontario in Bruce County. Colon and
rectum cancer was significantly high in Bruce County
but similar to Ontario in Durham Region (Table 11).

Finally, data on cancer incidence for the cancer sites
analyzed in this study across all census divisions (CDs)
in Ontario were used for comparison with cancer inci-
dence around the three Ontario NPPs. The data in Table
12 for all ages (0 - 85+) indicate that there is a large geo-
graphical variation in cancer age-standardized incidence
rates (per 100,000 population) across the province of
Ontario. These data show that the incidence rates for all
the cancers found in this study to be significantly greater
than expected (i.e., all cancer sites combined, lung and
bronchus, colon and rectum, thyroid, bladder, leukemia,
stomach, liver) were well within the range of cancer in-
cidence within the province. Likewise, the CDs with the
highest cancer incidence rates were not those included in
our study (Durham Region, Bruce County).

4. Discussion

The primary strength of this study is its inclusion of dose
information for various age groups around each NPP
generated from radiological releases and environmental
monitoring data. This improves on the recent epidemiol-
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ogical studies that used distance of a residence from an
NPP as a surrogate for radiation dose data.

Another strength of this study is the quality of the
cancer incidence data. Cancer reporting to the OCR and
the CCR is virtually complete and of high quality, since
it is routinely checked for accuracy through regular as-
sessments by Statistics Canada and the cancer registries
[44,45]. Likewise, the Census of Canada undergoes vig-
orous quality and confidentiality procedures to assure the
accuracy and privacy of census information [50]. Inci-
dence data is preferred to mortality data, since detailed
clinical and demographic information is collected on
individual cases. If any advances in treatment occur dur-
ing the study period, mortality would become a less sen-
sitive outcome, whereas incidence would be unaffected.
Likewise, cancers with high survival rates, such as thy-
roid cancer, would not be detected by mortality statistics.

The main limitation of an ecological study is that as-
sociations at the population level do not necessarily re-
flect the biological effect at the individual level
[46,52,56]. Uniform doses are assigned to the group,
whereas the doses received by individuals vary, and at
the individual level are also highly uncertain. The very
detailed and conservative public doses used in this study
provide assurance that actual residents around the NPPs
had lower doses. Ecological studies do not typically pro-
vide this type of detailed information.

Radioactive emissions from the three Ontario NPPs
result in very low concentrations of radionuclides in the
environment around the plants and consequently doses to
members of the public from all exposure pathways are a
small fraction of the natural background radiation in the
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Table 9. Cancer incidence for people living within a 25 km radius of Darlington NPP at time of diagnosis, by sex and age
group, 1990-2008.

Cancer Age Observed Expected SIR O/E) SIR flag 95% CILL 95% CI UL
Total 24707 22853 1.08 ++ 1.07 1.09
M 12761 11695 1.09 ++ 1.07 1.11
All sites F 11946 11158 1.07 ++ 1.05 1.09
0-64 11856 11036 1.07 ++ 1.06 1.09
65+ 12851 11817 1.09 ++ 1.07 1.11
Total 3375 3016 1.12 ++ 1.08 1.16
M 1851 1731 1.07 ++ 1.02 1.12
Lung and bronchus F 1524 1285 1.19 ++ 1.13 1.25
0-64 1317 1134 1.16 ++ 1.10 1.23
65+ 2058 1882 1.09 ++ 1.05 1.14
Total 3230 3232 1.00 ° 0.97 1.03
Female breast F 3230 3232 1.00 ° 0.97 1.03
0-64 2040 2034 1.00 ° 0.96 1.05
65+ 1190 1198 0.99 ° 0.94 1.05
Total 2146 2014 1.07 ++ 1.02 1.11
M 1115 1026 1.09 ++ 1.02 1.15
Colon and rectum F 1031 988 1.04 ° 0.98 1.11
0-64 739 697 1.06 ° 0.99 1.14
65+ 1407 1317 1.07 + 1.01 1.13
Total 672 620 1.08 + 1.00 1.17
M 172 131 1.31 ++ 1.12 1.52
Thyroid F 500 489 1.02 ° 0.93 1.12
0-64 580 544 1.07 ° 0.98 1.16
65+ 92 76 1.20 ° 0.97 1.48
Total 861 724 1.19 ++ 1.11 1.27
M 636 539 1.18 ++ 1.09 1.28
Bladder F 225 185 1.21 ++ 1.06 1.38
0-64 301 226 1.33 ++ 1.19 1.49
65+ 560 499 1.12 ++ 1.03 1.22
Total 847 674 1.26 ++ 1.17 1.34
M 472 389 1.21 ++ 1.11 1.33
Leukemia F 375 285 1.32 ++ 1.19 1.46
0-64 391 340 1.15 ++ 1.04 1.27
65+ 456 334 1.37 ++ 1.24 1.50
Total 462 459 1.01 ° 0.92 1.10
M 294 294 1.00 ° 0.89 1.12
Stomach F 168 165 1.02 ° 0.87 1.18
0-64 163 178 0.92 ° 0.78 1.07
65+ 299 281 1.06 ° 0.95 1.19
Total 433 400 1.08 ° 0.98 1.19
Ovary F 433 400 1.08 ° 0.98 1.19
0-64 260 235 1.11 ° 0.97 1.25
65+ 173 165 1.05 ° 0.90 1.22
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Continued
Total 447 427 1.05 ° 0.95 1.15
M 255 236 1.08 ° 0.95 1.22
Brain an‘siy‘;i‘z nervous F 192 191 1.01 o 0.87 1.16
0-64 306 292 1.05 ° 0.93 1.17
65+ 141 135 1.05 ° 0.88 1.23
Total 145 175 0.83 - 0.70 0.98
M 114 131 0.87 ° 0.72 1.04
Liver F 31 43 0.72 o 0.49 1.02
0-64 75 87 0.86 o 0.67 1.08
65+ 70 87 0.80 ° 0.63 1.01
Total 240 222 1.08 ° 0.95 1.23
M 167 160 1.04 ° 0.89 121
Esophagus F 73 61 1.19 ° 0.94 1.50
0-64 87 87 1.00 ° 0.80 1.23
65+ 153 135 1.14 ° 0.96 1.33

++ significantly high, p-value < 0.01; + significantly high, p-value < 0.05; ° not significant; - significantly low, p-value < 0.05; - - significantly low, p-value <

0.01.

two regions where the NPPs are located (see Table 3).
The doses are also well below the regulatory public dose
limit of 1 mSv/year under the CNSC’s Radiation Protec-
tion Regulations.

An analysis of the hypothetical dose plumes based on
full time occupancy in a ground level atmospheric re-
lease shows that based on average meteorological condi-
tions, the majority of exposure to atmospheric releases
would occur over Lake Ontario (Pickering and Darling
ton NPPs) and Lake Huron (Bruce NPP) (Figures 1-3).
Near the Pickering NPP, prevailing winds travel towards
the south; near the Darlington NPP they travel towards
the south south east (SSE); and over Lake Huron near the
Bruce NPP, towards the north. It can also be observed
that almost all this hypothetical exposure is contained
within 5 km from the centre point of the facility, much of
which is located over the site of the facility itself. Even
for such unrealistic exposure conditions, all annual doses
remained below the 1 mSv/year public dose limit even
for an individual hypothetically located at the stack for a
full year.

Using the geographical representation of the dose
plumes and the critical group doses (Figures 1-3) to-
gether with the 2006 census data for the Durham Region
[57,58], we estimated that approximately 0.01% of the 25
km radius population reside within 5 km of the Darling-
ton NPP (approximately 40 individuals). Hence, the ma-
jority of the population within the 25 km zone receives
little or no exposure to radiation from the NPP. An
analysis using the same data sources was also conducted
for the area around the Pickering NPP. Approximately
1% of the 25 km radius population resides within 5 km of
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the Pickering NPP (approximately 16,000 people). The
Bruce NPP is located in a semi-rural area with low popu-
lation density; approximately 565 people reside within 5
km of the facility.

The dose plume modeling data (not shown) reveal that
the hypothetical doses from air emissions were primarily
due to releases of noble gases (i.e., external dose from
immersion) at Pickering (~75%), Bruce (~75%), and
Darlington (~95%), with some dose being due to tritium
oxide (internal dose from inhalation) at Bruce (~25%)
and Pickering (~25%), and Carbon-14 (internal dose
from inhalation and external dose from immersion) at
Darlington (~5%). Radioactive particulates and radioac-
tive iodines contributed very little to the dose (<1%).
Doses from exposure to radioactive iodine were conser-
vatively estimated using values set at the detection limit
of the in-stack monitor because of extremely low releases.
Milk samples have been collected weekly at farms
around all three NPPs (part of the REMP) and values
were below detection limits during the entire study pe-
riod.

Recent epidemiological studies of childhood leukemia
around nuclear facilities have used distance from the
facility as a surrogate for data on exposure to radiation
from the plants [1,2,10,12-14,59]. Our study has shown
that doses to members of the public do not decrease uni-
formly with distance from an NPP; in fact the data pre-
sented in Figures 1-3 for the three Ontario NPPs show
that doses further away from the plants can be higher
than doses to the closest critical groups. Radiation dose
to members of the public from routine operation of NPPs
is controlled by several factors, including: the type of
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Table 10. Cancer incidence for people living within a 25 km radius of Bruce NPP at time of diagnosis, by sex and age group,
1990-2008.

Cancer Age Observed Expected SIR (O/E) SIR flag 95% CI LL 95% CI UL
Total 2570 2362 1.09 ++ 1.05 1.13
M 1441 1252 1.15 ++ 1.09 1.21
All sites F 1129 1110 1.02 ° 0.96 1.08
0-64 1079 1005 1.07 + 1.01 1.14
65+ 1491 1357 1.10 ++ 1.04 1.16
Total 334 284 1.17 ++ 1.05 1.31
M 197 164 1.20 + 1.04 1.38
Lung and bronchus F 137 120 1.14 ° 0.96 1.35
0-64 118 93 1.26 + 1.05 1.51
65+ 216 191 1.13 ° 0.98 1.29
Total 331 333 0.99 ° 0.89 1.11
Female breast F 331 333 0.99 ° 0.89 1.11
0-64 181 192 0.94 ° 0.81 1.09
65+ 150 141 1.06 ° 0.90 1.25
Total 255 219 1.17 + 1.03 1.32
M 128 112 1.14 ° 0.95 1.36
Colon and rectum F 127 106 1.19 ° 1.00 1.42
0-64 75 67 1.12 ° 0.88 1.40
65+ 180 152 1.19 + 1.02 1.37
Total 40 51 0.79 ° 0.57 1.08
M 13 12 1.08 ° 0.57 1.84
Thyroid F 27 38 0.70 ° 0.46 1.02
0-64 31 42 0.74 ° 0.51 1.06
65+ 9 9 1.01 ° 0.46 1.92
Total 62 79 0.78 - 0.60 1.00
M 46 60 0.77 ° 0.56 1.03
Bladder F 16 20 0.80 ° 0.46 1.31
0-64 13 22 0.60 ° 0.32 1.03
65+ 49 58 0.85 ° 0.63 1.12
Total 80 68 1.18 ° 0.93 1.46
M 42 40 1.05 ° 0.76 1.42
Leukemia F 38 28 1.36 ° 0.96 1.86
0-64 43 29 1.49 + 1.08 2.00
65+ 37 39 0.95 ° 0.67 1.30
Total 41 46 0.88 ° 0.64 1.20
M 29 30 0.97 ° 0.65 1.40
Stomach F 12 17 0.73 ° 0.38 1.27
0-64 18 15 1.17 ° 0.69 1.85
65+ 23 31 0.74 ° 0.47 1.12
Total 32 40 0.80 ° 0.55 1.13
Ovary F 32 40 0.80 ° 0.55 1.13
0-64 17 21 0.82 ° 0.48 1.31
65+ 15 19 0.78 ° 0.44 1.29
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Continued
Total 34
M 15
B nd : g
0-64 23
65+ 11
Total
M
Liver F
0-64
65+
Total 32
M 21
Esophagus F 11
0-64 13
65+ 19

22
16
6
7

14

0.83 ° 0.58 1.16
0.65 ° 0.36 1.07
1.07 ° 0.64 1.67
0.93 ° 0.59 1.40
0.67 ° 0.34 1.21
<1.00 -

<1.00 -

1.46 ° 1.00 2.06
1.35 ° 0.84 2.07
1.72 ° 0.86 3.09
1.75 ° 0.93 2.99
1.31 ° 0.79 2.05

++ significantly high, p-value < 0.01; + significantly high, p-value < 0.05; ° not significant; - significantly low, p-value < 0.05; - - significantly low, p-value <

0.01.

release (i.e., air emissions or liquid effluent discharges);
the characteristics of the release (i.e., stack height); the
quantity, type and radioactive decay properties of the
nuclear substances released; the meteorological condi-
tions at the facility (i.e., direction of prevailing winds and
mixing height); and the diet and lifestyles of people.
Thus, distance from an NPP as shown in this study is
only one factor affecting exposure of members of the
public to plant emissions, and it should not be used in
isolation as a surrogate for radiation exposure data.

Cancer incidence, especially childhood leukemia, in
populations living near nuclear facilities has been the
topic of much scientific interest [6,59-61] and public
concern since the 1980s. Authoritative reviews con-
firmed only three leukemia clusters have persisted over
time around nuclear facilities (Sellafield in England,
Dounreay in Scotland and Kriimmel in Germany). Al-
though some clusters of childhood leukemia cases exist
locally, results based on multi-site studies around nuclear
facilities do not indicate an excess of cancer globally.
Many studies have investigated possible origins of the
observed clusters around specific sites, but up to now,
none of the proposed hypotheses (i.e., parental pre-con-
ception exposure [16], infectious agent associated with
population mixing [62,63]) can explain them [59].

The most important finding of this study is that there is
no evidence of childhood cancer clusters within 25 km of
the three Ontario NPPs. In fact, cancer incidence (i.e.,
leukemia, non-Hodgkin lymphoma) in young children
(aged 0 - 4) was lower than the general Ontario popula-
tion (but not statistically significantly so). Cancer inci-
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dence in children aged 0 - 14 was similar to the general
Ontario population. Finally, childhood cancer (aged O -
14) was similar to Ontario within 10 km of the Pickering
NPP (SIR = 0.84, 95% CI: 0.61, 1.13) and Darlington
NPP (SIR = 0.97, 95% CI: 0.57, 1.53). Information was
not provided for Bruce NPP or within the 5 km radius of
the Darlington and Pickering NPPs because of few cases.

Overall, there is no consistent cancer incidence pattern
among people living near the three NPPs. Some types of
cancer were statistically significantly higher than ex-
pected; however, some types of cancer were statistically
significantly lower than expected, and some types of
cancer were the same as expected compared to the gen-
eral Ontario population. The incidence of female breast,
ovary, brain and other nervous system and esophagus
cancer were either significantly low or similar to Ontario
for people living near all three Ontario NPPs.

There was no consistent pattern for all cancer sites
combined near the three Ontario NPPs. While, it was
statistically significantly higher than expected for people
living near Darlington and Bruce, it was significantly
lower near Pickering (the NPP with the highest critical
group doses (0.0067 mSv/year) among the three NPPs).
It is not possible to know all of the cancers contributing
to this finding, since only radiation-sensitive cancers
were selected for this study. However, the most common
cancers observed among people living near the three On-
tario NPPs were cancers of the lung and bronchus, breast,
and colon and rectum, which represent about 35% of all
cancers combined, for all three NPPs. This is consistent
with the rest of Ontario and Canada [44,55].
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Table 11. Cancer incidence, Ontario by 2006 census division, all ages (0-85+) unless otherwise specified, 1992-2010.

Census Division Cancers o E SIR SIR flag 95% C1
All sites 39565 37905 1.04 ++ 1.03 1.05
Lung and bronchus 5150 4830 1.07 ++ 1.04 1.10
Female Breast 5390 5340 1.01 ° 0.98 1.04
Colon and rectum 4675 4600 1.02 ° 0.99 1.05
Thyroid 1215 1140 1.07 + 1.01 1.13
Bladder 1300 1155 1.12 ++ 1.06 1.19
Leukemia 1255 1130 1.11 ++ 1.05 1.18
Durham Region Stomach 715 725 0.98 ° 0.91 1.06
Ovary 660 655 1.01 ° 0.94 1.09
Brain and other nervous system 690 690 1.00 ° 0.93 1.08
Liver 235 310 0.76 - 0.67 0.87
Esophagus 370 370 0.99 ° 0.89 1.10
Non-Hodgkin Lymphoma (aged 0 - 14) 15 20 0.75 ° 0.43 1.23
Leukemia (aged 0 - 14) 110 105 1.05 ° 0.87 1.27
NHL and Leukemia (aged 0 - 14) 130 130 1.00 ° 0.84 1.19
All sites 7090 7025 1.01 ° 0.99 1.03
Lung and bronchus 925 970 0.96 ° 0.90 1.02
Breast 835 890 0.94 ° 0.88 1.00
Colon and rectum 1000 910 1.10 ++ 1.03 1.17
Bladder 185 235 0.79 - 0.68 091
Leukemia 215 205 1.06 ° 0.92 1.21
Stomach 105 145 0.75 - 0.62 091
Bruce County Ovary 90 110 0.81 - 0.65 0.99
Thyroid 110 145 0.73 - 0.60 0.88
Brain and other nervous system 105 110 0.94 ° 0.77 1.14
Esophagus 70 75 0.97 ° 0.76 1.23
Liver 25 55 0.43 - 0.27 0.63
Non-Hodgkin Lymphoma (aged 0 - 14) 0 0 0.86 ° 0.10 3.10
Leukemia (aged 0 - 14) 15 10 1.17 ° 0.62 1.99
NHL and Leukemia (aged 0 - 14) 15 10 1.11 ° 0.62 1.83

++ significantly high, p-value < 0.01; + significantly high, p-value < 0.05; ° not significant; - significantly low, p-value < 0.05; - - significantly low, p-value <

0.01.

Cancer incidence was statistically significantly higher
than expected for cancer of the lung and bronchus among
people living near the Darlington and Bruce NPPs. Can-
cer of the lung and bronchus was significantly low near
the Pickering NPP. The most important risk factor for
lung cancer is tobacco smoking, with relative risks for
current smokers being greater than 10- to 20-fold higher
than that of non-smokers [64-66]. Cancers of the bladder,
stomach, and liver have been shown to be caused by to-

Copyright © 2013 SciRes.

bacco smoking [66,67]. Bladder cancer was significantly
high near the Darlington NPP, but significantly low near
the Pickering and Bruce NPPs. Stomach cancer was sig-
nificantly high near the Pickering NPP, but was similar
to the Ontario average near the Darlington and Bruce
NPPs. Liver cancer was significantly high near the
Pickering NPP, but was significantly low near the Dar-
lington and Bruce NPPs. The statistically significant
higher-than-expected incidence for cancer of the lung
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Table 12. Age-standardized incidence rates (ASIRs) per 100,000 population, Ontario by 2006 census division, all ages (0-85+),
1992-2010; presented from highest to lowest ASIR.

(a)
All cancers combined Lung and bronchus Breast cancer (females only)

Census Division ASIR Census Division ASIR Census Division ASIR
Sudbury DIS 450.98 Timiskaming DIS 78.89 Halton RM 108.71
Timiskaming DIS 439.21  Stormont, Dundas and Glengarry UC ~ 74.33 Ottawa CDR 106.62
Manitoulin DIS 433.89 Cochrane DIS 73.94 Frontenac MB 104.27
Cochrane DIS 429.54 Sudbury DIS 71.31 Middlesex CTY 102.46
Thunder Bay DIS 427.49 Prescott and Russell UC 69.32 Nipissing DIS 101.56
Nipissing DIS 426.85 Greater Sudbury CDR 69.20 Thunder Bay DIS 101.53
Lambton CTY 422.01 Hastings CTY 68.38 Renfrew CTY 101.48
Greater Sudbury CDR 421.93 Nipissing DIS 66.91 Simcoe CTY 101.46
Haldimand-Norfolk CDR 420.37 Haliburton CTY 66.28 Elgin CTY 101.41
Dufferin CTY 418.34 Algoma DIS 64.90 Essex CTY 100.98
Elgin CTY 415.50 Kawartha Lakes CDR 64.15 Oxford CTY 100.89
Kawartha Lakes CDR 415.01 Thunder Bay DIS 63.59 Perth CTY 100.80
Huron CTY 413.89 Renfrew CTY 63.16 Durham RM 100.34
Durham RM 412.53 Northumberland CTY 62.92 Brant CDR 99.93
Algoma DIS 411.88 Lanark CTY 62.61 Haliburton CTY 99.78
Simcoe CTY 411.24 Parry Sound DIS 61.97 Lambton CTY 99.66
Stormont, Dundas and Glengarry UC  410.39 Leeds and Grenville UC 61.95 Ontario 99.55
Haliburton CTY 410.03 Lennox and Addington CTY 61.33 Grey CTY 99.12
Brant CDR 408.99 Lambton CTY 61.09 Hamilton CDR 98.94
Middlesex CTY 408.35 Frontenac MB 60.84 Prince Edward CDR 98.82
Lanark CTY 408.23 Peterborough CTY 60.73 Lennox and Addington CTY 98.79
Chatham-Kent CDR 406.73 Rainy River DIS 60.13 Sudbury DIS 98.73
Oxford CTY 404.28 Essex CTY 59.98 Haldimand-Norfolk CDR 98.34
Leeds and Grenville UC 403.86 Simcoe CTY 59.40 York RM 98.19
Parry Sound DIS 402.93 Chatham-Kent CDR 58.71 Dufferin CTY 97.99
Essex CTY 401.46 Manitoulin DIS 58.65 Niagara RM 97.88
Peterborough CTY 401.32 Brant CDR 57.97 Lanark CTY 97.54
Grey CTY 400.74 Prince Edward CDR 56.98 Leeds and Grenville UC 97.45
Frontenac MB 400.39 Hamilton CDR 56.51 Toronto CDR 97.29
Northumberland CTY 399.88 Haldimand-Norfolk CDR 56.50 Chatham-Kent CDR 97.22
Hastings CTY 398.98 Kenora DIS 55.70 Algoma DIS 97.01
Renfrew CTY 398.94 Durham RM 55.29 Peterborough CTY 96.88
Niagara RM 395.82 Elgin CTY 54.94  Stormont, Dundas and Glengarry UC ~ 96.75
Hamilton CDR 395.68 Niagara RM 54.81 Timiskaming DIS 96.60
Bruce CTY 395.39 Ottawa CDR 53.61 Northumberland CTY 96.33

Perth CTY 395.03 Muskoka DM 53.20 Waterloo RM 96.03
Ontario 394.59 Middlesex CTY 52.15 Hastings CTY 95.93
Prescott and Russell UC 393.93 Ontario 52.03 Greater Sudbury CDR 95.59
Muskoka DM 393.50 Huron CTY 5091 Wellington CTY 94.88
Halton RM 392.09 Grey CTY 50.81 Kawartha Lakes CDR 94.58
Prince Edward CDR 390.34 Bruce CTY 50.31 Huron CTY 94.09
Ottawa CDR 384.35 Dufferin CTY 50.11 Cochrane DIS 93.99
Waterloo RM 382.52 Oxford CTY 49.63 Manitoulin DIS 93.95
Lennox and Addington CTY 380.13 Perth CTY 46.01 Muskoka DM 92.86
Wellington CTY 378.69 Wellington CTY 45.78 Peel RM 92.80
Toronto CDR 374.17 Waterloo RM 45.78 Prescott and Russell UC 91.75
Rainy River DIS 367.55 Halton RM 44.13 Bruce CTY 91.59
York RM 366.12 Toronto CDR 43.62 Rainy River DIS 90.71

Peel RM 356.54 Peel RM 40.67 Parry Sound DIS 89.99
Kenora DIS 337.04 York RM 39.13 Kenora DIS 84.69
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(b)

