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Summary
An analysis of the proportion of cells with chromosome aberrations (CA) in
cultured blood lymphocytes from atomic bomb survivors in Hiroshima and
Nagasaki reveals 1) that the dose-response relationship using DS86 assigned dose
is significantly steeper in the subsample of individuals who reported severe
epilation after the bombings than among those who did not report severe epilation,
and 2) there is substantially more variation among individuals exposed at higher
doses in the proportion of cells with CA than would be expected if there were no
heterogeneity in dose response among individuals. Since these effects are due to
some extent to random errors in the DS86 dose assignments, one might envision
using them to estimate the magnitude of random errors in the DS86 dosimetry.
However, such an attempt is complicated by the fact that these effects could also
be dus to individual differences in sensitivity to radiation, so that at a given level
of exposure, individuals who are more sensitive to induction of severe epilation are

also more prone to induction of CA.

In this paper, working within a class of dosimetry error models which will be
described below, we estimated the magnitude of random dosimetry errors which
would be required to account for all of the difference in the observed dose response
between persons who did and did not report severe epilation, and for all of the
overdispersion in the proportion of cells with CA, under the assumption that
random dosimetry error is the only cause of these effects. By performing analyses
of these data over a range of dosimetry error models, we conclude that random
dosimetry errors in the range 45% to 50% of true dose are necessary to explain
completely the difference in dose response between the two epilation groups. This
level of dosimetry error also accounts for the overdispersion in the proportion of
cells with CA. Random dosimetry errors as small as 40% are consistent with the
assumption that there are no differences in radiation sensitivity among in-
dividuals. We compare these dosimetry error figures with those obtained inde-
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pendently by others. We also discuss evidence that the contribution of differences
in radiation sensitivity may be quite small, so that random dosimetry errors may
be the most likely cause of these effects. Additional analyses of the type we have
undertaken, using different endpoints, could lead to a better understanding of the
amount of random dosimetry error associated with the DS86 dosimetry, and thus
more accurate estimation of dose-response relationships based on RERF data.

Introduction

The A-bomb survivors in Hiroshima and Nagasaki, who have been followed since
the early 1950s by RERF (formerly the Atomic Bomb Casualty Commission
[ABCCY)), are one of the most important sources of information about the health
effects of exposure to ionizing radiation. However, a major technical difficulty
arises in analyzing data from this cohort because A-bomb survivors were exposed
to relatively imprecisely known doses of radiation.

Jablon! first studied errors in dosimetry in the T65D dose estimates used by
ABCC and estimated the magnitude of these errors by examining errors in the
input parameters to the dosimetry system. Later, Gilbert,? and most recently Pierce
et a1,3 investigated the effect of dose errors on inference based on RERF data. In
both recent papers, the authors noted that ignoring random dosimetry errors will
result in underestimates of the radiation risk at a given dose and also distortion of
the dose-response function. Pierce et al® suggested that 35% dosimetry errors be
used for performing adjustments for dosimetry errors, although their justification
for this figure was admittedly uncertain. They also noted that random dosimetry
errors can induce spurious positive associations between two radiosensitive
endpoints at a given assigned dose. (In Pierce et al® and in the current paper, “X%
dosimetry error” refers to a lognormal distribution of dose with scale parameter
X/100. Thus about 68% of assigned doses will be within X% of the true dose, and
about 95% will be within 2X% of the true dose.)

Figure 1 illustrates the data on chromosome aberrations (CA) and severe
epilation for individuals from the RERF Adult Health Study (AHS). The mean
proportion of stable CA per 100 lymphocytes is plotted against mean assigned
radiation dose in each of 11 dose categories, separately for individuals who did and
who did not report severe epilation. There is a highly significant difference in dose
response between the “epilation” and the “no-epilation” groups, with the epilation
group showing a steeper dose response than the no-epilation group. In Figure 2,
the estimated variance of the proportion of cells with CA is plotted as a function of
assigned radiation dose. Also plotted is the variance derived from a simple binomial
statistical model which would be valid if there were no heterogeneity in dose
response among individuals. There is more variability (i.e., overdispersion) in the
proportion of cells with CA at higher doses than would be expected from the
binomial model.
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Figure 1. Chromosome aberration (CA) dose response within epilation groups. No adjust-
ment for dose errors.
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Figure 2. Variance of the proportion of cells with chromoscme aberrations (CA): Observed
variance within dose categories vs empirical variance function.
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These two effects must be to some extent due to random errors in the estimates
of radiation dose. Consider two survivors with identical DS86 dose assignments,
one of whom reported severe epilation. Given that there is error in the dose
assignments, an individual reporting epilation is more likely to have a true dose
higher than the assigned dose as compared to someone who does not report
epilation, and therefore also a higher proportion of cells with CA. Uncertainty in
dose assignments would also be evident as overdispersion, because individuals at
a given assigned dose would comprise individuals with a range of true doses, and
therefore a range of mean CA response levels.

