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MEMORANDUM TO: Donald A. Cool, Director
Division of Industrial and
Medical Nuclear Safc};. NMSS

FROM : Myron Pollycove /}/
Visiting Medical Fellow
SUBJECT: RECENT PUBLICATION "CONFIRMING" LINEAR-NO

THRESHOLD THEORY

One cannot significantly contradict the 1inear no-threshold theory by
restricting data analysis only to risk increments. The diverse adaptive
responses to radiation documented in UNSCEAR 1994 repeatedly demonstrate
significant risk decrements. Attached is the recent publication identified by
Shirley Fry (one of the authors) as the one, cited in Sweden to Bob Bernero,
that confirms the linear no threshold theory with no dose rate reduction at
low dose.

Risk decrements are excluded 3 priori from this publication so that one-sided
P tests are used throughout. Even so, the data demonstrate no evidence of
association between radiation dose and mortality from all causes or from all
cancers including mortality from leukemia other than chronic lymphatic
leukemia (CLL). The lack of a significant number of leukemia deaths is
circumvented by a trend analysis that ignores the 4 dose ranges with fewer
observed than expected deaths (4 of 7) and uses a computer simulation of 5000
samples instead of the 6/2.3, 8/6.4, and 19/17.2 observed/expected leukemia
deaths observed in each of the 3 remaining interspersed dose ranges.

The U.S. Nuclear Shipyard Worker (NS¥) study reported in 1991 and in UNSCEAR
1994 is omitted from this 1995 report of cance: -ortality among 95,673
monitored nuclear industry workers in the U.S., U.K, and Canada. The Johns
Hopkins NSW study of almost 700,000 workers includes 106,851 monitored nuclear
workers in the data base and was chaired by Arthur Upton. The NSW study
demonstrated a highly significant -0.24 risk decrement (-16 SD) of
standardized mortality from all causes, no increase of leukemia or Tymphatic
and hematopoietic cancers, and the absence of any healthy worker effect.

Attachments: As stated

cc: H. Thompson, EDO

R. Bernero

J. Glenn, RES

C. Paperiello, NMSS

9610080442 960326
PDR ACRS
GENERAL PDR ?9



TADIATION ESF AR 142 |
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strong. B. K., Beral. V.. Cowper. G.. Douglas. A.. Fix, J.. Frv. 5 A
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Studies of the mortality among nuclear industry workforces
have been carried out. and nationally combined analyses per-
formed, in the US., the UK and Canada. This paper presents the
results of internationally combined analyses of mortality data on
95,673 workers (£5.4% men) monitored for external exposure to
ionizing radiation and empicyed for 4 months or longer in the
nuclear industry of one of the three countries. These analyses
were undertaken (o obtain « more precise direct assessment of the
carcinogenic effects of protracted iow-levei exposure to external,
predominantly v, radiation. The combination of the data from
the various studies increases the power (o study associations
between radiation and specific cancers. The combined analyses
covered a total of 2,124,526 person-years (PY) at risk and 15825
deaths, 3,976 of which were due 1o cancer. There was no evidence
of an associstion between radiation dose and mortalicy from all
causes or icom all camesrs. Mortality from leukemia, excluding
chwromic lymphocytic inkamis (CLL)—the cause of death most
wyumnuummummu
atomic boenb survivers and other populations exposed at high
dose rates—was sgnificantly associated with cumulative external
radiation dose P value = 0.046; 119 deaths). Among
the 31 other s of cancer studied. a significant associa-
tion was observed only for myluirie myeioma 1*% value =
0037, 44 deaths), and this was a.cnbutable pri ¥ to the asso-
ciations reported previously between this disease and radiation
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Cedex U8 France

¥ NeT rpund n all oftier slqdies and
Niw CONSIQered ey necus -

/00

dose in the Hanford (U.S.) and Sellafield (UK) cohonf The
excess relative risk (ERR) estimates for all cancers excluding
leukemia. and leukem:a excluding CLL. the two main groupings
of causes of death for which risk estimates have been derived
from studies of 2tomic boinb survivors, were ~0.07 per Sv (90
confidence interval (C1): 0.4, 0.3] and 2.18 per Sv (90% CIL. 0.1.
5.7). respectively. These values correspond to a relative ris
0.99 for all cancers excluding leukemia and 1.22 for leu}
excluding CLL for a cumulative protracted dose of 100 mSv
pared 10 0 mSv. These estimates. which did not differ signific.

ly across cohorts or between men and women. are the most com-
prehensive and precise direct estimates of cuncer risk associated
with low-dose protracted exposures obtained to date. Although
thcymmmutbummm&omuudmof
atomic bomb survivors, they are compatible with a range of poss:-
bilities. from a reduction of risk at low doses, (0 rsks (wice (hose
on which current radiation protection recommendations are
based. Us..all, the results of this study do not suggest that cur-
rent radiation risk estimates for cancer at low levels of exposure
are appreciably in error.  © 199 by Radisoon Kesarch Socwery

INTRODUCTION

Current estimates of cancer nsk associated wn;tm external
exposure to low-linear energy transfer (LET) " iomzing

Low-LET radiations: y and X ravs in the range 100 to 2500 ke
Abbreviations used: AEA. Atomic Energy Authonty AECL
Atomic Energy of Canada Lid.. AWE. Atomic Weapons Establishment
CLL. chronic lvmphocvtic leukemia. CML, chronic mveloid leukemid
DDREF. dose and dose-rate effectiveness factor: ERR excess reiatine
nsk. IARC International Agency for Research on Cancer [( RP Inter
national Commission on Radiological Protection: LET linear encrg
rransfer: ORNL. Oak Ridge National Laboratory RERF Ra n
Effects Research Foundation: RR. relative risk SES socio-¢
status. UNSCEAR. United Nauons Scientfic Commitiee on (nt
of Atomic Radiation
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radhation are derived pnmanily from studies of the moriality
of atomic bomb survivors in Hiroshima and Nagasaki and
ol patients irradiated tor therapeutic purposes (/-4). Both
these groups were exposed primarily at high dose rates
Radiation protection recommendations for environmental
and occupational exposures have generally been based on
the use of these estimates in conjunction with models 1o
extrapolate the effects of such acute (or short-term) high-
level exposures to the relatively low-dose. low-dose-rate
exposures of environmental and occupational concern. and
across populations with different baseline cancer nisks (4)
These models are. inevitably. subject to uncertainties.

A direct assessment of the carcinogenic effects of long-
term. low-level radiation exposure in humans can be made
from studies of cancer risk among workers in the nuclear
industry “ Many of these workers have received low. above-
background doses of 10onizing radiation. predominantly
from external y-rav exposures. and their radiation doses
have been carefullv monitored over time through the use of
personal dosimeters. Published studies have covered
cohorts of nuclear industry workers in the United States of
America (U'S ). Unied Kingdom (UK) and Canada’
(5-20). Most of these studies have provided little evidence
of dose-related increase in all-cancer mortality. although
statistically significant associations between mortality from

Il cancers combined and cumulative radiation dose were

bserved in two studies: of Oak Ridge Nauonal Laboratory

ORNL) empiovees in the U'S (24) and of the emplovees
of the Atomic Weapons Establishment (AWE ) in the UK
(16). The staustical power of individual studies was low.
however. and in most cohorts the confidence intervals of
the nsk estimates were compatible with a range of possibili-
ties. from negative effects to nisks an order of magnitude
greater than those on which current radiation protection
recommc=“anons are based. Analyses of specific types of
cancer were also carried out in most studies. no consistent
pattern of increase for 2. v single cancer type was observed
across all cohorts

In 1988, the investigators responsible for the published
studies agreed to conduct combined analyses of data from
such studies through the !nternational Agency for Research
on Cancer (IARC) to maximize their informativeness. At
that ime. national analyses of data were aiready planned in
the UK and the US.. and these have been published
(30-32). The objectives of the international combined
analyses were (1) to increase the precision of direct esti-

“Throughout the paper. the term “nuclear industry” is used to refer
1o facilities engaged in the production of nuclear power. the manufacture
of nuclear weapons the enrichment and processing of nuclear fuel. or
reactor or weapons research Lramum mining s not included

‘G M Matanoski Heaith Effects of Low-level Radiation in Shipvard

srkers Report .0 DOE. 1991
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mates Ol cancer risk in populations receining protracted
low-dose exposure to 1omzing radiation and compare these
estimates with those derived trom high-dose studies.” (2) (0
increase the statistical power (o study associations between
radiation dose and single cancer tvpes: and (3) to under-
stand similarities and differences between studies

The estimates of nisk per unit radiation dose tor il can-
cers excluding leukemia and leukemia excluding chronic
lymphocytic leukemia (CLL) obtained from the interna-
tional combined analyses have been published elsewhere
(33. 34) and compared with estimates derived from analyvsis
of data on atomic bomb survivors. The current paper
presents a detailed comparison of the esumates for the
combined worker population with risk estimates derived
from high-dose-rate studies. compansons of risk estimates
across facilities. together with the results of analvses of
cause-specific mortality and radiation dose.

