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SUMMARY BB

Some statistical methodology developed for the
analysis of the effect of radiation on cancer
incidence is described. The methods presented
make use of grouped data for estimation of and
testing hypotheses about temporal aspects of
the radiogenic effects on cancer incidence. The
suggested approach is reviewed by its application
to recent data on acute leukemia incidence in the
RERF Llife Span Study sample. The results of
these analyses suggest that, although the
temporal pattern of the radiogenic excess differs
markedly by age at the time of the bomb (ATB),
there is no statistically significant evidence of
differences in total excess leukemia by age
. ATB throughout the study period.

INTRODUCTION

The purpose here is to describe some statistical
methodology developed for studying the effect
of radiation exposure on cancer incidence in
the Japanese atomic bomb survivors. Various
reports, over the years, have discussed not only
the general dose response, but apparent
interactions between factors such as age ATB,
sex, city, dose, and time since exposure. It is
important to provide methods for significance
tests and systematic estimation of these
relationships.
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The emphasis in the present study is on investi-
gation of the temporal nature of excess cancer
risks, an aspect which has received considerable
attention, but relatively little in the way of
formal statistical analysis. The problem can be
classed in the survival analysis category; however,
the perspective is perhaps somewhat different
than usual since the sample size is very large
and the events of interest are rare. Also,
censoring prior to the end of the follow-up
period is essentially all due to bona fide
competing risks, that is, to other causes of death.

Most analyses of these data are done by specific
cancer type, since both the radiation effects and
the background rates differ by site. Acute
leukemia incidence was chosen for analysis in
this report, but the methods are currently being
used for other types of cancer as well. Although
the example is central to the paper, the primary
intent here is to describe the methodology,
rather than to report on actual leukemia risks.
Additional details related to dosimetry, case
ascertainment, and other matters would need
more attention in a proper report on leukemia
incidence. Although there are a number of
programs at RERF,1 one of central importance
is the Life Span Study (LSS), which involves
the lifetime follow-up of 108,670 residents of
Hiroshima and Nagasaki. This study provides
the data base for the example here.

The LSS extended cohort consists of most
survivors who were exposed within 2,500m
from the hypocenter and who were still living in
the cities in 1950, group-matched by age and sex
with a control sample chosen from those who
were exposed between 2,500 and 10,000 m from
the hypocenter. The sample also includes a
group of people who were not in the city ATB.
Further details of the selection of the sample are
given elsewhere.2®

Persons in the exposed group were interviewed
shortly after 1950 to determine information on

location and shielding ATB. From this infor-

mation radiation exposure level estimates (herein
called doses) would eventually be computed.
The dose estimates used here were computéd
using the 1965 air dose,? and are referred to as
the T65DR kerma doses.® Major efforts to
reevaluate these estimates are currently under-
way (see for example, US Department of Energy,
1982%). It is too early to predict even in which
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direction the basic slope of the dose response
will change, but certainly the parameter
estimates given here must be taken with some
skepticism in regard to the actual levels of risk.
However, the inferences discussed here about the
temporal patterns of risk, and their interaction
with factors such as age ATB, are likely to stand
up under dose revisions. As the primary goal
here is to develop statistical methodology
suitable for these data, it seems advisable to
proceed despite the uncertainty of the dosimetry.

Complete ascertainment of mortality and cause
of death for the LSS extended sample is made
possible by a traditional Japanese national
system of family records (koseki). Further
information on cancer incidence, as opposed to
mortality, has been obtained from tumor
registries and in cooperation with those engaged
in medical care. The inferences presented here
must necessarily pertain to cancer incidence after
1950, the time when the LSS sample was
selected. It seems clear that there was substantial
radiation-induced cancer incidence, especially
leukemia, prior to that time.

A great deal of rather detailed data on cancer
mortality in the LSS sample has been published
in RERF Technical Reports at 4-year intervals.
Data through 1978 appear in LSS Report 9, and
its supplementary tables.®7 These data should
be a useful resource for statisticians, in both
research and teaching. A great deal of useful
background information, and results from
analyses of LSS data, can be found in the report
of the Advisory Committee on the Biological
Effects of Ionizing Radiation (BEIR-3)® and in
the National Council on Radiation Protection
and Measurements Report 64 (NCRP-64)° .

Although the example here pertains to incidence
rather than mortality, similar calculations can be
carried out on the mortality data of LSS Report
9. The format of the data used for the calcu-
lations here proved too voluminous to include
in this paper, but a tabulation with broader age
ATB categories, which yields very similar results,
is given in the Appendix.

Much of the formal statistical analysis of these
data has consisted of relating the cancer rates
over the entire follow-up period to dose level,
regardless of the actual dates of death or
diagnosis. In fact, this tumns out to be a
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somewhat surprisingly (to these authors, at least)
effective way of answering certain Dbasic
questions. However, understanding the temporal
nature of the radiogenic excess is important,
both from the theoretical viewpoint of studying
radiation carcinogenesis, and from the more
practical viewpoint of estimating lifetime risks
for regulatory and medical decision-making. It is
also important to carry out analyses using
response times, in order to evaluate the adequacy
of methods which ignore this aspect.

There have been informal investigations of
terporal effects, but formal statistical method-
ology has rarely been used in these efforts. Some
examples of reports focussing on temporal
aspects of cancer incidence in the LSS are:
Ichimaru et al,'® Ishimaru et al'' Land and
Norman,’? and Land and Tokunaga.®  The
methods described in this paper have represented
an effort to provide statistical tools for such
investigation.

MATERIALS AND METHODS

Overview of the Data

The data analyzed here were reported by
Ichimaru et al,'® and represent leukemia inci-
dence during 1950-78 in the LSS extended
sample. Incidence data was gathered from tumor
registries, supplemented by reports of physicians
treating those whose deaths were reported in
the mortality study. Details of case definition
and ascertainment are given in their report. The
ascertainment is thought to be quite complete.

Only acute leukemia cases are used, since the
temporal nature of chronic leukemia is believed
to be different. The total number of cases used
here is 117. Ichimaru et al'® report 135 acute
leukernia cases; 13 of these are from a supple-
mental control sample of persons not in the
cities ATB, which is not used here; 4 cases which
occurred in persons of unknown dose were
excluded. One more case occurred in persons
aged over 60 ATB (exposed in Hiroshima, with
a T65DR dose over 400rad), a group excluded
here for reasons given later. They also report
53 cases of chronic leukemia.

The radiation dose estimates used here (T65DR
kerma) are for radiation incident on the body,
taking into account external shielding but not
shielding by body tissues. In some other
leukemia analyses, estimates of bone marrow
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dose have been used., Very roughly, these are
one-half the dose estimates used here, The
calculation of bone marrow -dose involves
separate estimates of gamma ray and neutron
components, and of self-shielding factors, which
are particularly uncertain in view of the current
dosimetry reevaluation.

Table 1 gives, for each city, the distribution over
dose categories of the number of persons initially
in the study, the number of acute leukemia cases,
and the number of person-years at risk during
the follow-up period. As has been done in
previous analyses of the LSS leukemia data, ¥
the approximately 27,000 LSS subjects who
were not in the cities ATB are not included in
this table or in subsequent analyses. The 2,386
subjects for whom detailed dose information is
not avaialble and all subjects aged over 60 ATB
are also excluded, The period of study is
October 1950 through December 1978, A
person is considered to be at risk until developing
leukemia or dying of any cause. The primary
reason for studying the cities separately is that
the radiation from the two bombs was quali-
tatively different. ¢
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TABLE 1 ACUTE LEUKEMIA CASES AND PERSON-YEARS AT RISK AMONG
A-BOMB SURVIVORS BY CITY AND DOSE, OCTOBER 1950 THROUGH DECEMBER 1978

#F1 EBRERECHT SEAIRERRUREAFS, SHRURES, 19504108 ~1978F12H

T65DR Dose in Rad

0 1-9 1049 5099 100-199 200-299 300-399 400+

Hiroshima
Cases 30 10 12 6 11 3 7 11
Person-years at Risk 664770 385509 263201 66475 41294 15972 8793 12095
Number at Risk? 27575 15932 10908 2782 1739 659 368 510
Average DoseP 0 3 22 70 139 244 346 524

Nagasaki
Cases 2 8 0 0 4 6 1 6
Person-years at Risk 98911 175013 97996 36072 35032 18279 6814 3889
Number at Risk 4000 7136 4030 1442 1388 722 270 374
Average Dose 0 4 21 71 147 244 344 529

aNumber of people in the Life Span Study sample in October 1950.
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bDoses in excess of 600 rad are set equal to 600 rad in this calculation.
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The following type of dose-response analysis,
using only data as presented in Table 1, is widely
used.®»® For a given city write yg+and Ry for the
number of cases and time at risk, respectively,
at dose level d. Consider fitting a model under
which the yq are independent Poisson obser-
vations with means Rglg, where Xy is the
lenkemia rate per person-year at risk, and is
specified by a parametric model. Two models
for Ay particularly favered by radiation biologist,
for the dose range here, are Ayg=Ffy +8;d and
Aa=P0p + B;d + p,d?. Here d would represent
class marks for dose categories. Models of this
type are discussed in BEIR-3® and NCRP-64.°
There is controversy over such models, centered
substantially on the issue of estimation of risks at
low levels of exposure (< 10rad), where the
choice can make a large difference in the ratio
of the estimated risks. The choice may be less
critical for the purposes here, where focus is
on modeling risks at higher doses, in order to
estimate temporal effects,

A starting point for more detailed analysis is
to consider the meaning of Ay above. The risk
of leukemia, both background (d=0) and radioc-
genic, is not constant but depends on, among
other factors, age and time since exposure. The
dependence on age ATB is well known, and that
on time since exposure will be discussed below.
The rate A4 is 2 weighted average of these more
specific rates, the time averaging being weighted
by the survival distribution, considering all
causes of death. While conceptually this is
straightforward for a given age ATB, the fact
that both the radiogenic excess and the survival
fraction, at a given time since exposure, depend
on age ATB makes the interpretation of Ay
complex.

Furthermore, the Poisson regression described
above is the maximum likelihood procedure for
censored data when the rates are modeled as
constant in time.'*!®* It will be seen that the
rates are far from constant, so there should be
serious concern about the optimality of this
analysis.

