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INTRODUCTION

lung standing belief that {he best method of

risk estiimalion for cancer effccls of radiation is
8. by extrapolalion of the effects observed at high
dose levels {11, and that the best sowrce of such data
is a life span study (158) population of A-bomb sur-
vivors [2], is beceming increasingly diflicult o rec-
oncile with the cancer experiences of workers in the
Hanford muclear reservalion. Compared wilh these
workers, the data relating to A-bomb survivors have
the advantage of much larger numbers and a much
wider range of radiation deses But the position ot
Hanford workers is much closer to two problems of
major concern, namely, the size of the health prob-
lem posed by the miclear industry and the cancer
risk from unavoidable exposures to background
radiation.

T 1990, the 115, Committes on the Biological
Cflecls of Radiation (BETR V), addressed these prob-
lems and finally decided that, when dosc rates fall
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tor the levels that are typical of occupalional expo-
sure: andd background radiation, sponlancoues repair
of mutational damage reduces the cancer risk [31
Therefore, they not only recommended Lhal risk
cstimates for such oxposures be derived [rom the
cancer experiences of the 155 cohort, but also ree-
cmmended a reduction allivwance of approximately
2, to allow for a “dose rale effectivengss factor,” or
DEEF.

Such a decreased effectiveness of low-level radia-
tion in inducing cancer among those exposed
{decreased as compared to the effects of high doses)
has long been argued by Fihel Gilbert and other
XOIE funded research workers For example, in a
1989 analysis of deaths among Hanford woikers,
Cilbert et al. found that among 36,325 badge-moni-
tored worloers, followed from 1945-1981, there was
ne ovidence of any cancer ellocts in spite of thete
boing a total dose of 831 5¢ [4].

“overtheless, when we came 1o re-analyzing these
daia (and integrating more extensive cpidemiologi-
cal dala on the doaths of these workers than had
previously been made available o pulside invesh-
gators |51), the negative tindings of Gilbert ct al.
were not confirmed. Cn the contrary, by including
“'cx[_mgnm age” baoth among factors that can obsouare
the relationship between radiation and cancer {con-
tounding variables and among factors that can alter
this relationmship {cancer modulating factors), the
1993 analysis revealed an important ditference
between the nuclear workers and A-bomb sur-



vivors Thus, according to our inlerprelation of the
Hanford data, the cancer 1isk is much greater for
exposures after 50 years of age than for earlier expo-
sures [5,61, bul, according te repeated analyses of
the A-bomb data, exposures after 5 years of age are
Iess dangerous fhan earlier exposures [7.8]

Since the A-bomb data analyses are solely con-
cerned with persons who were still alive five years
after the bomiing of Hiroshima and Nagasaki, the
most likely cause of a greater risk for voung adults
tham for middle-aged or old persons would be selec-
tion—ar a much greater risk of dyving irom acute
effccts of the A-bomb radiaton for persons who
weir over 5 years of age in 1945 than for younger
persons Fvidence of this selection has been found
[9], 20 i is clearly importand (o understand the finer
points of (he 1981 and 1993 analyses of the llanford
data.

According lo these analyses, the effects of small,
repeated doses on workers above a cerlain age may
increase their risk of cancer above what might be
expected from an extrapolation of dose-response
based on the experience of populations exposed to
high doses. In other words, these analyses confirm
what we have been arguing for years: that in terms
of induction of fatal cancers, repeated low-dose
cxposures, particular to older people, may be more
dangerous than a single exposure to the same total
dose (i.e., the oppoesite of DREED,

We {race here the historical outline of this dis-
agreemenl and present in some delail the methods
amdd resulls nsed in our 1993 re-analysis [t is our
view thal subscquent analytic work on Lhis popula-
tion, and on (he other worker populaifons at other
nuclear weapons production facilities, employ these
methods and include among key variables the age at
each exposie, the lolal duration of exposure, and
the seciveconomic slalus of cach worker in succes-

Sive Yedrs.