One can try to exploit these two observations to obtain estimates of the amount
of random dosimetry error. However, this is complicated by the potential contribu-
tion to these effects of differences in radiation sensitivity among individuals.
Individuals who experienced epilation at a given dose may be more sensitive to
radiation induction of CA than those without epilation. The existence of subgroups
of individuals with different dose responses for CA would lead to overdispersion in
an analysis which does not distinguish between these groups. However, the es-
timate of dosimetry error which one obtains by attributing these effects only to
random dosimetry error will be reasonable if the contribution of radiation sen-
sitivity is small.

In this report, we use two different approaches to estimate the amount of random
errors in the DS86 dosimetry. First we determine the amount of error necessary
to by itself account for the difference between the CA dose response in the two
epilation groups. We also put a confidence interval on the amount of dosimetry
error. In a second analysis not using the epilation data, we estimate the amount
of dosimetry error necessary to account for the overdispersion in the proportion of
CA cells. Our methods are derived from, but include significant modifications to,
the methods used by Pierce et al® and Neriishi et al.* We compare our dosimetry
error estimates to those of others, and describe how this method might be used to
obtain a better understanding of the amount of dosimetry error present in the DS86
dose assignments.

Materials and Methods
Description of the sample

Following the 1950 Japanese census, a cohort of approximately 120,000 in-
habitants of Hiroshima and Nagasaki at the time of the bombings (ATB) was
identified. These individuals have been followed continuously since then for
mortality, and constitute the RERF Life Span Study (LSS). The LSS includes, as
controls, about 26,000 nonexposed individuals who were not in either city ATB. In
the late 1950s, four subsets, totaling approximately 20,000 individuals, were
identified, and constitute the primary cohort of the AHS. The four subsets were 1)
proximally exposed individuals (<2,000 m from the hypocenter) with acute radia-
tion symptoms, 2) proximally exposed without radiation symptoms, 3) distally
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exposed (>3,000 m), and 4) not in city ATB. The last three groups were matched to
the first with respect to age and sex. In Hiroshima, an attempt was made to match
the first two groups also within wide categories of distance from the hypocenter.
We will comment on this in the discussion. AHS participants were invited to
participate in a program of biennial physical examinations, which still continues.
The details of the sample selections are given elsewhere.>®

DS86 dosimetry. In 1987 an extensive reevaluation of the radiation dosimetry of
A-bomb survivors was completed. The details of the dosimetry system, called DS86,
which resulted from this reevaluation are given in Roesch.” At the time of our
analysis, 76,091 individuals from the LSS cohort, or 81%, had been assigned DS86
dose estimates. Doses assigned using the DS86 dosimetry system rely on survivor
shielding histories and location data obtained from interviews conducted in the
1950s. Errors in survivor location and shielding histories are considered to be the
greatest source of random errors in the dose z-1ssig1'1rnents.l’8

The doses used in this report were based on “kerma” doses in gray (Gy). Kerma
is defined as the sum of the initial kinetic energies of all the charged particles
liberated by uncharged ionizing radiation (neutrons and photons) in a sample of
matter, divided by the mass of the sample. This dose takes into account shielding
by terrain and structures and represents tissue kerma at the survivor’s location.
The neutron component (Dpn) and gamma component (Dy) of kerma were combined
using an “RBE factor” of 10, so that the total dose used in analysis was Dy + 10Dy,
with units in sievert (Sv). Note that although organ dose to the marrow may be
more appropriate than kerma dose for making risk estimates for CA induction,
kerma is probably most appropriate for epilation. Our choice of kerma over marrow
dose is unlikely to have had a significant effect on our results below.

Epilation data. Data on acute radiation effects, including epilation, for individuals
in the LSS were collected by interview before or at the time shielding histories were
obtained. Epilation was based on personal reports and classified as none, minor,
moderate, and severe, the latter representing scalp hair loss of more than 67%. It
should be noted that, since the epilation data were not clinically verified, they are
subject to error. The effect of these errors on our conclusions is considered in the
discussion. In this paper, the term “epilation” will be synonymous with the severe
epilation category above; individuals in the other three categories will be collective-
ly analyzed as a no-epilation group, following the convention of Stram and Mizuno.”
Of 76,091 LSS members with DS86 dosimetry, 63,053 had interpretable data on
epilation occurrence.