Consideration of more specific rates raises the
issue of differences by sex, as well. Sex is the
only factor other than dose, age ATB, and time
since exposure, which is generally available for
the LSS subjects. The analysis here ignores
the effects of sex. Although it would be of some
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interest to pursue this, proper investigation of
sex effects would have substantially complicated
the presentation here. It is likely that the
sorts of inferences considered here are largely
“orthogonal’® to effects of sex, but this has not
been investigated thoroughly.

Table 2 illustrates, to an extent, the joint effects
of age ATB and time since exposure on both the
background rate and the radiogenic excess. This
table contains incidence rates for both d<10rad
and d>100rad, in a cross-classification of these
two factors. Data from both cities are combined
for this tabulation. Particularly notable is the
strong suggestion that the temporal nature of
radiogenic excess depends upon age ATB. This
has been the conclusion of previous analyses,
mentioned above. The aim here, in large part,
is to provide significance tests and estimation
schemies to study such apparent effects.
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TABLE 2 COMPARISON OF ACUTE LEUKEMIA INCIDENCE RATES BY
TIME PERIGD AND TOTAL DOSE ‘

#z2

SEAmFRER O, MRRCHERER

Time Period

Age at Time Dose Oct. 1950-Dec. 1958

of Bomb  (rad)

Jan. 1959-Dec. 1966 Jan. 1967 -Dec. 1978

Cases PY?  Rate® Cases PY Rate  Cases PY Rate

0-9 <10 1 89825 i1 2 85796 2.3 2 127209 1.6
100+ 8 6681 120. 1 6350 15.7 0 9355 0.0

10-19 <10 2 97001 2.1 0 92091 0.0 8 134692 5.9
106+ 9 14546 61.9 2 13787 14.5 0 20000 0.0

20-34 <10 2 88663 23 0 83423 0.0 10 118702 84
100+ 4 10820 37.0 3 10143 29.6 q 14239 28.1

35-49 <10 6 101402 5.9 4 89303 4.5 11 108253 10.2
100+ 6 10884 551 3 . 9490 31.6 4 10966 36.5

50-60 <10 1 42058 24 0 30483 0.0 1 22875 4.4
100+ 1 3681 27.2 4 2558 156. 0 1716 0.0

dPerson-years at risk during the time interval.
AR P O STE N T8 ’

b1 eukemia incidence rate per 100,000 person-years at risk.

100,000 B A -3 A D o0 i 98 S ko
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Previous analyses of these data have discussed
important questions and apparent effects. These
issues cannot be addressed directly on the basis
of the data as presented in Table 2 but will be
discussed later. For example, some difference
between cities in the temporal pattern of the
radiogenic excess has been noted previously.10
This has been of particular interest due to the
qualitative difference in radiation from the two
bombs. Also, there is interest in any evidence
that the induction period of radiogenic cancer
depends on dose.

Formal statistical methods for such investigations
are essential, because as the data are cross-
classified into several dimensions, the estimation
of correspondingly specific rates becomes less
precise. Proper statistical methods should both
provide _efficient schemes for the investigation
of potentiaily interesting interactions, and also
help to avoid overinterpretation of apparent
patterns in the data.

Organization of Calculations

It is useful to describe the general organization
of calculations before turning to detailed formu-
lation of models, as these issues are somewhat
independent., Most of the calculations are done
on grouped data, although some final results
using ungrouped data are given for comparison.
In a study involving about 80,000 persons,
grouping greatly facilitates calculations, making
it possible to investigate a variety of meodels
through convenient interactive computing. In
view of the complexity of the data, and
uncertainty regarding appropriate models, this
was considered to be very important.

The grouped data are numbers of leukemia cases,
y, and person-years at risk, R, in a cross-
classification by city, age ATB, dose, and time
since exposure. The first three factors classify
individuals and the fourth classifies their
experience over time, The total time at risk,
R, for a time interval is the sum over appropriate
individuals of the elapsed time in that interval
until they develop leukemia, or die of any cause,
or the interval ends.

For age ATB the interval boundaries used are
0, 5, 10, 15, 20, 27, 35, 42, 50, and 60 years.
Individuals aged over 60 ATB, among whom
there has been only one acute leukemia case,
are omitted here. This group was excluded
since it is necessary to consider age ATB effects
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on the radiogenic excess, and this cannot be done
reliably for this group because of the small
number of person-years and cases. For the dose
categories the boundaries are 0, 1, 10, 50, 100,
200, 300, and 40Qrad, For foliow-up time, the
period October 1950 through December 1978
was divided into intervals of 2%, 2, 2, 2,4, 4,6,
and 6 years. Intervals of unequal length were
chosen because of apparently more rapid
temporal changes in excess risk during the early
years. Thus there are (y, R) pairs for each of
2% 9% 8% 8=1,152 cells. The tabulation in
the Appendix differs only in that the 049 age
range is divided into four rather than eight
intervals.

For groupings by age ATB and dose, the approxi-
mation is simply to act as though all individuals
are at class marks for the intervals. For age ATB,
these are taken as midpoints. For dose, the class
marks are taken as city-specific average doses
within intervals; the values are given in Table }.
For this calculation, estimated individual doses
over 600rad were set to 600rad, as is conven-
tional at RERF. The rationale is that survival
at such doses is unlikely enough to cast suspicion
on the estimates.

The use of grouping on time of follow-up
requires more elaboration; consider first the
approach without that grouping. Leti=1,2,...,
denote cells, in any order, in the cross-classifi-
cation of city, age ATB, and dose. Write A;{t;8)
for a piven parametric model for the hazard
function (risk) of leukemia incidence at time t
since exposure, for those in cell i. Note that,
given i, t also determines (approximately) age at
risk, upon which the background rate, at least,
will depend. The data can be thought of as a
set of times to leukemia incidence or censoring
tit, ti2, - . ., for each i, along with corresponding
indicators of whether tj; is a censoring or inci-
dence time. As noted previously, censoring
in these data consists of either death from
other causes or the end of the follow-up period
under study. Denote by 2(8) the log likelihood
for these data, under the usual assumptions
about independent censoring (see for example,
Kalbfleisch and Prentice™).

Now choose a partition of the follow-up period,
and make the approximation that N(t;0) is
constant in t within each interval of that
partition. Denoting the intervals by j, the
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resulting hazard function can thus be expressed
as Aj(0), 1, j=1, 2, .... Write y;; and Ry; for
the corresponding number of cases and person-
years at risk, respectively. For the moment
consider the Ry as fixed and the statistical model
with c;; as independent Poisson observations with
means Rj;A;;(8);

NF— FEABIEA;(8), 1, j=1, 2, ... LEEIAE
BT ZEMBRRUVBEAEREZ ZL Ty BT
RT3, ELLULYR;ZEELALORY ¢ %
v et EME TN ETEHHF R;A;(0) 0L
By vBEEEELT

Vi g Psn{Ryd;@)}, =12, (1)

Alfhough this is not in fact a valid model for the
data, Holford!® has shown that the log likelihood
for (1) is precisely the same as £(0) described
above. The key here is the assumption that
Ay (1;0) is piecewise constant.

Strictly speaking, the model (1) is irrelevant,
since the original log likelihood can be computed
from the grouped data under the approximations
discussed above. The authors find it quite nseful
to think of caleulations in terms of (1), however,
since such Poisson regression models are widely
used and well understood. Also, for informal
diagnostics of fit, it seems innocuous to think
in terms of this model, with the R;; as fixed.
More formal diagnostics are based upon
asymptotic theory for likelihood ratios.

Maximum likelihood estimation is done by the
Newton-Raphson method, which can convenient-
Iy be thought of as iteratively reweighted (non-
linear) least squares in model (1). Virtually no
computational problems have been encountered,
for dimensionality of & up to 15. Tolerance of
poor initial parameter values is provided by
successive halving of the conventional Newton-
Raphson step whenever the likelihood would
otherwise decrease.

The rates MA;;(0) are functions of 6 and the
covariables; city, age ATB, dose, and time since
exposure. The calculations for the grouped data
are carried out interactively in GLIM® with
special macros. The procedure used by the
analyst to specify models to be fit resembles that
used for standard regression modeld-in GLIM.
Additional details of the organization of
calculations are provided in the Appendix.
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Approach to Modeling

Approaches to the statistical modeling of cancer
incidence in the LSS setting are discussed. First,
attention is given to the general structure of such
models, and then possible parametric formu-
lations are described. The discussion in this
section is not limited to models for leukemia
incidence. The particular choices for the case of
leukemia are presented later.

To simplify notation, models will be developed
in terms of ungrouped data. Models for grouped
data can be obtained from these as indicated
before. The modeling of city differences will be
discussed, but suppressed in the notation.

Define t=time since exposure, e=age ATB,
d=dose level, and a=e+t=age at time t. Write
At;e, d) for the leukemia risk at time t for given
(e,d) values.

A useful starting point for organizing thought is
the simple model

Mtse, d)=p(a)+£(d)p(1),

where f(d) increases from f(0)=0. Thus »(a)
is the age-specific background rate and p(t)
represents the temporal nature of radiogenic
excess rate, modulated in a proportional hazards
manner by the dose factor f(d). Necessary
enrichments of (2) will now be discussed, but the
basic aim here is parametric estimation of
functions similar to those involved in (2).

One necessary modification is to allow »{a) to
depend on e as well, to accommodate secular
changes in age-specific background rates. The
approach here is to assume tentatively that v(a)
can be replaced by a product of the form
vi{e)vy(a). Age ATB, e, is used here as a
surrogate for birthdate. Further, possible
differences between cities will be tentatively
modeled with another multiplicative term.
However, within the organization of compu-
tations used here, it is quite easy to allow for
nonmultiplicative effects for these factors.

A major aspect of the data analysis in the LSS,
is to determine whether, and how, the term
f(d)p(t) in (2) should be modified. Although
this simple form seems to be of interest in
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principle, previous analyses and inspection of
Table 2 strongly suggest that for leukemia, at
least, p(t) should also depend upon e. That is,
those exposed at an early age seem to have a
substantial radiogenic excess incidence sooner
than those exposed at a later age. For other
types of cancer, however, the apparent patterns
are quite different.®' The possible effects of
age ATB are indeed a major issue and require
careful conmsideration. Omne relatively simple
generalization is to replace f(d)p(t) by a term
of form f(d)g(e)p(t). One interpretation of this
term is that the level of excess, but not the
temporal pattern, depends on e.