THE HANFORD CONTROVERSY PRIOR TO 1992

The first sign that low-level radiation exposures
might result in excess cancer mortality among, work-
er populations dates back to 1977, when Mancuso,
Stewart, and Kneale (MSK) first examined data from
Hanford [10]. On that occasion, comparisons
between wortkers who had died from cancer and
workers who had died from other causes showed
Lhat the former had a higher average dose than the
latter Also cstablished was the fact thad {(his Jdiifer-
BTICE WaS 1&11‘;;_;;&!:.-' the resull of radiation recoived
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after 40 years of age (and more than 10 vears belore
death) by men who subsequently developed three
types of cancer: myeloma, lung cancer, and cancer
of the pancreas

The sponsor of the 1977 analysis of Hanford data
was the U &, Department of Energy (DOE). The
DOE rejected the MSK findings as evidence of a can-
cer risk. This rejection was apparently justified
when Sanders showed that living workers had
received greater cumulative radiation doses than
these who had died of cancer [11], and when Marks
et al. showed that the workforce as a whole had
exceptionally low rates of mortality for all discases,
including catwesr [12]. These tebuttals of the MSK
analysis marked the beginning of the controversy
about the correct lnterprotation of [anford data
[13]

After publication of the 1977 analysis, Kneale was
allowed only limited access Lo the DXOE data on
Hanford and was much hampered by being unable
to correci obvious errors in the recording of job
descriptions, Nevertheless, in 1951 and again in
1954, he showed the results of an analysis of the
Hanford data that 1} relied upon internal compar
imoms and incuded several levels of internal radia-
tion monitoring RM) among the controlling fac-
tors, 20 adjusted {for exposure age and predeath
interval, and 3) distinguished between cancers
shown by the International Council for Radiation
Profection (KCEP) to be sensitive [o radiation induc-
tion LA cancers) and those (B cancers) that are not
15,141,

Tor A& cancers, or the group thal included neo-
plasms of digestive, respiratory, and hemopoiclic
tissues, there was definite evidence of a radialion
effect However, for B cancers (as well as for non-
cancer deaths) thore was a negative dose trend {of
evidence of insttficient conbrol of factors other than
radiation exposure that might relate to cancer induc-
tion or death) When A and B cancers were com-
bined, therefore. there was no definite evidence of a
radiation effect. Eneale wished to observe the effects
of controlling for sociceconomic status (SES) but
was not permitted access to this information
Therefore, although he continued to use the
Harnford data that had been made available to him,
and perfected a method of statislical analysis that
required identification of risk scls within cohorts
(sop bolow), there was a period of several years
when he conld do nothing turther (0 influence opin-
ions aboul cancer risks of low-level radialion.

Radiation, Age at Exposure, and [Doss



Tn 1986, an agreement was reached between the
DOF and the Three Mile Island T'ublic Health
Advisory Board thal ensured the gradual release of
all records of epidemiclogical importance relating to
workers at nuclear weapons production facilities. By
January 1992, there had been sufficient release of
Hanford data for Kneale Lo include this cohort in a
re-analysis, employing his new methodology and
using, for the first time, detailed 5ES data

THE HANFORLD DATA

These data show the results of including one of
the largest 1.5 nuclear weapons faciliies (Hanford)
in a series of radiation monitoring programs, and
keeping the workforce under conlinuous mortality
surveillance. Several of the reprocessing plants in
[he Hanford nuclear roservation were fully opera-
live by 1944, and, by 1979, there were 27,395 men
and 8473 women who had been monilored at least
once for external penelrating radiation (Lhe study
populalion of badge monitored workets) [3] By
December 31, 1984, the pumber of ascerlained
deaths was 7,352, and, included in this series of
1944-1986 deaths and 1944-197% exposures, there
were 1,732 thal had cancer as the underlying cause
(fatal cancers) and 173 that had cancer as a contribu-
tory cause {nonfatal cancers),

For the study population as a whole, there were
years of birth that ranged from 1574 (o 1958, vears of
hire that ranged from 1944 to 1978, and exposure
ages that ranged from 17 to 71, although only a
handful of workers were exposed before age 20 o
after age 64. The total cumulative dose averaged
22 .3 m3v, with 1.7 m5Sv as {he average for 7,762
workers who were employed o1 less than one year,
and 63.9 mSv as the average for 10,169 workers who
remained at Hanford for more than 1) years, Of the
40% of badge-manitored workers who were also
lested for internal depositions of radioactive sub-
slances, only 3% wore contaminated (257 men and
121 women)