MATERIALS AND METHODS

Selec i ot Caonorts for Inclusion

Allconort studies ot nuclear industry workers which were pubinhed
Price to I8 were conwidered tor inciusion in the combined analyses 1!
they muet the tollowing criteria (35) (1) members ot the cohort had
potental lor whole-body ¢xiernal exposure (0 onizing radiation through
emplosment in the nuciear industry. (2) monitoring of radiation expo-
sure had heon carned outl routinely (by use of personal dosimeters| on
workers kel 10 e exposed W wnizing radiauon and records had been
keplo(3) estimates of whole-body dose from external exposures were
available for individual workers likely 1o be exposed on a vearly basis
(4) information on 4 minimum set of vanables was available for all indi-
viduals in the cohort. (5) the mechanisms of follow-up were not selective
(for example. resinicted to current workers), and 90% or better ascer
tainment of vital status and of cause of death was possible. (6) informa-
1on was ava.lable on momionng policies and practices over ume

Ten cohorts met (hese criteria. one () was excluded because expo-
sure was mainty internal and two (6. 7) because. for iogistic reasons the
Investigalor could wu rencipate in the combined analvses The sever
vohorts included in the combined analyses comprised emplovees at (he
Hanford site (2/. 27). Gak Ridge Nauonal Laboratory (ORNL) (/7 24)
and Rocky Flats nuclear weapons plant (/8) in the U S.. the Sellafield
plant of British Nuclear Fuels (/7. 29). the Atomic Energy Authonity
(AEA) (9 26) and the Atomic Weapons Establishment (AWE) (/6) 0
the UK. and Atomic Energy of Canada Lid (AECL) (/4. 29) They
included a total of almost 150,000 workers (mostly men) in the three
countries with an average duration of foliow-up of approximately 24
vears. The tvpes of actvities carnied out in the facilities inciuded are
shown in Tabile |

The methods used to identify the members of the cohorts. (o collect
dosimetnc information. (o carrv out mortabsty follow-up and to ascertain
ithe cause of death of workers vaned between (and sometimes within)
couninies They are summarized eisewhere (34)

"Throughou! this paper. the term “high-dose studies 15 used. (or sim
plicity o refer to the studies currentlv used in formal radiation risk
assessment. namely the atomic bomb survivors. and patienis irradiaied
for therapeutic purposes. Not all subjects n these studies received nigh
doses. but the exposure rates are assumed (o be greater than would nor
nially he expemenced in the occupational and general environment
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TABLE |
Type of Activities Carried Out in the Facilities Included
in the Combined Analyses during the Study Period

: Country

Faciluy Predominant activity
LS Hanford Nuciear reactors. reprocessing. waste
treatment. punfication of plutonium
Us Rocky Flats  Plutonium woupons
Us ORNL* Research and development plant. reactors
UK Sellatield Nuciear reactors. replacement.
reprocessing. wasie treatment
fast-reactor fuel fabnication
UK AEA" Research and development.
reactor processing
UK AWE" Weapons research
Canada AECL* Nuclear reactor. research and
related technologies

*ORNL = Oak Ridge National Laboratory. AEA = Atomic Energy
Authority. AWE = Atomic Weapons Establishment: AECL = Atomic
Energy of Canada Lid

Definion of the Suuds Population

For the combined anaivses the study population was restricted 1o the
95673 workers who were monitored tor external radiation by the use of
personal dosimeters and who were emploved in anv of the participating
facilities for at least & months Workers with shurt durations of empios -
ment were excluded as it was thought they might not be comparable 1o
longer-term workers 1n many aspects related 1o cancer risk Nincteen
workers who may have received a high-dose-rate exposure were also
dentified and exciuded from the analvses The specific criterion chosen
for this exclusion was the fact of having had at least one annual dose of
250 mSv or more. the critenion in the LS for a radiation incident of
medical significance (16)

Dosimerry

The recording of individual radiation dose was done (¢ ensure
comphiance with radiation protection guidelines in force at the ume
and not {or eprdemiclogical purposes The accuracy and precision of
individual dose estimates therefore vatied with time. place and radia-
non quaiity * (37).

A commutiee of persons expencnced in dosimetry and radiation pro-
tection from each parucipatung country (G. Cowper Canada. J Fix. U S
L Salmon UK) was set up 10 study mstoncal dossmetnc practices in the
vanous facihises with the aums of (1) sdentifying sources of error and lack
of comparablity in individusl dose estimates. (2) esumating the magn:-
tude of these errors and (3) evaluating the extent 10 which recorded
doses approximated doses to specific organs Detailed results of this
study are reported elsewhere' (34).

Owerall. the majonty of the doses 10 workers was predomunantly from
exposure 10 higher-energy (100 keV 10 | MeV) phoions. and it was
judged that the measurements across (aciliies and time were reasonably
comparable The bias in using recorded doses as estimates of organ doses

J Fix L Salmon, G Cowper and E Cardis. A retrospective evalua
tion of the dosimetry emploved in a :ombined eprdemioiogical analvsis
Unp.iblished work

*G M Kendall and L Salmon. Records of UK exposure 10 1onizing
radiation and their roie 1n eprdemiological studies Unpublished work

was thougnt ikels 10 be small. aithough recorded duse probabiy oo s
estimaled dose 10 the bone marrow slightlv. A small minority of work,
received o substantial portion (>10%,) of their dose from ¢xposure
photons ol lower energies Of NEULrons ur (rom intake vl radivnuy lide -
[t has not been possible in general to estimate these doses adequatcis
but efforts were made 10 identify such workers and. 10 the ¢xtent possi
ble exclude them from selected subsidiary analvses. designated in th,
current paper as analvses based on “the resinicted dosimetry popily
tion  Further details on the idenuification of these workers are iven M
Cardi and collaborators (i4)

Stanstical Methods

In general. the statistical methods used were similar (0 those which
have been used tor ihe national combined analises (30-12) and involved
internal comparisons of mortality within cohorts by level of externy!
radiation doses. For each worker. cumulative dose and person-vears J!
risk were accumuiated over time from his or her date of entrv in the
study (defined as the later of date of start of emplovment plus & months
and date of first monitoring) o his or her date of exit (defined as the cur
liest of date of death. date of loss 1o follow-up and date of end of follow
up n the appropriate cohort) Person-vears at risk and deaths wery
stratified by levels of potential confounding vanables (see below )

Observed (O) and expected (E) numbers of deaths were calculated
by dose categories for 47 underiving causes of death defined in (he
Annex The expected numbers of deaths were calculated assuminy
that. within a stratum defined by levels of the confounding vanabics
the mortaluty rate in cach dose category was the same as that ol the
~ntire stratum. 1 ¢ that the cause of death under study was not 3ssoy
ated with exposure

The score test staustic (34) aged o0 ihe liear relauve i3k mogel
was used (0 test for trends in mortality across |1 dose categones (<* °-
(0=, 20, 50-. 100-. 150-. 200, 300-. 400 aad 500- mSv). As there was
noO reason Lo siuspect thal exposure (0 radiation would be associated with
2 decrease in nsk of any specific type of cancer. one-sided tests are pre-
sented throughout. Because of the skewness of the dose distribution. use
of the normal approximation may exaggerate statistical significance tor
diseases with small numbers of deaths. For thus reason. for leukema
excluding CLL. multiple mveloma and all cases where (he test statistic
exceeded | 28 (corresponding 10 a one-taled # value of 0.10) and the
number of deaths was less than 30, the P value presented was estimated
using computer simulations (J9) based on 5000 samples. rather than the
normal approximation.