Colon and rectum cancer Thyroid cancer Bladder cancer
Census Division ASIR Census Division ASIR Census Division ASIR
Manitoulin DIS 70.09 York RM 17.82 Sudbury DIS 17.63
Sudbury DIS 67.31 Toronto CDR 15.59 Timiskaming DIS 17.11
Nipissing DIS 60.15 Peel RM 13.15 Algoma DIS 16.25
Huron CTY 58.17 Halton RM 12.13 Leeds and Grenville UC 16.09
Rainy River DIS 57.62 Algoma DIS 11.82 Elgin CTY 14.86
Cochrane DIS 57.23 Durham RM 11.80  Stormont, Dundas and Glengarry UC  14.79
Renfrew CTY 56.96 Ontario 10.82 Kawartha Lakes CDR 14.67
Timiskaming DIS 56.93 Middlesex CTY 10.66 Brant CDR 14.47
Parry Sound DIS 56.72 Huron CTY 10.39 Simcoe CTY 14.42
Greater Sudbury CDR 56.50 Oxford CTY 9.49 Haldimand-Norfolk CDR 14.28
Prescott and Russell UC 54.85 Perth CTY 9.33 Nipissing DIS 14.25
Lanark CTY 54.69 Cochrane DIS 9.10 Haliburton CTY 14.15
Thunder Bay DIS 54.65 Essex CTY 8.85 Dufferin CTY 14.07
Lambton CTY 54.41 Simcoe CTY 8.68 Durham RM 13.92
Chatham-Kent CDR 54.25 Wellington CTY 8.61 Lambton CTY 13.87
Bruce CTY 53.40 Waterloo RM 8.60 Greater Sudbury CDR 13.87
Kenora DIS 53.25 Lambton CTY 8.53 Cochrane DIS 13.79
Muskoka DM 52.91 Elgin CTY 8.50 Northumberland CTY 13.53
Stormont, Dundas and Glengarry UC ~ 52.83 Peterborough CTY 8.17 Oxford CTY 13.47
Haldimand-Norfolk CDR 52.64 Parry Sound DIS 7.99 Hamilton CDR 13.31
Perth CTY 52.64 Bruce CTY 7.74 Huron CTY 13.27
Algoma DIS 52.45 Muskoka DM 7.68 Hastings CTY 13.15
Middlesex CTY 52.40 Kawartha Lakes CDR 7.62 Thunder Bay DIS 13.09
Haliburton CTY 52.28 Dufferin CTY 7.47 Halton RM 13.01
Elgin CTY 52.13 Sudbury DIS 7.38 Middlesex CTY 12.93
Grey CTY 51.91 Grey CTY 7.28 Chatham-Kent CDR 12.90
Oxford CTY 51.85 Greater Sudbury CDR 7.18 Prince Edward CDR 12.78
Kawartha Lakes CDR 51.70 Thunder Bay DIS 6.83 Muskoka DM 12.73
Leeds and Grenville UC 51.60 Nipissing DIS 6.51 Peterborough CTY 12.68
Simcoe CTY 51.58 Northumberland CTY 6.44 Parry Sound DIS 12.67
Peterborough CTY 51.44 Ottawa CDR 6.33 Ontario 12.55
Hastings CTY 50.12 Haliburton CTY 6.16 Lanark CTY 12.42
Durham RM 49.79 Haldimand-Norfolk CDR 6.09 Frontenac MB 12.37
Brant CDR 49.77 Chatham-Kent CDR 5.84 Renfrew CTY 12.34
Waterloo RM 49.72 Timiskaming DIS 5.84 Lennox and Addington CTY 12.33
Northumberland CTY 49.69 Hamilton CDR 5.78 Essex CTY 12.16
Prince Edward CDR 49.44 Niagara RM 5.76 Prescott and Russell UC 12.15
Hamilton CDR 49.17 Manitoulin DIS 5.36 Toronto CDR 11.86
Niagara RM 49.08 Lanark CTY 533 Wellington CTY 11.84
Essex CTY 48.98 Brant CDR 5.13 York RM 11.71
Ontario 48.97 Rainy River DIS 5.08 Niagara RM 11.70
Wellington CTY 48.70 Hastings CTY 5.06 Waterloo RM 11.65
Frontenac MB 48.56 Renfrew CTY 5.04 Grey CTY 11.53
Dufferin CTY 48.10 Frontenac MB 4.82 Ottawa CDR 11.36
Ottawa CDR 48.07 Lennox and Addington CTY 4.58 Peel RM 11.09
Lennox and Addington CTY 47.56 Prince Edward CDR 4.49 Manitoulin DIS 10.81
Halton RM 46.17 Prescott and Russell UC 4.46 Perth CTY 10.46
York RM 45.32  Stormont, Dundas and Glengarry UC 4.40 Bruce CTY 9.94
Toronto CDR 44.19 Leeds and Grenville UC 3.39 Rainy River DIS 8.97
Peel RM 41.85 Kenora DIS 3.28 Kenora DIS 6.42
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(©
Leukemias Stomach cancer Ovary Cancer (females only)
Census Division ASIR Census Division ASIR Census Division ASIR
Sudbury DIS 15.75 Cochrane DIS 9.99 Manitoulin DIS 16.81
Greater Sudbury CDR 14.27 Toronto CDR 9.39 Kenora DIS 15.00
Timiskaming DIS 14.22 Rainy River DIS 8.97 Parry Sound DIS 14.52
Manitoulin DIS 14.01 Peel RM 8.75 Timiskaming DIS 14.43
Nipissing DIS 13.60 Algoma DIS 8.47 Oxford CTY 13.95
Cochrane DIS 13.53 York RM 8.25 Huron CTY 13.93
Elgin CTY 13.49 Thunder Bay DIS 8.18 Haldimand-Norfolk CDR 13.84
Kawartha Lakes CDR 13.30 Hamilton CDR 8.15 Dufferin CTY 13.61
Durham RM 13.20 Greater Sudbury CDR 8.11 Essex CTY 13.41
Thunder Bay DIS 13.19 Nipissing DIS 8.02 Sudbury DIS 13.38
Lambton CTY 13.10 Chatham-Kent CDR 7.85 Niagara RM 13.16
Prince Edward CDR 13.04 Essex CTY 7.84 Brant CDR 13.16
Hastings CTY 12.95 Prescott and Russell UC 7.79 Greater Sudbury CDR 13.11
Perth CTY 12.92 Haldimand-Norfolk CDR 7.74 Ottawa CDR 13.05
Essex CTY 12.76 Ontario 7.73 Leeds and Grenville UC 13.04
Middlesex CTY 12.61 Sudbury DIS 7.62 Grey CTY 13.04
Oxford CTY 12.57 Durham RM 7.55 Stormont, Dundas and Glengarry UC 1291
Haliburton CTY 12.56 Niagara RM 7.53 Prince Edward CDR 12.89
Bruce CTY 12.55 Timiskaming DIS 7.52 Perth CTY 12.88
Halton RM 12.54 Brant CDR 7.33 Chatham-Kent CDR 12.77
Muskoka DM 12.48 Muskoka DM 7.22 Waterloo RM 12.65
Huron CTY 12.40  Stormont, Dundas and Glengarry UC ~ 7.03 Elgin CTY 12.64
Chatham-Kent CDR 12.34 Dufferin CTY 7.01 Hastings CTY 12.62
Grey CTY 12.32 Wellington CTY 6.96 Kawartha Lakes CDR 12.58
Northumberland CTY 12.23 Manitoulin DIS 6.92 Durham RM 12.56
Hamilton CDR 11.81 Middlesex CTY 6.87 Peterborough CTY 12.41
Parry Sound DIS 11.79 Renfrew CTY 6.87 Ontario 12.40
Ontario 11.76 Waterloo RM 6.83 Prescott and Russell UC 12.29
Waterloo RM 11.65 Oxford CTY 6.75 Middlesex CTY 12.27
Frontenac MB 11.61 Lambton CTY 6.67 Renfrew CTY 12.27
Simcoe CTY 11.36 Halton RM 6.61 Toronto CDR 12.26
Brant CDR 11.35 Ottawa CDR 6.59 Hamilton CDR 12.23
Algoma DIS 11.33 Elgin CTY 6.42 Northumberland CTY 12.20
Peterborough CTY 11.31 Simcoe CTY 6.39 Nipissing DIS 12.19
Wellington CTY 11.24 Grey CTY 6.12 Halton RM 12.17
Renfrew CTY 11.17 Hastings CTY 6.10 Haliburton CTY 12.13
Dufferin CTY 11.03 Kawartha Lakes CDR 6.06 Muskoka DM 12.10
Niagara RM 10.91 Parry Sound DIS 5.98 Lennox and Addington CTY 12.06
Prescott and Russell UC 10.80 Bruce CTY 5.79 Algoma DIS 11.95
Ottawa CDR 10.79 Huron CTY 5.75 Frontenac MB 11.79
York RM 10.71 Peterborough CTY 5.73 Peel RM 11.63
Stormont, Dundas and Glengarry UC ~ 10.70 Lanark CTY 5.67 York RM 11.57
Lanark CTY 10.57 Kenora DIS 5.65 Simcoe CTY 11.25
Toronto CDR 10.55 Northumberland CTY 5.48 Lambton CTY 11.01
Haldimand-Norfolk CDR 10.54 Perth CTY 5.45 Lanark CTY 10.98
Peel RM 10.28 Frontenac MB 5.38 Thunder Bay DIS 10.80
Leeds and Grenville UC 10.15 Haliburton CTY 5.25 Wellington CTY 10.71
Lennox and Addington CTY 10.02 Lennox and Addington CTY 4.62 Rainy River DIS 10.55
Kenora DIS 9.25 Prince Edward CDR 4.47 Cochrane DIS 9.97
Rainy River DIS 7.91 Leeds and Grenville UC 4.25 Bruce CTY 9.60
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(d
Brain and other nervous system Cancer Liver Cancer Esophagus Cancer

Census Division ASIR Census Division ASIR Census Division ASIR
Prince Edward CDR 9.31 Toronto CDR 4.72 Sudbury DIS 6.90
Prescott and Russell UC 8.57 Frontenac MB 4.13 Lanark CTY 6.29
Dufferin CTY 8.55 York RM 4.13 Haliburton CTY 6.28
Chatham-Kent CDR 8.30 Peel RM 3.79 Muskoka DM 6.16
Thunder Bay DIS 8.13 Ottawa CDR 3.70 Dufferin CTY 6.05
Haliburton CTY 8.07 Hamilton CDR 3.38 Hastings CTY 5.73
Lennox and Addington CTY 7.96 Ontario 3.15 Algoma DIS 5.73
Wellington CTY 7.94 Middlesex CTY 3.00 Peterborough CTY 5.25
Frontenac MB 7.76 Peterborough CTY 2.97 Manitoulin DIS 5.22
Haldimand-Norfolk CDR 7.60 Lanark CTY 2.80 Cochrane DIS 522
Essex CTY 7.54 Hastings CTY 2.72 Lennox and Addington CTY 5.17
Northumberland CTY 7.49 Essex CTY 2.71 Stormont, Dundas and Glengarry UC ~ 5.16
Hamilton CDR 7.46 Thunder Bay DIS 2.55 Timiskaming DIS 5.15
Kawartha Lakes CDR 7.44 Parry Sound DIS 2.54 Leeds and Grenville UC 5.11
Timiskaming DIS 7.37 Leeds and Grenville UC 2.45 Frontenac MB 5.08
Brant CDR 7.36  Stormont, Dundas and Glengarry UC ~ 2.44 Kawartha Lakes CDR 5.08
Middlesex CTY 7.33 Durham RM 2.44 Prince Edward CDR 5.00
Simcoe CTY 7.31 Brant CDR 2.44 Chatham-Kent CDR 4.98
Huron CTY 7.30 Kawartha Lakes CDR 242 Thunder Bay DIS 4.89
Algoma DIS 7.23 Rainy River DIS 2.33 Renfrew CTY 4.83
Oxford CTY 7.20 Renfrew CTY 2.32 Greater Sudbury CDR 4.75
Niagara RM 7.17 Niagara RM 2.28 Parry Sound DIS 4.67
Peterborough CTY 7.15 Lennox and Addington CTY 2.27 Nipissing DIS 4.64
Ottawa CDR 7.13 Prescott and Russell UC 2.22 Brant CDR 4.56

Grey CTY 7.11 Grey CTY 2.21 Elgin CTY 4.54

Perth CTY 7.05 Simcoe CTY 2.19 Oxford CTY 4.53
Waterloo RM 7.02 Manitoulin DIS 2.17 Kenora DIS 4.52
Halton RM 7.01 Chatham-Kent CDR 2.16 Huron CTY 4.51
Ontario 7.00 Lambton CTY 2.10 Simcoe CTY 4.43

Lanark CTY 6.97 Northumberland CTY 2.06 Hamilton CDR 4.40
Durham RM 6.90 Cochrane DIS 2.02 Perth CTY 4.19
Parry Sound DIS 6.82 Perth CTY 2.00 Ottawa CDR 4.14
Lambton CTY 6.80 Muskoka DM 2.00 Niagara RM 4.02
Bruce CTY 6.73 Wellington CTY 1.97 Wellington CTY 3.98

York RM 6.72 Greater Sudbury CDR 1.97 Haldimand-Norfolk CDR 3.95

Elgin CTY 6.71 Haliburton CTY 1.92 Lambton CTY 3.95

Peel RM 6.65 Waterloo RM 1.89 Ontario 3.92
Greater Sudbury CDR 6.63 Sudbury DIS 1.84 Grey CTY 3.90
Toronto CDR 6.52 Haldimand-Norfolk CDR 1.83 Durham RM 3.87
Muskoka DM 6.50 Algoma DIS 1.83 Middlesex CTY 3.83
Cochrane DIS 6.48 Dufferin CTY 1.82 Bruce CTY 3.79
Nipissing DIS 6.43 Oxford CTY 1.82 Halton RM 3.78
Stormont, Dundas and Glengarry UC ~ 6.42 Kenora DIS 1.80 Northumberland CTY 3.76
Renfrew CTY 6.41 Halton RM 1.76 Waterloo RM 3.68
Hastings CTY 6.34 Prince Edward CDR 1.75 Essex CTY 3.65
Leeds and Grenville UC 6.27 Nipissing DIS 1.62 Prescott and Russell UC 3.34
Manitoulin DIS 6.04 Elgin CTY 1.59 Toronto CDR 3.14
Sudbury DIS 6.03 Huron CTY 1.43 Peel RM 2.99
Rainy River DIS 591 Timiskaming DIS 1.40 Rainy River DIS 2.52
Kenora DIS 5.53 Bruce CTY 1.31 York RM 2.51
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and bronchus, bladder, stomach and liver in this study
suggests that tobacco smoking may be a confounding
factor.

There was no consistent pattern for colon and rectum
cancer near the three NPPs. Colon and rectum cancer
incidence was significantly higher than expected near the
Darlington and Bruce NPPs (especially among men aged
65+ vyears), but was significantly lower near the
Pickering NPP. This is consistent with the main risk fac-
tors for colorectal cancer (e.g. age (particularly those
over the age of 50) and sex (males)) [68,69].

There was no consistent pattern of thyroid cancer near
all three NPPs. Thyroid cancer incidence was statistically
significantly higher than expected near the Pickering and
Darlington NPPs, but was similar to the Ontario popula-
tion near for Bruce NPP. Exposure to large amounts of
ionizing radiation, family history and iodine (high or low)
in the diet are the main risk factors for thyroid cancer
[68]. However, radiation risk decreases sharply with in-
creasing age-at-exposure and there is little evidence of
increased thyroid cancer rates for those exposed after age
20 [70,71]. Releases of radioactive iodine, which is the
primary cause of radiation-related thyroid cancer [72],
have been extremely low, or below detection limits at all
three NPPs during the study period. Concentrations of
radioactive iodine in weekly milk samples have remained
below the limit of detection during the entire study pe-
riod. Thus, exposure of the public to radiological emis-
sions from the Pickering and Darlington NPPs is not a
likely cause of excess thyroid cancer around these two
NPPs.

There was no consistent pattern for leukemia near all
three NPPs. Leukemia was statistically significantly
higher than expected near the Darlington NPP. However,
leukemia incidence for children aged 0 - 4, 0 - 14, and
young adults aged 0 - 24 was either less than or similar to
the general Ontario population near all three NPPs.
Therefore those aged 25 - 64 are driving the significant
finding near the Darlington NPP. Although high radia-
tion doses can cause leukemia [46], the lack of signifi-
cant findings among children (who are most vulnerable
to radiation) suggests that other risk factors are involved,
especially considering the very low doses (critical group
doses < 0.0067 mSv/year) found in this study.

In our study, industrial sources of radiation only con-
tribute a small fraction of the public’s overall exposure to
radiation. While the critical group doses around the three
NPPs are <0.0067 mSv/year, natural background radiation
is on the order of 1.34 mSv/year around the Pickering
and Darlington NPPs and 2.02 mSv/year around the
Bruce NPP. Hence, radiation doses from the three NPPs
do not provide a plausible explanation for any observable

Copyright © 2013 SciRes.

increases in cancer incidence above Ontario baseline
levels.

Geographic variation of cancer incidence is not un-
common [67,73-76] and as illustrated in our spatial
analysis of cancer incidence at the CD level in Ontario. A
study in Ontario [77] showed that most of the geographic
variation in cancer rates was found to be associated with
variation in known risk factors, and no broad regional
effects remained after adjustment for these factors. After
known risk factors were taken into account, there was no
evidence of a strong difference in cancer risk in Ontario
that would be expected if environmental factors (i.e.,
related to air or water quality) were operative at a re-
gional scale. Another Ontario study found similar results
[78]. Both of these studies cover the earlier time period
of our cancer incidence data suggesting that known risk
factors are a likely explanation of the variations in cancer
incidence observed in our study.

5. Conclusions

The most important finding of this study is that there is
no evidence of childhood cancer clusters (especially
childhood leukemia) near the three Ontario NPPs studied
(Pickering, Darlington and Bruce). Overall, for all ages,
there is no consistent pattern of elevated cancer incidence
at any of these three NPPs. Although there were some
elevated cancer rates, there was no clear pattern found
across age groups, sexes and NPPs. This finding is gen-
erally consistent with previous studies. Overall, the can-
cers are well within the natural variation of disease in
Ontario.

Radiation doses to members of the public living near
the three NPPs as a result of historical and current-day
operations are significantly lower than natural back-
ground radiation and the public dose limit of 1 mSv/year.
Therefore, on the basis of current radiation risk estimates
and the supporting epidemiological literature, radiation is
not a plausible explanation for any excess cancers ob-
served within 25 km of any Ontario NPP.

6. Acknowledgements

The cancer incidence data contained in this study are
provided by the Public Health Agency of Canada (PHAC)
from the Canadian Cancer Registry database at Statistics
Canada, with the knowledge and consent of the Ontario
Cancer Registry, which supplies the data to Statistics
Canada. Their cooperation, as well as the assistance re-
ceived from Mr. Robert Semenciw, is gratefully ac-
knowledged. We are also grateful for the support pro-
vided by Ms. Laura Anderson of the Canadian Nuclear
Safety Commission.

JEP

CMD 25-H2.E - Page 045



910

(1]

[10]

[11]

[12]

Radiation Exposure and Cancer Incidence
(1990 to 2008) around Nuclear Power Plants in Ontario, Canada

REFERENCES

C. Spix, S. Schmiedel, P. Kaatsch, R. Schulze-Rath and
M. Blettner, “Case-Control Study on Childhood Cancer in
the Vicinity of Nuclear Power Plants in Germany 1980-
2003,” European Journal of Cancer, Vol. 44, No. 2, 2008,
pp. 275-284. doi:10.1016/j.ejca.2007.10.024

P. Kaatsch, C. Spix, R. Schulze-Rath, S. Schmiedel and
M. Blettner, “Leukemia in Young Children in the Vicin-
ity of German Nuclear Power Plants,” International Jour-
nal of Cancer, Vol. 122, No. 4, 2008, pp. 721-726.
doi:10.1002/ijc.23330

P. Kaatsch, C. Spix, I. Jung and M. Blettner, “Childhood
Leukemia in the Vicinity of Nuclear Power Plants in
Germany,” Deutsches Arzteblatt International, Vol. 105,
No. 42, 2008, pp. 725-732.

J. Michaelis, B. Keller, F. Haaf and P. Kaatsch, “Inci-
dence of Childhood Malignancies in the Vicinity of West
German Nuclear Power Plants,” Cancer Causes & Con-
trol, Vol. 3, No. 3, 1992, pp. 255-263.
doi:10.1007/BF00124259

P. Kaatsch, U. Kalersch, R. Meinert and J. Michaelis, “An
Extended Study on Childhood Malignancies in the Vici-
nity of German Nuclear Power Plants,” Cancer Causes &
Control, Vol. 9, No. 5, 1998, pp. 529-533.
doi:10.1023/A:1008883530341

Committee on Medical Aspects of Radiation in the Envi-
ronment (COMARE), “Fourteenth Report, Further Con-
sideration of the Incidence of Childhood Leukemia
Around Nuclear Power Plants in Great Britain,” 2011.
www.comare.org.uk/press_releases/documents/COMAR
El4report.pdf

C. Sermage-Faure, D. Laurier, S. Goujon-Bellec, M.
Chartier, A. Guyot-Goubin, J. Rudant, D. Hémon and J.
Clavel, “Childhood Leukemia around French Nuclear
Power Plants—The Geocap Study, 2002-2007,” Interna-
tional Journal of Cancer, Vol. 131, No. 5, 2012, pp. 769-
780. doi:10.1002/ijc.27425

B. Grosche, “The Kinderkrebs in der Umgerbung von
Kernkraftwerken Study: Results Put into Perspective,”
Radiation Protection Dosimetry, Vol. 132, No. 2, 2008,
pp- 198-201. doi:10.1093/rpd/ncn257

Strahlenschutzkommission (SSK), “Assessment of the
Epidemiological Study on Childhood Cancer in the Vi-
cinity of Nuclear Power Plants (KiKK Study): Position of
the Commission on Radiological Protection (SSK),”
2008.

D. Laurier, D. Hemon and J. Clavel, “Childhood Leuke-
mia Incidence below the Age of 5 Years near French Nu-
clear Power Plants,” Journal of Radiological Protection,
Vol. 28, No. 3, 2008, pp. 401-403.
doi:10.1088/0952-4746/28/3/N01

J. Little, J. McLaughlin and A. Miller, “Leukaemia in
Young Children Living in the Vicinity of Nuclear Power
Plants,” International Journal of Cancer, Vol. 122, No. 4,
2008, pp. 10-14. doi:10.1002/ijc.23347

J. F. Bithell, T. J. Keegan, M. E. Kroll, F. G. Murphy and
T. J. Vincent, “Childhood Leukemia near British Nuclear

Copyright © 2013 SciRes.

[13]

[14]

[16]

[17]

(18]

[19]

[20]

(21]

(22]

(23]

Installations: Methodological Issues and Recent Results,”
Radiation Protection Dosimetry, Vol. 132, No. 2, 2008,
pp. 191-197. doi:10.1093/rpd/ncn254

B. D. Spycher, M. Feller, M. Zwahlen, M. R66sli, N. X.
von der Weid, H. Hengartner, M. Egger and C. E. Kuehni
(Swiss Paediatric Oncology Group and Swiss National
Cohort Study Group), “Childhood Cancer and Nuclear
Power Plants in Switzerland: A Census-Based Cohort
Study,” International Journal of Epidemiology, Vol. 40,
No. 5, 2011, pp. 1247-1260. doi:10.1093/ije/dyr115

S. Heindvaara, S. Toikkanen, K. Pasanen, P. K. Verkasalo,
P. Kurttio and A. Auvinen, “Cancer Incidence in the Vi-
cinity of Finnish Nuclear Power Plants: An Emphasis on
Childhood Leukemia,” Cancer Causes & Control, Vol.
21, No. 4, 2010, pp. 587-595.
doi:10.1007/s10552-009-9488-7

A. S. Evrard, D. Hémon, A. Morin, D. Laurier, M. Tir-
marche, J. C. Backe, M. Chartier and J. Clavel, “Child-
hood Leukemia Incidence around French Nuclear Instal-
lations Using Geographic Zoning Based on Gaseous Dis-
charge Dose Estimates,” British Journal of Cancer, Vol.
94, No. 9, 2006, pp. 1342-1347.
doi:10.1038/sj.bjc.6603111

J. R. McLaughlin, E. A. Clarke, E. D. Nishri and T. W.
Anderson, “Childhood Leukemia in the Vicinity of Cana-
dian Nuclear Facilities,” Cancer Causes & Control, Vol.
4, No. 1, 1993, pp. 51-58. doi:10.1007/BF00051714

Durham Region Health Department, “Radiation and
Health in Durham Region,” Durham Region, 2007.
http://www.durham.ca/departments/health/health_statistic
s/radiationHealthReport2007.pdf

Durham Region Health Department, “Radiation and
Health in Durham Region,” Durham Region, 1996.

Bruce Power, “Annual Summary and Assessment of En-
vironmental Radiological Data for 2001: B-REP-03419-
00001-R00,” 2002.

Bruce Power, “Annual Summary and Assessment of En-
vironmental Radiological Data for 2002: B-REP-03419-
00002-R00,” 2003.
www.brucepower.com/wp-content/uploads/2011/04/Ann
ual-Summary-and-Assessment-of-Environmental-Radiolo
gical-Data-Report-2002.pdf

Bruce Power, “Annual Summary and Assessment of En-
vironmental Radiological Data for 2003: B-REP-03419-
00003-R00,” 2004.
www.brucepower.com/wp-content/uploads/2011/04/Ann
ual-Summary-and-Assessment-of-Environmental-Radiolo
gical-Data-Report-2003.pdf

Bruce Power, “Annual Summary and Assessment of En-
vironmental Radiological Data for 2004: B-REP-03419-
00003-R00,” 2005.
www.brucepower.com/wp-content/uploads/2011/04/Ann
ual-Summary-and-Assessment-of-Environmental-Radiolo
gical-Data-Report-2004.pdf

Bruce Power, “Annual Summary and Assessment of En-
vironmental Radiological Data for 2005: B-REP-03419-
00005 R0OO1,” 2006.
www.brucepower.com/wp-content/uploads/2011/04/2005

JEP

CMD 25-H2.E - Page 046



(24]

[26]

(27]

(28]

(33]

[34]

[35]

[36]

[37]

Radiation Exposure and Cancer Incidence

911

(1990 to 2008) around Nuclear Power Plants in Ontario, Canada

-Annual-Summary-and-Assessment-of-Environmental-Ra
diological-Data.pdf

Bruce Power, “Annual Summary and Assessment of En-
vironmental Radiological Data for 2006: B-REP-03419-
00007,” 2007.
www.brucepower.com/wp-content/uploads/2011/04/2006
-Annual-Summary-and-Assessment-of-Environmental-Ra
diological-Data.pdf

Bruce Power, “Annual Summary and Assessment of En-
vironmental Radiological Data for 2007: B-REP-03419-
00008 R000,” 2008.
www.brucepower.com/wp-content/uploads/2011/04/Ann
ual-Summary-and-Assessment-of-Environmental-Radiolo
gical-Data-for-2007.pdf

Bruce Power, “Annual Summary and Assessment of En-
vironmental Radiological Data for 2008: B-REP-03419-
00009 R0OO1,” 2009.
www.brucepower.com/wp-content/uploads/2011/04/B-R
EP-03419-00009-R12.pdf

Ontario Power Generation, “Annual Summary and As-
sessment of Environmental Radiological Data for 2001:
N-REP-03419-10002-R00,” 2002.

Ontario Power Generation, “Annual Summary and As-
sessment of Environmental Radiological Data for 2002:
N-REP-03419-10003-R00,” 2003.

Ontario Power Generation, “Annual Summary and As-
sessment of Environmental Radiological Data for 2003:
N-REP-03481-10002-R00,” 2004.

Ontario Power Generation, “Annual Summary and As-
sessment of Environmental Radiological Data for 2004:
N-REP-03481-10003-R01,” 2005.

Ontario Power Generation, “Annual Summary and As-
sessment of Environmental Radiological Data for 2005:
N-REP-03481-10004-R01,” 2006.

Ontario Power Generation, “2006 Results of Radiological
Environmental Monitoring Programs: N-REP-03481-
10005-R001,” 2007.

Ontario Power Generation, “2007 Results of Radiological
Environmental Monitoring Programs: N-REP-03481-
10006-R000,” 2008.

Ontario Power Generation, “2008 Results of Radiological
Environmental Monitoring Programs: N-REP-03481-
10007-R000,” 2009.

Canadian Standards Association, “CSA Standard N288.1-
M87: Guidelines for Calculating Derived Release Limits
for Radioactive Materials in Airborne and Liquid Efflu-
ents for Normal Operation of Nuclear Facilities,” Cana-
dian Standards Association, Toronto, 1987.

Canadian Standards Association, “CSA Standard N288.1-
08: Guidelines for Calculating Derived Release Limits for
Radioactive Materials in Airborne and Liquid Effluents
for Normal Operation of Nuclear Facilities,” Canadian
Standards Association, Mississauga, 2008.

Canadian Standards Association, “CSA Standard N288.1-
08: Guidelines for Calculating Derived Release Limits for
Radioactive Materials in Airborne and Liquid Effluents

Copyright © 2013 SciRes.

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[46]

[49]

[52]

for Normal Operation of Nuclear Facilities-Update No.
1,” Canadian Standards Association, Mississauga, 2011.

EcoMetrix, “Environmental IMPACTTM User Manual
(Ver. 5.4.0): Integrated Model for the Probabilistic As-
sessment of Contaminant Transport,” 2009.

Bruce Power, “Derived Release Limits and Action Levels
for Bruce Nuclear Generating Station A: NK-21-REP-
03482-00002 R0O01,” Bruce Power, Tiverton, 2013.

Bruce Power, “Derived Release Limits and Action Levels
for Bruce Nuclear Generating Station B: NK-29-REP-
03482-00003 R0O01,” Bruce Power, Tiverton, 2013.

Ontario Power Generation, “Derived Release Limits for
the Darlington Nuclear Generation Station: NK38-REP-
03482-10001-R00,” 2003.

Ontario Power Generation, “Derived Release Limits and
Environmental Action Levels for Pickering Nuclear Gen-
erating Station A: NA44-REP-03482-00001-R002,”
2010.

Ontario Power Generation, “Derived Release Limits and
Environmental Action Levels for Pickering Nuclear Gen-
erating Station B: NK30-REP-03482-00001-R002,” 2010.