Belween 1944 and 1964 there was a tonfold
increase in the average annual dose {Figure 1)
According to Kneale et al., this apparent increase
could be the tesult of monitoring programs land
methods of dose estimation} that were less efficient
and less accurate in the 19403 and 1950s than in later
vears [15,16]

There are thus possibly two factors in the Hanterd
data, in addition to cancer latency, that might affect
the ohssrved relationship betwen the occupational
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Figure 1. Mean annual dose of external rudialion for all
hadge-monitored workers at Hanford. Reproduced
feam ke journal Health Fhysics with pormission from
the Health Phyvsics Society. Slewarl Ab, Kneale GW.
A-homb survivors: further evidence of lale effects of
early deaths. Health Phys 1993%;64:467 4572

exposures to radiation and the cancer deaths: the
age at each exposure and the date of each recorded
daose.

THE METHODS OF THE 1993 RE-ANALYSLS (OF
THE HANFORD DATA

Suhcohors and Risk Sofs

A novel feature of the 1923 re-analysis of {he
Hanford dala (1944-1986 deaths) was the production
of subcolworls and risk sets within these subcohorts.
These subcohorts represent siratification of different
exposure cohoris according (o 10 key demographic
and socioeconomic variables (Table 1) of which six
wore constant through time (20 choices of birth date,
13 choices of hire date, and two choices of employ-
ment period, off-site exposure, race, and gendet)
Controlling for these six variables resulled in 4,160
subcohorts (20 x 13 x2x2x2x2)

Fach subcohort was then divided into risk sets
based on the five socioeconomic groups shown in
Fable 1, but also diawing a distinction between two
discharge intervals, since this would leave scine of
the cancers initiated before starting work at Hanford
in a separate category {from later “inductions ” The

Slvwarl and Kneale TN



Table 1. Essential Controlling Factors, Hanford Data'

5 vear intervals: 18701964

2 year intervils: 1944-1978

Linder or over 3 vears

With or without ofi-siie exposures

wWilhy ot without definite lermination date

Death within 3 vears of discharge {or not)

Facior o Levels Dretails

Sex 2 Males female
Race 2 White; other
Birth year 20

Hire year 13

Emplavment period 2

Facilily 2

Discharpe status 2

Polential year of death’ 43 Ta44d-1986
Pischarge interval® 2

Sociooconomic status’ 1

Cexnsws classisication of Hanlord occupitions:

1-199 Professional (1] 400-59% Crafispecple (£
JO0-209 Managerial (23 a0+ Cher blue callar (5]
A00-599 Clerical (3) Mot specified (&)

1The firlliwe-up pericnd runs from January 1944 1o Drecembsr 1956
:.‘-.hl:'pu."fltf assessmeni for each calendar vear of -empln','rucnt

Reprintad, with permission, from Kneale GW, Slewart Add. Reanalwsis of Hanford datas 15443060 deaths Am ] Ing Med 19932 5:

371-18% © 1993 Wiley-Liss, Inc

only informative risk sets were the ones that includ-
od one or moere cancer deaths, but for each cancer
death in each of the possible years (1944-1986) there
was now a full complement of maiched conirols
{i &, all makched workers who were still alive at the
Hme of the cancer death even if they eventually
experienced a cancer death). Separate analysis of
cach cancer risk sel automatically resiricted the
spciveconomic status and radiation doses of the
matched controls to the correct period, Le., the years
before the cancer deaths.