To allow for a possible latent period between an exposure and 11¢
consequences. cumulative doses were lagged ov 2 vears for leukemia
and 10 vears for other causes of death as follows: with a lag of x vears
annual doses were included in the calculation of the cumulative dose
at ume 1 «f they had been received (n or before ume ¢ - 1 Person-vears
were attributed 1o the category of dose accumulated by that ume
Doses received off-site—i.¢. in {acilities other than those included in
the combined analyses—were treated identically. [n particular. a sub
ject knowr to have received doses pnor to eatry in one of the studs
faciities entered the follow-up with the corresponding dose —when no
lag was used—or with that dose cumulated up to x years previous:s
when 2 lag of r vears was used

Estmates of excess relative nsk (ERR) per Sv' were obtained using
Poisson regression. based on a model in which the relative risk was
assumed to be of the form | + BZ. where Z s the cumulative dose n
Sv The relatuve risk (RR) at a given dose level d compared (0 z¢r0

‘Althoughnt 1s recognized that very few workers received doses a»
large as | Sv. ihis unit was chosen for comparabiiity 1o results reporicd
for high-dose studies

/0%
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dose a more commonly used risk measurement n epidemiology. can
be obtained by muluiplying the ERR by the dose 4 and adding | The
9% confidence intervais (90% C1) for the ERR were huscd un the
score statistic using the expected information as described by Gilbert
(39) and Gilbert er al (40). For leukemia. confidence intervals were
based on simulations as described by Gilbert (19) Model fitting was
carried out using the computer software EPICLURE Tests of homo-
genzity of the ERR per Sv across a factor (such as facility) were
obtained from the hkelihood ratio test statistic resulting from the com-
parison of deviances of models with and without inclusion of the rele-
vant factor. [t 18 noted that the study had little power 10 detect helero
geneity of nisk across facilities.

Two approaches were used for the formal comparison of risk esti-
mates (rom the data (or nuclear industry workers and from high-dose-
rate studies. These compansons were restricted (0 men because the num-
ber of exposed women in (he workers cohorts was smail

First, risk estimates and confidence intervals from the data for the
workers were compared (0 estimates of rnisk among maie atomic bombd
survivors exposed between (he ages of 20 and 60 years derived at IARC
using data supplied by the Radiation Effects Research Foundation
(RERF). The constant linear relative nsk model used for deriving esti-
mates for the workers was apphied 10 the RERF data. resiricted (0 sub-
jects with kerma dose below 4 Gy and attained age h:low 78 vears as
was done in the analvses of the L S Nanonal Academs of Sciences Com-
mitiee on the Biological Effects of lomizing Radiaaon (BEIR V) (/)
Analyses were adjusted for attained age (n Sovear intennaiy ). calendar
perica (in 3ovear intervals) and city, and based on nine Juse sdlegories
(U= 8- 88 Q3. |9i. Juf. s [9us. 2994- mSy ). Estimates of bone
marrow dose lagged by 2 veurs and of stomach dose lagged by 10 vears
were used. respectivels (or estimating the nisk of leukémia and (hat of all+!
‘ancers excluding leukemia The quahty factor  for neutrons was taken

o be 20. as in the BEIR Vv anaivses (/)

Second. the models derived by the BEIR V Commuttee (/) for ¢sii-
mating risks of leukemia and respiratory. digestive and other cancers
werz apphed (0 the daia for the workers. Specifically. the annual duses of
male workers were weighted. (or each vear of the follow-up according to
the age at which they were received and the (ime since the dose was
received. using the BEIR V coefficients for men. The resulting risk esti-
mates and confidence intervals were expressed as multiples of risk under
the BEIR V modei. Respiratory. digestive and other cancers were then
analvzed simultaneousiy. stratifving on these three cancer groupings
(41). 10 obtain an estimate uf nisk for all cancers excluding leukemia as a
multiphier of the BEIR V estimate For leukemia. onls the hinear term of
the mode! was used because. although the preferred BEIR V model s
linear-quadratic in dose. at low doses and dose rates the contribution of
the quadratc term s negligible

The magnitude of the esumates and confidence intervals for the work-
ers was. in addition. compared (o the estimates for men aged 20 and
above at the ime of exposure derived by the United Nations Scientific
Commutiee on the Effects of Atomuc Radution (UNSCEAR. ref ) using
4 quality factor of one for mewtroms. truncating doses at 6 Gy and stratify-
ing age at exposure in three categones The UNSCEAR coefficients
served as a basis for the current recommendations of the International
Commussion on Radwlogical Protecuon (ICRP. ref 4)

Confounding Factors

All analyses were adjusted through stratification for sex. attained age
(by 5-year intervals). calendar period (by S-vear categonies). socio-eco-
nomic status (SES) within facthity (as informanion available differed

“Quality factor weighting factor apphied 10 an absorbed dose 10 take
10 account the type and energy of the radiation causing the dose

CARDIS ET AL

Petween cohorts. see below) and studs population tHantord ORNL
Rocky Flats. Sellafieid. Dounreav ' South of England and AECL)

Intormation un SE> was obtained tor il conorts except AECL For
Hanford. job category data were used Lo define four SOCI0-eCONOMIC « i1
egories as described by Gulbert eral (27) For ORNL. a vanable was pro
vided indicating whether a worker was paid hour's weekly or monthis
For Rocky Flats. information on educational level was used 1o derng 4
threc-level classification (no or some high school high schoui graduate
or some college. college graduate or higher) Sellafield workers were
classihed only as “indusirial” and “non-ndustrial * For the rest of the
LK. the Brush Regisirar General's six-category social class classification
was available: for the purpose of the analvses. these were combined 10
form four categories: | « (1. [11—-manual. [li—non-manual and I\ - \

Adjustment on facility or grouping of facilities (as in the UK ) where &
worker was employed was .arned out 10 account for possible differences
in cancer risk by geographic location or across workplaces Workors
known 10 have worked in more than one facility were assigned (0 the
faciiity of last employment (14)

As only imied informauion was available on tobacco smoking Or
aicohol consumption in the participating cohorts. the relations’'ps
belween radiation exposure and mortality from smoking-related cancers
(42) and from non-malignant respiratory diseases excluding pneumonia
were studied as indirect indicators of confounding by smoking. and that
with death trom liser cirrhosis as a possible indicator of confounding =
dicohol consumption

Nountormation was avaidable on radiation dose from natural hack
sround or medical exposures The tacit assumpuion was made thal wiih
11 g tacihity . non-occupational radiation dose level was independent ol
accupational dose level thus non-occupational radiation dose was not
considered (0 be a contounder of the association between occupational
fadiation dose and cancer nsk. Differences in natural background radia-
hon levels between geographical areas were (aken into account by the
adyustment on facility described above

RESULTS

Characteristics of the study population are shown. by
facility. in Table 1. The mean cumulative radiation dose in
the combined cohort was 40.2 mSv per worker and the col-
fective dose was 3.843.2 Sv. The total number of person-
years (PY) at risk was 2.124.526. A total of 15.825 deaths
occurred during the study period. Women compnised less
than 15% of the workers and their mean cumulative dose
was low (6.2 mSv) compared to the men's (46.0 mSv)
Owverail. the distribution of doses was very skewed (Fig | ).
close to 60% of subjects had cumulative doses below 10
mSv. 80% below 50 mSv: less than 2% had doses greater
than 400 mSv.