More general models of the form f{d) p,(t) must
also be considered, where p.(t) denotes a class of
functions of t, indexed by the variable e. Some
simple such classes of functions are described
later.

Another possibility of major interest, especially
for cancers other than leukemia, is to replace
f(d)p(t) by f(d)r(a), so that (2) becomes a
full proportional hazards model.>*® Note that
this is within the very general form f(d}p.(t)
mentioned above. In this case the partially
nonparametric approach of Cox!” is an alter-
native to the fully parametric approach taken
here. This will be discussed further.

Intercity differences in excess rates are tenta-
tively modeled with the introduction of a
multiplicative term, as was described for the
background rate. This is attractive in view of the
qualitatively different nature of the radijation,
between cities, ifi that the city effect can be
thought of as a factor applied to f(d). A signifi-
cance test relating to a more general difference
between cities is described in a subsequent
section. :

Another possibility is that of more complicated
interactions between d and t than can be
represented by models of the form f(d)p(t). For
example, one concept of interest is often stated
in terms of the induction period depending on
dose. This might be modeled through the use
of terms such as f(d)pg(t). This seems to be an
attractive approach since it avoids elusive issues
such as distributions of the random variable
time-to-radiogenic cancer.

CRAREEVLOTHSEEbh 3N, WEORIR
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The generalization of (2} of primary interest
here can be written as

Atie, d)=p (e)vy(a) + f(d) pa(L).

This is an extremely general model, and will be
severely restricted by the specific choice of
parametric forms for the component functions.
The aim now is to indicate some choices which
have proved useful.

Experience suggests that the function va(a)
can be adequately represented, for many types
of cancer, by taking its logarithm to be a
function of log(a) which is linear, quadratic,
or piecewise linear or quadratic with one or two
change points. In the piecewise quadratic case
it is useful to use splines, that is, to constrain
not only the function but also its derivative to
be continuous. It is known from studies of large
populations'®!? that the log-log linear form
takes on a central role in such studies. For many
types of cancer, the linearity is remarkable over
most of adult life, even when there is statistically
significant curvature because of precise esti-
mation. Often nonlinearities will be needed only
to account for departures from this for the
yvoung (e.g., less than 25) or the elderly (e.g.,
greater than 70). In any case, the L3S data are
adequate to provide checks of such assumptions
in particular analyses.

If one assumes that the form ¥ (e)vy(a) is
suitable, it seems adequate ordinarily to take
vi(e) to be of fairly simple form. For example,
log{r, (e} } may be taken as linear or guadratic
in e, or constant on each of a cheice of intervals
for e. With the LSS data there is substantial
confounding between estimation of »;(e) and
va(a). This is because the (current) follow-up
period spans only 28 years, beginning at e+ 3
years. This confounding suggests that relatively
simple models for vy(e) should be a goal,
provided that attention is paid to diagnostics
of fit.

Turning to the model for the radiogenic excess
rate, the work reported here uses f{d} = d. Other
possibilities are of interest, especially quadratic
functions of d. It was felt that the linear
approximation should be adequate for the
purposes here, which primarily are to model
the effect of moderately high doses in order to
study the nature of the functions p(t).

13
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Choice of parametric models for the class of
functions pa(t) is certainly the most difficult
part of the analysis, since little is known a
priori about this aspect, and the data are not
adequate to estimate these functions with much
precision. The general approach has been to
select about five intervals for e, and allow the
functions pg(t) to differ only between these
intervals, For a given interval of e, models have
been used in which log {p.(t)}is a function of
log(t) which is linear, quadratic, or piecewise
linear or quadratic with one or two change
points. At various stages of the analysis,
differing degrees of richness in the models for
Pe(1) may be appropriate.

None of the assumptions discussed above are
inherent to the general approach or compu-
tational scheme outlined bere. The suggestions
made are examples which the authors have found
useful in analyzing several types of cancer
incidence in the LSS.

To close this section, some discussion is in order
regarding the decision to use parametric models,
rather than the partially nonparametric approach
that has developed out of the paper by Cox.!”
One approach that has been considered at RERF
starts from models of the form

Mtze d)=A(1)[1+fd],

where A, (t) is a class of arbitrary functions of t.
Models of this type can be used by stratifying on
e and proceeding as indicated by Kalbfleisch
and Prentice (pp 87-89).

For many types of cancer in the LSS, it appears
that (4) must be generalized at least to the extent
of allowing § to depend on e. Further, at least

for leukemia, it would be important to include

time-dependent covariables (op cit, pp 122-127)%*
so that the ratio of radiogenic excess to back-
ground rate can also depend on t. Furthermore,
it appears that this ratio needs to depend on e
as well. The results of these generalizations of
{4) are models which are as difficult to formulate
as those developed from (2). If generalizations
of (4) are used, the necessity of modeling the
background rate is avoided. However, this is a
relatively ecasy part of the parametric approach.
On the other hand, what is lost in the propor-

14

HERHp,(DOAFAMY w7 EFIORERRE NS
ML Tid, LAY TGS 2L, Zhs
O EERIIHETCE3RETTEF -G
NT, ZTRIERFNDILTRELERLZETH 5.
— i ez oW T KM ASERIRL, HMEp,(t)
BrhASOEMOPRICELLEEIFER LS.
eDdHHXMITOVT, log{Pe(t)}fJ"log(t)U)
Wi, —&XR140L 2ADBESEELESAT
BEXEZREHETHILIZETNMVERAGE, BIF
NELDBET, B35 (00 0EFLOREE
AWM EHTHS ).

ERoREEVTRE, ZITRELE—-BRNFEL
FEFEIBAOLOTIEEZV. ZZTiT- %S,
HELFAEGABECLH T I HEOBEBER OB
B> ELILLOTHS.

ZOBOBEHNIIYEN, CoxRRXTrSHEEN
LEaM, vt A M)y PEHETIEEL, ST AL
Yy 7 E2FLERHVWREVIREET L2 LIZHE
LT, #opEETILAEYTHA Y. BHERT
Bitshi—o0hER

4)

EWIHIBOEFASEET S, AELA(D) IRt
ERAMHTHS. ZOBOTF LI e l2o0THE
ML, Kalbfleisch % U Prentice {87 ~89-~— )
FERTE3FRs 283212 kaTHwEZ LY
TE5.

HHEFEEI BT 2{OBOBII20T, P LE
BHeliBBEFTZIL2ROIEEZT T E—HRIE
LALTEashw. FEloPi b AMBIZ2WT
W, Ny sy FEBRCHT3RERERCLS
BEOLEL tIRTFET3 LI, BRHARTFAORTS
(122—127R—V M EBDH L LHFBEBETSHS .
MET, CORBel i MBFTILEHFH3LE
bha. WEZOE53C—bL &R, =713
25 FE bR LS ERET 30X RS
LML fok. E—BRILLEEE, SvsyFo v
WREEFAETILERLL LS. LALEFS,



tional hazards approach is the ability to model
the additive excess risk in a possibly simple
manner. There are scientifically important
guestions which are difficult to express as
generalizations of (4).

For cancers other than leukemia, proportional
hazards models appear to be more viable. The
authors have studied the suitability of these,
within the parametric approach, by utilizing
models of the form
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Altie, dy=vy(e)ra(a) 1 +i(d)pe(1)]. (5)

Parametric analyses for models of this type can
be done similarly with the methods developed
here; some details are given in the Appendix.
Results for other sites will be givenin later report.

RESULTS

Details of Model Fitting

This section provides detailed results of the
application to the LSS leukemia incidence data,
of the types of models described in the previous
section, including discussion of the adequacy of
fit. The model is similar to (3}, with f(d)=d and
additional parameters, §; and ¢, for intercity
differences. Thus, the general form of the
model is

Atse, ¢, d)=Ecvy(e)va(a) + drepe(t).

Consider now the choice of ¥;(-), ¥5(-), and the
class of functions p,(-).

All estimation is done by maximum likelihood
from the grouped data except for one final
result. Significance tests are based on the
standard chi-square approximation to likelihood
ratio tests. Approximate standard errors are
obtained from the inverse information matrix
for model (1). This, along with other aspects
of computation, is discussed in the Appendix.

In many of the models to be discussed, separate
parameters are estimated for each of five age
ATB categories: 0-9, 10-19, 20-34, 3549, and
50-60. For brevity these groups will be referred
to as age cohorts,. However, it should be
remembered that the finer age ATB grouping
described earlier is used for the computations.
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The next few paragraphs deal with the selection
of the functions vy(:) and »3(:) for the
background rate. Following this; attention will
be turned to choice of the class of functions
pe(')A

Data for subjects with d<10rad were used to
investigate the nature of the background rate.
It is believed that the radiogenic excess in these
subjects may be considered negligible for this
purpose.

Assuming only the multiplicative form v, (e)v,(a),
and ignoring intercity effects, crude background
rates can be computed as follows. For a cross-
classification on e and a of subjects with
d< 10 rad fit the model

LITFOMBECE, Sy 7799y FEEE LT
v Y E v (Y EOBIRICOWTIR AL, ZAIHE
HEHp, () OBRRICO>VTHET S,

d<0rad DHBREDOF—s&/ Sy 27 Iy FAR
DHREMETAOIMAVE. ZOBNOEA,
CHLEOWNREBELFTARMEFRIILIBAL
EHLTL R0 EEbR S,

HRRv (e)vy(a) B EREL, BHiROHRE
ERTAEHSy Iy FHRBRERO LTI
HEsha, d<W0rad D RHEND e RP a2 X E
FETAEETFN

log{Vi(ei)Vz(ai)} =7;+8;,

where the v; and §; are free parameters which
correspond to the intervals labeled by €; and a;.
Parameter estimates and approximate standard
errors are given below, for the indicated choice
of intervals.

~ ~
€i Ti—"
05 0
10-19 —17% .67
20-34 .78+ .81
3549 —.94 + 88
50-60 —26%1.2

A plot of the gj vs the logarithm of the age
interval midpoints is almost exactly piecewise
linear with 2 change point between the second
and third points. Although this shape is not
precisely estimated here, the Japanese national
rates for acute leukemia as given by Otake®®
also suggest that such a piecewise linear model
is reasonable.” The change point of 27 years,
used below, is approximately the maximum
likelihood estimate from the data here.
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A plot of the 7; vs e indicates that a model
linear in ¢ with age-specific rates increasing in
time is reasonable, considering-the standard
errors given. The trend on the age-specific
rates is consistent with information presented in
graphical form by Hirayama.?