For a detailed example, turn to the particular risk
sel presented in Figure 2, This risk sct is defined by
the following common faclors: white males who had
worked at Hanford for more than three years, were
hired in 1951 or 1952, were born between 1895 and
1899, and had ceased work more than three years
before the end of the follow-up period (] 986). They
also all belonged to social class 5 {the lowest socio-
economic class) and had no record of any off-site
EXPOSUTES,

The dates and doses of each annual exposure are
shown together with the dates and causes of all the
pre-1987 deaths. There were three cancer deaths for
this group, in differcnl years, so no less than three
catwer deaths, with all their matched controls, werc
identificd. (Sce risk sct demarcation lines, also in
Figure 2.}

AT The PSR Quarterly, September 1495, Vol 3, Moo 4

For example, the first man to die (rom cancer (in
19651 had an interval of less than three years
between leaving Hanford and dving. Therefore, for
this case, there were only two closely matched con-
trols {see the {irst demarcalion line in Figure 2). For
the scoond dealh, in 1969 (which was also a cancer
death), there were 10 closely matched controls, and
for the Third cancer death, in 1981 (which came sixth
in the death sequence,) there wore five. Finally, for
each cancer case there were observed and expected
doses far 13 years (1951-1963) and 13 ages (51 lo 6d
yrars). Tor one of the cases there was an interval of
more than 18 years belwern the lasi exposure and
the date of death. (See Tigure 2).

Statistical pMedhodds

With the Hanford data in this subcohort and risk
set formation, it was possible to use the comditional
likelihood methods of Cox 117] or Breslow and Day
[18] to calculate the probability of each set having
the observed number of cancer deaths. In addition,
several tests of cancer and radiation related factors
were emploved with the purpose of discovering 1)
the amount of radiaton needed o double the nor-
mal cancer risk, assuming a lincar dose-response
(the doubling dosc); 2} the shape of the dose-
rEsponse CIrve (the cxpomnent factor); and 3) the
effects of varying exposure age, exposure year, and

Racliation, Age zt txposure, and Diose
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inferval hotween exposures and death, tors in addition to annual tadiation doses, direct

[t was necessary early on in this analysis to
resolve a problem of numbers. For example, with
the Breslow and Day method, where “sets” of expo-
sure factors ave compared with standard sels, the
formula for relating relative risk to standard risk is
given by the exponential of a linem combination of
all sets of case/control differences In the Hanford
data, this linear combination is currently the weight-
ed sum of 34 annual doses (since the exposure peri-
od stretches for 34 vears, from 1944 to 1978).
Therefore, in order to allow the effects of three fac-

Radialion, Age at Fxposure, ard Dose

application of the Bresiow and TDay method to the
Hanford data would require a risk model with more
lhan a hundied parameters (3 x 34).

In the 1993 analysis of the Hanford data, Kneale
resolved this problem by retaining other elements of
the Breslow and Day method, bul allowing the
weight of each annual dose to be a function of three
estimated parameters (interval period, exposure
age, and exposure year) [5] In this way, an impossi
bly large number of case/control compatisons was
reduced to a single difference between two weighl-
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Table 2. Maximum Likelihood Tests of Hanford Data?

Risk modsls

Critical valdues of

AMain parameiers inochilaticg faclors

Hosits

[ioutding  Poeeeer Lag . Capuosire Es;il‘.'mtf-.‘l )
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o v o e A
F I 263 .67 29+ (A% [ ik 75 1 12 3 ins
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and zero weighls {or “oulside” doses] ts determined
by the age at death {75 vears) and a "crilical expo-
sure age” (58 years), and the upper edge is deler-
mined by a “critical lag period” (14 vears).

Use of Five Relative Risk Models. The 1993 analy-
sis of the Hanford data is based on a decision to use
step function weighting for three critical modulating
[actors, which resulted in a choice of five relative
risk models (Table 20 For each model there are two
estimated parameters (doubling dose and power
law exponent} and cither ane, two, or three addi-
tonal parameters: exposure age, exposute year, and
interval or lag period. There are [our models whose
estimated parameters include a “critical cxposure
age” (1 to V) Sirce Model L the preliminay model,
lacks this key parameter of critical exposure age, il
iz virtually the same as the model used by Gilbert et
al. in their 1930 analysis of the same data [4] Gilbert
and her associales fond no evidenee of a correla-
tion between radiation dose and cancer risk, and
this was also true of Model T in the 1993 analysis
This was also the only medel in the later analysis
that had a nonsignficant number of estimated ra-
diogenic cancers, and the only one to have an esti-
mated doubling dese that was not a great deal
lower than any estimate based on A-bomb data.