Observed and expected number of deaths by cumulative
dose and trend test statistics for the 47 causes of death are
presented in Table {II. There was no evidence for an associa-
tion between radiation dose and all-cause (P = 0.23) or ali-

Note In the data provided on UK workers. it was not possibie !
disunguish AEA and AWE workers. To adjust for possible environme=n
tal differences across the facilities of the UK AEA and AWE howe. e
information yas provided to separate workers from Scotland D
reav) from those of the South of England

/o3
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TABLE 1l
Distribution of Workers, Person-Years ana Collective Dose by Facility”
UK other

Hanford Rocky Flats ORNL Sellafield than Sellafieid AECL Towal
'vumber of workers 32.59% 6638 6.59) 9494 29 000 I1.35% et
Men 24628 LR ] 6 59| X.802 26,495 559 LTI 1]
Women T 7 i} ) 692 2.505 2764 13928

Recruitment period |94 | 978 19511979 |93 972 194741978 | 946 | 982 1956~ | 980

Follow-up penod | i | 986 19511979 IO 197 | 988 | 9o | 98 19561985
Number of deaths 6445 s87 1.246 2.027 4629 ¥91 15.82¢
Number of cancer deaths 1 508 109 L) Sdd 1272 239 397
Person-years 781 549 100.022 173.730 233.090 637 928 198.210 2.12432
Collecuive dose (Sv) 87m2 2418 141 4 1.309 6 958.6 RIEY) 18412
Men 8l e 418 1414 1.294 5 9364 M8 3757 %
Women 56 0 0 151 23 28 BN

“These results are restncted 1o monitored workers who were emploved at least &6 months in anv of the partucipating facilities and exclude workers
having received a dose of 250 mSs or above in a single vear

cancer mortality (P = 0.51). Among non-cancer causes of negative relationship between radiation dose and mortalin
death. mortality from circulatory diseases was significantly  from respiratory diseases. excluding pneumonia. and from
associated with radiation dose (P = 0.0M45). There was a weak  iser cirrhosis. These conditions were considered as indirect
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TABLE 111
bserved and Expected Numbers of Deaths by Cause, All Facilities Combined. Adjusted for Sex. Age, Calendar Period.
SES and Facility (Doses Are Lagged by 2 Years for Leukemia and 10 Years for Other Causes of Death)

Cumulative dose (mSv)

O 10- 20 50~ 100 200- - Total Trend*
Causes of death OE OE OE OE OE OE OE  Deaths  (1.sded P)
All causes ISELO506.3  INARIVISN INNOINM G YE9/9BA S N7 Ane<d9 2382382 15828 075002261
All cancers M7 ABVARIS 65497 8572632  01Ived 1651518 6068 9 319% <002 (0.308)
All except leukemia 223422283 624653 4454769 2762843 w1 S 161/147 5 56/67 3 3830 <028 (0 609)
Buccal and pharvnx 51423 1/8.0 o710 yae 131 27 10y AR <1 100864
Esophagus S248 8 13131 1vis) 696 678 663 $/32 104 0320375
Stomach 1S&/155 1 =T 29382 247209 13183 11l 657 b3} <021 (0.582)
Small intesune 66| 26 118 1’10 110 104 001 12 036 (0.360)
Colon 2207204 7 16428 32413 27219 19154 vl e 5/5.3 343 -0 83 (0797
Rectum 477 15/142 20170 596 1076 661 $28 13§ 0990161
Liver 4214 Ja | 37 w7 w11 07 o2 13 001 (0.49%)
Biliary tract 2321 4 VA 432 o4 108 010 4 00.1 3 ~) 86 (0 806
Pancreas 1HS113.2 27248 20234 TR %6 168 5129 191 1200 115
Nasal caviny a6 2 on? -3 I o) 4 i 3 102 00,1 9 043 (0334
Larvnx 4 42X 140 4.2 VIR 113 s 101 34 L1760 122
Lung 676689 4 1441842 1840812 11874 754870 fd 540 137246 1238 0.2810610)
Pleura Ax A28 i34 K RN ) 214 i 0 <) 180571
Bone N2 007 NIE i) 4 M) 3 e 02 8| -1.21 (0,887,
Connective tissue W2 138 284 10 TR 106 w2 19 0 36 (0338
Melanoma A2 Tda 144 24 Sy 20N P 4 021 (0416
Female breasi [ Il B nEg 23N d1h | ) 2 0o ~ 150 10,308
Cervix uter: TR 10X 2048 w2 w0 )0 0.0 10 0.63 (0.266)
Other uterus Yamm o 83yym 114 102 1) 0.0 ) 10 1.71 10.092)"
Ovary INI9S . 113 ol e 103 | 0ou 24 0491031
Prostate 127.1%4 47 18K Wit 21180 1125 g 182 256 -1 68 (0953
Tesus 414 h 114 = N 7 1ns 003 00.1 19 <026 (0 604)
Bladder 51634 177132 Inidd Nl 30?7 LY 430 104 062 (0 266)
Kidnev $4507 04 112 T8y b R o7 Y ~1.03 (0.848)
Braun and ONS 73751 127145 V14l 77 455 436 113 122 .24 (0.593)
Thvrowd 108 4 U3 123 1.3 008 006 103 15 0.58 (0.281)
{li-defined and secondary 151 1458 M 3339 Vie? 12138 1194 5/40 257 063 (0.263)
Non-Hodgkin s ivmphoma 7681 6 46N 13163 1IRS 542 ol | oS 138 .25 (0.600)
Hodgkin » * “=ase 234 238 434 vlK 32 110 00.5 43 0.28 (0.390)
Multiple mveloma 28260 382 147 527 321 yi9 208 S 1.87(0037)*
All leukemua 278.7 23212 218 12113 978 485 626 146 143(0076)*
Al excepe cLL ¥ P62 0| 19172 gy 1850 864 el 23 19 185(0.046)*
CLL 12137 440 644 122 s w9 0.3 27 D707
Acute leukemias 33313 M0 1y 3513 336 26 Y3 63 0.82 (0.206)
Other cancers 27298 8.2 76.0 530 025 ma 009 50 -0.87 (0.808)
Smoking-related WADE89 2142170 2082254 1381226 95945 851759 0347 1739 0.29(0.386)
Non smoking-related 1348/13484 2692665 1570693 1471407 10601024 8075 6 V342 2237 -032(0629)
All non-cancer causes 726571890 1365/14323 141514152 TOHT232  S015224 4213976 1791683 1] 849 090 (0 184}
Non-malignant tumors 2423 1 yaa 4B 1128 17 111 004 38 -026(0601)
Circulatory diseases 68946265  SOBNTS T 9549754 875044 3766 3132826 1321239 7888 1.69 (0.045)
Respiratory diseases 421447 3 1171060 129/102.5 $3496 25311 0307 V138 87 () B2 (0.795)
Liver curhoss 120v116.3 192! 6 18176 108 4 56.2 445 w14 176 -1.29(0.902)
External causes SR0/880 0 9979 91923 $3462 33317 14196 353 LI -12940901)
L nknown 95/84 .0 23198 11/16.3 i 381 237 11l 137 17610961

“Trend test based on |1 dose categones. can be compared (0 a standard normal distnbution. However statstical signuficance may be exaggerated
diseases wily a small number of deaths. *denotes simulated P values (see Methods)
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LOW-DOSE RADIATION AND CANCER A THREE COUNTRY STUDY *3

TABLE IV
Excess Relative Risk (ERR) Estimates per Sv.
90% Confidence Intervals (Cl) and Relative
Risk (RR) Estimates at 100 mSv for

All Cancers and Leukemias
Numberof ERR RR for 100 mS«
Type of cancer deaths  per Sv "% Ll vs O mSy*
All cancers 197 «4)2 (<) 34 0.35) 100
Except leukemia 3830 Q07 (4039.030) 09w
All leukermua 146 1.5 (02147 116
E-a,ucu. 1y 218 01357 1.22
ALL i -89 (<073 a9
CLL' 27 95 (<0794) 091
AML’ 2 3.38 («07149) 1M
CML’ 28 11.00 (29308 210
‘See Methods. '

‘Simulated confidence intervals (see Methods)

'ALL acute lymphocytic leukemia. AML acute mveloid leukemia
CLL chron lvmphocytic leukermnia: CML chronic mvelod leukemia

“Lower bound would lead to negative relative risks in the low-dose
range (<500 mSv)

indicators of possible differences in smoking and alkcohol con-
sumption across dose groups. There was. e addition. littie
evidence of an association between cumulative dose and
mortality from smoking-related cancers as a group [defined
as cancers of the oral cavity and pharvnx. esophagus. pan-
creas. larynx. lung. bladder and renal pelvis (42)] (P = 0.39).