Cancer Care Ontario (CCO), “Incidence and Mortality in
Ontario,” 2011.
WWW.cancercare.on.ca/ocs/csurv/stats/ontario/

Statistics Canada, “Canadian Cancer Registry,” CCR,
2012.
http://www23.statcan.gc.ca/imdb/p2SV.pl?Function=getS
urvey&SDDS=3207&Item_Id=1633&lang

United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR), “2006 Report to the
General Assembly, with Scientific Annexes. Effects of
Ionizing Radiation,” Vol. I, Scientific Annex A, Epide-
miological Studies of Radiation and Cancer, United Na-
tions, New York, 2008.

J. D. Boice Jr., “lonizing Radiation Cancer Epidemiology
and Prevention” 3rd Edition, Oxford University Press,
New York, 2006.

National Research Council (NRC), “Health Risks from
Exposure to Low Levels of Tonizing Radiation: BEIR VII
Phase 2,” The National Academies Press, Washington DC,
2006.

WHO (World Health Organization), “International Clas-
sification of Diseases for Oncology, 3rd Edition (ICD-
0-3),” 2000.
www.who.int/classifications/icd/adaptations/oncology/en/
index.html

Statistics Canada, “Overview of the Census,” 2011.
http://www12.statcan.gc.ca/census-recensement/201 1/ref/
overview-apercu/index-eng.cfm

E. J. Holowaty, V. Moravan, G. Lee, N. Chong and D.
Dale, “A Reabstraction Study to Estimate the Complete-
ness and Accuracy of Data Elements in the Ontario Can-
cer Registry,” Cancer Bureau, Health Canada, Final Re-
port Contract H4078-3-C098, Ottawa, 1996.

K. H. Rothman, S. Greenland and T. L. Lash, “Modern
Epidemiology” 3rd Edition, Lippincott Williams &

JEP

CMD 25-H2.E - Page 047



912

(53]

[54]

[59]

[61]

[62]

[64]

[65]

Radiation Exposure and Cancer Incidence
(1990 to 2008) around Nuclear Power Plants in Ontario, Canada

Wikins, Philadelphia, 2008.

N. E. Breslow and N. E. Day, “Statistical Methods in
Cancer Research Vol II The Design and Analysis of Co-
hort Studies,” International Agency for Research on Can-
cer, 1987.
www.iarc.fr/en/publications/pdfs-online/stat/sp82/SP82.p
df

P. D. Ellis, “The Essential Guide to Effect Sizes: An In-
troduction to Statistical Power, Meta-Analysis and the
Interpretation of Research Results,” Cambridge Univer-
sity Press, Cambridge, 2010.
doi:10.1017/CB09780511761676

Canadian Cancer Society, “Canadian Cancer Statistics
2013,” Toronto, ON, Canadian Cancer Society’s Steering
Committee on Cancer Statistics, 2013.

J. S. Mausner and A. K. Bahn, “Epidemiology—An In-
troductory Text,” 2nd Edition, WB Saunders Company,
Philadelphia, 1985.

Durham Region, “Durham Region Nuclear Emergency
Evacuation Information: Annex B—Durham Region Nu-
clear Emergency Response Plan,” Durham Region, 2008.

Durham Region, “Durham Region Nuclear Emergency
Response Plan (DRNERP): Part II-—Durham Region
Emergency Master Plan,” Durham Region, 2011.
http://www.durham.ca/departments/demo/DRNERPApr2
011.pdf

D. Laurier, S. Jacob, M. O. Bernier, K. Leuraud, C. Metz,
E. Samson and P. Laloi, “Epidemiological Studies of
Leukemia in Children and Young Adults around Nuclear
Facilities: A Critical Review,” Radiation Protection Do-
simetry, Vol. 132, No. 2, 2008, pp. 182-190.
doi:10.1093/rpd/ncn262

D. Laurier and D. Bard, “Epidemiologic Studies of Leu-
kemia among Persons under 25 Years of Age Living near
Nuclear Sites,” Epidemiologic Reviews, Vol. 21, No. 2,
1999, pp. 188-206.
doi:10.1093/oxfordjournals.epirev.a017996

D. Laurier, B. Grosche and P. Hall, “Risk of Childhood
Leukemia in the Vicinity of Nuclear Installations—Fin-
dings and Recent Controversies,” Acta Oncologica, Vol.
41, No. 1, 2002, pp. 14-24.
doi:10.1080/028418602317314019

A. Koushik, W. D. King and J. R. McLaughlin, “An Eco-
logic Study of Childhood Leukemia and Population Mix-
ing in Ontario, Canada,” Cancer Causes & Control, Vol.
12, No. 6, 2001, 483-490.

doi:10.1023/A:1011266413087

L. Kinlen, “Evidence for an Infectious Cause of Child-
hood Leukemia: Comparison of a Scottish New Town
with Nuclear Reprocessing Sites in Britain,” The Lancet,
Vol. 332, No. 8624, 1988, pp. 1323-1327.
doi:10.1016/S0140-6736(88)90867-7

R. Doll and A. B. Hill, “The Mortality of Doctors in Re-
lation to Their Smoking Habits: A Preliminary Report.
1954,” British Medical Journal, Vol. 328, No. 7455, 2004,
pp. 1529-1533. doi:10.1136/bmj.328.7455.1529

United States Department of Health and Human Services,

Copyright © 2013 SciRes.

[68]

[69]

[70]

[72]

(73]

[74]

[76]

[77]

(78]

“The Health Consequences of Smoking: A Report of the
Surgeon General,” 2004.

International Agency for Research on Cancer (IARC),
“IARC Monographs on the Evaluation of Carcinogenic
Risks to Humans: Tobacco Smoke and Involuntary
Smoking,” 2004.

S. D. Walter, S. E. Birnie, L. D. Marrett, S. M. Taylor, D.
Reynolds, J. Davies, J. J. Drake and M. Hayes, “The Geo-
graphic Variation of Cancer Incidence in Ontario,”
American Journal of Public Health, Vol. 84, No. 3, 1994,
pp. 367-376. doi:10.2105/AJPH.84.3.367

Public Health Agency of Canada, 2012.
http://www.phac-aspc.gc.ca

National Cancer Institute at the National Institutes of
Health, “What You Need To Know About TM Cancer
Index,” 2012. http://www.cancer.gov/cancertopics/wyntk/

K. Furukawa, D. Preston, S. Funamoto, S. Yonehara, M.
Ito, S. Tokuoka, H. Sugiyama, M. Soda, K. Ozasa and K.
Mabuchi, “Long-Term Trend of Thyroid Cancer Risk
among Japanese Atomic-Bomb Survivors: 60 Years after
Exposure,” International Journal of Cancer, Vol. 132, No.
5,2013, pp. 1222-1226. doi:10.1002/ijc.27749

P. W. Dickman, L. E. Holm, G. Lundell, J. D. Boice Jr.
and P. Hall. “Thyroid Cancer Risk after Thyroid Exami-
nation with "*'I: A Population-Based Cohort Study in
Sweden,” International Journal of Cancer, Vol. 106, No.
4,2003, pp. 580-587. doi:10.1002/ijc.11258

United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR), “2008 Report to the
General Assembly, with Scientific Annexes, Vol. II, Sci-
entific Annex D, Health Effects Due to Radiation from
the Chernobyl Accident,” United Nations, New York,
2011.

A. J. Alberg and J. Nonemaker, “Who Is at High Risk for
Lung Cancer? Population-Level and Individual-Level
Perspectives,” Seminars in Respiratory and Critical Care
Medicine, Vol. 29, No. 3, 2008, pp. 223-232.
d0i:10.1055/5-2008-1076742

A. Jemal, S. Devesa, M. Kulldorff, R. Hayes and J.
Fraumeni, “Geographic Variation in Prostate Cancer
Mortality Rates among White Males in the United
States,” Annals of Epidemiology, Vol. 10, No. 7, 2000, p.
470. doi:10.1016/S1047-2797(00)00094-6

S. S. Devesa, D. J. Grauman, W. J. Blot and J. F. Frau-
meni Jr., “Cancer Surveillance Series: Changing Geo-
graphic Patterns of Lung Cancer Mortality in the United
States, 1950 through 1994,” Journal of the National Can-
cer Institute, Vol. 91, No. 12, 1999, pp. 1040-1050.
doi:10.1093/jnci/91.12.1040

W. J. Blot, “Esophageal Cancer Trends and Risk Fac-
tors,” Seminars in Oncology, Vol. 21, No. 4, 1994, pp.
403-410.

S. D. Walter, L. D. Marrett, S. M. Taylor and D. King,
“An Analysis of the Geographic Variation in Cancer In-
cidence and Its Determinants in Ontario,” Canadian Jour-
nal of Public Health, Vol. 90, No. 2, 1999, pp. 104-108.

C. A. Altmayer, B. G. Hutchison, V. L. Torrance-Rynard,

JEP

CMD 25-H2.E - Page 048



Radiation Exposure and Cancer Incidence 913
(1990 to 2008) around Nuclear Power Plants in Ontario, Canada

J. Hurley, S. Birch and J. D. Eyles, “Geographic Disparity tional Journal of Health Geographics, Vol. 2, No. 1,
in Premature Mortality in Ontario, 1992-1996,” Interna- 2003, p. 7. doi:10.1186/1476-072X-2-7
Copyright © 2013 SciRes. JEP

CMD 25-H2.E - Page 049



I * Government Gouvernement
of Canada du Canada

Canada.ca » Canadian Nuclear Safety Commission » Resources » Health studies

Radiation and Incidence of Cancer
Around Ontario Nuclear Power Plants

From 1990 to 2008 (The RADICON
Study)

Executive summary

The Canadian Nuclear Safety Commission (CNSC) has completed a
groundbreaking ecological study on populations living near Ontario's three
nuclear power plants (NPPs). The purpose of the Radiation and Incidence of
Cancer Around Ontario Nuclear Power Plants from 1990 to 2008 study (the
"RADICON" study) was to determine the radiation doses to members of the
public living within 25 km of the Pickering, Darlington, and Bruce NPPs and
to compare cancer cases among these people with the general population
of Ontario from 1990 to 2008. The study was conducted using data from the
Canadian and Ontario Cancer Registries and the Census of Canada.

The most important finding of the RADICON study is that there is no
evidence of childhood leukemia clusters around the three Ontario NPPs.
The rates of cancer incidence for children aged 0-4 and aged 0-14 were
similar to the general Ontario population.
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Overall, for all ages, there is no consistent pattern of cancer across the
populations in question living near the three facilities studied. Some types
of cancer in the communities studied were higher than expected (excess
cancer); however, many types of cancer were lower than expected.

While this type of study cannot determine the causes of the cancer, excess
cancers (increase in cancer above what's expected in Ontario) are unlikely
to be due to radiation. Radiation doses from NPPs to members of the public
are extremely low - at least 100 to 1,000 times lower than natural
background radiation and public dose limits. As such, doses are a minor
risk factor compared to the high prevalence of major risk factors like
tobacco, poor diet, obesity and physical inactivity, which account for about
60 percent of all cancer deaths in developed countries. These factors
represent a public health concern throughout Ontario, including the
communities located near NPPs. Other important Ontario studies found
that once these main risk factors were taken into account, there was no
evidence of a cancer risk due to environmental factors like radiation. Given
the high frequency of these factors, the current scientific understanding of
radiation risk, and the minuscule public doses, it is not realistic to attribute
any excess cancers to the radiation doses from NPPs found in these
communities.

The main strength of the RADICON study is the use of detailed public dose
information around each NPP that was generated from radiological
releases and environmental monitoring data. The data collected for this
study takes into account any emission spikes from the NPPs. This
methodology improves on recent epidemiological studies of childhood
cancer that have used distance from an NPP as a substitute for radiation
dose. Doses closest to the NPPs were not consistently higher than doses
further away. Many factors influence doses to the public as a result of the
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operation of an NPP, including prevailing wind directions and lifestyle
characteristics (i.e., diet and lifestyle habits) of the surrounding
communities. Therefore, distance is not a good substitute for dose.

To conclude, public radiation doses resulting from the operation of the
NPPs are 100 to 1,000 times lower than natural background radiation and
there is no evidence of childhood leukemia clusters around the three
Ontario NPPs. All cancers for all age groups are well within the natural
variation of the disease in Ontario. Thus, radiation is not a plausible
explanation for any excess cancers observed within 25 km of any Ontario
NPP.

Read the article in the Journal of Environmental Protection. (refer to Volume
9,2013).

Date modified:

2017-09-08
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ABSTRACT

OBJECTIVE

To evaluate the effect of protracted low dose, low
dose rate exposure to ionising radiation on the risk of
cancer.

DESIGN
Multinational cohort study.

SETTING

Cohorts of workers in the nuclear industry in France,
the UK, and the US included in a major update to the
International Nuclear Workers Study (INWORKS).

PARTICIPANTS

309932 workers with individual monitoring data for
external exposure to ionising radiation and a total
follow-up of 10.7 million person years.

MAIN OUTCOME MEASURES
Estimates of excess relative rate per gray (Gy) of
radiation dose for mortality from cancer.

RESULTS

The study included 103 553 deaths, of which
28089 were due to solid cancers. The estimated
rate of mortality due to solid cancer increased

with cumulative dose by 52% (90% confidence
interval 27% to 77%) per Gy, lagged by 10 years.
Restricting the analysis to the low cumulative dose
range (0-100 mGy) approximately doubled the
estimate of association (and increased the width

of its confidence interval), as did restricting the
analysis to workers hired in the more recent years of
operations when estimates of occupational external
penetrating radiation dose were recorded more
accurately. Exclusion of deaths from lung cancer and
pleural cancer had a modest effect on the estimated

WHAT IS ALREADY KNOWN ON THIS TOPIC

lonising radiation is an established cause of cancer
The primary quantitative basis for radiation protection standards comes from
studies of people exposed to acute, high doses of ionising radiation

WHAT THIS STUDY ADDS

to radiation

The results of an updated study of nuclear workers in France, the UK, and the US
suggest a linear increase in the relative rate of cancer with increasing exposure

Some evidence suggested a steeper slope for the dose-response association at
lower doses than over the full dose range

The risk per unit of radiation dose for solid cancer was larger in analyses
restricted to the low dose range (0-100 mGy) and to workers hired in the more
recent years of operations

thebmj | BMJ2023;382:€074520 | doi: 10.1136/bmj-2022-074520

magnitude of association, providing indirect evidence

that the association was not substantially confounded

by smoking or occupational exposure to asbestos.

CONCLUSIONS

This major update to INWORKS provides a direct
estimate of the association between protracted

low dose exposure to ionising radiation and solid
cancer mortality based on some of the world’s most

informative cohorts of radiation workers. The summary

estimate of excess relative rate solid cancer mortality

per Gy is larger than estimates currently informing
radiation protection, and some evidence suggests a

steeper slope for the dose-response association in the

low dose range than over the full dose range. These
results can help to strengthen radiation protection,
especially for low dose exposures that are of primary
interest in contemporary medical, occupational, and
environmental settings.

Introduction

Unlike many carcinogens, which have been reduced
or removed once recognised, the public’s exposure to

ionising radiation has increased in recent decades.’

-3

In the US, for example, the average person’s annual
effective dose doubled between 1985 and 2006 and has
remained elevated since,* primarily owing to increases
in exposure to ionising radiation from medical imaging
procedures (whereas the average radiation worker’s
annual occupational dose remained relatively constant
over that period).”” Understanding of associations
between low dose and low dose rate radiation
exposures and cancer informs decisions about medical
and commercial uses of ionising radiation, as well as
decisions about exposure limits for members of the

public and people working with ionising radiation.

The study of Japanese survivors of the atomic bombs
serves as the primary basis for the quantitative risk
estimates used in radiation protection.®® Although that
study concerns a high dose rate setting, findings from it
inform contemporary assessments for low dose and low
dose rate radiation exposures.'®!? The International
Nuclear Workers Study (INWORKS) was undertaken

to provide a large scale international assessment of

mortality risks from protracted low dose, low dose rate
ionising radiation exposures.'* INWORKS pools cohorts
of nuclear workers monitored with radiation badges
in France, the UK, and the US, countries that have
assembled some of the largest and most informative
cohorts of nuclear workers in the world.***® Here, we
report on a major update of analyses of associations
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between radiation dose and mortality due to solid
cancers in INWORKS, with follow-up extended by 10
or more years in each country.

Methods

INWORKS was established to provide a basis for
deriving quantitative estimates of the association
between protracted low dose, low dose rate exposure
to ionising radiation and mortality. INWORKS builds
on the work done for the International Collaborative
Study of Cancer Risk among Radiation Workers in the
Nuclear Industry by taking advantage of data from
the most informative cohorts involved in that study.'’
Criteria for selection of the study cohorts included
completeness and quality of data, start of facility
operations, and exposure primarily to high energy,
low linear energy transfer penetrating radiations.'?
Data came from three major French employers
(Commissariat a I’Energie Atomique et aux énergies
alternatives, Orano, and Electricité de France), from
the UK National Registry for Radiation Workers (which
includes information provided by major employers
of nuclear workers including the Atomic Weapons
Establishment, British Nuclear Fuels, UK Atomic
Energy Authority, British Energy Generation, Magnox
Electric, and the Ministry of Defence, among others),
and from the US Department of Energy’s Hanford site,
Savannah River site, Oak Ridge National Laboratory,
and Idaho National Laboratory, as well as from the
Portsmouth Naval Shipyard. To be included, workers
must have the information needed for linkages with
vital records (that is, individual identifiers and date
of birth) and must have been employed in the nuclear
industry for at least one year and monitored for
external radiation with personal dosimeters.

In all countries, institutional review boards
determined that documentation of informed consent
was not necessary for this records based study. In
France, information on workers came from existing
records, with no direct contact with participants, and
the institutional review board waived requirements
for individual informed consent. In the UK, workers
could refuse to participate in the National Registry
for Radiation Workers, although less than 1% did. In
the US, information on workers came from existing
records, with no direct contact with participants, and
the institutional review board waived requirements for
informed consent.

We derived individual annual estimates of whole
body dose primarily due to external exposure to
penetrating radiation in the form of photons from
personal occupational exposure monitoring data.?*%2
Unless otherwise stated, any reference to dose in this
paper implies absorbed dose to the colon expressed
in gray (Gy). We derived the estimated colon dose to
facilitate comparison with analyses of associations
between radiation dose and solid cancer done in other
major cohorts.”> #* Film dosimeters with one or two
elements (that is, filters, often made of lead, tin, or
cadmium) were commonly used for personal dosimetry
beginning in the 1940s.”° Multi-element dosimeters
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were implemented in most mixed activity facilities by
the late 1950s to account for mixed field irradiation and
allow for better estimation of dose over a wider range
of photon energies.”® Thermoluminescent dosimeters
largely replaced the film badge beginning in the
1970s.*° Administrative practices also changed over
time; the frequency of dosimeter exchange was greater
(for example, weekly or biweekly) before around
1965 and lesser (for example, monthly or quarterly)
thereafter.”® Portsmouth Naval Shipyard’s dose
information was not available after 1996; however,
few people in that study cohort were still working after
1996. We did not add recorded estimates of doses from
tritium intakes or neutron exposures to recorded dose
from exposure to external photon radiation.?” We used
available records of estimated neutron doses, which
were recorded in a unit of measure for equivalent
dose (that is, rem or Sv), only to construct categories
of neutron monitoring status: whether a worker had
a positive recorded neutron dose, and, if so, whether
their recorded neutron dose ever exceeded 10% of
their total external radiation dose of record.?® 2%

Available measures of incorporated radionuclides
included bioassay results, indication of confirmed
uptake (for example, fraction of a body burden or
annual limit on intake), or an assigned committed dose.
We used available records or workstation-exposure
matrix information (for France) to categorise workers
on the basis of indication of a known or suspected
internal contamination (we identified French and US
workers with a known or suspected uptake, as well as
UK workers who were known to have been monitored
for internal exposure).?®>?

We ascertained vital status through 2012, 2014, and
2016 for the UK, French, and US cohorts, respectively,
through linkage with national and regional death
registries, employers’ records, tax records, and
social security administration records. We abstracted
information on underlying cause of death from
death certificates and coded it according to the ICD
(international classification of diseases) revision in
effect at the time of death. We examined all cancer
related mortality (ICD-9 codes 140-208) because
radiation induced cancers could occur at most, if not
all, sites after whole body exposure to ionising radiation
and because death certificate data could be more
accurate for identifying all cancers as a group than for
identifying specific types of cancer. We examined solid
cancer (ICD-9 codes 140-199) as a primary outcome
of interest and an outcome typically examined in
studies of the effects of low dose radiation. We also
examined the association between radiation dose and
solid cancer excluding lung cancer (ICD-9 code 162),
because the exclusion of lung cancer is an indirect
method to evaluate concerns about confounding by
smoking; solid cancer excluding cancers of the oral
cavity and pharynx, oesophagus, stomach, colon,
rectum, liver, gallbladder, pancreas, nasal cavity,
larynx, lung, cervix, ovary, bladder, kidney, and
ureter (ICD-9 codes 140-151, 153-154.1, 154.8-157,
160-162, 180, 183, and 188-189), which constitute
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a larger group of smoking related cancers®®; chronic
obstructive pulmonary disease (ICD-9 codes 490-492,
and 496), because this outcome is strongly associated
with tobacco smoking but not known to be associated
with low dose ionising radiation, providing an indirect
method to assess concerns about confounding by
smoking?’; solid cancer excluding cancers of the lung,
liver, and bone (ICD-9 codes 155, 162, and 170),
which are three organs that may receive substantial
doses in cases of incorporated plutonium®* %% ?%;
and solid cancer excluding cancers of the lung and
pleura (ICD-9 codes 162 and 163), to assess concerns
about potential bias due to occupational exposure to
asbestos. Supplementary table A provides additional
details on the ICD codes that define each outcome
category.

A person entered the study on the date of first
dosimetric monitoring or one year after the date of first
employment, whichever was later. The national death
registry in France provides individual information on
causes of death only from 1968 onwards, so French
workers entered follow-up on 1 January 1968 or later.
For the UK cohort, start of follow-up for workers first
employed before 1955 was defined as 1 January 1955
owing to indications that follow-up information before
that date may not be complete.’® 3! A person exited
the study on the earliest of the date of death, date
lost to follow-up, or end of follow-up for vital status
ascertainment.

Statistical methods

The statistical methods used were similar to those
used in previous international studies of nuclear
workers.’® We quantified radiation dose-mortality
associations by using a stratum specific model for
mortality rates, I, of the form I, =exp(a,)(1+BZ), where
k indexes strata, Z is the cumulative dose in Gy, and
B is excess relative rate (the relative rate minus 1)
per Gy.>?3* The excess relative rate is expressed as a
proportional increase in the rate over baseline, per
unit dose, where a value of 0 indicates no radiation
associated increase in the mortality rate. Models were
fitted using Poisson regression methods for analysis
of mortality rates, incorporating person time at risk
as the rate denominator.’® We adjusted estimates of
excess relative rate per Gy, through stratification, for
the effects of country, attained age (in 5 year intervals),
sex, year of birth (in 10 year intervals), socioeconomic
status (French, US, and UK workers employed by
the Atomic Energy Authority and Atomic Weapons
Establishment classified into five categories on the
basis of job title: professional and technical workers,
administrative staff, skilled workers, unskilled workers,
and uncertain; other UK workers classified into two
broader categories of non-industrial and industrial
employees), duration of employment or radiation
work (in 10 year intervals), and neutron monitoring
status. Information on country, age, sex, and year of
birth was complete; we included workers with missing
information on job classification (<1% of workers were
missing such information) in the category of uncertain

thebmj | BMJ2023;382:€074520 | doi: 10.1136/bmj-2022-074520
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socioeconomic status. We identified our adjustment
set of covariates on the basis of substantive knowledge
and consideration of causal structures facilitated by
reference to directed acyclic graphs (supplementary
figure A).>*?® To allow for a minimal induction
and latency period between exposure and death,
cumulative doses were lagged by 10 years; we chose
a 10 year lag a priori, and it facilitates comparison of
results with our previous analysis of these data as well
as with some other studies of solid cancer mortality
among nuclear workers. 8193940

We did sensitivity analyses in which cumulative
doses were lagged five years, 15 years, or 20 years,
cumulative doses were restricted to the lower dose
range, workers with a positive neutron dose were
excluded, workers flagged for internal contamination
or monitoring were excluded, and regression model
adjustment was made for workers flagged for
internal contamination or monitoring. We compared
results obtained under alternative lags with respect
to goodness of model fit."! We examined the dose-
response association visually by fitting a regression
model with indicator variables for categories of
cumulative dose (that is, a piecewise constant model
for the association) and plotting the resultant relative
rate estimates against category specific mean dose
values (noting that reported estimates of excess
relative rate per Gy were derived from regression
models fitted to the full data tabulation). To formally
assess departure from linearity in the effect of
cumulative dose, we fitted a model that also included
a quadratic function of cumulative dose, and we also
fitted a linear exponential model of the form I, =exp(a,)
(1+BZ)exp(8Z); we evaluated the improvement in
model goodness of fit by using a likelihood ratio test
statistic. To evaluate the influence of a single country
on overall results, analyses excluded one country
at a time, and we fitted a model with a product term
between country and dose, allowing heterogeneity to
be assessed on the basis of the likelihood ratio test. We
derived an estimate of between country heterogeneity
in association by using the method of DerSimonian
and Laird for random effects.***> To assess the effect of
inaccuracies in dose estimates for workers employed
in the early years of nuclear industry operations, we
excluded workers hired before 1958 and before 1965;
we chose these dates because they represent the years
at various facilities when dosimetry improved owing to
changes in dosimeter technology and administrative
practice.?*

We report likelihood based 90% confidence
intervals for estimates of the excess relative rate per
Gy, a common approach in radiation epidemiological
studies in which the objective is to evaluate whether
an increased risk of cancer exists after exposure to
radiation; this facilitates comparison of the precision
of our estimated associations with findings reported
in other important epidemiological studies of
populations exposed to radiation.'®>® 4° 444 We report
the change in deviance on inclusion of a term in the
regression model as a likelihood ratio test statistic
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along with its associated P value, which provides
a continuous measure of the fit of the model to the
data (that is, compatibility between the observed data
and the model used to compute the statistic).*® We
interpret the P value as a continuous measure rather
than limiting interpretation to dichotomisation of the P
value at a threshold for declaring significance (such as
0.05). We fitted models by using conditional Poisson
regression with primary control for confounding
obtained by stratification, implemented in the SAS
software package (version 9.4).%

Patient and public involvement statement

No patients were involved in setting the research
question, the outcome measures, or the design and
implementation of the study. The nuclear sites at which
workers were employed were restricted, we lacked
permissions to engage directly with employees, and
the study involves large number of workers employed
in the past. However, discussions with workers helped
to motivate our study analyses and consideration of
study limitations.

Results

The study included 309 932 workers and encompassed
10.7 million person years of follow-up (table 1). The
study cohort included 40 445 women. We followed the
average worker to nearly 70 years of age; among these
workers we observed 103553 deaths by the end of
follow-up, of which 31009 deaths were due to cancer
and 28089 deaths were due to solid cancer. Less than
2% of decedents had a missing or unknown underlying
cause of death, and less than 2% of workers emigrated
or were otherwise lost to follow-up for vital status
ascertainment.