This tentative background model is:

log {£cv () vala)} =

When this model is fitted to the d<10rad data,
the city effect £ is not significant (¥;=-.02
+ 38) and this term is omitted henceforth.

A final check of the adequacy of the multipli-
cative form v (e}, (a) was carried out as follows.
The model (7) was fit to the d<10rad subjects,
and the observed and fitted numbers of cases
were calculated for a cross-classification over
e and t. The intervals for e were taken as the
five age cohorts used above, and the follow-up
period was divided into five intervals of 4%, 4,
4, 6, and 6 years. For each cell, a standardized
residual, (observed - expected)//expected, was
computed. This residual is suggested by model
(1). Informal inspection of this table indicated
neither any systematic pattern of deviations,
nor any individual cells of poor fit. Thus model
(7) was judged to be adequate for the back-
ground rates,

Consider now the choice of parametric forms for
the class of functions pe(-). It seems that the
approach to this major aspect of the analysis
must focus on i) the use of appropriate signifi-
cance tests to expose general patterns in the
nature of the excess risk, ii) providing guidance
regarding questions of interest which simply
cannot be answered from the available data,

log(§;) +0,5 +8 e +8,log(a),
log(f,) +0g + (8, —05%)1og(27) +0, e + 8,*log(a) a>27

iii) careful checking for systematic lack of fit to -

tentative models, and iv) avoidance of overfitting
the data, that is, emphasizing what is probably
only random variation in the data. As indicated
earlier, the approach used is to group individuals
into five age cohorts, and estimate a function
pi(+) for each group,i=1,..., 5.
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The choice of these functions is the most subtle
part of the analysis. The data do not allow
precise estimation of the functions pi(-). This
can be seen from the standard errors of estimates
in the fitted models, and from likelihood ratio
tests which compare alternative models. The
fundamental reason for this is that the number of
cases in each age cohort which are not predicted
by the background model is small.

The number of excess cases for each cell
(city, age ATB, dose, and time period group)
for models such as (6) can be estirnated as
the product of person-years and the estimated
value of the final term in (6). For the models
described later in this section, the estimated
numbers of excess cases for the five age
cohorts are approximately 13(0-9), 12(10-19),
12(20-34), 15(35-49), and 5(50-60).

The form of the models chosen for p;(-) will be
presented here, along with some analysis to
justify these choices. The course of research
was to begin with somewhat more complicated
models, which were eventually found to be
unjustifiable, Whether one starts from simple
models or more complex ones, it is at this
stage that convenient interactive computing is
particularly valuable.

The eventual choice of model for the radiogenic
term in (6) was

ZRLOMEOBREIEHFEODPTLRLMDR2EHT.
b5, F—srsMe () EERCBETSILE
TEAV. COILREAEELETVOREMRD
EERE, RUNRBEFLERETILELEED
BE»LFPS. COMRAFMHMHE, FEMHIA—-T
LEFAE Sy 77Ty FEFLTHETHEALL
ERARFLEVALTHB.

GD LI BEFVTOEE S (BT, FHBEFEH,
HEERRUHER) JEOBMPERNZEAERFBIO
FanEf e nME L THEESNS. ZORT
BRTZTFVOERE, Eo0ERH IR - FOHE
BEER B M3 (0—9), 12(10—19), 12(20—
34), 15(35—49) RUF5 (50—60) Th 3.

pilymEpIlBReEhEEFIORE, ZhE6M
BIROENELZBF I E2EFLHETIZIZRT.
MEDGHELTIE, BorL0HEBELZETLLPS
LS ELEN, INLSOEFVIERGIIEEST
BOWZENF ok, BHEEFLASBELEY L,
Lok sET LA SEBEL LI E, BEHEAERN
HEAFIRELORIOERTH 3.

HEMIZEORMBEEREEOEROTTFVLELT

log {Yepe(t) }= 8¢ + o + filog(t) , (8)

where ¢=0, 1 denote Hiroshima and Nagasaki,
respectively, and the subscript i is determined
by the age cohort to which e belongs,i=1,...,
5. The model {(6) with components (7} and (8)
will be referred to as model (7-8).

Figure 1 illustrates the results of fitting model
(7-8) to the grouped data. The dashed lines
show, as a function of age, the estimated
background rate for each of the five age cohorts.
The solid lines show the estimated radiogenic
excess rate in Hiroshima at 100 rad on the same
scale. For clarity of presentation, smooth
curves are sketched through points obtained by
evaluating the model at class marks for the
grouped data. The estimated excess rate in
Nagasaki is 60% of that in Hiroshima. The
parameter estimates for this and several other
related models are given in Table 3.
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FIGURE 1. BACKGROUND AND EXCESS (AT 100 RAD) ACUTE LEUKEMIA INCIDENCE
RATES IN THE LIFE SPAN STUDY SAMPLE BY AGE AT EXPOSURE GROUP

1

Separate Slopes-for Radiogenic Excess (Model 7-8)
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Diagnostics, .discussed below, indicate that this
model provides an adequate fit to the data. In
view of the richness of the model, and the
rather small number of apparently excess cases,
there should be some concern about overfitting.
However, this fit provides a basis for a number of
significance tests of interest, and a reference
point for assessing the adequacy of simpler
models. No substantially simpler adequate
model has been found.
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TABLE 3 PARAMETER ESTIMATES AND STANDARD ERRORS FOR ACUTE LEUKEMIA INCIDENCE
RATES IN THE LSS COHORT FOR SELECTED MODELS AND EXTENT OF GROUPING
#3 BEAWEIF—FIHBI288AMKBRERD /T 4 — 5y —HFEE
RUE#RAE BREFVETESTORER

Model/ Gronping Used
Grouped Data
Patametersa Nine Age-at- Ungrouped Datad
Exposure Groupsb Five Age-at-
Exposure Groups®
Unconstrained Constrained
Model Model

Background G —-11.1 474 -110 464 -106 59 -11.6 +4.384
&, ~ 0.049%0.021 - 0.04910.021 - 0.04810.021 - 0.055£0.018
&, 0.078£1.48 — 0.030£145 — 0.15 *1.83 0.20 £1.52
B, 3.78 £1.19 3.86 £1.10 380 *1.11 3.92 £0.89
Radiogenic 5 — 052 £0.33 — 0.52 £0.33  — 0.52 +0.33 — 054 £0.32
Excess oy -14.0 *0.57 -143 %050 142 0.50 S -143 054
0 -15.0 £0.80 —-147 #0552 147 051 -14.9 0.61
o -13.9 X045 -13.9 *0.37 -139 +0.37 -13.9 10.36
0y ~134 +0.33 -133 032 133 1032 -13.3 0.28
L5 ~13.0 10.55 -13.1 *0.55 -130 £0.52 ~13.0 £0.59

B - 209 £0.72 4 " +
5 T oas | - 239 £056 - 2.37 053 [ - 228 %054
i - 0.92 %0.69 - 092 %036 - 091 0.35 - 0.78 %0.34

Ba 0.37 *0.67 . " &
B 1.05 +1.24 0.56 *0.54 0.55 *0.56 { 0.73 *0.55

a<2?

: O +8e+04loz(a)
aThe background model is log {v@a, e, ) }={ 0" 1 2
Ky s Sy FEF NG Og+01e+(62— B0 log (2T +05xlog(a) a=27
where a is attained age, € is age at exposute, and c is an indicator of city. The model for the unconstrained
model for radiogenic excess (per rad) is log {p(t, e, ¢} }= Sc +ai+.3i log (t/20), where i=1, . . . , 5 indexes the
age cohorts {0-9, 10-19, 20-34, 3549, 50-60, respectively), and t is time since exposure. For the constrained
model, fy =f2 =03 —yand By =fs=F3+7.
ThHBH. HEL, aBHRAES, cIHBIEEMS, cBEFLRYT. (QlradbLNo)BHHRBECIAMOERT
EFWIE log {p(t, e, c)f =6c +a;+F;log(t/20), AELi=1, ..., SEFHIH—F(FHhFHh0—9, 1019,
20—3, 35—49, 50—60) ¥ FL, tRHBREBRMTHS. REFEEFATR, Ai=Fy=F3—¥ RU A, =F=
By+7 Th 5.

BThe nine ape-at-exposure groups are 04, 5-9, 10-14, 15-19, 20-26, 27-34, 3541, 42-49, and 50-60 years of
age. The eight dose categories used are 0, 1-9, 10-49, 5099, 100-199, 200-299, 300-399, 400+ rad. The eight
time periods used are Oct. 1950-Dec, 1952, Jan. 1953-Dec. 1954, Jan. 1955-Dec. 1956, Jan. 1957-Dec. 1958,
Jan. 1959-Dec. 1962, Jan. 1963-Dec. 1966, Jan. 1967 -Dec. 1972, Jan. 1973-Dec. 1978.
AonERBEESHE0—4, 5—9, 10—14, 15—19, 20—26, 2734, 35—41, 2—PRUPO—60FTHE. A2D
BREA1E0, 1—9, 10—49, 50—99, 100—1%9, 200—299, 300—399, 40+ rad TH 3. A A>OMBE
1950 4£ 10 ~ 195212, 19534 1 B~1954%12H, 19554 1 B~1956 12/, 19574 1 H ~1958 128, 19565 1 A ~
1962#E12H, 19634 1 B ~19665512H, 19674 1 A~1972412H, 19734E1 A ~19784£12A T4 5.