For the two models in the 1923 analysis that
allowed for exposure age effects bul not for ditfer-
ent standards of dose tecording in different yvears

Raciation, Ape at Fxposure, and Linse

-0 cdaaths A | lad Raer] 179004,24:

Models 1 and IV), there was a local maximum (G
the likelihood function (Adodel I and a global masd-
mum (Model [V) Statistically, this result suggests
marked variance in the maximum likelihood esti-
mates, which may well reflect the wide variation in
dese recording that ocourred over these vears. This
finding also serves as a reminder that there were
several 1esults of the 1981 analvsis (of deaths before
19758} that were not confirmed in the 1993 analysis
(of deaths before 1987) and wice verss. For example, it
was only in the 1993 analysis that there were posi-
tive findings for all cancers combined, and only in
the 19481 analysis that there were sufficiently low
values for the exponeni of dasc-tesponse (&} to
doubt the validity of the lincar hypothesis

RESULTS OF THE 1992 REANALYSIS

The results of re-analyzing Ihe Hanford dala. an
1he basis of access to more complele sociocconomic
dala and by using the techniques desoibed above,
are presented in Table 2 (which shows (he effects of
excluding or including exposure age among “esti-
mated” parameters of the 1993 risk model) and in
Figure 3 {where a smooth curve estimate of the
function estimates). [n Table 2 the estimated excess
risk—which is shown as a doubling dese, o1 the
amount of radiation needed to exactly double the
normai cancer risk—waries according to the mumber
of estimated parameters of the 1993 visk mode! But
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the 19481 analysis that there were sufficiently low
values for the exponeni of dasc-tesponse (&} to
doubt the validity of the lincar hypothesis

RESULTS OF THE 1992 REANALYSIS

The results of re-analyzing Ihe Hanford dala. an
1he basis of access to more complele sociocconomic
dala and by using the techniques desoibed above,
are presented in Table 2 (which shows (he effects of
excluding or including exposure age among “esti-
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Figure 3 {where a smooth curve estimate of the

function estimates). In Table 2 the estimated excess
risk—which is shown as a doubling dese, o1 the
amount of radiation needed to exactly double the
normai cancer risk—waries according to the mumber
of estimated parameters of the 1993 visk mode! But
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it ix possible, by recongizing five variants of this
model, to see that:

1. The effect of including exposure age among the
estimated parameters was 1o reduce the doubling
dose pstimate from 263 mSv (Maodel 1) to less than
12 mSv {Models T7 to V).

7. For cancer latency, or the critical interval between
cancer induction and death, there arc three esti-
mates: i o, over 14 vears (Models I1 TT1 and V),
over 17 vears {Models 1T and IV}, and over 24 years
iModel I

L

_In Table 2, there are fwo choives of critical age fot
any cancer effecks from a radiation exposute: rither
over 58 vears (Model II) ot over 52 vears (other
models). But according to Figure 3, where these step
function estimales are shown alongside a smoath
curve cstimate, a twofold increase in an initially
small risk between 20 and 40 vears was followed by
a fivefold increase between 50 and &l years

4, For the exponent of dose-response (£} thete were
five choices Tanging from 039 (Model 11} to 187
{Model 1), However, none of these values was sig-
nificantly different from 1.0 Therefore, an earlies
impression of nonlinearity of dose-tesponse (see
below! was not confirmed when using the 1993 risk
madel

5 Trovided the cancer effective dose was Testricted to
the iotal dose received afler 58 years of age and
mote than 14 years before death (Model T, or der-
ing equivalent periods for olher models, the esii-
mated number of radiogenic cancers (ie.. the can-
cers caused by an occupational exposure) lay
between 12 and 51 for fatal cancers (average 22 8)
and between 25 and 31 for all fatal and nonfatal
cancers laverage 27 7). Each of these eslimates
required identification of the workers whose effec-
tive dose exceeded zero (see EDC cancers in Table
23 and the number of these high-risk cases ranged
from 34 ta 157 for fatal cancers (Maodels 1o Viand
was 534 for all the fatal and nonfatal cancers
(Models TITand V)

6 When identifving the EDC cases, cach exposure
vear could be included, since the critical value for
this Factor (1979-) included all the cxposure years
{1 G- 1978).