The excess relative rate was 0.53 (90% confidence
interval 0.30 to 0.77) per Gy for all cancer mortality
and 0.52 (0.27 to 0.77) per Gy for solid cancer mortality
(table 2). Our a priori 10 year lag assumption was
reasonably well supported by the data (supplementary
table B). The estimated association between radiation
dose and solid cancer was slightly smaller in magnitude
and poorer in model goodness of fit under a five year
lag assumption than under a 10 year lag assumption.
The estimated association between radiation dose and
solid cancer was similar in magnitude and poorer in
model goodness of fit under a 20 year lag assumption
than under a 10 year lag assumption (supplementary
table B). Under a 15 year lag assumption, the estimated
association between radiation dose and solid cancer
was slightly larger in magnitude and had slightly
better model goodness of fit than under a 10 year lag
assumption (supplementary table B).

To evaluate the impact of data from each country on
the summary estimate for the pooled data, we excluded
countries from the INWORKS cohort one at a time. The
estimate for the association between cumulative dose
under a 10 year lag and solid cancer mortality was
0.47 (0.22 to 0.73) per Gy when we excluded France,
0.41 (0.04 to 0.80) per Gy when we excluded the UK,
and 0.66 (0.35 to 1.00) per Gy when we excluded the
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US from INWORKS. We observed minimal evidence
of heterogeneity in the estimated associations by
country on the basis of a statistical test (likelihood
ratio test=2.3, df=2; P=0.31). A random effects model
suggested modest between country variance (1°=0.01;
Q statistic for heterogeneity=2.3, df=2; P=0.31), with
16% of the overall variation in study results being due
to between study heterogeneity.

The association between cumulative dose, lagged
10 years, and solid cancer mortality was reasonably
well described by a linear model (fig 1); inclusion
of a parameter describing the linear association
between cumulative dose and solid cancer contributed
substantially to model goodness of fit (supplementary
table B). The addition of a parameter for the square of
cumulative dose led to only a modest improvement in
model goodness of fit compared with the linear model
(likelihood ratio test =2.51, df=1; P=0.11), suggesting
some downward curvature (that is, a negative estimated
coefficient for the quadratic term). The addition of a
parameter for an exponential term in the model led
to a modest improvement in model goodness of fit for
a linear-exponential model compared with the linear
model (likelihood ratio test =3.17, df=1; P=0.08),
again suggesting some downward curvature. To assess
the trend over the lower cumulative dose range, we
estimated associations between cumulative dose and
solid cancer mortality over restricted ranges of 0-400
mGy cumulative dose (excess relative rate 0.63 (0.34 to
0.92) per Gy), 0-200 mGy cumulative dose (0.97 (0.55
to 1.39) per Gy), 0-100 mGy cumulative dose (1.12
(0.45 to 1.80) per Gy), 0-50 mGy cumulative dose (1.38
(0.20 to 2.60) per Gy), and 0-20 mGy cumulative dose
(1.30 (-1.33 to 4.06) per Gy) (supplementary table
C). Over the restricted range of 0-200 mGy cumulative
dose, the association between cumulative dose and
solid cancer mortality was well described by a linear
model, and the addition of a parameter for the square
of cumulative dose led to minimal improvement in
model goodness of fit compared with the linear model
(likelihood ratio test=0.54, df=1; P=0.46).

To indirectly assess potential confounding by
smoking, we estimated the association between
cumulative radiation dose and solid cancers other
than lung cancer (excess relative rate 0.46 (0.18
to 0.76) per Gy) (table 2). The association between
cumulative radiation dose and solid cancers other
than lung cancer was reasonably well described by
a linear model (supplementary figure B); neither the
addition of a parameter for the square of cumulative
dose (likelihood ratio test=0.24, df=1; P=0.62) nor the
addition of a parameter in a linear-exponential model
led to substantial improvement in model goodness
of fit compared with the linear model (likelihood
ratio test=0.26, df=1; P=0.61). We also estimated the
association between cumulative radiation dose and
solid cancer excluding a broader group of smoking
related cancers (excess relative rate 0.52 (0.10 to
0.99) per Gy, based on 8889 deaths). We examined
the association between cumulative radiation dose
and chronic obstructive pulmonary disease, an
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Table 1 | Characteristics of cohorts included in INWORKS: nuclear workers in France, UK, and US, 1944-2016

Characteristic France UK us INWORKS
Calendar years of follow-up 1968-2014 1955-2012 1944-2016 1944-2016
Workers 60697 147872 101363 309932
Person years (millions): 2.08 4.67 3.98 10.72
Men 1.80 4.27 3.17 9.24
Women 0.28 0.40 0.81 1.48
Deaths (all causes): 12270 39933 51350 103553
All cancer 4885 12556 13568 31009
Solid cancer 4446 11574 12069 28089
Solid cancer other than lung 3317 8308 8198 19823
Chronic obstructive pulmonary disease 133 1545 2527 4205
Average duration of follow-up (years) 34.2 31.6 39.3 34.6
Average age at end of follow-up (years) 64.8 62.5 71.4 65.9
Average individual cumulative dose (mGy) 12.9 20.19 16.8 17.7
Average individual cumulative dose to colon* (mGy) 17.8 22.75 20.1 20.9

*Among workers whose estimated dose was >0.

outcome strongly associated with tobacco smoking
but not known to be associated with low dose
ionising radiation; we observed minimal evidence
of association between cumulative radiation dose
and chronic obstructive pulmonary disease (excess
relative rate 0.12 (-0.43 to 0.68) per Gy) (table 2). To
indirectly assess potential confounding by asbestos,
we estimated the association between radiation dose
and solid cancers other than lung cancer and pleural
cancer (excess relative rate 0.43 (0.15 to 0.73) per Gy,
based on 19 550 deaths).

To address concerns about potential inaccuracies
in dose estimation in the early years of operations,
we examined the association between cumulative
radiation dose and solid cancer mortality restricted
to the 238 639 workers hired in 1958 or later (excess
relative rate 1.22 (0.74 to 1.72) per Gy) and restricted to
the 189 386 workers hiredin 1965 orlater (1.44 (0.65 to
2.32) per Gy) (supplementary table D). For comparison,
we examined the association among workers who were
hired before 1958 (excess relative rate 0.20 (-0.07 to
0.49) per Gy). Similarly to analyses of the full cohort,
we observed evidence of downward curvature in the
association between cumulative dose and solid cancer
mortality in the analyses restricted to workers hired
in 1965 or later (change in deviance on addition of a
parameter for the square of cumulative dose was 2.68,
df=1; P=0.10, and change in deviance on addition of
a parameter for an exponential term in the model was
5.39, df=1; P=0.02). In analyses restricted to workers
hired in these more contemporary periods, estimated
associations between cumulative radiation dose and

Table 2 | Estimates of excess relative rate (ERR) per Gy for death due to specific outcome

categories in INWORKS

Category Deaths ERR per Gy* (90% Cl)
All cancer 31009 0.53 (0.30t00.77)
Solid cancer 28089 0.52 (0.27 t0 0.77)
Solid cancer other than lung 19823 0.46 (0.18t0 0.76)
Chronic obstructive pulmonary disease 4205 0.12 (-0.431t0 0.68)

10 year lag assumption.
Cl: confidence interval.

*Strata: country, age, sex, birth cohort, socioeconomic status, duration employed, neutron monitoring status.
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solid cancers other than lung cancer were similar in
magnitude to estimates of association for solid cancer;
neither the addition of a parameter for the square of
cumulative dose (likelihood ratio test=0.08, df=1;
P=0.78) nor the addition of a parameter in a linear-
exponential model led to substantial improvement in
model goodness of fit compared to the linear model
(likelihood ratio test=0.17, df=1; P=0.68). In analyses
restricted to workers hired in these more contemporary
periods, we observed minimal evidence of association
between radiation dose and chronic obstructive
pulmonary disease (supplementary table D).

Because our primary interest is in the effect
of external exposure to penetrating photons, we
examined results in analyses restricted to the 84%
of workers (9.05 million person years and 23410
deaths due to solid cancer) who were never flagged
for incorporated radionuclides or internal monitoring
(excess relative rate 0.82 (0.46 to 1.22) per Gy). For
comparison, we examined results among workers
who were flagged for incorporated radionuclides or
internal monitoring (excess relative rate 0.21 (-0.11
to 0.56) per Gy) (supplementary table E). We found
negligible evidence of curvature in the association
between cumulative dose and solid cancer mortality in
analyses restricted to workers who were never flagged
for incorporated radionuclides or internal monitoring
(change in deviance on addition of a parameter for
the square of cumulative dose=0.39, df=1; P=0.53),
nor in analyses restricted to workers who were flagged
for incorporated radionuclides or internal monitoring
(change in deviance on addition of a parameter for the
square of cumulative dose=1.02, df=1; P=0.31). We
also estimated the association between cumulative
radiation dose and solid cancers other than lung, liver,
and bone cancer among workers who had no reported
internal deposition (excess relative rate 0.81 (0.36 to
1.28) per Gy, based on 15943 deaths). In addition, in
the full cohort, we estimated the association between
cumulative radiation dose and solid cancer after further
adjusting for indication of incorporated radionuclides
or internal monitoring (excess relative rate 0.52 (0.26
to 0.78) per Gy).
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Because of concerns about measurement of exposure
to neutrons, we examined results in analyses restricted
to the 9.45 million person years and 24213 deaths
due to solid cancer observed among workers who had
no reported neutron dose (excess relative rate 0.55
(0.23 to 0.90) per Gy). For comparison, we examined
results among workers who had recorded neutron dose
(supplementary table F).

We assessed the sensitivity of results to adjustment
for socioeconomic status, duration of employment,
and neutron monitoring, by fitting a simpler model
that adjusted only for country, age, sex, and birth
cohort. The estimated association between cumulative
radiation dose and deaths due to solid cancer (excess
relative rate 0.49 (0.30 to 0.69) per Gy) was similar
in magnitude to that obtained from the fully adjusted
model, with somewhat greater precision in analyses
using the simpler adjustment set of covariates. In a
separate sensitivity analysis, we restricted the analysis
to men, among whom most of the collective dose and
cancer deaths were accrued; the estimated association
between cumulative dose under a 10 year lag and solid
cancer was 0.52 (0.28 to 0.77) per Gy, based on 27 115
deaths).

Discussion
This study, which involved a major update to an
international cohort mortality study of radiation
dosimeter monitored workers, reports evidence of
an increase in the excess relative rate of solid cancer
mortality with increasing cumulative exposure to
ionising radiation at the low dose rates typically
encountered by French, UK, and US nuclear workers.
The study provides evidence in support of a linear
association between protracted low dose external
exposure toionising radiation and solid cancer mortality.
Although some evidence suggests a steeper slope for the
dose-response association at lower doses than over the
full dose range (supplementary table C), a linear model
offers a simple summarisation of the association with
reasonable fit to the observed data (fig 1).

INWORKS draws on a large international
collaboration to assemble records for radiation

1.0-¢

0.8

100

200 300 400 500 600 700

Cumulative dose (mGy)

Fig 1 | Relative rate of mortality due to solid cancer by categories of cumulative colon
dose, lagged 10 years in INWORKS. Bars indicate 90% confidence intervals, and
purple line depicts fitted linear model for change in excess relative rate of solid cancer
mortality with dose. Strata: country, age, sex, birth cohort, socioeconomic status,
duration employed, neutron monitoring status
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monitored workers and follow them over time to study
cause specific mortality in relation to dose. With this
updated follow-up, the magnitudes of estimates of
association are similar to the values reported in the
previous analysis (supplementary table G).'® However,
this analysis encompasses a more than 50% increase
in the number of solid cancer deaths compared with
the previous analysis,'® and it consequently affords
improved precision in these estimates of association
(supplementary table G). Notably, the study provides
one of the most informative assessments to date on
the magnitude of the radiation dose-solid cancer
association in the low dose region, a key concern for
contemporary radiation protection. The study provides
evidence for a positive association between radiation
dose and solid cancer mortality in the 0-100 mGy and
0-50 mGy cumulative dose ranges (supplementary
table C). For comparison, previous analyses of the
Life Span Study of Japanese atomic bomb survivors
have explored the minimal dose level at which a
significant association is observed between radiation
dose and solid cancer mortality and reported a range
of approximately 0-150 mGy (based on follow-up
information for that study through 2003).°° Of course,
estimates of association obtained in analyses restricted
to these lower dose ranges are less precise than those
obtained in an unrestricted analysis (supplementary
table C); however, analyses restricted to these lower
dose ranges directly relate to the radiation protection
community’s interest in epidemiological evidence
of a radiation dose-cancer association at low doses
(for example, <100 mGy).”' Restricting analyses
to information at these lower dose ranges showed
that the estimated excess relative rate per Gy for
solid cancer mortality in the unrestricted analysis
(table 2) was smaller in magnitude than the estimate
obtained on restricting the analysis to the lower dose
ranges, indicative of attenuation of the association at
the highest cumulative exposure levels. For people
interested only in the exposure-response relation in
the low cumulative exposure range, a linear trend
estimate obtained in analyses restricted to a lower
cumulative exposure range may be appealing as it is
not influenced by any attenuation at higher exposure
levels.

Comparison with other studies

Analyses of cancer in the Life Span Study of the
Japanese atomic bomb survivors serve as the primary
quantitative basis for the calculation of radiation
detriment in systems of radiological protection.>?
The study of Japanese atomic bomb survivors is
challenging as a basis for assessing contemporary
concerns about radiation protection because many
atomic bomb survivors were exposed to acute high
doses of radiation, and selective survival after the
atomic bombings, as well as wartime conscription of
healthy adults out of the cities before the bombings,
mean that the study members are a select subset of
the pre-war population. For the purposes of radiation
protection, people often assume that low dose rate
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exposures pose less carcinogenic hazard than the
high dose rate exposures experienced by the Japanese
atomic bomb survivors.’ However, persistent concerns
about effects of low dose radiation exposures
have motivated a wide range of research activities,
including epidemiological studies of workers in the
nuclear industry.>! > Our study does not find evidence
of reduced risk per unit dose for solid cancer among
workers typically exposed to radiation at low dose
rates. The estimated association between radiation
and solid cancer mortality in INWORKS (excess relative
rate 0.52 (90% confidence interval 0.27 to 0.77) per
Gy) is larger than, albeit statistically compatible with,
an estimate from a mortality analysis of male survivors
of the Japanese atomic bomb exposed at ages 20-60
years (excess relative rate 0.32 (95% confidence
interval 0.01 to 0.50) per Sv).*? >3

The coherence of findings from INWORKS with those
derived from other contemporary epidemiological
studies of low dose radiation (mean doses <100
mGy) also contributes to an overall evaluation of the
study findings.’*>” A recent meta-analysis of studies
of mortality in populations exposed to low doses of
radiation, including the previous INWORKS analysis,
found that the meta-analytic summary estimate of
excess relative rate per Gy for solid cancer mortality
was very close to the INWORKS study summary
estimate, and also compatible with estimates derived
from the Japanese Life Span Study.>” However, when
considering studies of higher doses, an important
exception was the study of workers employed in the
Soviet programme for plutonium production at the
Mayak facilities in the southern Urals, which reported
an excess relative rate for solid cancer per Gy that
was three to four times lower than the our INWORKS
summary estimate and the summary estimate derived
from the Life Span Study of the Japanese atomic bomb
survivors.’” Given its size and the high magnitude of
doses, the Mayak study exerted substantial influence
on meta-analytic estimates of the excess relative rate
for solid cancer per Gy that included higher dose
studies.”” The reasons for differences between the
Mayak study and INWORKS are unclear, but in the early
years of operation at the Mayak facilities many workers
were highly exposed with substantial uncertainty
about their internal and external radiation doses.?®>’
Analyses of mortality among French nuclear workers
showed a positive association between estimated
colon dose and solid cancer mortality (excess relative
rate 0.69 (95% confidence interval -0.28 to 1.77)
per Gy)°®; we note that INWORKS includes a sizable
fraction of this cohort. Analyses of mortality among
US nuclear workers showed a positive association
between cumulative dose and solid cancer mortality
(excess relative rate 0.19 (95% confidence interval
-0.10to 0.52) per Gy), which was of larger magnitude
among workers first hired after 1960°%; again, we
note the overlap between this cohort and INWORKS.
Analyses of cancer incidence among workers in the UK
National Registry for Radiation Workers (UK NRRW)
showed a positive association between external dose
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and solid cancer incidence (excess relative rate 0.20
(95% confidence interval —0.00 to 0.43) per Sv),
although a linear model seemed to overestimate risk
at higher doses, such that a linear-exponential model
fitted the data better than a linear model, with the
linear component of the model yielding an excess
relative rate per Sv of 1.14 (0.30 to 2.36).°° Among
workers in that cohort exposed to only external
radiation, the estimated excess relative rate per Sv
(0.52, 0.11 to 0.96) was more clearly linear, and in
analyses of solid cancer incidence other than lung
the estimated excess relative rate per Sv was also
more clearly linear (noting that INWORKS includes
a sizable fraction of the workers in the UKNRRW
cohort). In contrast to analyses of the UK NRRW, our
analyses of INWORKS adjusted the recorded dose
to account for bias in historical dosimeter response
and attenuation, taking the estimated colon dose as
the quantity of interest, but we still observed some
downward curvature. Analyses of radiation-mortality
associations in INWORKS using recorded photon dose
as the dose metric, rather than adjusted estimates
of colon dose, yielded estimates of association of
somewhat lower magnitude but similar goodness
of model fit to estimates obtained in analyses using
the estimated colon dose (supplementary table H).
As this study shows, large scale studies of nuclear
worker such as INWORKS, as well as studies of Mayak
workers and the US Million Person Study,?® ®* provide
important information to support the radiological
protection system.

Strengths and limitations of study

This study draws on the previous work done to
characterise the performance of the various radiation
dosimeters used in France, the UK, and the US over the
study period and to account for differences between
countries and over time in dosimeter performance.
The performances of a variety of types of dosimeters
were evaluated,®! and panels of experts were convened
to characterise workplace conditions, monitoring
routines, photon energies, and exposure geometries
over the study period. A database of correction
factors was developed to account for the influence
of geometries of exposure, energies of photons, and
other sources of bias and uncertainty in radiation
dose estimates.”® > For these INWORKS analyses,
we adjusted the recorded dose to account for bias
in historical dosimeter response and attenuation,
taking the estimated colon dose as the quantity of
interest.?? Despite those efforts, concerns have been
expressed that errors in radiation dose estimates for
workers employed in the early years of the industry’s
operations could lead to biased estimates of radiation
dose-cancer mortality associations.®>®* Workers
employed in the earliest years of the industry were
often monitored with open window or single element
personal film badge dosimeters, and film badges
were exchanged on a relatively frequent basis.?® 22 %
Consequently, exposure measurement error related to
personal dosimeter technology, monitoring practices,
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and historical records, particularly in the early years of
operation, has received attention.’ ¢> ¢

We report analyses restricted to workers hired in
more recent periods, showing that our overall results
were not driven solely by information contributed by
workers employed in the earliest years of the industry.
To the contrary, after exclusion of workers hired in
the earliest years of operations our estimate of the
excess relative rate per Gy for solid cancer was larger
than the estimate derived from analysis of the full
cohort (supplementary table D). The results obtained
in analyses of the full INWORKS cohort are of interest
in comparison with our early report (supplementary
table G); however, among contemporary workers with
presumably higher quality dosimetry information,
the linear estimate of the radiation dose-solid cancer
mortality association was larger than the overall
summary estimate of association (supplementary table
D). Improvements over time in radiation dosimetry
should lead to more accurate dose estimates and to
estimates of radiation risk that are less susceptible to
bias due to exposure measurement error in analyses
restricted to workers employed in more contemporary
periods. Of course, comparisons of the magnitudes of
summary radiation risk estimates between subgroups
should be viewed with caution because subgroups
may have different distributions of modifying factors
(such as time since exposure)'’; in this paper, we
have not focused on assessment of such modifiers.
Nevertheless, our estimates of radiation risks among
the more contemporary workers (supplementary table
D) should be of interest because exposures and work
conditions among these workers are more indicative
of the current experience. Interestingly, although
downward curvature in a radiation dose-response
model may be induced when highly exposed workers
are subject to more measurement error than those
with lower exposure,®®® evidence of downward
curvature in our study persisted in analyses restricted
to more recent hires. This suggests that errors in
external dose estimates are unlikely to fully explain
the attenuation of the dose-response association at
the highest doses. Of course, some measurement error
persists in contemporary dose estimates; however,
modern dosimetry systems tend to produce individual
dose estimates with markedly less error than earlier
dosimetry systems, and our assessment of the
dosimeters used in this more contemporary period
indicate high levels of accuracy and comparability
in performance of dosimeters used in all three
countries.?® %2

The workplace spectra encountered by nuclear
workers (predominantly photons of energies between
100 and 3000 kiloelectron volt) have been suggested
to be more effective at causing cancer than the
spectra encountered by survivors of the nuclear bomb
(predominantly in the 2000-5000 kiloelectron volt
range).?’ 2 % Although attention to the adequacy of
radiation protection standards in settings involving
low energy photons is warranted,’® a relatively small
fraction of absorbed doses from external exposures in

RESEARCH

INWORKS was due to lower energy (<250 kiloelectron
volt) photons,?® which is the range at which the
evidence of increased biological effectiveness is
greatest.”® 7' Moreover, the spectra encountered by
workers in our study is presumably directly relevant
for contemporary radiation protection in occupational,
and many medical, settings.

Although INWORKS lacks individual level data on
several potentially important confounding factors,
including cigarette smoking, we were able to indirectly
assess confounding by smoking. For example, after
exclusion of lung cancers from the group of solid cancers
we observed evidence of a positive dose-response
association similar in magnitude to that observed for
all solid cancers (table 2). Such a pattern is contrary
to what would be expected if substantial confounding
by smoking existed, as is the minimal evidence of
association between radiation dose and chronic
obstructive pulmonary disease, an outcome strongly
associated with smoking (table 2).”? Figure 1 and
supplementary figure B help to inform interpretation
of the effect of lung cancer on the association between
cumulative dose and solid cancer. At the highest
category of cumulative dose, a linear model for the
association fits somewhat better after exclusion of
lung cancers from the group of solid cancers. Such
attenuation at high exposure levels, not unusual in
mortality studies in industrial cohorts, could suggest
negative confounding (at the highest cumulative dose
levels) by a lung carcinogen, exposure dependent effect
modification, or selection bias.®®*® Because we do not
have individual level data on smoking, we cannot
empirically answer questions about modification of the
effect of radiation by smoking. Similarly, we observed
little evidence that exposure to ashestos substantially
confounds the association between cumulative
radiation dose and solid cancer mortality in this study
population: after exclusion of lung and pleural cancers
from the group of solid cancers, we observed a dose-
response association similar in magnitude to that
for all solid cancers. Exclusion of workers flagged for
internal radionuclide monitoring resulted in a larger
estimate of excess relative rate per Gy of solid cancer
than an analysis without such exclusion and reduced
evidence of downward curvature in the association
between cumulative dose and solid cancer mortality,
suggesting that attenuation of the dose-response
association at higher doses may be associated with
factors related to internal radionuclide monitoring
status. After exclusion of deaths due to lung, liver, and
bone cancers (sites that may receive substantial doses
in cases of incorporated plutonium), the estimate
of excess relative rate per Gy remained similar in
magnitude. Further investigation of the influence of
internal monitoring, period of hire, and dose range is
warranted. A relatively small proportion of workers
were judged to be substantially exposed to neutrons®’;
our primary analyses adjusted for an indicator of
potential for substantial exposure to neutrons, while
acknowledging the potential for underestimated
or missed doses from neutrons of some energies,
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particularly in early period of operations. An expert
group of dosimetrists recommended flagging workers
with substantial neutron doses but not incorporating
these into organ dose estimates owing to limitations
of historical neutron dosimetry and between country
differences in methods.?” In a sensitivity analysis, we
observed that among workers who had no reported
neutron dose, the estimated association between colon
dose and mortality due to solid cancer was similar
to the estimate obtained for the whole cohort after
adjustment for neutron monitoring status.

This analysis focused on the broad category of
mortality due to all solid cancers, a commonly
examined outcome of interest for assessment of
radiation risk. The results provide one simple
summarisation of radiation associated excess cancer
mortality. Of course, site specific cancer risk estimates
also are of interest and inform understanding of
variation in radiation-cancer associations between
cancer sites'#; however, in studies that rely on death
certificate information, the specificity of the death
certificate as a tool for ascertaining cancer occurrence
is often better for a broad category (such as solid
cancer) than for narrow disease specific categories.
Moreover, in epidemiological studies of low dose
radiation, regression model estimates for cancer site
specific outcomes are often unstable (reflecting small
numbers of radiation related excess cases). In the past,
we have illustrated the use of a hierarchical regression
approach to stabilise site specific estimates,'* but
this paper focuses on all solid cancers combined.
Further examination of the association between
radiation dose and lung cancer mortality in future
site specific analyses should help to further inform
interpretation of the overall solid cancer mortality
associations. Although our results directly relate to
relatively contemporary French, UK, and US nuclear
workers, variation over time and between populations
in the distribution of cancers by site may influence a
population summary estimate of excess relative rate
per Gy for all solid cancers, as discussed, for example,
with regards to interpretation of findings from the
Japanese Life Span Study.”

Studies of worker include a group of people who
tend to be healthier than the general population (that
is, they must be fit enough to secure employment),’* ">
and long term workers tend to be healthier than short
term workers, which can lead to a “healthy worker
survivor” bias that may obscure or distort estimates
of the harmful effects of protracted occupational
exposures.>® 7678 Attenuation of the slope of an
occupational exposure-response association at high
cumulative exposure levels could arise because long
term workers tend to have lower disease rates than short
term workers and their cumulative exposures tend to be
higher than the cumulative exposures accrued by short
term workers. Interestingly, we observed less evidence
of such attenuation in analyses that excluded lung
cancer from the group of solid cancers, which could
suggest bias that disproportionately masks the effect of
exposure to radiation on lung cancer mortality at the
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highest cumulative doses (thereby leading to evidence
of downward curvature). Despite such limitations,
our study provides direct estimates of radiation risks
among relatively contemporary working age adults in
the French, UK, and US nuclear industries; as such,
the results of INWORKS offer a useful complement to
findings derived from the study of Japanese atomic
bomb survivors.

Conclusions

INWORKS is unusual in its international scope, and the
study benefits from decades of work by researchers in
France,® ’° the UK,>! ® #! and the US,**® as well as
in international collaborations,?®%2 3 ¢> 8¢ to assemble
these data, achieve the high level of completeness of
information, and support these analyses by critical
assessments of the quality of information and methods
supporting this study. The results of this major update
of INWORKS should help to inform deliberations
of radiation protection organisations, such as the
International Commission on Radiological Protection,
regarding risk assessment in settings of low dose
and low dose rate radiation exposures, particularly
with regards to evidence supportive of assumptions
about the magnitude of the excess relative rate per Gy
and linearity of the association between protracted
relatively low dose and low dose rate exposures and
solid cancer mortality.’
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Summary

Background—A major update to the International Nuclear Workers Study (INWORKS) was
undertaken to strengthen understanding of associations between low-dose exposure to penetrating
forms of ionising radiation and mortality. Here, we report on associations between radiation dose
and mortality due to haematological malignancies.

Methods—We assembled a cohort of 309 932 radiation-monitored workers (269 487 [87%]
males and 40 445 [13%] females) employed for at least 1 year by a nuclear facility in France

(60 697 workers), the UK (147 872 workers), and the USA (101 363 workers). Workers were
individually monitored for external radiation exposure and followed-up from Jan 1, 1944, to

Dec 31, 2016, accruing 10-72 million person-years of follow-up. Radiation-mortality associations
were quantified in terms of the excess relative rate (ERR) per Gy of radiation dose to red bone
marrow for leukaemia excluding chronic lymphocytic leukaemia (CLL), as well as subtypes

of leukaemia, myelodysplastic syndromes, non-Hodgkin and Hodgkin lymphomas, and multiple
myeloma. Estimates of association were obtained using Poisson regression methods.