CThe five age-at-exposure groups are 0-9, 10-19, 20-34, 3549, 50-60 years of age. The groupings on dose and
time period are the same as noted above. These data are presented in the Appendix.
AoOHPEHFEMEELZ0—9, 10—10, 20—, B—VEUN—0XTHS. SREFEMCET ISR LR EGEHT
$a. Thso7F—FafgiznT.

d Age-at-exposure and time-since-exposure were rounded to the nearest year.
ERBERRUCRBERSARMIRLFEVEIIAD L.
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Two questions related to the fit of this model
are of particular interest; i) is it adequate to
model the radiogenic excess as monotone,
much less as log-linear, in t for each age cohort?
and ii) is it reasonable to estimate the excess
risk for the older age cohorts as increasing
until the end of follow-up? TFor each age cohort
in succession, a model was fit in which the
corresponding term ¢; + §; log(t) was replaced by
a continuous function piecewise linear in log(t)
with change points at log(13) and log(21),
thus dividing the follow-up period into intervals
of 8%, 8, and 12 years. This involves, for each
age cohort, two additional parameters. The
likelihood ratio x? statistics for the five cohorts
are respectively 4.1, 1.4, 5.2, 1.6, and 7.9, each
on 2 degrees of freedom (df). With the exception
of the age 50-6{} cohort, not only are these not
significant, but the resulting estimates of the
functions p; (t) are qualitatively similar to those
shown in Figure 1. In particular, there is a sharp
monotonic decrease in t for excess rates in the
first two age cohorts, Excess rates in the third
age cohort are not exactly monotone, but tend
generally to decrease at a slower rate than for
the first two age cohorts. In the fourth age
cohort the rates tend generally to increase
slowly in t, as in Figure 1.

For the age 50-60 cohort the fitted rates in the
richer model are essentially zero for the first
6 and last 12 years of the follow-up period, and
are somewhat higher between these points than
those of Figure 1. This is because there were
no cases at over 10rad exposure during either
the first 6% or last 12 years of follow-up. In
addition there are only eight cases in total
for this age cohort, and the fitted background
model predicts about six cases. The most
important issue is whether the lack of any
cases in the final 12 years, for those at d>10rad,
indicates that the true radiogenic excess rate has

decreased to a markedly lower value than

indicated in Figure 1. However, the expected
number of excess cases for the final 12 years
in the age 50-60 cohort computed from the
model used for Figure 1 is only 1.5. If this
model were true, the chance of seeing no
radiogenic cases there would be exp(—1.5)=0.2.
It seems clear that the temporal nature of
radiogenic excess for this cohort is poorly
estimated. The resolution taken here is to retain
a model of the form (8) but somehow to
combine the estimation of 4 and f35.
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The general issue of the extent of radiogenic
excess at the end of follow-up, 1978 here, is
important in consideration of plausible lifetime
risks. This is not of such preat interest for the
age 50-60 cohort as for the others, since these
persons are quite old by 1978. Of more impor-
tance is the plausibility of the results illustrated
here that for the age 3549 cohort the excess risk
may still be substantial by the end of follow-up.
One indication of this is that the fitted rates for
the piecewise linear radiogenic excess in this
" gohort are not decreasing in the last time periods.

The strength of evidence that the §; in model
(7-8) are different is an important issue. Likeli-
hood ratio tests indicate that no two J; for
adjacent age cohorts are significantly different,
but the test that they are all equal gives x2=17.8
on 4 df.

In view of the imprecise estimation of the f;, and
the generally increasing trend in them, it seemed
appropriate to consider models with some
smoothing of §;. Modeling the f§; as linear in e
results in rather extreme values of 8, and fs
which do not seem supported by the data and
might be overemphasized in interpretation.
. Although the justification is rather weak, it was
decided to impose the constraints $; =f, and
B4 =85, a hypothesis for which x?=0.8 on
2 df. For this model, the three distinct slopes
are almost exactly equally spaced. The imposi-
tion of this additional constraint has a totally
negligible effect on the estimates, but reduces
the standard error of §3 somewhat. Thus, the
model chosen for p.(t} can be written as

log(Y.pe(t)) = 6c + oy + B log(t) + v 1(e) log(t),

where i=1, 2, . .., 5 is an index for the age
cohorts and I{e) takes on the value —1 if e<20,
0 if 20<e<35, and 1 if e>35. This model for
the radiogenic excess together with background
model (7) will be referred to as model (7-9).

Figure 2 shows the fitted cohort-specific back-
ground and radiogenic excess for this model,
analogously to Figure 1. The parameter estimates
for this model are given in Table 3.
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FIGURE 2 BACKGROUND AND EXCESS (AT 100 RAD) ACUTE LEUKEMIA INCIDENCE
RATES IN THE LIFE SPAN STUDY SAMPLE BY AGE AT EXPOSURE GROUP
Constrained Model for Radiogenic Excess (Model 7-9)
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It is important to indicate in some way the level
of uncertainty in estimation such as that shown
in Figure 2. One such indication is obtained by
comg\uting the approximate standard error of
a; +B; log(t) for selected values of t. Table 4
gives the antilogs of these standard errors, based
.upon model (7-9), for times corresponding to
the beginning, middle, and end of the follow-up
period, These values can be interpreted as
multiplicative standard errors for the excess rate.

AGE

23
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TABLE 4 MULTIPLICATIVE STANDARD ERRORS FOR RADIOGENIC
EXCESS RATES AT SELECTED TIMES2
#4 BRI ECORSRERICL 2 BHE O RRFHRRE?

i

Years since Exposure

Age at Time 5 20 33
of Bomb -
Hiroshima Nagasaki Hiroshima Nagasaki Hiroshima Nagasaki

0- 9 1.620 1.68 1.65 1.72 2.07 2.13

10-19 1.61 1.65 1.67 1.72 2.10 2.14

20-34 1.62 1.69 1.45 1.54 1.61 1.69

3549 - 2.20 2.28 1.38 1.49 1.58 1.68

50-60 2.32 241 1.72 1.82 1.94 2.04

aComputations are based upon model (7-9) which is described in the text.

FHRALCENLTFL(7T—9) 1IETL.

bTh b {05y}, where 7i="8c+ 05+ B;log (1) and 6% ¢py is th imat
ese mumbers ate oxp Wy}, where yi=0c 0;+ B log (t) and 0%,y is the approximate,
asymptotic standard error of y;{t). An approximate o:level confidence interval for rj(t) =e¥i(t)

is [?i(t) Jexp {S?i(t) Zoy2 1, ;}(t) exp {Eﬁ(t) Zaf? 11, where Zgyz s the 1—¢yf2 percentile of the

standard normal distribution.

ThEOin e G 2ELT =+ HB log(t) RUFg )1 §:(0) DERHE AL CTH 5.
£i(e) =ori(t} DEB B a Ln R (F1(0) Jexp{ By (0 20z | Fil0) exp| 35107 agn |1 7 2 L

2,5, REMERS GO —a/2 BAELUTH S,

The results presented in Table 5 are helpful in
understanding the basis for the inferences drawn.
This table presents, by age cohort and intervals
of follow-up, the number of cases and the
expected numbers of background and radiogenic
excess cases based on the model (7-9). This
table is helpful, for example, in seeing the justifi-
cation for a model which provides estimates of
excess risk monotonic in t for each age cohort.
In particular, note that there is some indication
of an increasing excess risk for the last 12 years
of follow-up in the age 35-49 cohort,

It is of primary interest to use these models to
estimate, and compare, the totals over time of
radiogenic excess for each apge cohort. The
desired estimates are not those given by the
integrated radiogenic risk, which would provide
the total risk over time conditional upon
remaining at risk for the entire follow-up.
Rather, they must be computed by weighting
the excess risk at time t by the chance of
surviving all causes of death until that time. For
purposes of illustration, the survival curves for
these data by age cohort ignoring dose will be
used. It should be noted that, except for cancer
mortality, the survival rates of these A-bomb
survivors is not different from that of the
Japanese general population.
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TABLE 5 OBSERVED AND EXPECTED NUMBERS OF ACUTE LEUKEMIA CASES
BY AGE COHORT AND FOLLOW-UP PERIOD?
#5 SHAMREMOBRERTRFEYR FHI5- sz*‘ IR A

Age at Time Casos Time Period
of Bomb Oct. 1950- Tan. 1953+ Jan. 1955- Jan. 1957- Jan. 1959- Jan. 1963- Jan. 1967- Jan.1973- Cohort
Dec. 1952 Dec. 1954 Dec. 1956 Dec. 1958 Dec. 1962 Dec. 1966 Dec. 1972 Dec. 1978 Tables
0-9 Observed 303 4 1) 2 (0) s 2() 0 22 19( 5)
Backgropnd® 0.43 0.38 0.38 0.37 0.74 073 . 145 295 743
ExcessC 4.9 2.38 1.46 0.98 1.18 069 . 0.60 036  12.59
1019  Observed 6 (0) 10 - 2@ 3 1@ 2 50) 4@ 24(10)
Background  0.28 0.25 0.26 0.30 0.78 1.24 3.09 524 1142
Excess 487 2.35 145 0.97 1.17 0.68 0.59 034 1241
2034  Observed 5 (2) 2(0) 0 10 1(0) 3(0) 73 8() 271D
Background  0.33 0.37 045 0.54 1.42 1.97 4.25 622  15.53
Excess 2.14 1.49 123 1.05 171 137 1.62 126 1187
3549 Observed  1(0) 1) 2 (1) 8 (4) 21 63 6(2) 13(9) 3521
Background  0.74 0.75 0.86 097 . 231 2.84 521 611  19.87
Excess 0.87 0.87 0.96 102 . 220 233 351 318 1494
5060 Observed 0 0 1(1) 1@ 1@ 4 (0) 1@ o 8( 2)
Background  0.43 0.41 0.44 0.46 0.98 0.99 1.37 098  6.05
Excess 0.43 042 044 - 045 0.90 0.83 0.95 057 498

3Expectations are based upon model (7-9) which is described in the text.

MR ELTESEEFL(T-D) 12ETL.

Expected number of cases computed from person-years and background rates only

AERUESA 2730 FREMS M S L 2 MEFEHAL. '
“Expected number of radiogenic cases computed from person-years doses, and radiogenic rates only

AR, ﬁﬂ&ﬂﬂ&?ﬁlﬁﬁ&éo’)ﬁ:$®b# SHM L AR a RS kB R REH 2T,
dNumbers in parentheses are observed- numbers of cases among subjects with dose less than 10 rad.

AEMA O BIE BRI rad BT OHREOWRERLTS 5.