Among individual cancer types. mortality from leu-
kemia excluding CLL was significantly related to radiation
dose (P = 0.046), as was mortality from muitple myeloma
(P=0037)

Table [V shows estimates of excess relative risk per S
and of relative risk for 100 mSv compared to 0 mSy 1or
mortality trom all cancer, and from leukemia and leukem:.
subtypes. The ERR of 1.22 per Sv for leukemia excluding
CLL would correspond to an excess of 9.7 leukemia deaths
(8% of all such deaths) attributed to radiation in this cohort
if the observed association vere causal. The ERR per 51
was greatest for myeloid leukemias. in particular chronic
myveloid leukemia (CML). but the confidence intervals tfor
each subtype overlapped.

The ERRs for all cancers excluding leukemia and
leukemia excluding CLL are presented separately by sex
and by facility in Table V. The ERRs for men were very
similar to those observed for the entire population. The
point estimates for women differea from those for men. but
the confidence intervals were wide and the formal iest for
homogeneity provided no evidence of a difference in risk
between men and women.

The ERR for all cancers except leukemia ranged from
=163 per Sv (90% CI <0.0.5) at Rocky Flats to 1.66 per S\
(0.04.4.4) at ORNL. The confidence intervals were wide.
however. and the test for homogeneicy indicated that these
differences could be due to chance fluctuation. For
ieukemia excluding CLL. the ERRs ranged from -1.06 1o
48 4 per Sv across facilities. Here again. the confidence
intervals were wide and there was only weak evidence for
differences in nisk across faciliues (£ = 0.08).

Table VI summarizes the results of comparisons with
estimates derived from high-dose studies based on the
approaches outlined above. All estimates from high-dose
studies are based primarily on the follow-up of the atomic
bomb surv'vors. For all cancers excluding leukemia. the

TABLEV
Number of Deaths and Excess Relative Risk (ERR) Estimates per Sv and 90% Confidence Intervals (CI)

All cancers excluding leukemia

Subpopulanon Number of deaths ERR per Sv

Sex

Male 352 007

Female 308 097
x for homogeneity (| 4) 011
Facilnty

Hanford 1452 022

Rocky Flats 104 -1 63

ORNL 2580 | 66

Sellafieid $33 003

Other UK 227 <) 40

Canada 2 013
x for homogeneity (S d/) 486

“‘Simulated conl\am intervails (see Methods |

for All Cancers (Excluding |.eukemia) and Leukemia (Excluding CLL) by Sex and Facility

] l:e.u:cm excluding CLL L !
W% Cl Number of deaths ERR per Sv 90% C1
(<0403 19 221 (0.1.58Y
(<09.°82) 10 -267 (<0.° 127)
P=074 0.07 P=079
(<0."08) 47 0% (<0®29)
(<0.°03) 4 408 (-0 542V
e 344 18 -1.06 («D® a8y
(<005 10 4350 (3.1 >100r
(<0."07) 35 150 (<0 1430
(<02 1) 5 48 40 (28 >100
P=043 991 P=00R

"Lower bound would lead to negative relative nsks in the low-dose range (<500 mSv)

lob



124

TABLE VI
Comparison of Excess Relative Risk ( ERR) Estimates per
Sv' (and 90% Confidence Intervals) between Nuclear
Workers, Atomic Bomb Survivors and Other

Published Estimates of Risk from
High-Dose Studies: Men Only
All cancers Leukemia
excluding leukemia excluding CLL
ERR ERR
Population per Sv €A% CI perSv  90% (1
Nuclear workers data® 007 (<09, 0.30) 218 (01337
A-bomb ‘ inear 018 (005.0.34) je7 (20.63)
A-bomb.* L-Q° - - 1 42 (<0.6.5)
UNSCEAR 0.24 - 37 -
Multiplier’  90% 1 Muluplier 90% C|
BEIR V D17 (076057 071 (=)0 20)
A-bomb. linear 09 (=22 1.7 059 (04 | 6

‘Estimates of organ dose and | ¢m depth dose were used respectively
'n analyses of the data for atomic bomb suryivors und nuclear ndusiry
workers

"Adjusied for age. SES. facilis and calendar time

Simulated conndence inter ai

A-bomb: data tor aiomic bomb sur s ors ddjusied 101 age. city and
calendar ime

‘Based on the linear term o a hncar-quadrati (L-Q) Josc-response
model in the data for atomic *omb sun nors

ERR in nuciear worker: expressed as a multiple 0/ the high-dose
ZRR. for example. the leukemia nisk estimate 1 .71 urws the BELG
sstimate with confidence interval ranging trom -0 (4 times (0 twice the
BEIR V estuimate

excess relative nsk obtained for maie nuclear workers was
less than that estimated at [ARC from data for the atomic
bomb survivors. The confidence interval was wide. however.
and ranged from -2.2 to 1.7 times the estimate for the atom-
ic bomb survivors. The ERR for male workers was estimat-
ed to be -0.17 times the BEIR V estimate with a confidence
interval ranging from ~0.8 to 0.6 times the BEIR V estmate.
It was also less than the UNSCEAR estimate.

The nsk estini ate for leukemia excluding CLL obtained
from the data for nuclear workers was greater than the esti-
mzie based on a linear-quadratic model and less than that
based on a linear relative risk mode! obtained by reanalyz-
ing data for male atomic bomb survivors at [ARC (Table
VI). The confidence interval for the estimate for the work -
ers was relatively wide, however. and ranged from 0 04 to
| 6 imes the linear estimate for the atomic bomb survivors.
The ERR for male workers was estimated to be about 0.7
times the BEIR V estimate with a confidence interval rang-
ing from -0.04 times to twice the BEIR V estimate. It was
also less than the UNSCEAR estimate.

Table VII presents the results of additional analyses

signed 0 assess the impact of the choice of analynical

CARDIS ET 4l

strategy on estimates for the workers They include (1)
analvses based on all workers whether they were monitored
or not. all monitored workers (including those emploved
less than 6 months). and all workers in the restricted
dosimetry population (see Methods. above ) (b) analyses in
which cancer was treated as the cause of death (f it Aas
either the underlying or an associated cause of death: and
(¢) analyses using different treatments of potential con-
founding factors.