Findings—The association between cumulative dose to red bone marrow, lagged 2 years, and
leukaemia (excluding CLL) mortality was well described by a linear model (ERR per Gy 268,
90% CI 1:13 to 4-55, n=771) and was not modified by neutron exposure, internal contamination
monitoring status, or period of hire. Positive associations were also observed for chronic myeloid
leukaemia (9-57, 4-00 to 17-91, n=122) and myelodysplastic syndromes alone (3:19, 0-35 to 7-33,
n=163) or combined with acute myeloid leukaemia (155, 0-05 to 3-42, n=598). No significant
association was observed for acute lymphoblastic leukaemia (4-25, —4-19 to 19-32, n=49) or
CLL (0-20, -1-81 to 2:21, n=242). A positive association was observed between radiation dose
and multiple myeloma (1-62, 0-06 to 3-64, n=527) whereas minimal evidence of association was
observed between radiation dose and non-Hodgkin lymphoma (0-27, —0-61 to 1-39, n=1146) or
Hodgkin lymphoma (0-60, —3:64 to 4-83, n=122) mortality.

Interpretation—This study reports a positive association between protracted low dose exposure
to ionising radiation and mortality due to some haematological malignancies. Given the relatively
low doses typically accrued by workers in this study (16 mGy average cumulative red bone
marrow dose) the radiation attributable absolute risk of leukaemia mortality in this population is
low (one excess death in 10 000 workers over a 35-year period). These results can inform radiation
protection standards and will provide input for discussions on the radiation protection system.

Funding—National Cancer Institute, Centers for Disease Control and Prevention, National
Institute for Occupational Safety and Health, Institut de Radioprotection et de Sireté Nucléaire,
Orano, Electricité de France, UK Health Security Agency.

Introduction

Within a few years of the atomic bombings of Hiroshima and Nagasaki, an excess of
leukaemia, primarily myelogenous, was recognised among the survivors.12 Today, it is
well established that many types of leukaemia can be caused by exposure to ionising
radiation.l:3 Quantitative estimates of leukaemia risks from ionising radiation exposures are
primarily derived from epidemiological studies of people exposed to acute, high doses of
ionising radiation.24 However, many of the questions of most relevance to the public and
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radiation workers concern the excess risk of leukaemia after repeated or protracted low-dose
exposures to ionising radiation, as is typically encountered in contemporary occupational,
environmental, and diagnostic medical settings.

The International Nuclear Workers Study (INWORKS) was undertaken to strengthen
evidence regarding associations between protracted low-dose, low dose-rate radiation
exposure and mortality.> INWORKS includes workers from France, the UK, and the USA
who were monitored for external exposure to ionising radiation using personal dosimeters,
and subsequently followed up to collect information on vital status and causes of death.® In
2023, we published a major update of the INWORKS study, with a workers’ follow-up of 35
years on average.’ Here, we report on associations between ionising radiation and leukaemia
excluding chronic lymphocytic leukaemia (CLL), hereinafter non-CLL leukaemia, as well as
subtypes of leukaemia, lymphoma, and multiple myeloma mortality using information from
this update of INWORKS.

Methods

Study design and participants

INWORKS is an international retrospective cohort study of nuclear workers who were
employed in France, the UK, and the USA. The research consortium, led by the
International Agency for Research on Cancer, has conducted related mortality investigations
since the mid-1990s, carried out using a common core protocol, evaluation of the
comparability of recorded dose estimates across facilities and time, and a thorough study

of errors in recorded doses to identify and quantify sources of bias and uncertainties in

dose estimates.8 INWORKS is the latest stage of this work, which includes participating
countries that have consistently provided the greatest contribution to previous consortium
work. In addition, these countries, through periodic country-specific analyses,®-12 have
made continuous improvements to available study data, including extending follow-up.

Details describing the formation of the INWORKS cohort have been described elsewhere.®
Briefly, participating facilities were those including workers who were primarily exposed
to low-linear energy transfer (LET) penetrating radiations from external sources and had
records of annual doses from monitoring of external radiation exposure using personal
dosimeters. Records were obtained from the French Alternative Energies and Atomic
Energy Commission, Orano, and Electricité de France; from the UK National Registry

for Radiation Workers (NRRW) which includes information from the British Atomic
Weapons Establishment, British Nuclear Fuels, the UK Atomic Energy Authority, British
Energy Generation, Magnox Electric, and the UK Ministry of Defence; and from the US
Department of Energy’s Hanford Site, Savannah River Site, Oak Ridge National Laboratory,
and Idaho National Laboratory, as well as from the Portsmouth Naval Shipyard.®> The
inclusion criteria in the INWORKS study were to have been employed for at least 1 year in
one of the participating companies and to have been badge-monitored as part of regulatory
radiation protection monitoring.

Given the retrospective nature of the study and because there is minimal risk to participants,
the French Data Protection Authority and the National Institute for Occupational Safety

Lancet Haematol. Author manuscript; available in PMC 2024 December 09.

CMD 25-H2.E - Page 067



1duosnuey Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Leuraud et al.

Procedures

Outcomes

Page 4

and Health institutional review board waived requirements for individual informed consent.
UK workers can refuse to participate in the National Registry for Radiation Workers and
associated studies; less than 1% did. The study was approved by the International Agency
for Research on Cancer’s ethical review committee (No 11-09 and later amendments) and
relevant ethical committees of the participating countries. This study was reviewed and
approved by the National Institute for Occupational Safety and Health Institutional Review
Boad.

Individual quantitative annual estimates of body dose due to external exposure to ionising
radiation, primarily photons, were available from company records for UK workers and
government and company records for US and French workers. Unless otherwise stated,
any reference to dose in this paper implies estimated absorbed dose to red bone marrow
expressed in Gy, where bone marrow doses were derived by dividing recorded external
penetrating radiation dose estimates by an organ-specific dose factor.13 Available records
of estimated neutron doses were used to construct categories of time-varying neutron
monitoring status: whether a worker had a positive recorded neutron dose, and if so, whether
their recorded neutron dose ever exceeded 10% of their total external radiation dose of
record.13 As only a few bioassay results were available for the entire cohort, information
on monitoring status and workstation risk potential were also used to identify workers with
no risk of internal radionuclide contamination (so-called not monitored) and workers with
known or suspected internal contaminations (so-called monitored).13

A worker entered the study 1 year after the date of first employment or the date of first
dosimetric monitoring, whichever was later. However, because in France the national death
registry provides individual information on medical causes of death only since 1968, French
workers only entered follow-up on Jan 1, 1968, or later.5 A worker exited the study on the
earliest of the following: date of death, date lost to follow-up, or date of end of follow-up.

Vital status was ascertained until Dec 31, 2012, for the UK cohort, Dec 31, 2014, for the
French cohort, and Dec 31, 2016 for the US cohort through linkage with national and
regional death registries, employer records, tax records, and Social Security Administration
records. Information on underlying causes of death was abstracted from death certificates
and generally was coded according to the revision of the ICD in effect at the time of death.5

Analyses examine the following mortality outcomes: non-CLL leukaemia (ICD9 codes
204-208 excluding 204.1, 204.9, 208.1, and 208.9), chronic myeloid leukaemia (ICD9
codes 205.1 and 206.1), acute myeloid leukaemia (ICD9 codes 205.0, 205.3, 206.0, 207.0,
and 207.2), myelodysplastic syndromes (ICD10 code D46), acute lymphoblastic leukaemia
(ICD9 code 204.0), CLL (ICD9 code 204.1), non-Hodgkin lymphoma (ICD9 codes 200,
202, 273.3), Hodgkin lymphoma (ICD9 code 201), and multiple myeloma (ICD9 code
203). An exhaustive list of ICD codes is shown in the supplementary material (appendix

2 p 1). We report on non-CLL leukaemia as it is now recognised that there are clinical
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and etiological links between CLL and lymphomas and that CLL and small lymphocytic
lymphoma are different forms of the same disease.14

Statistical analysis

Analyses were conducted using multiway tabulations of person-years at risk and deaths

by country, sex, attained age (in 5 year intervals), year of birth (in 10 year intervals),
socioeconomic status (French, US, and UK workers employed by the Atomic Energy
Authority and Atomic Weapons Establishment were classified into five categories, based on
job title: professional and technical workers, administrative staff, skilled workers, unskilled
workers, and uncertain [5778 or 2% workers]; other UK workers were classified into two
broader categories of non-industrial and industrial employees), duration of employment or
radiation work (in 5 year intervals), neutron monitoring status (in three categories: whether a
worker had a positive recorded neutron dose, and if so, whether their recorded neutron dose
ever exceeded 10% of their total external radiation dose), internal contamination monitoring
flag (not monitored vs monitored), period of first employment, and cumulative dose (in
categories <5, 5<10, 10<20, 20<50, 50<100, 100<200, 200<300, and =300 mGy). For each
cell of this table, the person-time weighted cell-specific mean doses to red bone marrow
were calculated. The distribution of person-years by country, birth cohort or attained age,
and sex in INWORKS is presented in appendix 2 (p 2).

An excess relative rate (ERR) regression model was fitted of the form A(c, s, b, a, d)=Aq(c,
s, b, a)[1 + Bd], where A is the rate of death depending on country (c), sex (s), year of birth
(b), attained age (a), and cumulative red bone marrow dose (d) in Gy in a linear dependence,
A is the baseline mortality rate modelled through stratification, and B quantifies the ERR
per Gy. Stratification on attained age and year of birth provides control for calendar year

of death (noting that a decedent’s year of birth and attained age identify the calendar year
of death). Parameter estimates were obtained by Poisson regression methods. Cumulative
doses were lagged to allow for an induction and latency period between exposure and death,
by 2 years for the analysis of non-CLL leukaemia and separate types, and by 10 years for
the analysis of lymphoma and multiple myeloma. These lag values were chosen a priori to
facilitate comparison of results with those from previous analyses of haematological cancers
in INWORKS.%15 Sensitivity analyses investigated the effect of different lag periods (2, 5,
10, and 15 years) and results were compared based on goodness of model fits.16

Further investigations were performed for non-CLL leukaemia mortality. The dose-response
association was examined by fitting a regression model with indicator variables for
cumulative dose categories, and ERRs were plotted against mean dose values. Departure

of the dose-response relationship from linearity was formally tested by fitting alternative
dose-response models: a linear-quadratic model (ERR(d)=p1d + p.d?) and a quadratic model
(ERR(d)=d2). We examined the dose-response association over restricted dose ranges

by truncating the follow-up of workers when they had accumulated the maximum dose
chosen (<300, <200, <100, and <50 mGy). Variations in the effect of cumulative dose on
non-CLL leukaemia mortality across attained age categories (<60, 60-79, and =80 years),
neutron monitoring status, and internal contamination monitoring flag were also assessed.
We compared the effect of radiation dose on non-CLL leukaemia mortality among workers

Lancet Haematol. Author manuscript; available in PMC 2024 December 09.

CMD 25-H2.E - Page 069



1duosnuey Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Leuraud et al. Page 6

hired before 1958 with that among workers hired from 1958 onwards, as previous studies
have raised concerns regarding workers hired in the early years of the industry;1” and, we
repeated this analysis using 1965 as the cutoff year. The a priori choice of a set of variables
(ie, country, birth cohort, attained age, and sex) for modelling the baseline rate of death
from non-CLL leukaemia was assessed by fitting models using alternative stratification
strategies, considering socioeconomic status, duration of employment, year of hire, neutron
monitoring status, and internal contamination status. We assessed the effect of each country
by removing one at a time from the analysis. We estimated the excess number of deaths
associated with radiation exposure, which we calculated as the difference between the fitted
number of deaths within a stratum defined by levels of the stratification variables and

the background number of deaths (obtained by multiplying the stratum-specific baseline
mortality rate by the person-time in that stratum).

Consistent with prior analyses,6-11:18 we report maximum likelihood estimates of ERR per
Gy and associated 90% likelihood-based Cl. When the likelihood-based CI could not be
estimated, we report a Wald-type CI. We report the change in deviance upon inclusion of

a term in the regression model as a likelihood ratio test statistic along with its associated p
value, which provides a continuous measure of the fit of the model to the data.1® All models
were fitted with EPICURE software (version 1.81; Risk Sciences International, Ottawa, ON,
Canada). Data protection regulations in Europe did not allow the transfer of raw personnel
data between countries, and only aggregated data tables could be shared. Accordingly,
descriptive statistics as medians and IQR were not calculable (table 1).

Role of the funding source

The funders of the study had no role in the study design, the data analysis and interpretation,
the writing of the report, or in the decision to submit the paper for publication.

Results

Table 1 shows characteristics of the cohort. The study included 309 932 workers, of whom
269 487 (87%) were males and 40 445 (13%) females. On average, the workers were
followed up for 35 years and were 66 years of age at the end of follow-up. The extension
of follow-up resulted in a 30% increase in the number of person-years, which reached 1072
million (8-22 million in the previous study).®> The average cumulative red bone marrow
dose was 16:2 mGy in the total cohort, and 19-3 mGy among 259 994 exposed workers

(ie, those with at least one positive recorded dose, who represent 84% of the study cohort).
At the end of the follow-up (Dec 31, 2016), 200 168 (65%) of workers were alive and

6211 (2%) had emigrated or were otherwise lost to follow-up for vital status ascertainment;
103 553 deaths were recorded, among them 771 were due to non-CLL leukaemia, 1146 to
non-Hodgkin lymphoma, 122 to Hodgkin lymphoma, and 527 to multiple myeloma. Less
than 2% (1772) of decedents had a missing or unknown underlying cause of death. Most
deaths from leukaemia, lymphoma, and multiple myeloma were observed among workers
who accumulated less than 5 mGy of dose, consistent with the distribution of person-years
with respect to cumulative dose (appendix 2 p 3).
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Using a linear ERR model, a positive dose-response association was obtained for non-CLL
leukaemia (ERR per Gy 2-68, 90% CI 1-13 to 4-55), driven by a large radiation-related
excess of chronic myeloid leukaemia (9-57, 4-00 to 17-9; table 2). A positive dose-response
association was observed for myelodysplastic syndromes (3-19, 0-35 to 7-33) and for acute
myeloid leukaemia and myelodysplastic syndromes combined (1-55, 0-05 to 3:42). The
estimated ERR per Gy for multiple myeloma was 1:62 (90% CI 0.-06 to 3-64, n=527).
Estimates of association were quite imprecise and not significant for acute myeloid
leukaemia (0-75, —0-96 to 2-92, n=435), acute lymphoblastic leukaemia (4-25, —4-19 to
19-32, n=49), CLL (0-20, -1-81 to 2:21, n=242), Hodgkin lymphoma (0-60, —3-64 to 4-83,
n=122) and non-Hodgkin lymphoma (0-27, —0-61 to 1-39, n=1146; table 2). Based on a
simple linear ERR model, an estimated 40-4 deaths due to non-CLL leukaemia were in
excess among the 771 observed (appendix 2 p 4). As males represent 87% of the cohort,
the association between radiation dose and non-CLL leukaemia mortality was quantified in
males only (ERR per Gy 2:55; 90% CI 1-02 to 4-41; n=691). In females, 74 (93%) out of 80
deaths from non-CLL leukaemia were observed in those who cumulated less than 20 mGy
and the estimated ERR per Gy (16:13, 90% CI <0 to 49-65) was extremely imprecise.

Estimates of ERR per Gy of cumulative red bone marrow dose for death due to leukaemia,
lymphoma, and multiple myeloma under different exposure lag assumptions are shown in
appendix 2 (p 5). For non-CLL leukaemia the best model fit was obtained under a 5-year lag
(ERR per Gy 2:95, 90% CI 1-32-4-91); under our a priori 2-year lag, model fit was poorer.
For chronic myeloid leukaemia the best model fit was observed under a 5-year lag. For acute
myeloid leukaemia, the best fit was obtained under a 15-year lag, although the estimate

of association was imprecise. For acute lymphoblastic leukaemia, the shorter the lag, the
better the model goodness of fit, while for CLL, non-Hodgkin lymphoma, and Hodgkin
lymphoma, the longer the lag, the better the model fit (albeit with highly imprecise estimates
of association for these outcomes). For multiple myeloma, the model fit was marginally
better under a 5-year lag than under the a priori 10-year lag (while estimates of ERR per unit
dose were similar under these lags).

The graphical representation of relative rates of death from non-CLL leukaemia by dose
category did not show any strong deviation from linearity (figure), a conclusion supported
by a formal comparison of the fit of the linear model to linear-quadratic and purely quadratic
models. Model fit was not improved under a linear-quadratic model when compared with

a linear model, and a quadratic model did not fit better than the linear ERR model.

Similar conclusions were drawn for multiple myeloma: neither a linear-quadratic nor a pure
quadratic model fitted the data better than a linear dose-risk model (appendix 2 p 10).

We investigated the radiation-associated risk of non-CLL leukaemia on restricted dose
ranges; over the dose range 0-300 mGy, we observed a positive association, somewhat
larger in magnitude than that obtained over the full dose range (ERR per Gy 3-10, 90% CI
1.22 to 5-35; appendix 2 p 6). The slopes of the dose-response relation over the 0-200 mGy
and 0-100 mGy dose range were comparable in magnitude to (but less precise than) that
estimated in the whole cohort; however, the estimated ERR per Gy diminished to 0-35 (90%
Cl -5-45 to 7-24) when the dose range was restricted to 0-50 mGy (appendix 2 p 6).
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Attained age showed a modifying effect on the dose-response association for non-CLL
leukaemia, although not significantly, with an increasing ERR per Gy with increasing
attained age (appendix 2 p 7). Consistent with this result, when excluding years of follow-up
from age 80 years onwards, the slope of the dose-response relationship decreased (ERR per
Gy 1-71, 90% CI 0-09 to 3-72; n=614; not shown).

We examined the impact of neutron monitoring status and internal contamination status on
the dose-response association for non-CLL leukaemia but observed no significant modifying
effect for either neutron monitoring status or for internal contamination status (appendix 2 p
7).

We compared the ERR of death from non-CLL leukaemia as a function of the date of
hire and we observed no differences between the dose-response associations by hire date,
whether for a cutoff date of 1958 or a cutoff date of 1965 (appendix 2 p 7).

The effect that a single country could have on the non-CLL leukaemia results was
investigated by excluding one country at a time from the analysis: excluding France or

the USA decreased the estimated ERR per unit dose (ERR per Gy 2:17, 90% CI 0-68-3-99
without France and 2:04, 0-11-4-59 without the USA) and excluding the UK had an opposite
effect (4-33, 1-94-7-32; appendix 2 p 9). We found some heterogeneity among the national
risk estimates that was no longer observed when attained age was restricted to younger than
80 years (results not shown).

Upon further adjustment for socioeconomic status, duration of employment, or year of

hire, the estimated ERR per unit dose changed by less than 10%; upon further adjustment
for neutron monitoring status the estimated ERR per Gy diminished to 2:30 (90% CI 0-64—
4-43), whereas upon adjustment for internal contamination status the estimated ERR per Gy
increased to 3:28 (1-50-5-48; appendix 2 p 8).

Table 3 shows the comparison between this updated analysis and the previous INWORKS
estimates; the extended follow-up resulted in a 45% (771 vs531 in the previous analysis)
increase in non-CLL leukaemia deaths, 61% (1146 vs710) increase in non-Hodgkin
lymphoma deaths and 17% (122 vs104) increase in Hodgkin lymphoma deaths, and an
80% (527 vs293) increase in multiple myeloma deaths.

Discussion

In INWORKS, we report an association between low-dose ionising radiation and non-CLL
leukaemia mortality, driven by a large ERR of chronic myeloid leukaemia per unit red bone
marrow dose. The association between non-CLL leukaemia mortality and cumulative dose
is reasonably described by a linear dose-response model. For the first time, we examined
mortality due to myelodysplastic syndromes in this cohort, and a positive association was
observed with cumulative dose. There also is evidence of a positive association between
radiation dose and multiple myeloma mortality (albeit with wide Cls), whereas there is
minimal evidence of association between radiation dose and death from non-Hodgkin
lymphoma or Hodgkin lymphoma. A strength of this update of INWORKS when compared
with the previous analysis,® is that the precision of ERR estimates has improved, with
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narrower Cls for most outcomes examined (table 3); for non-CLL leukaemia, the magnitude
of the estimate is consistent with the value reported in the previous analysis, for lymphoma
the current estimates are lower than in the previous analysis, and for multiple myeloma, the
magnitude of the estimate of association is twice as large as that reported in our previous
INWORKS analysis.

The Radiation Effects Research Foundation Life Span Study (known as the Life Span Study,
LSS) of Japanese atomic bomb survivors serves as an important basis for the international
radiation protection system.20 Although the acute high dose rate radiation exposures caused
by the bombs differ from the protracted low-dose rate exposures typically received by
nuclear workers, our estimate of the ERR per Gy absorbed dose to the red bone marrow for
death from leukaemia was of similar magnitude to the estimate of ERR per Gy reported in
the 2021 analyses of the LSS: when restrictions were made on the study population to make
it comparable with the INWORKS population features, the ERR per Gy in the LSS was 2:75
(90% CI 1-73-4-21)?1 based on a linear model, which is very close to the estimated ERR
per Gy in the present INWORKS analysis (ERR per Gy 2-68, 90% CI 1:13-4-55). There are
differences however, in that a linear-quadratic model with an upward curvature described the
data better in the LSS, whereas no departure from linearity is observed in INWORKS (albeit
over a much narrower dose range than that examined in the LSS), and in the LSS the ERR
per Gy decreased with attained age, whereas the opposite is true in INWORKS (noting that
INWORKS considers only exposures at adult working ages [>20 years] whereas the LSS
involves people exposed at all ages).

Other epidemiological studies have investigated radiation induced risk of leukaemia.l:3
Some reported positive dose-response associations for non-CLL leukaemia,32223 although
others encompassed small numbers of cases or were based on narrow dose distributions and
yielded imprecise risk estimates.3:22.24

The UK NRRW study examined non-CLL leukaemia incidence and reported a significant
dose-response relationship (ERR per sievert [Sv] 1-38, 90% CI 0-04-3-34) in male workers
(who represent more than 90% of the cohort), with a strong association for chronic myeloid
leukaemia (6:77, 2:13—15-4).18 The risk coefficients per unit dose are lower than those
estimated in INWORKS, but in the NRRW the authors used dose equivalents in Sv and not
absorbed red bone marrow dose.

We report a positive association between radiation and myelodysplastic syndromes
mortality. Myelodysplastic syndromes is now considered to be a disease of neoplastic nature
and the boundary between myelodysplastic syndromes and acute myeloid leukaemia has
become thinner.2> Until the mid-1980s, cases were often misdiagnosed as acute myeloid
leukaemia. A positive finding was observed between external radiation and myelodysplastic
syndromes in the Nagasaki atomic bomb survivors, with an ERR per Gy of 4-3 (95% CI
1-6-9-5),26 which is compatible with association observed in INWORKS.

We observed minimal evidence of association between radiation dose and non-Hodgkin
lymphoma mortality (ERR per Gy 0-27, 90% CI —0-61 to 1-39). Few epidemiological studies
have reported a significant positive dose-risk association for non-Hodgkin lymphoma,
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whether for medical, environmental, or occupational exposures.! In 2013 report from

the LSS, Hsu and colleagues? showed a non-significantly increased risk of non-Hodgkin
lymphoma incidence in men (ERR per Gy 0-46, 95% CI —0:08 to 1-29; p=0-11), but not in
women. The UK NRRW cohort reported a significant association between radiation dose
and non-Hodgkin lymphoma incidence (ERR per Sv 1-11, 95% CI 0-02 to 2-60; p=0-045;
n=711),19 but not mortality (ERR per Sv 1-31, 90% CI -0-25 to 3-77; n=353).% A positive
association also was reported in analyses of mortality among US nuclear workers for all
lymphoma combined (ERR per Sv 1.8, 95% CI 0-03 to —4-4).27

A recent study?8 assessed associations between radiation and incidence of lymphoid
neoplasms by histological subtype2? in the LSS cohort. A significant association was
reported for all non-Hodgkin lymphoid neoplasms (ERR per Gy 0-54, 95% CI 0-14-1.09)
although a direct comparison with our results is complicated because of differences in
outcome classifications. Evidence of a positive association between ionising radiation dose
and lymphoid malignancies also has been reported in a study of patients exposed to CT scan
during childhood.30

We observed minimal evidence of association between red bone marrow dose and

Hodgkin lymphoma mortality, consistent with the conclusions of the United Nations
Scientific Committee on the Effects of Atomic Radiation! and studies of accidental? and
occupational3! exposures. In the LSS, a non-significant association with Hodgkin lymphoma
incidence was reported of similar magnitude to that reported in INWORKS (ERR per Gy
0-61; 95% Cl less than —0-09 to 7-17; n=15).28

With updated follow-up the number of deaths due to multiple myeloma increased by

80%. An interesting new result in this study is evidence of a positive association between
radiation dose and multiple myeloma mortality (albeit with wide Cls); notably, however, the
association is negligible upon excluding the USA from the pooled analysis (appendix 2 p
9). Our estimated ERR per Gy is larger than, but statistically compatible with, the estimate
of the radiation dose-multiple myeloma mortality association reported in the LSS (ERR per
Gy 054, 95% CI —0-04 to 1-58),32 and smaller than, but statistically compatible with, the
estimate of the radiation dose-multiple myeloma incidence association in the UK NRRW
(ERR per Gy 2-63, 95% CI 0-30 to 6-37).10

The study’s strengths lie in its large size, long duration of follow-up, and individual dose
estimates based on personal dosimetry.13 Uncertainties in dose estimates are certainly larger
in earlier periods of employment, when dosimeters were less accurate than contemporary
ones.13 We investigated whether excluding workers with earlier date of first employment
affected the estimate of the slope of the dose-response relationship for non-CLL leukaemia
but found minimal evidence that associations were sensitive to such exclusions.

Despite its large size, the cohort is limited to inform on risks in females, because whatever
the outcome, the few deaths were predominantly (83-100% depending on the outcome)
observed in women who had accumulated less than 20 mGy (result not shown).

We have no precise data on doses due to incorporation of radionuclides such as uranium
or plutonium, but considering workers’ status with regard to a possible contamination did
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not change the dose-response relationship between external dose and non-CLL leukaemia
mortality (appendix 2 p 8). We also found that considering neutron monitoring status did not
change the dose-response relationship.

Information on other potential confounders is limited in INWORKS. Considering agents
with sufficient evidence of carcinogenicity,33 excluding alkylating agents and x-rays and
gamma (y) rays, there are three agents with sufficient evidence of carcinogenicity for non-
lymphocytic leukaemia in human: benzene, formaldehyde, and tobacco smoking.33 While
formaldehyde is not widely used in the nuclear industry (except perhaps in nuclear waste
processing), benzene cannot be ruled out as a potential confounder. Previous studies in

US nuclear workers found that early workers (ie, workers first hired in the first decades

of nuclear industry) were at greater risk of benzene exposure and when these workers
were excluded, there was no potential for substantial confounding.34 We showed that
excluding early workers did not significantly impact the association between radiation and
non-CLL leukaemia mortality, which argues against the hypothesis of strong confounding
by benzene. In a sensitivity analysis, we adjusted for duration of employment, which led
to minimal change in the estimate of association between radiation dose and mortality due
to non-CLL leukaemia (appendix 2 p 8), arguing against substantial confounding due to
preferential retention of workers in better health (sometimes termed healthy worker survivor
bias) for this outcome. As for tobacco smoking, a 2023 analysis of INWORKS’ reported
that radiation dose had minimal association with chronic obstructive pulmonary disease,
an outcome strongly associated with smoking; this provides indirect evidence against the
hypothesis of strong confounding by smoking.