Since leukemia’ risk is being approximated as =~ HMAOY R 7 EFMII—F LERENZOT,
piecewise constant, the quantities to be estimated . J— a1 e
can be written as approximately MES ~ERATEO J: j LEERMIERE S

Peca = tz dpe(t)Se (1) Ly (10)

where the sum %s over the.t’:ight time intgrv;.ils, REL, CO&HIEADOENEEOSH, S.(t)

S.(t) is the survival probability at the beginning : ) L .

of the relevant interval for age cohort e, and EMIA—b ?mﬁéﬁ[‘ﬁm*ﬂl-ﬂ_‘-fi‘”’3$7-7"5_E$-

L, is the length of the interval, Note that (10) LEEMoEsTHE, WEdIZbVTHRET

is linear in d.b Agh?ugél fna);im:m l.ike.liho.od BB LITRE A, TR HE
i titut .e :

estimates can be obtained simply by substituting N5 A A BA S TSRS B,

parameter estimates, a modification was made as i i
follows. TFEOL I IZEIEET- A

Frror in estimation of (10) can be assessed by
the following bootstrap method2 »23 For each ﬂmsmmfm"’ﬁ%m&l BNBT—FALTT
e and ¢, bootstrap values Peeg Of Pocg were  H U THETE 5. HeRUcL2VTD Pecg®

obtained by evaluating (10) at parameter values F—bALSy FEPoatd, 74—y —HEERY
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sampled from the multivariate normal distri- -

bution specified by the parameter estimates
and their approximate covariance matrix. It was
found that the resulting distribution of Pgq
are very nearly lognormal. The mean and
standard deviations estimated for log(Pecq) in
200 trials were then transformed back to give
estimates and multiplicative standard errors
for Pooq. These point estimates should have
less bias than the maximum likelihood estimates.

The results are given in Table 6, as cases per 10°
persons at d=100rad. It is easily seen that
there is no significant difference in excess risk
between age cohorts, in spite of the different
temporal nature of the risks.

2OEPHESFHRTHCEITHRESNZEER
ERSEr oMt ah k54— 5 —HTU0E 3R
FEIEIEoTEE, BRELELTET S Pea®
S HBTERIIEFRIECZ D Frok, 200H
DREITD log (Peeg) 122 VTHEEL 2 FH R FHEE
RER, P, aPHEEAUHENEERELRDS
EHIITOBIERLA., chsoAEEH TRk
EEHEEEVLEOIFPR2OVETTHS.

FOERS d=100rad T100,000 A &/ 0 o iE F ik
ELTHREIIRLE., YAZOSMENEERLS
teAharbsY, ERas-rHTHHY AT
HEBEFGLNBOV I ENERIZID LA,

TABLE 6 BOOTSTRAP ESTIMATES® OF EXCESS ACUTE LEUKEMIA INCIDENCE
AT 100RAD BY CITY AND AGE COHORT
#6 mmwmsn%%ﬁamﬁﬁﬂ%i$m7—bzravfﬁﬁﬁ%

AT R U ERE 3 A — b

Age at Time of Bomb

City
0-9 10-19 20-34 35-49 50-60
Hiroshima 449'3(1.38)‘: 286 (1.39) 3011.3%) 388 (1.37) 306 (1.79)
Nagasaki 273 (1.45) 165 (141 179 (1.52) 225 (1.49) 182 (1.84)

a—Based on 100 samples drawn from the approximate asymptotic distribution of the parameter
estimates in model (7-9) which is described in the text.
FRCEALEFN(T—9) 0T A -y —REHDEREIMEST N H 6 L LL100H 12T <.

b—Excess cases per 100,000 persons with 100rad T65DR dose during the period 1 October 1950

through 31 December 1978.

T65DR T100rad ®BEWF AL A D OBHEF 2L, 19509F10A 1 H~1978F12H31H

¢— Multiplicative standard error. An oz,-\]evel cont}dence interval for an estimated excess, ﬁ, with
muitiplicative standard error, m is (Efm?*®/2, Em®®/2), where 257 is the 1-¢/2 percentile of

the standard normal distribution.

HRmEEEE. HROFREZnoREBERE 0o L <L o@HEEME (E/a%/?, Em/2) ¢ 5.
Bl L2y CREERAIMWA1—a/2 BRI,

Two further analyses based upon model (7-9)
were carried out to examine the consequences
of the grouping used. The parameter estimates
and standard errors for these fits are also given
in Table 3. In one of these analyses, coarser
grouping of age at exposure is used, these data
are presented in the Appendix. For this analysis
age cohort class marks were taken as 5, 15, 27,
42, and 55 years. This change is seen to have
negligible effect on the parameter estimates and
their standard errors. The other analysis uses
data which are not grouped on any of the
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variables; age ATB, dose, or time since exposure.
Age and time are taken to the nearest year.
The computational scheme for this was different
from that outlined in the Appendix, consisting
of rather straightforward, but computationally
expensive, maximization of the likelihood.

Further Inference for the Leukemia Data

The examples presented in this section are
concerned with inferences related to two specific
areas of interest for the acute leukemia data,
namely, city-by-time and dose-by-time inter-
actions in models for excess risk. Since the
particular questions of interest in the LSS data
will vary markedly by cancer site, and since the
specific inferences discussed may be more
sensitive to the anticipated dose revisions, the
purpose here is only to illustrate methodology
for inferences which can be made after fitting
models as described above.

Ichimaru et al'® have noted that excess leukemia
may decline more rapidly in Nagasaki than in
Hiroshima. Two methods of testing the signifi-
cance of this result will be presented.

For a giiren age cohort, the model for excess
risk suggested under Details of Model Fitting is:

RERF TR 15-83

 HREEBEMOVThOTHLE>OTLES T

LTWwhLwF—2&EV3. FRERUFMERLEN
FEERAE., ZOLDOEAFEIIFETHESL -
LOEEELY, AENVHECESSY, WHERAO
BOLEORAILL»HHS.

BMFET— 2 OFEICFELVER

COETHR~IHE, fEALEF - TRIEO
HENBZODHESE, T4bhbs, BEVRIO
EFNATEH T B XA AU TR X BRI o HAE
AIZMETIHRCI>VTOLDOTH S, BFHE
F—FIZoWTREO L 20 25E O RS ILE 08
LENEL(ELD, EFLAFEOHBRETAE
ERAMBSEATIC L D EBIT B L R B TREM S
30T, ZITCOEME, LRLAEFLOBELSO
BIEWELEROHELENTEZ2208TH 5.

FTARAST FAMFOBRRBERIEEL DL BT
ENSEUIRBLTII LR VA, COBREEBLN
FEBEREOADO OO FEETT.

HAER IF— MIowT, EFLESOBERAOSET
REShABEVAZOTF I

d exp {8¢c +a+ﬁ16'g(t)} ¢9))

where ¢ is a 0, 1 indicator for city. The factor
8¢ can be thought of as a city-specific scaling
of dose. Indeed, the rationale for the city effect
in this model is largely to allow for difference
in the quality of the radiation between the two
cities.

In the models used here there is some con-
founding between city-by-dose and city-by-time
interactions in the radiogenic excess which allow
a city-specific scaling of time of the form e—¥¢t.
That is, suppose that the integrated radiogenic
risk in Nagasaki at. e—§t is e® times that in
Hiroshima at t. When this is done (11} becomes

efBmTHsLET S E,

THd. ZELcEEBHE(0, 1)zRy. BT 02
BEOMTHHIRELZELCRS. ERIIIDOETLO
HHOHROERABRKIL, FIoETEMOBR S
BENBVEEETZ2ZLTH5.

::?ﬁut%?w?m et TRIh AN
OETHMORELZAD 3R BERIL L 26811,
MHXERRUETTXEEROHERR I#S T8
FHRENE. Thabb, e Stitb T 2REBTOR
BEBHEEY R 23, tFRIEETDEFAD
(11) i

d exp {Sc+a+flog(e—Ect) }e—Ec =d .exp {6 =g —pH)ctoatPlog(t). (12)
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Thus, within any collection of age cohorts among
which § is constant, these forms of city-by-time
and city-by-dose effects are confounded. This
result is a consequence of the equivalence of
scale changes and proportional changes in hazard
functions for Weibuli distributions. Kalbfleisch
and Prentice (pp34-35)'* have observed that
this is true only for the Weibull distribution.
However, it is likely that these interactions
would be highly confounded in other models
as well.

Since f§ varies with age cohort for acute leukemia,
inference about both § and £ may be possible,
provided £ is not allowed to depend on cohort.

Nevertheless, the joint effect of these two
parameters is complex. In order to study these
interactions, vatious models were fit and

compared to a2 model analogous to (7-9) but with
§=0. In the discussion below, likelihood ratio
)(2 statistics (LRS) relative to this model are
examined for various models.

The addition of § to the model described above
leads to model (7-9), with a LRS of 2.94 on
1 df. As noted earlier, this is not statistically
significant, but the estimated city-by-dose
interaction is substantial (Nagasaki rate = .6 X
Hiroshima rate). The addition of the time-scale
factor to this mode] only provides an additional
increase of .62 in the LRS, t0 3.5¢ on 2 df. Not
only is the estimated effect (e=f = 1.25) not
significant, but it is contrary to the effect
suggested in earlier reports on these data. The
inclusion of the dose-by-city interaction more
than compensates for the apparent early decline
in incidence rates in Nagasaki. This illustrates
the complex nature of the joint effects of the
two interactions.

If & is held at zero and £ is added, the LRS is
.2 on 1 df. This suggests that whatever intercity
differences exist in these data are better
explained by a city-by-dose interaction than by
a city-by-time-scale interaction.

Another way to model city-by-time interactions
is to allow a city-specific shift in the age cohort
slopes. Thbus, 3, is replaced by f¢ +£c. For
this model, § = —1.1 £ .77, that is, slopes are
smaller in Nagasaki, but not significantly so.
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The LRS is 1.07 on 1 df, which is not significant.
Note, however, that the estimate £ corresponds
to a substantial effect, which may be related
roughly to what earlier investigators have
noticed. There is an important lesson in its lack
of significance.