1 The PSR Quarterly, Sepiembor 1993, ol 3, o 4
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Radiation dose in rads
Figore 3. Typical dose-response cunves o relative risk
iRi against curmulative doss (¥ lor various valucs of
parameters (D and Flia the simple model: =1+
STE Curve A0 = 30 rads, 0= 1.4 {linear law} Curve
[£:10 = 1% rads. F = 005 (square oot law). Curve C:00 =
15 rads, F = 03333 (cube root law, Curve LD = 1y
rads, = 2.0 iquadralic lawl. From Kneale GW,
wancuso TF, Stewart At Hlanford radiation stuchy 1l -
a cohort study of the cancer risks from radiation o
worlkers at Hanford (1944-1977 deaths) by the method
oi regression models in life Lables. Br) ing Med
1951101 30-160

> Maodel ¥ was alone in having a full complement of
estimated parameters, Therefore, according 1o the
1993 risk model, the best estimates of doubling
dase are ®.6 mSv for fatal cancers, and 87 mSv for
all falal amck nonfatal cancers

=t

ot shiown in Table 2 are the results of dividing
the Fatal and novfatal cancers inle A cancers {1,280
rascs) and B cancers {627) cases) For the larger
group, the Model V estimale for DU cases was S8ar
4 5%, and for the smaller group it was 58 or £1%
Therelore, the earlior impression of no radiation
ctfects for B cancers was nol confirmed in the 1993

analvsis.

DISCUSSI0ON OF THE RESULTS OF THE
1993 RE-ANALYSIS
The Shape of the Dose-Response Lurve

In the 1981 analysis of the Hanford data, the oxpao-
nent of dose-response had an estimated value of
{1 33, whereas, in the 1993 analysis, the exponent of
dose-response was always closer to unity, or 1.0
This discrepancy between our two analyses reguirad
consideration of fwo possible ressons why the dose-
response from repeated exposure to small doses of
radiation mizhi appear, in the 1981 analysis, to be

Radiation, Age at Fapsure, and Doss



taking the form of a supralinear curve (Figure 3,
curve ) rather than a slraight line Figure 5, curve
Al

The first reason is that in large populations, even
rare effects of exireme sensilivity to cell killing
effects of radiation might reduce the cancer risk fol-
lowing exposure to low as well as high doses (thus
allowing susceptible cells to be killed rather than
maimed). This reason, although theoretically plausi-
ble, could not be further explored in the context of a
refrospective population-based study relying on
radiation monitoring data. Furthermore, this factos
would have applied equally in the 1981 and 1993
analyses. The second reason iy that errens in estimat-
ing annual doses might prevent the doseesponse
curve for a study population of workers rom obey-
ing a lincar law, even il (his law described the true
relationship between dose and cancer risk

In shorl, the fact that (he exponent of dose-
response had much lower values in the 1981 analysis
of Harford deaths before 1978 han in this later 1993
analysis of the same data with a longer follow-up
lime {and thus a less truncated serics of deaths) was
probably the resull of less accurale recording of
annual doses before (960 than in laler years (see
Figure 11 Such “internal heterogeneity” {or ditferent
standards of dose recording within the same loca-
tion} would account both for the rising tremd of
Hanford doses between 1944 and 1964 [13], and for a
similar trend in Oak Ridge doscs [19]. Furthermore,
comparisons between Hanford and Qak Ridge
nuclear facilities have produced evidence of "exter-
nal heterogeneily”™ (o different standards of dose
reconding in different locationsh [16], and detatled
inspection of the Oak Ridge data, by Wing and his
associates, has shown how different monikwing pro-
grams produced different patterns of low dases [20]

Ihe possibility af different standards of dose
recording in different nuclear facitities should ncea-
sion ne surprise. It is imporlant because the World
Health Organization is currenlly assembling records
[rom several facililies with the inlentiom of using lthe
pooled data to fest the validily of risk estimales
based on the LSS population exposed Lo the A-bomb
The need for such tests is not in doubl but there is
also a need to be sure that all unnecessary errors in
dose recording have been eliminated . This necessity
will require a new “dose Teconstruction” program.
Given the present reasons for doubting the general
validity of the A-bomb data [#], such a program
might be thoroughly worthwhile.