In contrast to a previous analysis of non-CLL leukaemia mortality in this population,?

we observed evidence of heterogeneity in association by country (appendix 2 p 9). The
estimate for the French cohort appeared higher than for the UK and US cohorts; in the
French cohort the effect of attained age is particularly significant.11 When the age at the end
of follow-up was constrained to younger than 80 years, heterogeneity by country reduced
markedly. Outcome misclassification among older adults could contribute to heterogeneity
in association by country (and its reduction upon excluding those at the oldest attained ages).

In conclusion, studies of people exposed to low doses of radiation add to our understanding
of radiation risks at the exposure levels of contemporary concern, and thus can inform
radiation protection efforts.3% The United Nations Scientific Committee on the Effects

of Atomic Radiation3 and the US National Cancer Institute2? have examined studies on
leukaemia risk after low-dose external exposure and concluded that most of them were
consistent with a positive dose-risk relationship. This analysis of INWORKS supports those
findings. Nevertheless, the absolute excess risk remains low at low doses: in a population of
10 000 workers exposed to an average occupational dose of 16 mGy, we would expect 1-3
non-CLL deaths attributable to exposure (among 25 non-CLL leukaemia deaths) over a 35-
year period. The evidence of associations between cumulative radiation dose and multiple
myeloma and myelodysplastic syndromes in INWORKS should be further examined in
future studies.
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Research in context
Evidence before this study

A formal literature search was not done; rather, we drew upon major reviews of the
literature. The primary quantitative basis for radiation protection standards comes from
studies of populations exposed to acute, high doses of ionising radiation. We previously
showed the feasibility of pooling data for radiation workers from some of the world’s
most informative cohorts in the UK, France, and the USA. Findings from the INWORKS
study contributed to discussions by the organisations that advise on ionizing radiation
protection.

Added value of this study

This update of the INWORKS study, with 10-72 million person-years of follow-up,
strengthens evidence of positive dose—response relationships between cumulative low-
dose external exposure to ionising radiation and death caused by leukaemia (excluding
chronic lymphocytic leukaemia), but also myelodysplastic syndromes and multiple
myeloma, improving knowledge of the causes of these diseases. The excess risk
coefficient per unit dose for leukaemia derived from this study is consistent with values
reported from analyses of other populations exposed to radiation at higher doses and
higher dose rates, whereas the excess risk coefficient per unit dose for multiple myeloma
was larger than values reported in those studies.

Implications of all the available evidence

The updated results of INWORKS shed new light on the radiogenicity of haemopathies
such as myelodysplastic syndromes and multiple myeloma, and adds to our knowledge of
cancer risks associated with the low-dose exposure patterns that are experienced in many
contemporary settings. These findings show the importance of adherence to the basic
principles of radiation protection, to optimise protection to reduce exposures as much as
reasonably achievable and, in the case of patient exposure, to justify that the exposure
does more good than harm.
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Figure: Relative rates of mortality due to leukaemia (excluding chronic lymphocytic leukaemia)
by category of 2-year lagged cumulative red bone marrow dose

The vertical bars indicate 90% Cls, and the solid line is the fitted linear excess relative rate
of leukaemia with dose (dotted lines depict 90% CI). The model is stratified on country, sex,
birth cohort, and attained age.

Lancet Haematol. Author manuscript; available in PMC 2024 December 09.

CMD 25-H2.E - Page 080



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Leuraud et al.

Table 1:
Characteristics of the cohorts included in INWORKS: nuclear workers in France, the

UK, and the USA, 1944-2016

Page 17

France UK USA INWORKS
Calendar years of follow-up 1968-2014 1955-2012 1944-2016 1944-2016
Workers 60 697 147 872 101 363 309 932
Sex
Male 52 895 134768 81824 269 487
Female 7802 13104 19 539 40 445
Follow-up (million person-years) 2:08 4.67 3-98 1072
Males 1.80 4.27 317 9-24
Females 0-28 0-40 0-81 1.48
Deaths (all causes) 12 270 39933 51 350 103 553
Leukemia excluding CLL 122 264 385 771
Chronic myeloid leukaemia 21 46 55 122
Acute myeloid leukaemia 54 160 221 435
Myelodysplastic syndrome 19 34 110 163
Acute lymphoblastic leukaemia 12 17 20 49
CLL 37 90 115 242
Non-Hodgkin lymphoma 160 387 599 1146
Hodgkin lymphoma 21 41 60 122
Multiple myeloma 74 186 267 527
Average duration of follow-up, years 342 316 393 346
Average age at end of follow-up, years 64-8 62:5 714 65-9
Average cumulative dose, mGy * 1188 1847 1539 1617
Males 13.29 19-84 18:33 18.09
Females 2:33 4.37 3-06 334
Exposed workers " 43785 (72%) 131253 (89%) 84 956 (84%) 259 994 (84%)
Males 40272 (76%) 119420 (89%) 71600 (88%) 231 292 (86%)
Females 3513 (45%) 11833 (90%) 13356 (68%) 28 702 (71%)
Average cumulative dose (mGy) *t
All 16-47 18:47 18-36 1928
Males 17.45 22:39 20-95 21.08
Females 517 4.84 4.48 471

Ethnic and racial backgrounds of the workers are not available in the cohort. CLL=chronic lymphocytic leukaemia. INWORKS=International

Nuclear Workers Study.

*
To red bone marrow.

fThose with at least one positive recorded dose.

’tAmong exposed workers only.
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Table 2:
Estimates of ERR per Gy of cumulative red bone marrow dose, for death from leukaemia,

myelodysplastic syndromes, lymphoma, and multiple myeloma in INWORKS

Page 18

Deaths  Lag assumption (years) ERR per gy* 90% ClI
Leukemia excluding CLL 771 2 2:68 1.13 to 4.55
Chronic myeloid leukaemia 122 2 9.57 4.00to 17-91
Acute myeloid leukaemia 435 2 0-75 —-0-96 to 2:92
Myelodysplastic syndromes 163 2 319 0-35t0 7:33
Acute myeloid leukaemia with myelodysplastic syndromes 598 2 1.55 0-05 to 3-42
Acute lymphoblastic leukaemia 49 2 4.25 -4.19 t0 19:32
CLL 242 2 0-20 —181to2217
Non-Hodgkin lymphoma 1146 10 0-27 -0-61t0 1-39
Hodgkin lymphoma 122 10 0-60 364104837
Multiple myeloma 527 10 1.62 0-06 to 3:64

CLL=chronic lymphocytic leukaemia. ERR=excess relative rate. INWORKS=International Nuclear Workers Study.

*
Linear ERR model stratified by country, birth cohort, age, and sex.

7‘Watld—type ClI (likelihood-based CI lower bound could not be estimated).
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Table 3:
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Comparison of estimates of ERR per Gy of red bone marrow cumulative dose for death
due to leukaemia, lymphoma, and multiple myeloma in different updates of INWORKS

Deaths ERR per Gy"

90% ClI

Previous INWORKS report (308 297 workers to 82 million person-years)®

Leukemia excluding chronic lymphocytic leukaemia” 531
Non-Hodgkin Iymphoma’t 710
Hodgkin Iymphoma’f 104
Multiple myelomai 293
Current INWORKS report (309 932 workers to 10-7 million person-years)

Leukemia excluding chronic lymphocytic leukaemia’ 771
Non-Hodgkin Iymphomaf 1146
Hodgkin Iymphomaf 122
Multiple myelomaf 527

2:96
0-47
2:94
0-84

2:68
0-27
0-60

1.62

117to 521
-0:76t0 2:03
NE to 11-49

-0-96t0 3-33

1.13to0 455
-0-61t0 1-39
NE to 6:67

0-06 to 3-64

ERR=excess relative rate. NE=not estimated. INWORKS=International Nuclear Workers Study.
*

Stratified by country, birth cohort, age, and sex.

fZ—year lagged cumulative dose.

ilO—year lagged cumulative dose.
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Abstract

Background—There is considerable scientific interest in associations between protracted low-
dose exposure to ionizing radiation and the occurrence of specific types of cancer.

Methods—Associations between ionizing radiation and site-specific solid cancer mortality were
examined among 308,297 nuclear workers employed in France, the United Kingdom, and the
United States. Workers were monitored for external radiation exposure and follow-up
encompassed 8.2 million person-years. Radiation—mortality associations were estimated using a
maximume-likelihood method and using a Markov chain Monte Carlo method, the latter used to fit
a hierarchical regression model to stabilize estimates of association.
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Results—The analysis included 17,957 deaths attributable to solid cancer, the most common
being lung, prostate, and colon cancer. Using a maximume-likelihood method to quantify
associations between radiation dose- and site-specific cancer, we obtained positive point estimates
for oral, esophagus, stomach, colon, rectum, pancreas, peritoneum, larynx, lung, pleura, bone and
connective tissue, skin, ovary, testis, and thyroid cancer; in addition, we obtained negative point
estimates for cancer of the liver and gallbladder, prostate, bladder, kidney, and brain. Most of these
estimated coefficients exhibited substantial imprecision. Employing a hierarchical model for
stabilization had little impact on the estimated associations for the most commonly observed
outcomes, but for less frequent cancer types, the stabilized estimates tended to take less extreme
values and have greater precision than estimates obtained without such stabilization.

Conclusions—The results provide further evidence regarding associations between low-dose
radiation exposure and cancer.

There is considerable scientific interest in associations between radiation dose and the
occurrence of specific types of cancer.1=3 Such estimates have practical utility for decision
makers, as well as scientific relevance for those interested in variation in associations
between exposure to ionizing radiation and different types of cancer.

We report estimates of radiation dose—mortality associations derived using information from
the International Nuclear Workers Study (INWORKS), a collaborative study of mortality
among nuclear workers in France, the United Kingdom, and the United States. These
workers were monitored for external exposure to radiation using personal dosimeters and
have been followed over decades to collect information on vital status and causes of death.
Using INWORKS data, we previously reported that the estimated excess relative rate per Gy
for death attributable to solid cancer was 0.47 (90% CI = 0.18, 0.79).#> Here, we report on
associations between ionizing radiation and site-specific solid cancer mortality. We employ a
standard maximume-likelihood approach to fitting Poisson regression models to estimate
radiation dose—mortality associations for specific types of cancer; we also employ a recently
described hierarchical method for Poisson regression analysis to obtain stabilization of
cause-specific estimates of association.® The set of estimates derived using the latter
approach complement the maximume-likelihood estimates and tend to have improved
precision, less extreme values, and lower mean squared error than standard maximum-
likelihood estimates.5=2 In addition, the current paper examines associations between
radiation dose and many site-specific cancers, some of which are relatively rare; this type of
hierarchical regression analysis serves as an alternative to classical multiple-comparisons
procedures and the resultant stabilized estimates may be of interest as an approach to
identification of associations for further investigation.6:10.11

METHODS

We assembled data on workers from France, the United Kingdom, and the United States
who were employed in the nuclear industry for at least 1 year and monitored for external
radiation exposure through the use of personal dosimeters (Table 1). We obtained data from
the Commissariat & I’Energie Atomique, AREVA Nuclear Cycle, and Electricité de France;
12 from the National Registry for Radiation Workers which includes information from the
Atomic Weapons Establishment, British Nuclear Fuels, Ltd, United Kingdom Atomic
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Energy Authority, British Energy Generation, Magnox Electric, and Ministry of Defence;13
and, from the US Department of Energy’s Hanford Site, Savannah River Site, Oak Ridge
National Laboratory, and Idaho National Laboratory, as well as from the Portsmouth Naval
Shipyard.1# In a previous report, we provided a fuller description of the study design and
population.1®

Monitoring data for exposure to ionizing radiation were available from company records for
UK workers and government and company records for the United States and French
workers, providing individual annual quantitative estimates of whole-body dose attributable
to external penetrating radiation. We derived target organ doses by dividing recorded
external penetrating radiation dose estimates by an organ-specific dose factor.16-18 Unless
otherwise stated, any reference to dose in this paper implies estimated absorbed dose to a
specified organ expressed in grays (Gy). Under most working conditions, absorbed doses
from external exposures were accrued from exposures to photons of energies between 100
and 3,000 keV, with a radiation weighting factor of 1.17 We used available records of
estimated neutron doses, which were recorded in a unit of measure for equivalent dose (that
is, rem or sievert), to construct categories of neutron monitoring status: whether a worker
had a positive recorded neutron dose, and if so, whether their recorded neutron dose ever
exceeded 10% of their total external radiation dose of record. We did not add recorded
estimates of doses from tritium intakes to recorded estimates of dose attributable to external
exposures. Available measures of incorporated radionuclides included positive bioassay
results, indication of confirmed uptake, or an assigned committed dose. We grouped these
measures as an indication of a known or suspected internal contamination. French and US
workers with a known or suspected uptake were identified, as were UK workers who were
known to have been monitored for internal exposure.

We ascertained vital status through 2004, 2001, and 2005 for the French, the UK, and the US
cohorts, respectively, through linkage with death registries, employer records, and Social
Security Administration records. Information on underlying cause of death was abstracted
from death certificates and generally was coded according to the revision of the International
Classification of Diseases (ICD) in effect at the time of death. We subdivided the broad
category of all solid cancer mortality that we previously examined? into site-specific
cancers. The range of ICD codes associated with each cancer type examined is reported in
Table 2.

A worker entered the study 1 year after the date of first employment or the date of first
dosimetric monitoring, whichever was later. However, because in France, the national death
registry provides individual information on causes of death only since 1968, French workers
only enter follow-up on 1 January 1968 or later. A worker exited the study on the earliest of
the following: date of death, date lost to follow-up, or end of follow-up.

Statistical Methods

We use the term cancer types to refer to deaths attributable to the specific types of solid
cancer (Table 2). Letting /denote cancer type, and sindex levels defined by the cross-
classification of covariates, a model for the cancer type—specific rates, A/, can be expressed
as
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N (af, B)=exp(ad) (1487 27),j=1,2,...,.J, (expression 1)

where o7 is the cancer type-specific effects of covariates, Z denotes target organ-specific
cumulative dose in Gy, and 8/ quantifies the association between Z and the jth cancer type
as the excess relative rate (the relative rate minus 1) per Gy. The target organs selected for
the cancer types that we examined are indicated in Table 3 and are similar to the target
organs used in a prior analysis of site-specific cancer mortality in the Life Span Study of
Japanese atomic bomb survivors (LSS).19

Maximum-likelihood Poisson Regression

For cancer type /, person-years at risk and deaths were tabulated by categories of the
associated organ-specific cumulative dose and other study covariates. We fitted a Poisson
regression model of the form shown in expression 1 for each cancer type20-21; an estimate of
the coefficient of primary interest, ﬁ/ was adjusted to account for the effects of country,
attained age (in 5-year intervals), sex, year of birth (in 10-year intervals), socioeconomic
status (in five categories, based on job title, for French, US, and UK workers employed by
the Atomic Energy Authority and Atomic Weapons Establishment; other UK workers were
classified as nonmanual or manual skilled workers, based on employment category),
duration of employment or radiation work (in 10-year intervals), and exposure to neutrons
(whether a worker had a positive recorded neutron dose, and if so, whether their recorded

neutron dose equivalent ever exceeded 10% of their total external radiation dose equivalent).
15,16

We report maximum-likelihood estimates of excess relative rate per Gy and associated 90%
likelihood-based confidence intervals (Cl), facilitating comparison of the precision of our
estimated associations with findings reported in other important epidemiological studies of
radiation-exposed populations.1213.22-25 Expression 1 implies a constraint on 4/ to have a

. : -1 _
valid rate ratio (1 + 8/ Z) = 0.26 The constraint implies that &’ = max| Z4]» Where max[Z]
is the maximum value for the organ-specific cumulative dose associated with cancer type J.
If the lower bound of the likelihood-based confidence interval was not determined, then we

—1
indicate the lower bound as <m

We lagged cumulative doses by 10 years to allow for an induction and latency period
between exposure and death?’; a 10-year lag was chosen to facilitate comparison of results
with those from other studies of cancer mortality among nuclear workers.13:23 We undertook
sensitivity analyses in which person-years at risk and deaths were classified with respect to
cumulative dose lagged 5 or 15 years. For each cancer type, we compared results obtained
under alternative lags with respect to goodness of model fit.28 To assess departures from
linearity in the effect of cumulative dose, we fitted a model that included a higher order
polynomial function of cumulative dose and evaluated the improvement in model goodness
of fit. For select cancer types, the dose—response association was examined visually by
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fitting a regression model with indicator variables for categories of cumulative dose and
plotting the resultant relative rate estimates against category-specific mean dose values. We
also undertook sensitivity analyses in which we restricted our analysis to male workers.

Hierarchical Poisson Regression Using Markov Chain Monte Carlo

We also obtained estimates of the 8/ parameters using a hierarchical approach to estimation
of the regression model shown in expression 1, employing a form of the Poisson regression

model in which the coefficients for the stratum-specific effects, o/, are not part of the
expression for the likelihood.821 These estimates were obtained by joint modeling of the
associations between organ-specific cumulative doses (lagged 10 years) and deaths
attributable to the Jcancer types using a tabulation of person-years at risk and deaths by
cancer type, study covariates, and cumulative radiation dose. For each cell of this
multidimensional person—time table, we calculated the person—time-weighted cell-specific
mean dose to each of the target organs of interest. We employed a hierarchical regression
model® under which the distribution of the 4/ parameters is modeled as a function of the
overall mean effect and residual effects:

BI~N (8,72, forj=1....J (expression 2)

where &§is the prior mean and interpreted as the mean of the effects of exposure on the J
cancer types, and 72 is the prior variance that allows for deviation of the cancer-specific
effect from a common mean effect. The model represents an assumption that, although
radiosensitivity may differ by solid cancer type, a normal distribution of effects is a
reasonable initial guess about the pattern of variation in associations by cancer type;
however, the hierarchical modeling approach has sufficient flexibility to allow the cancer-
specific estimates to deviate from the mean if there is substantial evidence in the data to
support it. A normal (0, 100) prior was specified for &; a large variance was specified so that
this prior was only weakly informative, thereby allowing the data to drive inference as much
as possible. We performed a sensitivity analysis in which a normal (0.32, 5) prior was
specific for &, illustrating a more informative prior with a smaller variance and mean
informed by an estimate of the excess relative rate per Gy for solid cancer mortality in a
prior analysis of male survivors of the Japanese atomic bomb exposed at ages 20-60 years
(excess relative rate per Gy = 0.32).23 Following recommendations regarding prior
distributions for variance parameters in hierarchical models, we specified that the prior for
the variance parameter, 2, followed a uniform (0.01, 10) distribution.2°

The degree to which the cancer-type—specific estimates are shrunk towards the common
mean depends upon 2. As 72 approaches 0, the fitted exposure—response associations will
be shrunk towards a common mean; when 72 is large the cancer-type-specific estimates will
be close to those obtained via estimation of associations one cancer type at a time.5:829 The
parameter, 72, was treated as an unknown parameter that was estimated.829 Estimates were
obtained using a Markov chain Monte Carlo (MCMC) algorithm implemented in SAS
PROC MCMC; the model was run for 100,000 iterations with the first 10,000 iterations
discarded to allow for initial convergence. From MCMC samples, we derived cancer type—
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specific estimates of the excess relative rate per Gy, obtained as the mean of the posterior
distribution and estimates of associated 90% highest posterior density credible intervals
(Crl). Trace, auto-correlation function, and density plots were examined to assess

convergence.39 Analyses were conducted using the EPICURE and SAS statistical packages.
20,31

The study includes 268,262 male workers and 40,035 female workers and encompasses 8.2
million person-years of follow-up (Table 1). The mean year of birth for the US cohort is
1934, whereas the mean years of birth for French and UK cohort members were 1947 and
1944, respectively. The average age at the start of employment was 28 years; the average age
at the end of follow-up was 58 years (Table 1).

There were 17,957 deaths attributable to solid cancer identified among the decedents, with
the most common categories of solid cancer mortality being lung, prostate, colon, pancreas,
and stomach cancer (Table 2). Overall, 83% of workers had a recorded dose >0 mGy.
Among males, estimated average cumulative doses to the bladder, skin, colon, lung, and
stomach were similar in magnitude, whereas estimated average cumulative doses to the liver,
pancreas, and brain were slightly lower (Table 3). Among females, estimated average
cumulative organ-specific doses were substantially lower than that among males, as females
tended to have lower annual occupational radiation doses than males.16

Maximum-likelihood Poisson Regression Estimates

Positive estimates of the excess relative rate per Gy of cumulative dose, lagged by 10 years,
were found for deaths attributable to oral, esophagus, stomach, colon, rectum, pancreas,
peritoneum, larynx, lung, pleura, bone and connective tissue, skin, ovary, testis, and thyroid
cancer. Negative estimates of the excess relative rate per Gy of cumulative dose, lagged by
10 years, were found for deaths attributable to liver and gallbladder, prostate, bladder,
kidney, and brain cancer. An estimate of excess relative rate per Gy was not obtained for
cancer of the female breast or uterus as a consequence of the constraint on the parameter that
quantifies the association between dose and these cancers (Table 4).

Associations for most cancers were smaller in magnitude under a 5-year lag, and model
goodness of fit was similar to, or poorer than, that obtained under a 10-year lag assumption,
with the exception of cancers of the stomach and testis for which the estimated radiation
dose—mortality associations exhibited somewhat better goodness of fit under a 5-year than
under a 10-year lag assumption (eTable 1; http://links.lww.com/EDE/B277). A 15-year lag
assumption yielded better goodness of model fit for oral, colon, rectum, liver and
gallbladder, pancreas, peritoneum, and ovary cancers than the fit obtained under a 10-year
lag assumption.

A model describing a linear increase in the excess relative rate with dose appeared to
provide a reasonable description of the data for cancers of the lung, colon, and prostate (the
three leading cancer types) upon visual examination (Figure 1). To assess departure from
linearity, we fitted a model that also included a parameter for the square of cumulative dose;
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this led to very little improvement in the model goodness of fit for any cancer type, except
thyroid cancer (likelihood ratio test statistic = 5.3; 1 degree of freedom; £=0.02). In
analyses restricted to males, maximum-likelihood point estimates and confidence intervals
were very similar to those obtained for the full INWORKS cohort (eTable 2; http://
links.lww.com/EDE/B277).

Hierarchical Poisson Regression

Upon using a hierarchical model to stabilize estimates, none of the posterior mean estimates
were negative, although posterior mean values for prostate, bladder, and liver cancer were
relatively close to the null (Table 4). To facilitate convergence of the hierarchical model,
parameters for associations between radiation dose and death attributable to breast and
uterus cancer, cancer types that failed to converge in the maximum-likelihood model fittings
and similarly exhibited poor model convergence in the MCMC models, were not estimated.

Estimates of radiation dose—-mortality associations for specific cancer sites obtained using a
hierarchical Poisson regression modeling approach showed less variability and tended to
have less extreme values than those obtained by maximum-likelihood regression methods
(Figure 2). For lung cancer, the most frequently observed specific cancer, the mean of the
posterior distribution, and 90% Crl, for the association between radiation dose and lung
cancer obtained by this hierarchical regression method, was similar to the point estimate and
90% ClI for the association between radiation dose and lung cancer obtained by maximum-
likelihood methods (Table 4). In contrast, for many of the less common cancer types,
posterior mean estimates of the excess relative rate per Gy tended to have less extreme
values and were stabilized substantially (as reflected by a much narrower 90% Crl than the
90% ClI). The estimated value of &, the common mean effect of exposure on the cancer
types, was 0.68 (90% Crl: 0.18, 1.17); the variance parameter, 2, was estimated as 0.52
(90% Crl: 0.01, 1.22). Diagnostic plots are provided as Supplemental Digital Content (http://
links.lww.com/EDE/B277). Analyses restricted to males yielded posterior central estimates
and 90% Crls very similar to those obtained for the full INWORKS cohort (eTable 2; http://
links.lww.com/EDE/B277), as did analyses conducted with a somewhat more informative
prior for &, a normal (0.32, 5) distribution (eTable 3; http://links.lww.com/EDE/B277).

DISCUSSION

We estimated dose-response associations for subcategories of solid cancer mortality among
nuclear workers from France, the United Kingdom, and the United States. In a prior
publication on the INWORKS cohort, we reported on analyses of radiation dose—mortality
associations for all solid cancers aggregated together. That analysis combined different types
of solid cancer into the broad category of all solid cancers.* The observation of an
association between exposure to ionizing radiation and a major category of cause of death,
such as all solid cancers, is of interest for radiation protection and risk assessment. However,
such an analysis does not allow inferences regarding effects of exposure on specific cancer
types; implicit in such an analysis is the assumption that the effect size is similar from one
cancer type to the next. In the current paper, we fitted maximume-likelihood Poisson
regression models to derive cancer type—specific estimates of association for a number of
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specific cancers. We also employed a hierarchical model to derive stabilized estimates of
associations; this model allows that radiation—cancer type associations may vary from one
cancer type to the next with parameters describing cancer type—specific associations
modeled as following a normal distribution. The National Academy of Sciences’ BEIR VII
committee noted that in analyses of the Japanese A-bomb survivors that variability in site-
specific radiation dose—cancer associations is generally consistent with random fluctuation
around a common effect. Moreover, the approach employed here for modeling the
parameters describing site-specific dose—response associations has been applied in previous
analyses of radiation dose—cancer associations among atomic bomb survivors and other
radiation-exposed populations, allowing for comparison of results and lending support for
the appropach employed here.2:6:19 Simulations and theoretical work have shown that
hierarchical models tend to be robust to moderate violations of the assumption of normality
of effects.32-34 Posterior estimates for cancer-specific associations obtained from fitting a
hierarchical model either tended to be similar to values obtained by fitting a separate model
for each cancer type (e.g., lung cancer) or intermediate between the maximum-likelihood
estimate for all solid cancers combined and the maximum-likelihood estimate for each
cancer type obtained when fitting the models one cancer type at a time (Figure 2). Estimated
associations for rare cancer types tended to be imprecise and were more impacted by the use
of a hierarchical model for stabilization than common outcomes. This is consistent with
expectation for this type of approach, in which the ensemble of estimates is stabilized and
may tend to have reduced mean squared error.