Except in the following cases. the vanations in analytical
approaches presented in Table VII had little cffect on the
nsk estimates. When cancer as an associated cause of death
was included. the ERR for all cancers excluding leukema
in:reased from -0.07 10 0.01 per Sv (90% CI: -0.3. 0.4) For
leukemia excluding CLL. the effect was to reduce the ERR
from 2.21 to 1.78 per Sv (90% CI: -0.1. 5.1). Adjustment for
duraton of employment at Hanford only (the only factlity
where an association between all-cancer mortality and
duration of empiovment was demonstrated) or in all facili-
‘les increased the ERR for ail cancers excluding leukemia
to 003 and 0.08 per Sv. respectively. For leukemia exclud-
ing CLL. adjustment at Hanford increased the estimate 1o
363 per Sv (90% CI: 0.8. 8.7). while adjustment in all facili-
ties reduced it to 1.72 per Sv (90% CI: <0. 5.5). Not adjust-
ing tor SES in any facility increased the ERR for all cancers
excluding leukemia 10 0.2 per Sv (90% CI. -02.06) and
had little effect on the ERR for leukemia excluding CLL

Analyses aimed at assessing the influence of potential
effect modifiers (attained age. age at exposure and time
since exposure) and analyses using alternative lag periods
(0. 5. 10. 15 and 20 years) are presented in Table VII!
Altained age. age at exposure and time since exposure had
little effect on the ERR for all cancers excluding leukemia
or for leukemia excluding CILL.

As the lag period used went from zero to 20 vears. the
lagged cumulative dose decreased and the ERR for all can-
cers excluding leukemia increased monotonically from
~0.21 per Sv (90% CI: ~0.4 10 0.1) to 0.14 per Sv (%0% Cl
~0.5.0.9) (Table VIII). The ERR for leukemia excluding
CLL also increased from 1.89 per Sv (90% CI: 0.0.52) to
5.13 per Sv (90% CI1: 0.9. 13.2).

DISCUSSION

This study combined mortality data from seven previ-
ously published studies of nuclear industry workers in three
countnes. The studies selected for inclusion in these analy -
ses met a senes of stringent quality criter® 4=fined by the
Study Group in the planning phase of the studv [n add:
tion. efforts were made to ensure comparability of available
radiation dose estimates across faciliies and over uime

The estimates presented here are the most precise and
comprehensive yet to have been obtained directly from
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LOW-DOSE RADIATION AND CANCER A THREE-COLNTRY STL DY |38

TABLE Vil
Number of Deaths and Excess Relative Risk (ERR) Estimates per Sv and %0% Confidence Intervals (C1) for all Cancers
(Excluding Leukemia) and Leukemia (Excluding CLL) Using Alternative Analytical Strategies

All cancers excluding ieukemia

Nut-nbu of
Subpopulation deaths ERR per S\

Standard W0 <07
Study populations

Total workers’ Bbd 005

All monitored 4180 -).08

Restricied dosimetry’ 3455 .0
Including associated causes’ 4113 0.0!
Effect of SES

No adjustment 3830 0.20
Effect of duration of employment

Adjusted—all faciiities ELE U0s

Adjusted—Hanford 1330 003

“Simulated confidence intervals (sec Methods)
"Including non-monitored workers in the zero-dose calcgor
Including monitored workers emploved less than & months

Leukemia excluding CLL

Number of
0% C! deaths ERR per Sv W% Cl
(=04 0% 119 218 157
(~.4,03) 187 2.2 03 356y
(<0403 133 209 (0.1.52)
(0503 108 2.08 (01 .64y
(-0.3.04) 127 178 (=0.1.51¢
(<02.06) 119 2.28 (9.2.5.7r
(<0.3.05) 119 .72 (=03.53%,
(«03.04) 119 163 (08. 87

‘Excluding workers judged 10 have potenual for substantial dose from neutron- and.orinternal exposures (see Methods)
‘Including cancer deaths Isied on the death certificate as either underis iny o SN Causes of Jeath

populations with low-level protracted exposure to mainly
y radiation. By contrast. the estimates obtained from the
atomic bomb survivors are influenced by subjects receiving
doses of 500 mSv or more and relate to acute exposure
over a very short time. Our analyses imply that the esti-
mates obtained from studies of high-dose-rate exposures
are uniikely to underestimate substantiallv the actual risk
at low doses and low dose rates A significant increase in
leukemia nsk was observed in this study. at relatively low
dose levels: the nsk estimate was intermediate between the
linear and linear-quadratic estimates from studies of atom-
ic bomb survivors.

Uncertainnes

Several points must be kept in mind when making com-
pansons of these worker-besed nsk esimates and confidence
bounds with those based on studies of high-dose-rate expo-
sures. The most important are possible biases and uncertain-
ties in dose estumates. errors in outcome data and inadequate
adjustment for confounders.

The nsk estimates obtained for the “restricted dosimetry
population.” 1e. excluding workers who could be identified
as having received substanual doses from radiation other
than ugh-energy photons (Table VII), did not differ substan-
tially from those based on the standard approach. although
the uncertainty in the nsk estimates increased shightly

Although it appeass that, for the majonty of workers in
these facilities. the dose estimates were compatible with
| cm depth dose [the quantity currently recommended by

e | » 0t ¥

ICRU (43) for radiation protection|, in most cases available
dose estimates overestimated organ doses bv several per-
cent. The Dosimetry Committee judged that bone marrow
doses were overesimated by about 20%. implying that the
present leukemia nsk estimate and confidence limits may
be underestimated by 20%. Random errors in dose esti-
mates are likely to further bias the risk estimates down-
ward. compared to estimates from high-dose studies which
have been based on urgan doses.

Sname workers in the UK and the U.S. were known 1o
have been employed in more than one study facility within
those countries. Efforts were made to reconstruct their
detailed employment and exposure history, particularly in
the UK (32). Doses incurred after termination of :mploy-
ment in one of the study facilities were not generally avail-
able. however. and it is difficult to assess the impact of these
missing doses.

The ascertainment of vital status was 92-100% complete.
and ascertainment of cause of deaih was 98-100% . which
was required to meet the criterion for inclusion in the com-
bined analysis. Any misclassification of vital status or of
underlying cause of death is unlikely to have been related
to radiation dose and. if present, would tend to result in a
small bias of estimates towar. the null.

In this study. adjustment for SES had a strong effect on
the risk estimate for all cancers excluding leukemia. As
the type and Hetail of information available from each
facility varied substantially and as no information was
available for AECL workers, it 1s not possible 10 exclude

/0%
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TABLE VIII
Excess Relative Risk (ERR) Estimates per S+ and Confidence Intervals (C1) for All Cancers Excluding Leukemia and
Leukemua Excluding CLL by Arttained Age, Age at Exposure, Time “ince Exposure and Different Lags

All cancers excluding leukem:ia
ERR per Sv

Leukermia exciuding CLL

Charactenstics W% Cl ERR per S 0% CI

Standard 40N } ()3 " { £
Attained age
<65 ) ).& (<0*36)
65-7% <0184}
", ) 0.1 $1 (<0”226)

x " for homogeneity (2 df) P=027

Age at exposy; 2
<35 («11.19)
35-50 O1.30)
$0« A6 10)

(=0°10.5)
(<057
<0.*83)

x* for homogenety (2 df) { P =1k

Time since cyposure (vears)

y for homogeneits

Wwoduos dfs

e

-

Lower bound would lead 1o negative relative risks in the low -Jose range | <

"Not applicable: analvses tor all cancers are lagged by [0 veans

Score -based Y% confidence inten als
‘Simulated $0% confidence intersals

entirely the possibility of residual confounding bv SEL or
by 2 vanety of lifestvle factors associated with cancer risk
and for whi~h the SES vanable mav be an imperfect meas-
ure. The ERR for leukemia excluding CLL was little
changed by adjustment for SES. whereas that for ali can-
cer excluding leukemia was decreased. The leuiemia nsk
estimate therefore appears (o be less sensitive (0 con-
founding by SES.