Turning briefly to dose-by-time interactions an
interesting model is the analog of (12)

RERF TR 15-83

MEOHFHFETIELY, BEHELTLRSEL.07T
Eah, ThIXTHEETIEZV. LaALads, #E
HERERMD R YT H 2 EET T,
COZERMHOMEELLSOBRE LRI
L TWS., 2O LRSAHFETREVIELIEIEET
» 3,

EEXGHOMBEERIIMECEEEIT 2 &, Hik
FwEFag (12) sl =

d exp {8¢c + o + log(e£108(d) ) } e klog(d) = qUHEHREY exp{§c + o +Blog(t)} (13)

Thus, in age cohorts where § is constant, a scale
change in t and the replacement of d by an
estimated power of d are completely confounded.
Over the dose range here, powers of d give
models very similar to the popular quadratic
dose-response models §,d +32_d2. Again, for
the models used here, the only hope of distin-
guishing between these two effects is given by
variation of § between age cohorts. Assuming a
common £ for all age cohorts, the LRS for
£=0is51.11 on 1 df, which is not significant,

DISCUSSION

It seems that any method of analysis for these
data which explicitly allows for temporal
variation in risks is essentially equivalent to a
Poisson regression of form (I). Within that
framework, the only two possibilities seem to be
1) completely parameiric modeling, along lines
discussed here, or ii) partially nonparametric
modeling, using the partial likelihood method
of Cox!? to eliminate some large subset of
parameters in (1) before fitting. The resuits
here suggest that approach i) is in fact viable.
Approach ii} may be useful as well, especially
when departures from proportional hazards
can be modeled simply. Much remains to be
learned about the relative merits of these two
approaches.

Another related issue is whether it is necessary
to model temporal variation in risks explicitly,
in order to draw inferences about nontemporal
matters such as the total risk over the follow-up
period, or whether the dose response is linear
in dose. This matter was touched upon in the
Overview section in the discussion of inferences
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based on Table 1. Further discussion is now
given,

-

In the notation used here,
analyses for dose response®?®
as follows.

some common
can be described

Let Yeeg and Rgeq denote the marginal totals,
over time periods, of cases and person-years,
respectively, for the cross-classification used in
the analyses described above.

Let Aceq (0) be a parametric model for the risks
per person-year over the entire follow-up period.
Consider a Poisson regression, similar to (1),

Yeed fng PSn(Reed Aced (6)).

The maximum likelihood estimates from (14)
are precisely those for (1) if the temporal risk
is taken to be comstant in time, at the value
Aeed (8).

Now consider estimation of the total risks over
the follow-up period, as defined by (10). Even
when the risks are not thought of as constant in
time, these total risks can be estimtgted from
model {14) as the product of A4 (f) and the
expected time at risk for age-group e. The
question is whether such estimates are appropri-
ate and optimal when the risk is not constant,
in comparison with estimates based on model
(7-9) which allows for nonconstant risks over
time,

Table 7 contains bias-corrected estimates and
multiplicative standard errors of the total risk
over the follow-up period in Hiroshima by age
cohort based on model (14) and, for comparison,
the analogous bootstrap estimates derived from
model (7-9).

This comparison indicates that (14) is a
remarkably good model of the data for the
present purposes, despite the marked changes in
the hazard rates over time. Theoretical results
to support this good approximation will be
given in another repott.
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TABLE 7 COMPARISON OF EXCESS ACUTE LEUKEMIA INCIDENCE ESTIMATES FOR
HIROSHIMA BY AGE COHORT AT 100 RAD

%7 HEEO00rad IHH3ALANFBEEERMEEOLE, FEaR- M5
Age at Time of Bomb
Model
09 10-19 20-34 35-50 50-60
Constant Risk? 392 (1.44)0 236 (1.46) 305 (141) 392 (1.34) 281 (1.64)
Time-dependent Risk® 449 (1.38) 286 (1.39) 301 (1.39) 388 (1.37) 306 (1.79)

a— Bias-corrected estimated excess cases per 100,000 persens with 100 rad T65 DR dose in Hiroshima
during the period 1 October 1950 through 31 December 1978. Estimates are based on the model

. s ~ ) .
Aede () =exp {Vg Y d exp {pe+ pc}. The estimate is 1001, exp {pe ~107 pe }, where r, is the
total person-years at risk for age cohort e and V'a pe 15 the estimated standard error of pe.
195042108 1 H» 51978412031 A £ TOMMh O E Bz 3 TEDR ¢, 100rad HIWOFALLNORE N &
DELAREBHEMNS. BEEET P M (0 —exp{vy | Td exp|o tre | LBHTC FomEE
1007 exp] po— 82 pe | ThE. KA L rlk, BMIH—be ORBURARLC, 37535 OHtwHER

ETHS.

b-Multiplicative standard error of the estimated excess.

e 8 R 0 AR AV AR

c— Bootstrap estimate of excess based on model (7-9).
EFL(7T—0) BT T bR Ty FROLOHERI .

APPENDIX

Estimation in (1)} is a straightforward Poisson
regression if the rates, A, are log-linear in the
unknown parameters, However, this is not the
case for the type of models (2-4) developed in
the text. It is possible, however, to formulate
general classes of models to facilitate computing.
The results for grouped data presented earlier
were obtained using a convenient interactive
procedure developed in GLIM.'® This Appendix
contains a general description of the class of
models used and an outline of the GLIM
procedure. The grouped acute leukemia inci-
dence data are presented in Appendix Table 1.

Let Y and R be GLIM variables containing
numbers of cases and person-years at risk for the
cross-classification used here. Denote by x,
j=1, ..., p, further GLIM variables which can be
calculated as any desired functions of the class
marks. Letting A; denote the rate in the ith cell
of the cross-classification, and d denote dose,
two useful classes of models are given by:

f

Mo EaHEmR, BELFFHEDSTLA—7—1220
THEBMEOBAIR, MELH7 Y Y ERTHS.
LaLads, AXcHEshLEOEFL(2—4)
ZowTi, ZRhREETHELSEN. LALLAS,
BHEEET 2T FLO— BN EREREERL
FAEZEIETMRTHS. RILLBNEES LT -4
ORI, GLIMS THEsnA @A ER Tk
Buetgshrt., 20T, MuitesT Lol
EUGLIM »FziEET 5. KoL AgMkAMm
FRERT— 7 E2HHEELICRT.

YRUR%Y, 22 CHOAXESMIILSEHK
RUMBAEELEL CLIMEH LT3, BRIHEO
wWhHEAMBELTLRE L ER S GLIME B &
, P)TCEY. LEEESHOIFE
DEFORE, dBBREFHETETZE, Zo0
HEZZTFLOMKEE

xjlij=1, --..

k p '
Alxp, ..., xp)=exp{vg + 2 vix} tdexp{po+ 2 pi X}
i=1  i=k+1
and RV
k P ’
Nilx, .. ., xp) = exp {pp +'EIV1 x; H[1 +dexp{pp+, Z!}{H Pi—k %11
1= ) i=

31



RERF TR 15-83

These models might be called generalized additive
and multiplicative models, respectively.

To fit a given model, the user simply calculates
desired variables x, . . ., Xp and invokes a macro
for the fitting. Rather than baving the user
specify k and p, it was convenient to fix them
in advance and require the user to set any unused
x-variables to zero,

Fitting is iterative and requires initial values for
parameters. At the outset, it is acceptable to set
vy and py to reasonable values and the other
parameters to zero, In fitting a succession of
models, estimates from previous fits will often
work well,

Calculations can be organized as follows. Write
Y, R, and A(8) for vectors of cases, person-years,
and rates given by a model such as above. Let
D(f) denote the matrix oAf98, so that the linear
approximation at a value @y in a sequence of
iterations is AM{O)=A{Gg) + D (8 (0 —8¢). Write
R for the vector with elements R;A;.

Apart from numerous bookkeeping activities to
make user interactions easier, the main function
of the GLIM procedure is to compute succes-
sively the matrix D(8g), and fit by ordinary
weighted least squares the model Y — RA(fg)=
D{0,)(8 —6¢) + e, Var(e) = Diagonal {R;A;(fo) }
The actual likelihood is easily computed in terms
of model (1), this can be used to terminate
iterations and to provide for likelihood ratio
tests. The covariance matrix of estimates (6 —0¢)}
routinely provided by GLIM for the weighted
least squares regression just described is a suitable
approximation to standard errors of estimates.
This is [D(®) Diagonal {R@F* D@1 1,
which is the inverse of the (expected) infor-
mation matrix for model (1). A listing of the
GLIM macros is available from RERF.

Appendix Table 1 contains the grouped acute
leukemia incidence data for the LSS from the
period 1 October 1950 through 31 December
1978. This data is identical to that used for the
modeling discussed in the text except for the age
ATB grouping. In this tabulation the five age
ATB groups (0-9,10-19, 20-34, 3549, and 50-60)
correspond to the age cohorts. The analyses in
the text are based on nine age ATB groups (0-4,
59, 10-14, 15-19, 20-26, 27-34, 35-41, 4249,

32
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Var (e} = Diagonal {
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and 50-60). The parameter estimates obtained STV a, EFA(T7T—9) &2 g 28

when model (7-9) is fit to the condensed data PSS EEARAII BT Ay —HE
presented here are given in Table 3. e R3ILRT.
APPENDIX
158

TABLE 1 ACUTE LEUKEMIA INCIDENCE DATA 1 OCTOBER 1950 — 31 DECEMBER 1978
#1 AEARBEEET -5, 1950F10H 1 019785 12A31H

Time Period

Age at Dase Oct. 1950- Jan. 1953- Jan, 1955- Jan.1957-  Jan. 1959-  Jan. 1963-  Jan. 1967- Jan, 1973-
Exposure Dec, 1952 Dec. 1954 Dec. 1956  Dec. 1958 Dee. 1962  Dec. 1966  Dec. 1972 Dec. 1978

C PY c PY C PY C PY C PY [ PY c PY c PY

Hiroshima

-9 0 0 11736.00 © 10385.64 1 1039045 0 10357.74 0 20657.59 O 20573.94 0 30718.61 0 30470.30
1-9 0 "6679.54 ¢ 591071 0 5909.97 0 589249 0 11747.69 0 11713.93 0 17476.56 1 17287.47

10-49 0 458774 1 4057.01 0 4053.02 0 4039.69 2 8068.25 1 8042.30 0 12023.61 0 1193764

50-99 0 1026.55 0 . 907.38 0 908.16 0 904.83 1 1800.32 0 1793.99 0 2680.13 ¢ 2662.15
100-199 2 S08.15 0 44718 ¢ 44430 0  443.70 0 888.00 0O 884.04 O 131746 0 130779
200-299 0O 22546 0 195,86 0 200.14 O 199.73 © 390.10 0 384.00 0 573.91 0 550.76
300-399 0O 99.20 0 87.94 © 84.96 0 83.94 0 168.00 0 168.00 0 250.59 0 245,78