The results of our hierarchical modeling are interesting to compare to a similar analysis
conducted using data from the Life Span Study (LSS) of atomic bomb survivors.® Estimates
of excess relative rate per Gy for cancer of the lung, prostate, and colon (the most common
cancers in INWORKS) from our hierarchical regression analysis [0.56 (90% Crl = 0.08,
1.02), 0.25 (90% Crl = -0.38, 0.87), and 0.42 (90% Crl = -0.32, 1.13), respectively] were
slightly lower than estimates from a hierarchical regression analysis of the LSS [0.67 (95%
Crl =0.44, 0.92); 0.33 (95% Crl = -0.11, 0.76); and 0.49 (95% Crl = 0.28, 0.69),
respectively].5 Among other leading cancers in INWORKS, posterior estimates of the excess
relative rate per Gy from INWORKS [for cancer of the pancreas 0.50 (90% Crl = -0.37,
1.34), for stomach 0.88 (90% Crl = 0.01, 1.82), and for esophagus 0.83 (90% Crl = -0.06,
1.77)] were somewhat larger than estimates from the LSS (pancreas 0.42 [95% Crl = 0.09,
0.78]; stomach 0.33 [95% Crl = 0.22, 0.44], and esophagus 0.56 [95% Crl = 0.17, 0.97]).%
Lung cancer was among the sites with the largest hierarchically adjusted magnitudes of
association, which is consistent with other studies that suggest lung cancer to be relatively
radiosensitive, whereas sites such as prostate tend to be among the sites with the smallest
adjusted estimates of association, again consistent with other studies. However, there are
exceptions as well. For example, some other studies suggest relatively weak associations
between radiation and cancers of the oral cavity and rectum, although our results included
these among the most positive.

INWORKS relies upon death certificate information for classification of workers with
respect to the occurrence of cancer; consequently, one potential source of bias in our
estimates of occupational exposure—mortality associations relates to outcome
misclassification.3® The sensitivity and specificity of the death certificate as a tool for
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ascertaining cancer occurrence is imperfect and varies by cancer type3%; therefore, variation
in the estimated associations by cancer type could reflect outcome misclassification. Prior
work suggests that estimates of the rate ratio were relatively insensitive to changes in
hypothetical values of sensitivity but changed substantially when specificity was altered,
although impact tended to be modest under plausible values of sensitivity and specificity.
35,37 Empirical studies of the accuracy of death certificate—based cancer ascertainments
suggest very high levels of specificity (>99%) for classifications based upon underlying
cause of death information for most site-specific cancers, implying minimal potential for
outcome misclassification to be a major source of bias in our cancer type—specific estimates
of excess relative rate per Gy.36:38:39 Bjas also may occur attributable to errors in dose
estimation, generally expected to be nondifferential with respect to the outcomes under
investigation. Substantial work has been done to characterize, and account for, the
performance of the historical dosimeters used by the workers from France, the United
Kingdom, and the United States included in INWORKS.16-18 prior work involving
sensitivity analyses has suggested that radiation risk estimates based on doses quantified by
individual dosimeters are not substantially impacted under a range of assumptions about
factors that may lead to measurement error in dose.? Nonetheless, limitations in dose
estimation, particularly as related to internal depositions and neutrons, remain a potential
source of bias; in prior analyses of solid cancer mortality in the INWORKS cohort, analyses
that excluded workers ever flagged for incorporated radionuclides or internal monitoring led
to a modest increase in the estimated excess relative rate per Gy.* Variation in the estimated
associations by cancer type may also be impacted by patterns of confounding that differ by
cancer type. Although we adjusted for country-specific variation in age, sex, birth cohort,
and socioeconomic status in our models for cancer site—specific rates, there remains
potential for residual confounding of site-specific associations. For example, there is
potential for residual confounding attributable to differences between facilities within
country in factors associated with mortality and exposure. In prior analyses, we undertook a
sensitivity analysis to assess potential confounding by differences (other than external
radiation doses) between the major employers in each country; to do this, we fitted a model
that adjusted for each of the main facilities included in INWORKS and observed that there
was little evidence of residual confounding by facility.* Consideration of potential
confounders depends, in part upon, the outcome examined. For example, smoking, which
was unmeasured in our study, may be an important confounder in analyses of lung cancer, a
somewhat less important confounder in analyses of other smoking-related cancers and of
little consequence as a confounder in analyses of cancers that have little or no association
with smoking. Contrary to the pattern that would be expected if there was confounding by
smoking, we noted previously that the magnitude of the estimated excess relative rate per Gy
of solid cancer was essentially unchanged upon excluding lung cancer®; moreover, we
previously noted the lack of association between radiation dose and chronic obstructive
pulmonary disease,* an outcome strongly associated with smoking.#! Asbestos is a potential
confounder of the radiation—lung cancer association, and we lack individual information on
asbestos exposure. We examined the association between radiation and cancer of pleura and
mesothelioma and observed a positive, albeit imprecise, association. In a prior analysis, we
observed that the association between radiation dose and mortality attributable to all solid
cancers other than lung and pleura cancer was positive (excess relative rate = 0.43 per Gy;
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90% CI =0.08 to 0.82) and similar in magnitude to the point estimate obtained for all solid
cancers.*

Studies of nuclear workers have the potential to improve knowledge on health effects
associated with low dose and low dose rate radiation exposure. Follow-up of large cohorts of
nuclear industry workers has been ongoing for over 3 decades. Further work on the
development of informative prior distributions could be useful in strengthening
understanding of site-specific radiation dose—cancer associations. In addition, as follow-up
of cohorts included in INWORKS continue to be updated, the information available from
international pooling of these data should offer even more useful insights into the risks of
cancer from protracted low-dose rate exposure to ionizing radiation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Relative rate of cancer site—specific mortality by categories of cumulative dose, lagged 10

years in INWORKS. Gray lines indicate 90% confidence intervals, and the dashed line
depicts the fitted linear model for the change in the excess relative rate of mortality with
dose. A. Lung cancer. B. Colon cancer. C. Prostate cancer.
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Maximum-likelihood and hierarchical regression estimates of excess relative rate per Gy
cumulative organ-specific dose (10-year lag assumption) for death attributable to specific
cancer categories. INWORKS consortium, 1944-2005. Circles indicate cancer site—specific
hierarchical regression estimates. Diamonds indicate cancer site—specific maximum-
likelihood estimates. Whiskers indicate 90% credible intervals for hierarchical regression
estimates and 90% confidence intervals for maximume-likelihood estimates; if a lower bound
was not determined, the plotted point indicates only the upper confidence bound. Gray
dashed line indicates estimated mean of hierarchical regression estimates. The maximum-
likelihood estimate for cancer of the testis (32.55 per Gy) was not plotted because it was
outside the range of the plotted data.
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TABLE 1
Characteristics of INWORKS Cohorts

France United Kingdom  United States INWORKS

No. workers 59,003 147,866 101,428 308,297
Males 51,567 134,812 81,883 268,262
Females 7,436 13,054 19,545 40,035

Calendar year of birth

Mean (SD) 1947 (13) 1944 (18) 1934 (17) 1941 (18)

Range 1894-1975 1877-1983 1873-1973 1873-1983
Age at start employment (years)

Mean (SD) 27 (7) 28 (11) 30 (9) 28 (10)
Age at last observation (years)

Mean (SD) 56 (13) 54 (15) 65 (13) 58 (15)
Duration of employment (years)

Mean (SD) 21 (10) 13 (10) 14 (11) 15 (11)
Calendar years of follow-up

Range 1968-2004 1946-2001 1944-2005 1944-2005
Duration of follow-up (years)

Mean (SD) 25 (9) 23(12) 33 (13) 27 (12)
Vital status

Alive 52,565 118,775 65,573 236,913

Deceased 6,310 25,307 35,015 66,632

Emigrated or lost to follow-up 128 3,784 840 4,752
Person-years (millions) 15 3.4 33 8.2

SD, standard deviation.
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TABLE 2

Solid Cancer Deaths Among Workers Included in the INWORKS Consortium (Nuclear Workers in France,
United Kingdom, and United States), 1944—-2005

France United Kingdom United States INWORKS

Deaths (ICD-9 codes)

Solid cancer (140-199) 2,356 6,994 8,607 17,957
Oral (140-149) 109 100 150 359
Esophagus (150) 92 329 226 647
Stomach (151) 99 542 263 904
Colon (152-153) 172 542 856 1,570
Rectum (154) 61 313 165 539
Liver and gallbladder (155-156) 132 115 206 453
Pancreas (157) 139 325 512 976
Peritoneum (158-159) 47 67 31 145
Larynx (161) 57 63 65 185
Lung (162) 595 2,244 2,963 5,802
Pleura (163) and mesothelioma? 48 133 92 213
Bone and connective (170-171) 21 44 76 141
Skin (172-173) 51 102 216 369
Female breast (174) 70 67 246 383
Uterus (179-182) 16 21 34 71
Ovary (183) 21 22 79 122
Prostate (185) 149 630 906 1,685
Testis (186) 8 28 12 48
Bladder (188, 189.3-189.9) 56 273 250 579
Kidney (189.0-189.2) 70 174 247 491
Brain (191-192) 84 227 283 594
Thyroid (193) 6 16 16 38
Remainder (160, 164-165, 175, 184, 187, 190, 194-199) 253 617 713 1,583

4CD-10 code C45.
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TABLE 3

Characteristics of Estimated Cumulative Dose to Select Organs, in mGy,? INWORKS Consortium, 1944-2005

wduosnuen Joyiny

Males

Females

Cumulative Organ Dose (MGy)

Cumulative Organ Dose(mGy)b

Mean@

Median IQR)®  95th Percentile® Mean Median (IQR)P  95th Percentile?

Target Tissue Related Cancer Types

Bladder Bladder, kidney, prostate, testis

Skin Skin, oral

Colon Colon, rectum, peritoneum, bone/connective, remainder
Lung Lung, pleura/mesothelioma

Stomach Stomach, esophagus, larynx

Liver Liver/gallbladder

Pancreas Pancreas, thyroid

Brain Brain

Female breast ~ Female breast
Uterus Uterus

Ovary Ovary

23.4
23.0
22.8
22.8
22.8
21.3
21.0
20.2

5.0 (1.1, 20.2)
5.0 (1.1, 20.0)
4.9 (1.1,19.8)
49(1.1,19.7)
49(1.1,19.7)
4.6 (1.0, 18.5)
45(1.0,18.2)
43(0.9,17.5)

109.1
107.7
106.6
106.3
106.3
99.6
98.2
94.2

53
4.8
5.0
4.8
49
4.8
4.8
43
5.6
4.6
44

1.4(0.4,4.4)
1.2 (0.4, 4.0)
1.3(0.4,4.2)
1.2(0.4,3.9)
1.3(0.4,4.1)
1.2 (0.4,4.0)
1.2(0.4,4.0)
1.1(0.4,3.6)
15(0.5,4.7)
1.2(0.4,3.8)
1.1(04,3.7)

21.1
19.2
19.9
18.8
19.6
19.0
19.0
17.1
22.4
18.1
17.6

aAmong 228,990 male workers with cumulative dose >0.

bAmong 28,178 female workers with cumulative dose >0.

IQR, interquartile range.
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TABLE 4

wduosnuen Joyiny

Maximum-likelihood and Hierarchical Regression Estimates of Excess Relative Rate per Gy Cumulative Organ-specific Dose? for Death Attributable to
Specific Cancer Categories, INWORKS Consortium, 1944-2005

Maximum Likelihood

Hierarchical Bayes

Cause of Death Excess Relative Rate per Gy 90% CI  Excess Relative Rate per Gy 90% Crl
Oral 073 <-0.83 4.63 070 -0.39 1.83
Esophagus 111 -0.26 3.04 083 -0.06 1.77
Stomach 131 -0.07 3.16 0.88 0.01 1.82
Colon 0.09 -0.71 1.17 042 -032 1.13
Rectum 1.87 0.04 4.52 095 -0.03 2.00
Liver and gallbladder -0.87 <-0.87 1.06 037 -0.69 141
Pancreas 0.22 <-0.89 177 050 -037 134
Peritoneum 4.21 0.42 11.07 1.00 -0.12 218
Larynx 6.44 1.36 15.28 1.08 -0.11 231
Lung 0.51 0.00 1.09 056  0.08 1.02
Pleura and mesothelioma 2.62 -0.56 7.37 0.88 -0.20 2.09
Bone and connective 351 <-087 1255 079 -0.38 203
Skin 2.53 0.15 6.01 098 -0.10 207
Ovary 16.05 <-0.87 58.75 072 -0.49 1.99
Prostate -0.11 -0.71 0.67 025 -0.38 0.87
Testis 32.55 4.48 105.70 085 -033 214
Bladder -0.17 <-0.87 1.37 033 -063 121
Kidney -0.16 <-0.87 2.04 047 -054 144
Brain -0.92 <-0.92 1.14 042 -0.68 143
Thyroid 098 <-0.87 8.76 0.75 -0.42 1.89
Remainder 0.27 -0.58 1.38 050 -024 121

a . . .
10-year lag assumption. Estimates not reported for female breast and uterus attributable to poor model convergence.
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Abstract

A major update to the International Nuclear Workers Study was undertaken that allows us to report updated estimates of associations
between radiation and site-specific solid cancer mortality. A cohort of 309 932 nuclear workers employed in France, the United Kingdom,
and the United States were monitored for external radiation exposure. Associations of radiation with cancer mortality were quantified
as the excess relative rate (ERR) per gray (Gy) using a maximum likelihood and a Markov chain Monte Carlo method (to stabilize estimates
via a hierarchical regression). The analysis included 28 089 deaths due to solid cancer, the most common being lung, prostate, and colon
cancer. Using maximum likelihood, positive estimates of ERR per Gy were obtained for stomach, colon, rectum, pancreas, peritoneum,
larynx, lung, pleura/mesothelioma, bone and connective tissue, skin, prostate, testis, bladder, kidney, thyroid, and residual cancers.
Negative estimates of ERR per Gy were found cancers of oral cavity and pharynx, esophagus, and ovary. A hierarchical model stabilized
site-specific estimates of association, including for lung (ERR per Gy = 0.65; 95% credible interval [CrI], 0.24-1.07), prostate (ERR per
Gy = 0.44; 95% Crl, —0.06 to 0.91), and colon cancer (ERR per Gy = 0.53; 95% Crl, —0.07 to 1.11). The results contribute evidence regarding

associations between low-dose radiation and cancer.

Key words: ionizing radiation; cohort studies; mortality study; occupational exposures; nuclear workers; cancer.

Introduction

The International Nuclear Workers Study (INWORKS) includes
nuclear workers in France, the United Kingdom, and the United
States who were monitored for external exposure to ionizing radi-
ation using personal dosimeters and subsequently were followed
to collect information on vital status and causes of death.’? Find-
ings from INWORKS have been influential on recent evaluations
of radiation-related cancer risks, particularly with regard to low-
dose and low-dose-rate exposure settings.>~> There has been sub-
stantial interest in findings from INWORKS regarding variation
in estimates of association between radiation dose and different
site-specific cancers.® Such findings are relevant to discussions
of etiology, compensation, and generalizability of radiation risk
estimates across populations that differ in baseline site-specific
cancer rates. They may also be useful in examining the adequacy
of current radiation protection standards.

Recently, a major update of the INWORKS study was under-
taken that strengthened evidence of positive association between
radiation dose and death due to all cancers combined.” Here, we

report on estimates of associations between ionizing radiation
and site-specific solid cancer mortality, obtained using a maxi-
mum likelihood method and using a Markov chain Monte Carlo
method. The latter was used to stabilize estimates by shrinkage
toward the mean of the site-specific solid cancer estimates via a
hierarchical regression.®

Methods

The INWORKS is a collaborative occupational cohort mortality
study of workers from France, the United Kingdom, and the United
States who were employed in the nuclear industry for at least
1 year and monitored, using personal dosimeters, for external
radiation exposure.'*? Annual estimates of whole-body dose due
to external exposure to ionizing radiation were available from
company records for UK workers and government and company
records for US and French workers. This information was used to
derive estimates of absorbed dose to a specified organ expressed
in grays (Gy), where target organ doses were derived by dividing
recorded external penetrating radiation dose estimates by an
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organ-specific dose factor.*-*> Measures of incorporated radionu-
clides included positive bioassay results, indication of confirmed
uptake, or an assigned committed dose; we used these measures
as an indication of a known or suspected internal contamination.
Estimates of doses from neutron exposure, when available, often
lack documentation on measurement processes and values of
radiation weighting factors. We used available records of esti-
mated neutron doses to construct categories of neutron moni-
toring status: whether a worker had a positive recorded neutron
dose, and if so, whether their recorded neutron dose ever exceeded
10% of their total external radiation dose of record. Vital status
was ascertained through 2012, 2014, and 2016 for the UK, French,
and US cohorts, respectively, through linkage with national and
regional death registries, employer records, tax records, and Social
Security Administration records. Information on underlying cause
of death was abstracted from death certificates and generally was
coded according to the revision of the International Classification of
Diseases in effect at the time of death. We use the term “cancer
types” to refer to deaths due to the specific types of solid cancer;
the range of International Classification of Diseases codes associated
with each cancer type, and the target organs selected for each
cancer type, are reported in Table S1.

Statistical methods

Person-years at risk and deaths by cancer type were tabulated
in strata defined by country, attained age (in 5-year intervals),
sex, year of birth (in 10-year intervals), socioeconomic status
(French, US, and UK workers employed by the Atomic Energy
Authority and Atomic Weapons Establishment were classified
into 5 categories, based on job title: professional and technical
workers, administrative staff, skilled workers, unskilled workers,
and uncertain; other UK workers were classified into 2 broader
categories of nonindustrial and industrial employees), duration
of employment or radiation work (in 10-year intervals), neutron
monitoring status, and cumulative dose (in categories of <5, 10,
20, 50, 100, 150, 200, 300, 400, and 500 > mGy). For each cell of this
person-time table, we calculated the person-time-weighted cell-
specific mean dose to each of the target organs of interest. We
quantified radiation dose-cancer mortality associations using the
following Poisson regression model for cancer type-specific rates:

W(eh,B) =exp(l)(1+PZ),j=1,2,....],

letting j denote cancer type, M cancer type-specific rates, s denote
index levels defined by the cross-classification of covariates, o}
denote cancer type-specific effects of covariates, Z denote target
organ-specific cumulative dose (in Gy), and p/ quantify the asso-
ciation between Z and the j™ cancer type as the excess relative
rate (ERR; the relative rate minus 1) per Gy. Maximum likelihood
estimates of p/ were obtained with background stratification on
strata, s, defined by country, attained age, sex, year of birth,
socioeconomic status, duration of employment or radiation work,
and neutron monitoring status.’® Background stratified Poisson
regression is an approach that has been used in the analyses of
data derived from a variety of studies of radiation-exposed popu-
lations.'"-?! The coefficients for the stratum-specific effects, o},
are not part of the expression for the likelihood that is maximized
to obtain estimates of pi-16

Cumulative doses were lagged by 10 years to allow for an induc-
tion and latency period between exposure and death.?? We under-
took sensitivity analyses in which cumulative doses were lagged
S years or 15 years; and, for each cancer type, results obtained

under alternative lags were compared with respect to goodness of
model fit.?* For the 3 most frequent cancer types (lung, prostate,
and colon), dose-response associations were examined visually
by fitting a regression model with indicator variables for cat-
egories of cumulative dose and plotting the resultant relative
rate estimates against category-specific mean dose values. For
the same 3 cancer types, we formally assessed departure from
linearity by fitting a model that also included a parameter for
the square of cumulative dose; models that included a higher
order polynomial function of cumulative dose were evaluated
with respect to improvement in model goodness of fit. We report
maximum likelihood estimates of ERR per Gy and associated 90%
profile likelihood-based CIs. An ERR model is commonly used in
radiation epidemiology?*; the model has computational restric-
tions because the relative rate cannot be negative and hence
the parameter p/ is constrained to be larger than , Where

-1
max[Z)]
max [Z] is the maximum value for the organ-specific cumulative
dose associated with cancer type j.>° In some cases, point esti-
mates could not be obtained, and we indicate this in “Results.”
When a profile likelihood-based confidence bound could not be
obtained, we report a Wald-type confidence bound. Sensitivity
analyses examined radiation dose-site specific cancer mortality
associations in the restricted dose range 0-400 mGy.

To assess concerns about the impact of workers employed
in the early years of nuclear industry operations,” we excluded
workers hired prior to 1958. To assess potential impact of incor-
porated radionuclides on site-specific dose-response estimates,
sensitivity analyses examined radiation dose-site specific cancer
mortality associations in analyses restricted to workers never
flagged for incorporated radionuclides. To assess potential impact
of neutron exposures on site-specific dose-response estimates,
sensitivity analyses examined radiation dose-site specific cancer
mortality associations in analyses restricted to workers never
flagged for neutrons.

We also obtained estimates of the p/ parameters using a hier-
archical regression approach under which the distribution of the
B/ parameters is modeled as a function of the overall mean of the
effects of exposure on the J cancer types and residual variation in
these associations:

B ~NG,2) forj=1...],

where 3 is the mean of the effects of exposure on the ] cancer
types and 1? is the prior variance that allows for deviation of the
cancer type-specific effects from a common mean effect.®° The
approach stabilizes the ensemble of the ] parameters such that
estimates are shrunk toward a common mean; as t> approaches 0,
the fitted exposure-response associations will be shrunk towards
a common mean.®?® We specified a normal (0, 10) prior for 8, so
that this prior was weakly informative, and specified that the prior
for the variance parameter, 12, followed a uniform (0.01, 5) distri-
bution, following recommendations regarding prior distributions
for variance parameters in hierarchical models.”” We performed
a sensitivity analysis in which we specified a normal (0.32, 5)
prior for 3§, illustrating a more informative prior with a smaller
variance and mean informed by an estimate of the ERR per Gy
for solid cancer mortality in a prior analysis of male survivors
of the Japanese atomic bomb.’® Cancer type-specific estimates
of the ERR per Gy were obtained as the mean of the posterior
distribution, and estimates of associated 90% highest posterior
density credible intervals (Crls) were obtained using a Markov
chain Monte Carlo algorithm implemented in SAS PROC MCMC.
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Table 1. Characteristics of the cohorts included in the
International Nuclear Workers Study, 1944-2016.

Deaths due to Person-years

Characteristic
solid cancer (millions), no. (%)
Country
France 4446 2.08 (19)
United Kingdom 11574 4.67 (44)
United States 12069 3.98 (37)
Age, years
<40 322 3.15 (29)
40-44 421 1.24 (12)
45-49 828 1.26 (12)
50-54 1558 1.21 (11)
55-59 2461 1.08 (10)
60-64 3581 0.91 (8)
65-69 4458 0.71(7)
70-74 4600 0.52 (5)
75-79 4310 0.34 (3)
80-84 3171 0.19 (2)
>85 2379 0.11 (1)
Sex
Male 25465 9.24 (86)
Female 2624 1.48 (14)
Birth cohort
<1904 1292 0.15 (1)
1905-1914 3591 0.49 (5)
1915-1924 7293 1.25 (12)
1925-1934 8673 2.11 (20)
1935-1944 4576 2.22 (21)
1945-1954 2027 2.25 (21)
1955 or later 637 2.26 (21)
Socioeconomic status
Professional and technical 7878 3.79 (35)
Administrative 2440 0.95 (9)
Skilled 12636 4.68 (44)
Unskilled 4735 1.14 (11)
Uncertain 400 0.16 (1)
Duration employed (years)
<10 9860 5.25 (49)
10-19 6132 2.65 (25)
20-29 6598 1.82 (17)
>30 5499 1.00 (9)
Neutron monitoring status
Never 24213 9.45 (88)
Ever 2468 0.73 (7)
Neutron dose exceeded 10% 1408 0.54 (5)

of total dose

Results

The study includes 309932 workers who contributed 10.72 mil-
lion person-years of follow-up to ascertain information on vital
status and causes of death (Table 1). The average age at the start
of employment was 28 years. Among workers whose estimated
cumulative doses were > 0 mGy, the average estimated cumu-
lative dose to the bladder (21.3 mGy), skin (21.0 mGy), colon
(20.9 mGy), lung (20.8 mGy), and stomach (20.8 mGy) were sim-
ilar, whereas average estimated cumulative doses to the liver
(19.5 mGy), pancreas (19.2 mGy), and brain (18.6 mGy) were
slightly lower. Among female workers whose estimated cumula-
tive doses were > 0 mGy, the average estimated cumulative doses
to the uterus (6.6 mGy), breast (5.9 mGy), and ovary (4.6 mGy) were
substantially lower.

The analysis includes 28089 deaths due to solid cancer, rep-
resenting a substantial update from the previous analysis of

INWORKS (Table S1). Although the percentage increase in the
number of cancers varies by cancer type, the distribution of solid
cancer deaths by cancer type has not changed markedly (Table
S1). The most common cancer types were lung, prostate, and
colon cancers; the least common were testis and thyroid cancers
(Table 2).

Maximum likelihood estimates

Cumulative dose, lagged by 10 years, was positively associated
with the following cancer types: stomach, colon, rectum,
pancreas, peritoneum, larynx, lung, pleura/mesothelioma,
bone/connective tissue, skin, prostate, testis, bladder, kidney,
thyroid, and residual cancers (Table 2). No estimate of association
was obtained for cancer of the female breast, uterus, brain,
or liver/gallbladder, due to convergence problems for these
outcomes. Cumulative dose, lagged by 10 years, was negatively
associated with oral cavity and pharynx, esophagus, and ovary
cancers (Table 2). The largest estimates of association were
obtained for cancers of the testis and thyroid (the 2 cancer types
with the fewest deaths). For the most common cancer types,
lung, prostate, and colon cancer (collectively accounting for half
of all solid cancers), estimates of the ERR ranged from 0.31 to
0.67 per Gy of cumulative dose, lagged by 10 years. Tests of
heterogeneity by country indicated no significant variation in the
dose-response for lung cancer (likelihood ratio test [LRT] = 0.67;
2 degrees of freedom [df]), prostate (LRT = 0.14; 2 df), or colon
cancer (LRT = 1.13; 2 df).

Under a 5-year lag, model goodness of fit for all outcomes
examined was similar to, or poorer than, that obtained under a
10-year lagassumption, with the exception of cancers of the stom-
ach and testis, for which the estimated radiation dose-mortality
associations exhibited somewhat better goodness of fit under a
5- than 10-year lag assumption (Table S2). Under a 15-year lag,
model goodness of fit was similar to, or poorer than, that obtained
under a 10-year lag assumption, with the exception of cancer
of the rectum, for which the estimated radiation dose-mortality
association exhibited somewhat better goodness of fit under a 15-
year lag than under a 10-year lag assumption (Table S2).

We visually examined the fit of the linear ERR model to the data
for lung, prostate, and colon cancer by plotting the relative rate in
categories of cumulative exposure (Figure 1). There was minimal
evidence of curvature in the dose-response association for cancer
of the prostate (LRT = 1.3 [1 df]; P = .25) or colon (LRT = 0.0 [1
df]; P = .92), based on a comparison of the fit of a linear model
to the fit of a linear-quadratic model; however, a quadratic term
led to moderate improvement in the model goodness of fit for
lung cancer (LRT = 4.4 [1 df]; P = .04), with a negative estimated
quadratic coefficient indicative of downward curvature.