As 1n most occupational cohort studies. information on
lifestyle factors such as smoking ..abits. diet and occupa-
tional exposures could not be obtained retrospectively for
all members of the cohort.. There was little indirect evi-
dence, however, for an association between cumulauve
dose and mortality from smoking-related cancers. respiraic
ry diseases or liver cirthosis: it 1s thus unhikely that smoking
or alcohol consumption 1s strongly correlate< with radiation
dose and that adjustment for these factors would greatly
affect the conclusions of the study. This 1s supported. for
tobacco. by the observation that the nsk estimates for all
cancers excluding leukemia and 21l cancers excluding both
leukemia and lung were nearly identical (34) and by the

P =091

PYITE
<f) 1.1)

2dh P =048

) 5

ney

MU mdy)

results of two studies (4. 45) caiied out. respectively. with
in the Hanford and the UK AEA cohorts which showed lit
tle evidence for an association detween smoking and occu
pational radiation dose

A positive association between radiation dose and mor
tality from circulatory diseasc was observed in the three
cohorts where information on SES was least detailed
(Rocky Flats, Sellafield. AECL). It may the-efore reflect
residual confounding by lifestyle factors for which the SES
variable is an inadequate proxy. Alternatively. given the
large number of associations tested. this could be a chance
finding. It should be noted. however. that such an associa-
tion has also been seen in studies of atomic bomb survivors
(46) and U S. radiologsts (47)

There was little evidence of an increase in the ERR for
all cancers excluding leukemia with attained age. as was
reported in recent analyses of the U.S. data alone (3/)

Leukemia Risk
The combined analvses of the data for the workers
’ - " N " -
demonstrated a significant (P = 0.046) association between
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Mot e...v from leukemia excluding CLL and radiation dose
\n a populauion receiving protracted low-dose-rate expo-
sures. The ERR for mortality from that disease was 2 18
per Sv (90% CI' 0.1. 5.7). Out of 119 leukemia deaths
observed in the combined data set. however. six occurred in
the 400 mSv and above category. a dose range comparable
10 the lowest dose range in which excesses were demon-
strated in the atomic bomb survivor population When
analyses were restricted to cumv''ative doses below 400 mSv
and below 200 mSv. to assess the influence of death in the
higher-dose ategories on the dose-response relationship.
the assoc1~. 1 1 was no longer statistically significant but the
estimates of the slope parameter were compatible with that
based on the full data set (34)

Although positive associations were seen between radia-
tion dose and lrukemia mortality in four of the six facihities
or groupings of facilities (they were significant in two). the
risk estimate largely reflects the association in the Sellafield
cohort. Activities at the Sellafield plant included reprocess-
ing of nuclear fuel: the possibility that chemical exposures
could have confounded the association between radiation
exposure and leukemia risk cannot be excluded (32)

The observed association between radiation dose and
mortality from leukemia excluding CLL appeared to he
restricted to mveloid leukemia. particularly CML. although
one could not exclude the possibility that the nisk ot acute
myeloid leukemia was of the same order as that ot CML
This finding is consistent with the results of a recent
reanalysis of the data from the National Registry of Radia-
tion Workers (NRRW) in the UK (48). most of the NRRW
cases. however, were included in the combined data set.

While the risk estimate for leukemia excluding CLL
derived from the data for the workers was less than
both the linear estimate derived at IARC using data for
male atomic bomb survivors exposed as adults and the
UNSCEAR estimate. the 90% confdence interval was
widr  and the possibility of a lower risk or that of a nisk up
to 1, times the linear esumates obtained from high-dose
data (and up to four times the linear-quadratic estimate)
could not be excluded. The risk for leukemia excluding
CLL was also estimated to be less than the BEIR V esu-
mate with a confidence interval ranging from less than zero
to two times that estimate. As the BEIR V model for
leukemia includes both a linear and a quadratic term in
dose, however. the BEIR V estimate of risk at low doses
and dose rates is about one-half that which would have
been obtained with a linear model. Hence the estimate for
the workers i1s compatible with nisks of the order of the esti-
mate which would be obtained using a BEIR V type linear
model but not much higher

The apparent discrepancy between the comparisons
based on the analyses of the data for atomic bomb survivors
and those based on the BEIR V model 1s explained by the

differe.at weight given to doses received in different periods
by the two models. The constant linear relative rish mou.

used for these analyses gives equal weight to all doses
received in the past. As discussed in greater detail in re!

(34). the BEIR V model reduces the weight by haif for
doses received 26-30 vears in the past and to ciose to zero
for doses received 11 years or more previouslv. Four of the
high-dose (400 mSv and above) leukemia deaths had their
cumulative dose reduced by this approach.

The coefficients of the BEIR V leukemia model were
esumated from analyses of data on atomic bomb survivors
and ankylosing spondvlitis patients. The uncertainty in
these is relatively large. For example. the BEIR V mode!
for leukemia predicts that the risk vanies with ume since
exposure. An analysis of nsk by tume since exposure (2-27
26-30. 3i+ years) using the data for the nuclear workers
provided no evidence of a reduction of risk after 25 or 30U
vears (x- test for homogeneity: 084 2 df P = 0.66). the
powaer 1o test such an effect in the data for the nuclear
workers was. however extremely low

When a factor of 1.2 was applied t > the risk estirnate. as
suggested by the Dosimetry Subcommuttee to adjust for the
probable overestimation of the dose to the bone marrow
the ERR for leukemia excluding CLL became 2.6 per 5
and was compatible with risks up to 2.4 umes that ol
BEIR V and twice the linear estimate based on male atom-
ic bomb survivors exposed between the ages of 20 and 6V

All Cancers Excluding Leukermia

The combined analyses of the data for the workers did
not provide evidence for an association between ali-cancer
mortality and radiation dose (P = 0.51). The estimated
ERR for all cancers excluding leukemia was lower than
both the estimate derived at IARC from the data for
atomic bomb survivors and the BEIR V estimate. The
confidence interval was wide, however. and the possibility
of a nisk up to 1.7 times the line2s Ssumates obtained from
data for atomic bomb survivors. or up to 0.6 times the
BEIR V estimate. could not be excluded (Tauie VI). This
apparent discrepancy in upper confidence limits arises
mainly from the faud that the BEIR V models. based on
observed patterns of risk over time in a number of studies
of high-dose exposures. give different weights to doses
received at different ages and in different ume-since-€xpo-
sure intervals (34).

There is uncertainty concerning the appropnateness of
the BEIR V time- and age-specific coefficients for cancers
other than leukemia: indeed. recent analyses of the data for
the atomic bomb survivors have shown little effect of ime
since exposure on the nsk estimates for respiratory cancer
and little indication of differences in the temporal behasior
of risk between the BEIR V groupings for respirator:
digestive and other cancers (41). The compansons with tne
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BEIR V Commitiee estimates for all cancers excluding
leukemia should therefore be interpreted with caution

Overall. the resuits of our analyses for all cancers exclud-
ing leukemia provide evidence that the estimates obtained
from studies of high-dose exposures are unlikely to under-
est'mate the actual nsk after protracted low doses substan-
tially. The estimates for the nuclear workers are compatible
with nsks up to the order of the BEIR V estimate and twice
the estimates based on male atomic bomb survivors
exposed between the ages of 20 and 60.

The follow-up of the UK AWE study (/6) and recent
updated analyses of the ORNL study (24) have provided
excess relative nsk estimates for all cancers which were sev-
eral times greater than that estimated in the study of the
atomic bomb survivors. In our analyses, the ERR for all
cancers excluding leukemia in Oak Ridge workers was | 66
per Sv. higher than for workers in other facilities [but lower
than rha: reported by Wing and colleagues (24) for reasons
explained by Gilbert and collaborators in ref. (2/ H
although the formal test of consistency provided no evi-
dence that the ORNL estimate tell outside the expected
range of random variation. As the data for the AWE sup-
phed to IARC had been combined with the daia from
AEA facibities. it was not possible to calculate a separate
estimate tor that cohort. Overall. however. there was no
evidence of non-homogeneity of risk across tacilities

Single Cancer Types

Most of the 36 cancer types or groupings of cancers stud-
ied showed little or no association with radiation exposure
This cuuld. however, have resulted from lack of power of
the combined analyses for detecting such risks. As dis-
cussed above. the estimate of risk for ail cancers excluding
leukemia was consistent with risks larger than those based
on high-dose data. Although nsk estimates and confidence
intervals are not presented for most individual cancer Ivpes.
in MOst cases. these confidence intervals were much wider
than those for all cancers excluding leukemia and were
therefore compatible not only with no risk but also with
faurly large positive nsks.