Radiation, Ape al Caposure, and [ose
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Figure 6A, RERF analysis of data from the Life Span
Study {LS5) cohort of A-bomb survivers. Horizontal
axis: TRS dose distiibution of average dose in cOy
-, 1=, 140-,50-,100-,200-300-, and 400+ dor each of 5
CXposure age groups at time of the boma (1945]
vertical axis: the ratio of ohserved o expectod numbers
4l lime of ohservation {19931 Reproduced from the
journal Health Physics with pormission from Lhe Health
Physics Socicty, Stewarl AM, Kneale GW. A-bomb sur-
vivens: [urlher evidence of late offects of early deaths,
Health Phys 199364467472,
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Figure 6B. RFRF analysis of data from the Life Span
Study (L55) cohort of A-bomb survivors, Horizantal
axis: 586 dose distribulion of average dose in cly
0, (1B, 200, 50, 100-, 200-,300-, and 400+ for each of
5 exposure age grouns at me of the bamb [1943)
Verlical axis: the ratio of observed 10 expocted numbers
at time of ohservalion (1993, Reproduced fram the
iournal Flealth Phvsics wilh permission (rom the Health
Plhvsics Seciely, Stewarl A, Kneale GW . A-bomb sur-
vivors: further evidence of lale offocts of early deaths
Heallh Phvs 1993;64:467-472

Fhe Effect of Age of Expasure on
Risk of Sutisequent Cancer

The LS5 cohort, which was assembled five vears
after the bombing of Hiroshima and Nagasalki, has
always had a normal noncancer death rate even at
high dose Tevels. Therefore, it is a source of risk esti-
mates based on the assumption that (in spite of the
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massively high death rates of 1845-1946) there were
no selection effects of these deaths that lasted for
moere than five yvears and no long-lasting damage to
the immune systom that predisposed survivors to
death from other causes, such as infections [21].

However, whether the older or new A-bomb
dosimetry estimates are used, it is only necessary (o
divide the LS5 cohoert into eight dose levels on the Tab
senle tor on the SRS scale) to soe that the proporiion
of high-dose survivors (over 1 Gy} is much smaller
for persoms who were under 10 or over 50 years of
age in 19413 than Jor the intervening age groups
{Tizure 6A and B, which shows the dose distribution
within pach of tive exposure ages)

The 155 cohort eriginally inchaded cqual munbers
of persons from four zonoes {measured rom each
hypocenior) and each zone was also matched for age
and sex. Therefore, the age group differences in
Figure 6 are clearly the result of children and obd per-
soms expericncing more deaths from acute and sub-
arute effects of the bombing than did the intervening
ape groups As a result of these age-related dilfer-
cnces, we can safoly assume thal thore was, in the LSS
cohatt, a gross shortage of persons who (by virture of
their age in 1945 and thelr exposure positivns) were
most at tisk of dying either from nonradiogenic or
radiogenic cancets in the subsequent 20 o1 300 years

The effect of these age-related differences on the
survivor cohort would fully justify the Stewart and
Kneale hypothesis that the appearance of normal non-
cancer death rates in this population is false. This
appearance of normalily derives from the comstant
masking of (favorable) seleclion effects of the carly
deaths by (unfavoerable) effccts of martow apiasta
1211, producing, cach year, 2 near notmal rate for non-
cancer dealhs. These age-telpted differences also
make it unnecessary to expect comparability between
A-bomb survivors and nuclear workers

CONCLUSIONS

There are three main peints to talee honme from this

re-analysis.

1. It is necessary, when evaluating the risk of cancer
from low-level ionizing radiation, to include each
and every exposure age, since age dramatically
affects the risk.

2. The results of applving lo Hanford data a 1993
risk modal wilh live estimaled parameters (Modcl
Vin Table 2) cast scrious Soubts npon the validily

110 The P5H Quarerly, September 1993, Vol 3, Moo

of 1isk estimales based on extrapolation of the
high-dose effects observed in the LS5 cohort of A-
homb survivors

3 MNonuniform standards of dose recording at
Hanford call for a dose reconstruction program
before allowing these data to be pooled with other
coharts of nuclear worlers. e
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