Analyses restricted to the dose range below 400 mGy included
99.5% of the solid cancer deaths in the full study (ie, 27 960
deaths due to solid cancer) and 10.71 million person-years of
follow-up. Cumulative dose, lagged by 10 years, was positively
associated with oral cavity and pharynx, stomach, colon, rectum,
peritoneum, larynx, lung, pleura, bone/connective tissue, skin,
ovary, prostate, testis, bladder, kidney, thyroid, and residual can-
cers (Table S3). No estimate of association was obtained for cancer
of the female breast or uterus, due to convergence problems
for these outcomes. Cumulative dose, lagged by 10 years, was
negatively associated with the following cancer types: esophagus,
liver/gallbladder, pancreas, and brain cancer (Table S3). In analy-
ses restricted to the dose range below 400 mGy, there was minimal
evidence of curvature in the dose-response association for cancer
of the prostate (LRT = 0.0 [1 df]; P = .89), colon (LRT = 0.3 [1 df];

CMD 25-H2.E - Page 104

GZ0Z 8unf 9z uo Jasn uoissiwwo) A1ajes Jesjpnp ueipeue) Aq €182/ /2/S82L/S/y6 1 /a1o1ie/ale/woo dno-olwapeoe)/:sdiy Wwoll papeojumoc]



1288 | American Journal of Epidemiology, 2025, Volume 194, Number 5

Table 2. Maximum likelihood and Markov chain Monte Carlo hierarchical regression estimates of excess relative rate per Gy
cumulative organ-specific dose, lagged 10 years, for death due to specific types of cancer: International Nuclear Workers Study

Consortium (1944-2016).2

Maximum likelihood

Markov chain Monte Carlo

Cancer type No. of deaths
ERRP per Gy 90% CI ERR per Gy 90% CI

Oral cavity and pharynx® 522 —0.58 —2.79t02.16 0.47 —0.44 to 1.37
Esophagus® 1112 —0.16 —1.06 to 0.92 0.34 —0.38 to 1.00
Stomach 1236 1.00 —0.13t0 2.47 0.72 0.01-1.44
Colon 2379 0.41 —0.32to 1.32 0.53 —0.07 to 1.10
Rectum 875 1.29 —0.05 to0 3.10 0.78 0.02-1.56
Liver and gallbladder 867 -d - 0.13 —0.84t0 0.97
Pancreas 1641 0.06 —0.80to 1.22 0.42 —0.27 to 1.10
Peritoneum 266 2.47 —0.12 to 6.79 0.78 —0.10 to 1.67
Larynx 256 3.34 0.15-8.71 0.81 —0.09t0 1.73
Lung 8266 0.67 0.21-1.19 0.65 0.24-1.07
Pleura and mesothelioma 645 2.84 0.70-5.63 0.92 0.05-1.84
Bone and connective® 216 2.48 —3.09 to0 9.41 0.64 —0.30to 1.58
Skin 622 1.44 —0.28 t0 3.82 0.74 —0.04 to 1.61
Female breast 640 —d - 0.45 —0.58 to 1.39
Uterus 102 -4 - 0.55 —0.44to 1.51
Ovary®© 208 —-0.43 —14.46 to 19.35 0.58 —0.38 to 1.56
Prostate 2920 0.31 —0.23 t0 0.96 0.44 —0.06 to 0.91
Testis 54 33.36 5.49 to 100.10 0.71 —-0.21to0 1.72
Bladder 1062 0.33 —0.56 to 1.50 0.51 —0.15 to 1.15
Kidney 803 1.26 —0.10 to 3.22 0.76 —0.01to 1.51
Brain 923 -4 - 0.26 —0.65t0 1.13
Thyroid 66 4.23 —0.40 to 15.32 0.73 —0.21to 1.64
Remainder 2408 0.43 —0.33t0 1.36 0.53 —0.05t0 1.13

aStrata: country, age, sex, birth cohort, socioeconomic status, duration employed, neutron monitoring status.

bERR, excessive relative rate.
¢Wald-type lower confidence bound for maximum likelihood estimate.
dNo estimate obtained, due to failure of regression model convergence.

P =.58), or lung (LRT = 3.0 [1 df]; P = .08) when comparing the fit
of linear to linear-quadratic models.

To address concerns about impact of workers hired in the early
years of operations, we examined associations between cumula-
tive radiation dose and deaths due to solid cancer restricted to
the 238639 workers hired in 1958 or later (Table S4). No estimate
of association was obtained for cancer of the esophagus, uterus,
ovary, or brain, due to convergence problems for these outcomes.
Cumulative dose, lagged by 10 years, was negatively associated
with liver/gallbladder, pancreas, and skin cancers (Table S4). All
other cancer sites had positive estimated coefficients. The mag-
nitudes of the estimated ERR per Gy for lung cancer (1.28; 90%
CI, 0.37-2.32), prostate (0.57; 90% CI, —0.55 to 2.00), and colon
cancer (1.40; 90% CI, —0.02 to 3.27) were larger than the estimates
obtained in the unrestricted analysis.

To address concerns about bias due to internal exposure to
radiation, we conducted an analysis restricted to the 84% of
workers who were never flagged for incorporated radionuclides
or internal monitoring (Table S5). Cumulative dose, lagged by
10 years, was negatively associated with esophagus, skin, bladder,
and brain cancers. Focusing on lung, liver, and bone cancers,
sites that receive the greatest doses from internal depositions of
plutonium and uranium, the magnitude of the estimated ERR
per Gy for lung cancer is larger in analyses restricted to those
with no internal deposition flag than in analyses of the cohort
overall, and, similarly, the magnitude of the estimated ERR per Gy
for bone cancer is larger in analyses restricted to those with no
internal deposition flag than in analyses of the cohort overall; no
estimate of association was obtained between external dose and
death resulting from liver/gallbladder cancer, due to convergence
problems.

To address concerns about bias due to neutron exposure, we
conducted an analysis restricted to workers never flagged for
neutrons (Table S6). No estimate of association was obtained for
cancer of the female breast or uterus, due to convergence prob-
lems for these outcomes. Cumulative dose, lagged by 10 years,
was negatively associated with oral cavity and pharynx, esoph-
agus, liver/gallbladder, pancreas, ovary, bladder, kidney, and brain
cancers. All other cancer sites had positive estimated coefficients.
The magnitude of the estimated ERR per Gy for lung cancer (0.81;
90% CI, 0.18-1.49) was larger than the estimate obtained in the
unrestricted analysis.

Hierarchical Poisson regression

Upon using a hierarchical model, none of the posterior mean
estimates were negative (Table 2). The estimated value of 3, the
common mean effect of exposure on the cancer types, was 0.59
(90% Crl, 0.23-0.94); the variance parameter, t?, was estimated
as 0.27 (90% CrI, 0.01-0.66). Estimates of radiation dose-mortality
associations for specific cancer sites obtained using a hierarchical
Poisson regression modeling approach showed less variability
and tended to have less-extreme values than those obtained
by maximum likelihood regression methods (Figure 2). For lung
cancer, the mean of the posterior distribution, and the 90% CrlI,
obtained by this hierarchical regression method were similar to
the point estimates and 90% ClIs for the association obtained by
maximum likelihood methods (Table 2). In contrast, for many of
the less-common cancer types, posterior mean estimates of the
ERR per Gy tended to be shrunk substantially toward the common
mean estimate of association, and the site-specific estimates of
association were stabilized (as reflected by narrower 90% Crls
than the 90% CIs).
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Figure 1. Relative rate of mortality due to lung, prostate, and colon cancers by categories of cumulative colon dose (strata: country, age, sex, birth
cohort, socioeconomic status, duration employed, neutron monitoring status), lagged 10 years in the International Nuclear Workers Study. Gray bars
indicate 90% ClIs, the black solid line depicts the fitted linear model for the change in the excess relative rate of cancer mortality with dose, and the
gray dashed line depicts the fitted linear-quadratic model for the change in the excess relative rate of cancer mortality with dose. The gray solid line is

a reference line. A) Lung. B) Prostate. C) Colon.

In a sensitivity analysis, we recalculated the shrinkage esti-
mates in analyses illustrating a more informative prior for 3 [ie, a
N(0.32, 5) prior]. Results were extremely similar to those obtained
using a vague prior [ie, N(0,10) prior] for § (Table S7). In a separate
sensitivity analysis, we recalculated the shrinkage estimators in
analyses restricted to the 27960 solid cancer deaths and 10.71
million person-years observed in the dose range < 400 mGy
(Table S3). Hierarchical regression model estimates for the cancer
type-specific associations based on data restricted to the dose
range < 400 mGy were similar to those obtained in hierarchi-
cal regression analyses of the unrestricted data (Table 2), with
somewhat larger estimates for cancers of the lung, stomach, and
pleura/mesothelioma; the estimated value of was 0.65 (90% CrI,

0.19-1.11); t? was estimated as 0.59 (90% Crl, 0.03-1.24). We also
recalculated the shrinkage estimators in analyses restricted to
workers hired in 1958 or later (Table S4), yielding posterior cancer
type-specific estimates of association that, with the exception
of esophageal cancer, were larger than estimates obtained in
hierarchical regressions using the unrestricted INWORKS data.
The estimated value of § was 1.40 (90% Crl, 0.63-2.16); t* was
estimated as 1.65 (90% Crl, 0.05-3.51).

Discussion

The INWORKS pools information for some of the most infor-
mative cohorts of nuclear industry workers in the world; the
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Figure 2. Maximum likelihood and Markov chain Monte Carlo hierarchical regression estimates of excess relative rate per Gy cumulative
organ-specific dose (10-year lag assumption) for death due to specific types of cancer. International Nuclear Workers Study consortium, 1944-2016.
Circles indicate cancer site-specific Markov chain Monte Carlo hierarchical regression estimates. Diamonds indicate cancer site-specific maximum
likelihood estimates. Whiskers indicate 90% credible intervals for hierarchical regression estimates and 90% profile likelihood-based Cls for maximum
likelihood estimates. Gray dashed line indicates estimated mean of hierarchical regression estimates.

updated study reported upon here extends follow-up to encom-
pass 10.72 million person-years of observation. This updated
follow-up of INWORKS was undertaken to provide a large-scale,
international assessment of mortality risks from protracted low-
dose, low dose-rate ionizing radiation exposures. The findings of
this study strengthen support for positive associations between
low dose, low dose-rate exposure to ionizing radiation and a
variety of site-specific cancers.

Maximum likelihood estimates

Cancer type-specific estimates of ERR per Gy tended to take less
extreme values, and the 90% CIs for estimates of ERR per Gy
derived in this analysis, using maximum likelihood methods, tend
to be narrower than in our prior INWORKS analysis.” However,
for many site-specific cancers, maximum likelihood estimates of
association remain imprecise (Table 2). Considering cancer of the
lung, which is the most common cancer among the INWORKS par-
ticipants, the updated maximum likelihood regression estimate
(ERR per Gy = 0.67; 90% CI, 0.21-1.19) is similar in magnitude
to that reported in the Life Span Study (LSS) of Japanese atomic
bomb survivors (ERR per Gy = 0.64; 95% CI, 0.38-0.94) at age 65
after radiation exposure at age 25 years.”® However, our estimate
is substantially larger than an estimate of the association between
gamma exposure and lung cancer mortality among Mayak work-
ers (ERR per Gy = 0.24; 95% CI, 0.08-0.44),%® and our estimate
differs in direction from the inverse association between ionizing
radiation dose and lung cancer mortality among US nuclear
power plant workers reported as part of the Million Worker Study
(ERR per Gy = —0.4; 95% CI, —1.1 to 0.2).% Considering death due
to prostate cancer, our maximum likelihood regression estimate

(ERR per Gy = 0.31; 90% CI, —0.23 to 0.96) is similar to that
reported in the LSS of atomic bomb survivors (ERR per Gy = 0.33;
95% CI, <0 to 1.25), although we note that in an analysis of
prostate cancer incidence in the LSS, a larger estimate of asso-
ciation was reported (ERR per Gy = 0.57; 95% CI, 0.21-1.00).>° Few
prior environmental and occupational studies reported a strong
indication of a positive association between radiation dose and
prostate cancer mortality3?*? Considering death due to colon
cancer, the maximum likelihood estimate (ERR Gy = 0.41; 90%
CI, —0.32 to 1.32) is consistent with an estimate from the LSS
(ERR per Gy = 0.54; 95% CI, 0.23-0.93), although the INWORKS
estimate is extremely imprecise. A positive but imprecise estimate
of association was found between colon cancer and external
radiation dose among the Mayak plant workers (ERR per Gy = 0.21;
95% CI, —0.06 to 0.62),*” and minimal evidence of association
between radiation dose and colon cancer was reported in other
occupational cohorts."* Negative maximum likelihood-based
estimates of ERR per Gy were reported in this INWORKS anal-
ysis for oral cavity and pharynx, esophagus, and ovary cancers.
Cancers of the oral cavity and pharynx, esophagus, and ovary
have rarely been found to be associated with low linear energy
transfer radiation exposure in occupational studies.* However,
positive associations between radiation dose and death due to oral
cavity and pharynx, esophageal, and ovary cancers were observed
in analyses of cancer mortality in the LSS cohort with follow-up
from 1950 to 2003243

Hierarchical regression estimates

We stabilized cancer type-specific estimates of association
through hierarchical modeling. There was minimal shrinkage
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of estimates of ERR per Gy for common outcomes, such as lung
cancer; in contrast, substantial shrinkage occurred for some rare
cancer types (Figure 2). Posterior estimates for all type-specific
cancers were positive, and Crls tended to be narrower than profile
likelihood-based CIs for all cancer types (Figure 2). The updated
follow-up of these cohorts, and our application of a hierarchical
regression approach, has led to an ensemble of estimates of
cancer site-specific ERR per Gy based on hierarchical regression
that is more stable than previous maximum likelihood estimates
and should have lower mean squared error?

The hierarchical modeling approach we used allows for radia-
tion—cancer type associations to vary between cancer types, under
a model that assumes the parameters describing cancer type—
specific associations follow a normal distribution. Although the
assumption of normality is an important one, it is supported
by prior observations regarding variability in site-specific radia-
tion dose—cancer associations in analyses of the Japanese atomic
bomb survivors, it has been leveraged in previous analyses of
radiation-exposed populations,®342¢ and simulations and theo-
retical work have shown that hierarchical models are robust to
moderate violations of the assumption of normality of effects.®/-3°
The assumption that a group of parameters can be modeled
as following a normal distribution represents prior knowledge
incorporated into the analysis. Consequently, the hierarchical
regression estimates tend to yield more precise Crls than would
be obtained in the absence of such an assumption, and the full
ensemble of estimates of association tend to have less-extreme
values that those obtained by standard regression. Of course, the
point estimate for any given cancer site may suffer greater bias
upon shrinkage, because the ensemble of parameters tends to
be pulled toward the grand mean. If the normality assumption
is wrong, or if a critic disagrees with it, then this may suggest how
sensitivity analysis can be used to assess how different beliefs
regarding this prior alter results.

Strengths and limitations

Most information in INWORKS pertains to male nuclear industry
workers (Table 1); fewer women were hired at the study facilities
than men, women tended to be assigned to jobs that accrued
lower radiation doses than men, and the average dose to the
breast was lower than for cancer sites such as lung or skin,
reducing the statistical power of analyses for this cancer type.
Consequently, the present study provides relatively little infor-
mation regarding radiation-associated cancer risks for female
workers and for cancers occurring at sites such as the breast,
uterus, and ovary.

Like most observational studies, INWORKS has potential
for uncontrolled confounding. For example, we lack individual
smoking histories for cohort members; however, we previously
indirectly assessed evidence of whether radiation dose-cancer
associations were confounded by cigarette smoking’-*° and found
minimal evidence of association between radiation dose and
chronic obstructive pulmonary disease. In the present analysis,
we examined associations between radiation dose and cancer
types not strongly related to smoking*! and, therefore, unlikely to
suffer confounding by smoking. We observed positive associations
with many cancer sites not strongly associated with smoking, and
the cancer outcomes most strongly associated with smoking (eg,
lung and esophageal cancers) were not the cancer sites exhibiting
the largest magnitudes of association with radiation dose.

Potential confounding by occupational exposure to asbestos is
another concern in INWORKS. Prior investigations of US nuclear
cohorts observed elevated standardized mortality ratios for can-

cer of pleura/mesothelioma, notably at the Portsmouth Naval
Shipyard.*> We observed a positive association between radiation
and pleura/mesothelioma cancer (as well as cancer of the peri-
toneum, which may include cases of peritoneal mesothelioma),
which suggests that occupational asbestos exposure may con-
found radiation dose-mortality associations; however, prior work
has suggested that the association between asbestos exposure
and ionizing radiation is likely weak*? and that the degree of
confounding by asbestos of associations between external dose
and site-specific solid cancers such as lung cancer is likely quite
small.®

We assessed departures from linearity for the leading cancer
outcomes. For colon and prostate cancers, there was minimal
evidence of departure from linearity in the dose-response associ-
ation; however, for lung cancer there was evidence of downward
curvature. One way to address downward curvature at higher
cumulative doses is to restrict analyses to a lower dose range
over which the association is more linear. In analyses restricted
to the dose range < 400 mGy, there was reasonable support for a
linear model for each of the cancer sites examined. In hierarchi-
cal analyses, posterior estimates remained similar in magnitude
when we focused on this lower dose range, where we observed rel-
atively strong support for linearity in dose-response associations
for the leading cancer sites. Such attenuation at high exposure
levels is often observed in industrial cohort mortality studies
and could suggest confounding or selection bias.****¢ Long-term
workers tend to be healthier than short-term workers (and their
cumulative exposures tend to be higher than those of short-
term workers), which can lead to a “healthy worker survivor” bias
that may obscure or distort estimates of the effects of protracted
occupational exposures.*>4/ -4

A strength of INWORKS is that this study focuses on cohorts
for which exposures were primarily to high-energy, low linear
energy transfer penetrating radiation. Relatively few workers in
INWORKS were flagged for incorporated radionuclides, which dif-
fers, for example, from studies of workers employed at the Mayak
nuclear plant in Russia,’® where workers often were exposed
to relatively high levels of plutonium.*® Furthermore, we under-
took sensitivity analyses restricted to workers with no known or
suspected internal contamination by radionuclides. Contrary to
the pattern expected if there was substantial positive confound-
ing by internal radionuclide depositions of associations between
external radiation dose and site-specific cancer mortality, the
magnitude of the estimated ERR per Gy for lung cancer, for
example, was larger in analyses restricted to those with no known
or suspected internal contamination by radionuclides than in our
overall unrestricted analysis of INWORKS.

In the early years of the nuclear industry, workers were
recruited en masse into the new industry>'>? Because large
numbers of healthy men had been selected out of the workforce
by World War II military conscription, questions have been raised
about differences in health-related selection between early and
later hires.>*>* There have also been concerns regarding radiation
exposure measurement errors in the early years of the nuclear
industry>>> Recent analyses of all solid cancers found that
restricting analysis to workers hired in the more recent years
of operations led to a larger-magnitude estimate of association
between cumulative radiation dose and solid cancer mortality.
We examined cancer site-specific estimates of associations upon
restriction to workers hired in 1958 or later; estimates tend to be
larger than in the unrestricted analyses, with exception of liver
and gallbladder, pancreas, skin, female breast, and testis, which
were smaller upon restriction to workers hired in 1958 or later.
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Conclusions

Follow-up of large cohorts of nuclear industry workers has been
ongoing for over 3 decades. Further work on the development of
informative prior distributions could be useful in strengthening
understanding of site-specific radiation dose-cancer associations.
Further analyses that focus on estimation of the excess abso-
lute risk of select cancer outcomes, which requires a modeling
approach that differs from the one used here, could also be
useful for informing evaluation of radiation risks. In addition,
because follow-up of cohorts included in INWORKS continue to be
updated,*?>8 the information available from international pooling
of these data should offer even more useful insights into the
risks of cancer from protracted low dose-rate exposure to ionizing
radiation.
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INWORKS: Cancer mortality after low
dose exposure to ionising radiation in
workers

A recent epidemiological study published in the British Medical Journal, titled

“Cancer mortality after low dose exposure to ionising_ radiation in workers
in France, the United Kingdom, and the United States (INWORKS): cohort
study”, evaluated the effects of long-term exposure to low-dose ionizing

radiation on cancer mortality. This study by Richardson et al. (2023) is an
update of previous work, discussed below.

On this page

o History of the INWORKS studies
e Summary of the 2023 INWORKS study
e Limitations of the 2023 INWORKS study.
results
e Epidemiological studies inform national radiation protection

e INWORKS studies will inform the international radiation protection

framework

e Conclusion
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History of the INWORKS studies

The INternational WORKers Study (INWORKS) is an international study that
combines cohorts of nuclear workers in France, the United Kingdom, and
the United States. INWORKS is one of the largest, most statistically robust
mortality studies. Overall, the study includes 309,932 workers, of which
40,445 are women (~13%). A detailed description of the INWORKS cohorts
can be found in Hamra et al. (2016).

The INWORKS studies were born out of an earlier 15-country study, which
included Canada, on the mortality of nuclear energy workers (Cardis et al.,
2007). Within the 15-country study, the cohorts from France, the United
Kingdom, and the United States were selected for the series of subsequent
INWORKS studies because they were the most informative: their data had
been recently updated, they provided over half of the person-years ! of
follow-up, and they included most of the cancer and leukemia deaths.

Those INWORKS studies investigated the relationship between exposure to
ionizing radiation and cause-specific risk of death from:

e |eukemia and lymphoma (Leuraud et al., 2015)
¢ all solid cancers combined (Richardson et al., 2015)

e circulatory diseases and other non-cancer outcomes (Gillies et al.,
2017)
e site-specific solid cancers (Richardson et al., 2018)

Overall, these studies found strong evidence of positive associations
between chronic low-dose radiation exposure and risk of death from
leukemia, all solid cancers combined, many site-specific solid cancers (the
most common being lung, prostate, and colon), and non-cancer causes
(circulatory diseases primarily). Risk of death increased with cumulative
dose for all solid cancers combined.
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Summary of the 2023 INWORKS study

The 2023 INWORKS study (Richardson et al., 2023) is an update of the 2015
study (Richardson et al., 2015); both studies investigated the association
between chronic, low dose exposure to ionizing radiation and dying from
solid cancer (i.e., all solid cancers combined, but not cancers that develop in
the blood, bone marrow, or lymph nodes). According to the 2023 INWORKS
study, the risk of radiation-induced solid cancer mortality resulting from
chronic exposure to low doses of radiation may be slightly higher than
previously reported. The study supports a linear association between
prolonged low-dose external exposure to ionizing radiation and solid
cancer mortality.

Limitations of the 2023 INWORKS study

The authors acknowledge that, like all studies, the 2023 INWORKS study has
limitations. For example, only external exposures were considered; doses
from internal exposures, such as inhalation and ingestion, were excluded.
As a result, the risk may be overestimated. This study used effective dose
(whole body and estimated dose to the colon) rather than absorbed dose
to the organ, which would have provided more precise risk estimates. This
study also lacks individual-level data on risk factors, such as smoking, that
could affect the radiation-cancer association; therefore, indirect methods
were used to assess confounding by smoking. Despite its limitations, the
study incorporates one of the more relatively robust methodologies in the
field of radiation epidemiology with worker cohorts and provides
reasonable risk estimates.
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Results from INWORKS (2015, 2023) are
comparable to Life Span Study results

The general understanding of radiation-induced risk was first established
from the long-standing Life Span Study (LSS) of the atomic bomb survivors,
who have been studied since 1958. The atomic bomb survivors received a
single, acute (short-term), whole-body exposure to relatively high levels of
ionizing radiation. The doses in the LSS are different than the chronic (long-
term), low dose exposures experienced by nuclear energy workers.

The INWORKS studies add to our understanding of radiation risk and are
more comparable to modern workers than the LSS given the chronic low
dose exposures, actual individual dose measurement (rather than
estimation), and the detailed follow-up of workers.

The relationship between ionizing radiation and solid cancer mortality in
the 2023 INWORKS study is slightly higher than, albeit comparable to, the
LSS results (Richardson et al., 2023; Ozasa et al., 2012; Brenner et al., 2022).
Results are statistically comparable because the confidence intervals

overlap (see table 1). Compared to the previous analysis on solid cancer
mortality (Richardson et al., 2015), the 2023 INWORKS study includes more
data, with follow-up extended by 10 years, resulting in more precise risk
estimates (i.e., a tighter gap between the lower and upper bounds of the
confidence intervals). Compared to the LSS analysis on solid cancer
mortality, which has 3.1 million person-years of follow-up data, the 2023
INWORKS study has 10.7 million person-years of follow-up data.

Table 1. Comparison of INWORKS and LSS solid cancer mortality
results

Excess relative risk! per Gy
Study (% confidence interval)*
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Excess relative risk! per Gy

Study (% confidence interval)*
INWORKS (Richardson et al., 2015) 0.47 (90% CI: 0.18, 0.79)
INWORKS (Richardson et al., 2023) 0.52 (90% CI: 0.27, 0.77)
Life Span Study (Ozasa et al., 2012) 0.37 (90% CI: 0.17, 0.60)

Life Span Study (Brenner et al., 2022) 0.44 (95% CI: 0.35, 0.54)

'"The rate of disease in an exposed population divided by the rate of
disease in an unexposed population, minus 1, expressed as the excess
relative risk (ERR) per unit dose (e.g., per gray or per sievert). An ERR of
0.47 per Gy (equivalent to 1 Sv or 1,000 mSv) means that the probability
of an individual dying from a radiation-induced cancer is 1.47 times
higher for an individual exposed to 1 Gy compared to an unexposed
individual.

*A 90% confidence interval (CI) indicates how often (i.e., 90 out of 100
times) the estimated results fall between the upper and lower bounds,
while a 95% confidence interval implies a 5% greater certainty.

Epidemiological studies inform national
radiation protection

Epidemiological studies such as the INWORKS studies that look at worker
health over their entire careers improve our understanding of the risks
associated with exposure to low doses of radiation. Most epidemiological
studies show a linear relationship between radiation dose and cancer risk,
informing the shape of the dose-response curve.
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A linear-non-threshold (LNT)_model is the dose-response curve used
internationally by most health agencies and nuclear requlators, including
the CNSC, to set dose limits for workers and members of the public. This is
a conservative approach to account for any uncertainties around how
exposure to low doses of radiation may affect health outcomes. Further,
current average doses to Canadian nuclear workers are far below dose
limits as licensees must keep doses to workers as low as reasonably
achievable (ALARA), with social and economic factors being considered.
Regulatory dose limits are in place to reduce the risk of cancer, which is a
stochastic effect (i.e., a health effect that occurs with a probability that is
proportional to the dose magnitude).

INWORKS studies will inform the
international radiation protection
framework

The 2023 INWORKS study results will inform discussions on radiation
protection among the international community (e.g., the International
Commission on Radiological Protection, or ICRP) on risk assessment in low

dose and low-dose rate settings.

The ICRP aims to publish the next set of general recommendations, which
will include dose limits, in the early 2030s. The ICRP will consider all relevant
studies published in the literature, including this 2023 INWORKS study,
when drafting its next set of recommendations.

CMD 25-H2.E - Page 117



Conclusion

There is no immediate action needed in response to the 2023 INWORKS
study. The study results continue to support the use of the LNT model as a
suitable tool for establishing radiation dose limits that align with the
international radiation protection framework and the CNSC’s robust
requlatory framework for ensuring the health and safety of people and the
protection of the environment. The results of the 2023 INWORKS study,
combined with other studies on nuclear workers and other radiation-
exposed populations, such as medical patients and members of the public,
add to the weight of evidence of our understanding of the health effects
from low doses of radiation.

e Learn more about radiation.

e Learn more about what the CNSC is doing_in low dose research.
e [earn more about radiation health effects and stochastic effects.
e Learn more about the linear-non-threshold (LNT) model.

Footnotes

1 Person-years: a measurement that considers the number of
people in the study and the amount of time each person spent in
the study.
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