400+ 4] 130,77 1 113.16 0 112.08 0 111,92 1 220.95 0 218.04 © 32144 0O 317.71

10-19 0 0 11991.00 O 1056i.88 0 10501.05 ¢ 10411.35 0 20685.99 0 20546.45 4 30542.15 3 29983.53
1-9 0 7302.87 O 6450,85 0 643229 0 6397.91 0 1272434 0 12597.83 0 18703.47 1 1834791

10-49 0 4244.15 O 375299 ¢ 373669 0 3712.05 0 737327 1 7306.15 1 10824.46 0O 10605.57

50-99 1 102145 0 900.34 0 898.35 0 894.26 0 1782.27 0 1760.59 0 261806 0 256B.98
100-199 0 820.68 0 723.72 O 720.49 2 71339 1 1407.72 0 1392.39 0 205280 0 200554
200-299 0 334.55 1 295,16 0 292.27 © 289.67 0 573.20 0 56832 ¢ 839.43 0 816.69
300-399 0 241.31 0O 211.85 © 212,15 © 210.39 0 420,00 ¢ 417,79 © 620.62 0 594.33

400+ 2 295.10 0 259.82 0 260.18 0 259.82 0 514.19 0 508,00 0 739.87 0 689,64

20-37 ] 2 12198.10 0 10727.48 O 10681.86 0 10594.68 0 21025.06 0 20750.25 2 30409.27 4 29135.06
1-9 0 733946 0 6455.09 0 6413.29 0 6362.92 0 12600.08 0 12375.68 0 18103.89 2 17471.44

10-49 0 4916.37 0O 4316.29 0 4287.92 1 4252.73 1 8431.56 0 8302.23 0 12133.50 0 11643.25

50-99 0 136572 1 120049 O 1196.82 0 118544 0 234565 0 2300.14 0 335975 1 3194.58
100-199 0 812.092 9 710.21 0 707.81 O 702,79 0 138295 1 135736 2 200199 0 190547
200-299 0O 33242 0 290.41 © 290.20 0 257.12 0 571.20 © 55946 0 802.52 © T744.38
300-399 0 189.51 © 167.84 © 166.11 0 163.93 0 326,37 1 318.98 2 464.99 0 435.70

400+ 1 294,93 1 258.27 O 258.18 0 256.69 © 503.39 0 493.44 0 713.01 O 668.89

3549 0 0 150249% 1 13087.56 ¢ 12842.95 4 12540.53 1 2424245 2 23006.21 0 31259.50 5 26281.09
1-9 0 $280.99 0 722045 1 7098.47 0O 694945 0 13443.,56 1 12702.30 1 1730643 3 14707.59

1049 © 6411.51 0 5604.31 0 5503.22 0 5368.14 1 10365.28 0 9842.83 1 13469.39 1 11299.38

50-99 0 1667.95 0 1453.64 0 143068 0 1399.73 0 2685.38 0 250571 O 338547 2 2838.65
100-199 O 112299 0 273.32 © 956.37 1 940,63 0 182943 0 172757 1 2329.14 © 192239
200-299 0O 383.69 0 33391 1 32756 0 314.51 0 609.17 © 57345 0 768.74 O 610.58
300-399 1 189.79 ¢ 162.04 0 158,09 1 153.55 0 290.75 1 256.95 0 331.57 0 262.22

400+ o0 276.94 0 24040 0 240.17 1 234.15 © 446.73 1 417.53 2 52844 1 380,12

50-60 /] 0 6520.26 0 5507.26 1 5271.08 0 4953.74 0 8501.91 0 7436.69 0 811949 0 4368.22
1-9 0 3660.71 0 3114.26 0 2977.16 0 2783.70 O 4991.06 0 4020.19 0 4313.84 0 245955

1049 O 259448 0 2220.12 0 2129.37 © 202349 0 3652.15 1 3024.64 0 333094 0 i913.73

5099 0 757.00 0 655.88 0 617.38 © 589.64 0 1079.67 0 840.55 © 882.80 0 480.45
100-19% 0 431,08 0 363,16 0 33867 ¢ 31533 1 558.60 0 42846 0 40481 D 20526
200299 0 150.84 0 129.23 0 124.18 0 113,13 © 198.93 1 184.37 0 183.18 0 85.64
300399 0 64.91 0 52,09 ¢ 50.23 0 4746 0 88.44 1 69.80 © 66.35 0 41.52

400+ n 85.66 © 73.02 © 65,30 O 55.61 © 99,95 © 85.21 0 86.28 0 40.53
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APPENDIX TABLE 1 Continued fi# #1 #s
Time Period
Age at Dose Oct. 1950  Jan, 1953-  Jan, 1955- Jan. 1957- Jan. 1959- Jan, 1963- Jan. 1967 Jan. 1973-
Exposure Dec. 1952 Dec. 1954 Dec, 1956 Dec, 1958  Dec. 1962  Dec. 1966  Dec. 1972 Dec. 1978
C PY o] FY c PY (o4 PY C PY C PY C PY C PY
Magasaki

0-9 0 0D 1869.94 0 164868 0 1644.06 0 1638.07 1 326740 0 324922 0 483471 0 4804.85
1-9 0 3686.34 0 2326240 0 325592 0 3242.12 0 645724 1 6430‘.9‘7 0 959243 1 9504.95
1049 0 237690 0 210370 O 209879 0 2091.94 0 417364 0 416017 0 620001 O 6132.52
50-99 0 61542 O 542.33 0 541.61 0O 535.29 0 1064,78 0 105940 O 1583.56 0 1576.56
100-199 O 390,05 1 344,39 0 344,23 0 343.77 0 684.78 0O 683,20 0 1014.27 0 1013.07
200-29% 1 233.18 0 205.57 0O 204.14 1 202.35 0 400.00 © 397.19 0O 581.25 0O 565.84
300-399 0 90.18 0 79.94 0 80.06 0 79.94 0 160.00 0 160.00 © 24006 0O 239.78
400+ 0 166.84 1 '146.55 0 13,70 1 13761 0 272.00 © 272.00 0 408.10 0 407.62
10-19 Ih] 0 2638,44 0 230862 0 2301.69 0 2284.03 0 452873 0 4493.53 0 6654.04 0 654253
i-9 0 439623 0 3874.08 1 385216 1 3823.97 0 7589.02 0 7516.11 0 11092.23 0 10801.51
10-49 © 199924 0 176234 0 175200 0 1741.08 0 3478.04 O 3461.55 0 5133.11 0 5044.37
50-99 0 974.00 0 859.1¢ 0 858.54 0 852.82 0 170279 O 1692.51 0 2504.83 0 2462.87
100-199 0 126842 0 111951 O 1115.59 0 1108.26 0 2201.13 O 2183.35 0 3238.55 0 3174.54
200-299 1 633.05 © 55824 1 55741 0 554,11 0 1098.52 1 108544 0 1602.33 0 1570.83
300-399 0 i77.24 ¢ 154.93 © 154.11 O 153,89 0 305.87 0O 304.00 0 456,06 0 431.96
400+ 2 234,22 0 205.85 0 206.15 0 204.81 0 404.37 0O 402.95 O 592,82 0 574.45
20-34 0 0 176441 0 155088 6 153331 0 151815 0 300746 0 2954.00 0 427830 0 406022
1-9 0 283049 0 2486.04 0 2463.06 0 243207 0 479733 0 469592 ) 690038 1 6632.30
1049 0 1568.02 0 137390 0 {1364.58 0 1349.79 0 2678.00 0 264344 0 3859.01 0 371518
50-99 0 665.90 0 588.79 0 585,50 0 578.87 0 1148,14 0 112724 0 1641.74 0 1565.58
100-199 1 668.01 0 583.20 O 580.17 0 §75.60 0 114459 1 112142 0 163452 0 1539.39
200-299 0 37275 0 323.63 0 320,88 0 315.77 0O 628.00 0 61948 0 898.62 © 836.42
300-39% 0O 160.07 0 141,11 ¢ 140.09 0 13691 0 280.00 0 279.62 0 40341 © 395.28
400+ 1 171.84 0 149.90 ¢ 147.12 © 141.80 0 280.00 0 277.12 0 402.23 0 387.89
3549 0 0 1692.00 0 145872 0 144238 0 140446 O 2708.84 0 2575.14 O 3507.95 1 2849.04
1-9 E) 3036.8F 0 2631.09 0 258592 0 252526 0 481103 0 445969 1 585587 O 481908
1049 0 1775.62 0 1534.31 0 1503.86 0 1465.02 0 2780.58 ¢ 260594 0 3446.93 0 2872.64
50-9% 0 61531 0 537.03 0 534.06 0 524.98 0 1016.87 0 951.26 0 1224.08 0 981.89
100-199 © 517.52 0 452.15 0 440.81 © 42921 0 837.84 0 770.71 0 1015.12 O 826.63
200-299 0 262,86 0 227.53 0 224.15 0 221,04 0 426,64 1 398.02 0O 530.36 0 429.36
300-399 0 130.77 © 115.92 0 112,90 © 108.16 0 197.22 ¢ 181.97 © 243.21 0 199.11
400+ L] 182.34 © 155.26 0 152,58 1 14275 0 271.27 0 254,64 0 336.25 0 252.40
50-60 1] 0 644.03 0 536,68 0 498,57 O 462.66 0 809.24 © 659.53 0 701.98 0 334.53
1-9 0 131625 0 110506 0 1042.95 O 971,56 0 1742.04 0 1413.16 1 146560 0 152.95
1049 ¢ 808.65 0O 57043 0 627.54 O §90.34 0 1030.01 ¢ 810.56 0 822,72 O 401.71
50-29 © 22953 0 19579 0 190.27 © 177.80 0 32713 0 262.65 © 297.22 0 148,23
100-199 © 120,23 © 15535 0 149,39 1 138.52 0 23962 O 192.02 0O 220.15 0 113.95
200-299 0 B1.70 © 7195 0 68.82 0 6243 0 105.39 0 90.29 ¢ 94.02 0 35.25
300-399 0 40.58 0 33.13 © 30.55 © 28.02 O 54.12 1 44.97 O 35.68 0 2143
400+ 0 49,85 0 41.97 0 40.93 0 3797 O 68.35 0 49.21 0 42.31 0 20.30
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