I Multiple Myeloma

‘ part from leukemia excluding CLL. multiple myeloma
w.. _he only type of cancer to exhibit a statistically
significar.t association with radiation dose in the combined
data set (one-sided P value: 0.037). Evidence exists for radi-
aton-induced multiple myeloma from other studies, vet it 1s
not consistent (/. 49). In parucular, although a dose-related
increase in multiple myeloma mortality hus been observed
systematically among survivors of the atomic bombings in
Hiroshima and Nagasaki since the late 1960s (46. 50)
ecent analyses of data for the incidence of multiple myelo-
na. after an extensive review of cases of hematological

malignancies. did not provide evidence of an associat
with radiation dose in that populauon (3/)

Among nuclear industry workers. statisticaliy significant
associations between multiple myeloma mortality and rad
ation dose have been reported previously for workers at
Hanford (2/) and Sellafield (/7). the two facilities included
tn the current combined analvses where reprocessing ot
nuciear fuel 1s carried out. In the most recent analvses ot
the Hanford data (27). however. this association was not
statisucally significant (P = 0.10)

In the combined data set. the association was statstically
significant (P = 0.037). largely reflecting the associations in
the Hanford and Se.lafield cohorts reported previousiy
Although there was no evidence of inconsistency between
facilities. tests of consistency have very imited power since
multiple myeloma is a relatively rare type of cancer A causal
associauion between multiple mveloma and radiation dose 15
not inconsistent with the evidence from other studies. Since a
large number of associations was studied in this report. how
ever. a P value of 0.037 s not particulariv unusual and
chance 1s a possible explanation for the observed association

The ERR for muluple mveloma was 4.2 per Sv (90% C|
()5 10 14.4) in the combined data set. larger than the esumale
lor leukemia and much larger than the estimate for all can
cers excluding leukemia. This cancer type was. however
selected for rnisk estunation because it was the onlv one
fapart from leukemia excluding CLL ) which was significants
associated with radiation dose. The nsk estimate. like all sim-
ilarly chosen estimates. may therefore be biased upward

Since multiple myeioma is a disease with a late age at
onset, there s concern that it is underdiagnosed and thus
unrecorded on death certficates. Further independent stud-
ies. and in parti Jlar studies of cancer incidence rather than
mortality, with histological review of hematological malig-
nancies. are needed to clanfy the assocation between radi-
ation and nsk of multiple myeloma.

2. Prosiate Cancer

Two studies in the UK (data from whicb are included n
South England facilities) have reported statistical associa-
tions between radiation dose and mortality from cancer of
the prostate (9. /6). Updated analyses of mortality in the UK
AEA cohort founa that the association between cancer of
the prostate and external radiation dose was largely confined
to workers who had also been monitored for radionuchde
exposure (26). These results were confirmed by a subsequent
case-control study of prostate cancer in the AEA workforce
(52). in which the authors concluded that the associatian with
external dose was largely a result of the correlation between
exiernal doses and radionuchde contarmunation. That popula
tions receiving high doses of external radiations have shown
no evidenge of an increased nsk of prostate cancer (46) pro
vides further support for this conclusion

I
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In the present combined analyses. no association was
seen for cancer of the prostate in the combined data set or
in any singie facility. although the AEA could not be exam-
ined separately. There is therefore little evidence for an
association between protracted external low doses of radia-
ton and increased mortalitv from this disease. The possibil-
ity that an association exists between radinnuciide exposure
and mortality from cancer of the prostate could not. howev-
er. be tested in this study.

Implications for Radiwation Protection

A primary objective of studies of cancer risk among
nuclear industry workers 1s the assessment of the adequacy
of existing protection standards. These are based on risk
esumates denived from analyses of the mortality of atomic
bomb survivors and studies of other high-dose exposures.

In its most recent recommendations. the ICRP (4)
states that. based on consideration of experimental data.
a dose and dose-rate effectiveness factor (DDREF) of
two should be applied to estimates from these studies to
sel protection standards for low-dose protracted expo-
sures. BEIR V used a linear-quadranc mode! for estimat-
ing leukemia risk and also made a recommendation that
risks should be reduced to account for lower-dose-rate
exposures (/). There 1s therefore particular interest in
using data for populations receiv: =g such exposures. in
particular nuclear industry workers. (o assess the appro-
priateness of this DDREF The risk estimates presented
in this paper for leukemia excluding CLL and all cancers
excluding leukemia are compatible with a range of risks.
ranging from close 1o zero to a risk approximately twice
the linear estimates from analyses of atomic bomb sur-
vivors. If we assumed that the difference between the risk
estimates derived from the nuclear workers and the stud-
ies of the atomic bomb survivors was entirely attributable
to the effect of dose and dose rate. we could infer (bv
dividing the estimate for the atomic bomb survivors in
Table VI by the estimate for the workers and its
confidence limits) that the DDREF for leukemia exclud-
ing CLL 1s of the order of 1.7 with a lower limit of 0.6 and
an upper limit of 28. There may be other differences.
however. including differences in dose and outcome
assessment. as well as in the distribution of host factors
and environmental exposures. which could modify the
association between radiation dose and leukemia risk.
Furthermore. the confidence intervals presented describe
only part of the uncertainty of the risk estimates These
are therefore not sufficiently precise to test the need for a
DDREF or for estimating its magnitude

The upper confidence bounds presented in this paper are
of particular interest because it has been said that the
extrapolation process used 1o assess cancer risk after low-
dose protracted exposure may serously underestimate this

risk. possibly by an order of magnitude or more (53) Thew
analvses indicate that if there has been underestimation
1s unhikely to have been by more than a factor of about two

Another question of importance in radiation risk assess-
ment is the choice of model to extrapolate risk estimates
across populations with different background incidence and
mortality rates of cancer. Compa~isons of risk for specific
cancer types (parucularly lung and stomach. the incidence
of which vanes greatly between Japan and North America
and Europe) could provide some information about this
1ssue. At present, however, site-specific estimates of risk
among nuclear industry workers are too uncertain for such
comparisons to be meaningful. In general. however. (he
problem of extrapolating risks across populations would
appear to be greater for specific cancer tvpes than for all
cancers combined. for which the baseline mortality rates
vary less between industnalized countries.

The problem of predicting absolute risk has not been
addressed directly in these analvses. One of the most
important steps in obtaining such estimates. namely extrap-
olatica from ii:gh to low doses and dose rates. has been dis-
cussed briefly above. as has that ot = xtrapolating from one
population to another Additional factors to be taken into
account include projection of nsk over time and modifying
effects of sex and age at exposure. Even for exposure
received at high doses and dose rates. there is uncertainty
concerning the appropriate methods for handling these
1ssues. The data for the workers do not provide information
regarding these issues and. at present. no information is
available to judge whether the modifying effects of time
since exposure. age at exposure and sex are similar after
low-dose protracted exposures to those observed in studies
of high-dose exposures

CONCLUSIONS

Combining data from seven cohorts in three countries
has provided the opportunity to obtain the most compre -
hensive and precise direct estimates to date of the carcino-
genic effect of low-LET radiation at low doses and low dose
rates. Overall. the estimates resulting from these analvses
were consistent across Studies, as well as with those denved
from high-dose. high-dose-rate studies. A significant
increase in leukemia (in particular myeioid leukemia) risk
was demonstrated by the combined analyses at relativels
low dose levels. The study has also provided the opportun:-
ty to examine some of the previously reported associations
between low doses of ionizing radiation and mortality from
specific cancer types: we have found a dose-related increase
in mortality from multiple myeloma that largely reflected
the experiencg at two facilities. Additional follow-up of
these cohorts. as well as studies of additional groups «
workers, will be useful to reduce the uncertair:*y further
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