Chromosomeaberrationdata. Between 1968 and 1980, three sets of blood samples
were collected to study the frequency of CA in blood lymphocytes obtained from
members of the AHS cohort. The detailed descriptions of the methods and samples
given in Awa et al'® and Preston et al'l can be summarized as follows. Blood
samples obtained from AHS participants were considered usable for CA studies if
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they were obtained from individuals who had not received radiation or radioisotope
treatment at any time in the past, and from which a successful culture with at least
30 cells scorable for CA was obtained. A total of 2,199 usable samples was obtained
from 1,497 subjects. By retaining only the latest result from individuals with more
than one sample, and by excluding individuals without DS86 dosimetry, 1,287
individual CA readings resulted. The data used in this study were a subset of these
1,287 cases.

In this report we consider “stable type” CA, which are primarily reciprocal
translocations and inversions. Stable CA are considered to have persisted in the
body for many years after induction and are presumed to remain essentially
unchanged in their aberration ﬁ'raql.lency.l0‘12

Description of the analysis set. Of the 1,287 cases with data on stable CA and DS86
dose estimates, 182 were excluded from the analysis because of unknown epilation
status. Three additional cases were excluded because they reported severe epilation
despite having negligible DS86 dose estimates. Including these three cases makes
negligible differences in the results we present.

In order to avoid problems related to individuals who had a very high assigned
dose, as well as to simplify the models used in analyses, we excluded 74 individuals
with Dy + Dn above the value 3 Gy. (Note that since an RBE factor of 10 was used
to compute the dose used in analysis, there are individuals in the analysis set with
a Dy + 10Dn dose greater than 3 Sv.) It is unlikely that this restriction had a
significant effect on our results. The restriction is justifiable on a number of bases.
First, as noted by Pierce et al,3 truncating a sample on estimated dose has no effect
on the appropriateness of the dosimetry error methods which we will use. Second,
the lower dose ranges are most useful for the purposes of assessing radiation risk.
Last, there is a perception that the DS86 dose error distribution is not the same
over the entire dose range. Thus, our truncation of the sample is an effort to make
the dosimetry error distribution in the remaining sample more uniform.

The characteristics of the remaining 1,028 cases which are the subject of this
report are summarized in Table 1. Sixty-three percent of the sample is from
Hiroshima. The samples from the two cities are comparable in composition with
respect to sex but differ with respect to the other variables shown in the table. The
sample from Hiroshima has a higher proportion of older people, a higher proportion
of individuals in the higher dose ranges, and a correspondingly higher proportion
of individuals reporting epilation.

Two analyses for estimating the amount of random dosimetry error

This section is a deseription of two types of statistical analyses used to estimate
the amount of random dosimetry error in the DS86 dose estimates, In the first and
main analysis, we estimate the amount of random dosimetry error which would be
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Table 1. Characteristics of analysis set. Frequency (percent)

Characterislic Hiroshima Nagasaki Total
Sex
Male 258(40) 135(36) 393(38)
Female 394(60) 241(64) 835(62)

Age ATB (yr)

0-10 21( 3) 47(13) 68( 7)
10-20 175(27) 107(28) 282(27)
20-30 103(16) 63(17) 166(16)
30—40 187(29) 105(28) 292(28)
40-50 135(21) 49(13) 184(18)

>50 31( 5) 5( 1) 38( 4)

DS86 total (Dy + 10D,) kerma (Sv)
0-0.005 264(40) 182(48) 446(43)
0.005-0.5 81( 9) 58(15) 119(12)
0.5-1 54( 8B) 46(12) 100(10)

1-2 136(21) 83(17) 198(19)

2-3 71(11) 24( 6) g5( 9)

34 56( 9) 3 1) 59( 6)

>4 10(10) 0( 0) 10( 1)

Individuals reporting severe epilation

Yes 106(16) 15( 4) 121(12)
No 546(84) 361(96) 907(88)
Total 652 376 1028

needed to produce the different regression lines within epilation groups shown in
Figure 1 assuming that random dosimetry error alone produces the difference. In
the second analysis, we estimate the amount of random dosimetry error necessary
to induce the overdispersion which is observed in the measured proportions of CA
cells, again assuming that random dosimetry errors are the primary cause of the
overdispersion. To further motivate the statistical analysis, Appendix A gives a
hypothetical example for the intere sted reader to gain a better appreciation of the
basic ideas involved in this section. To simplify the presentation below, the analysis
will be described using statistical models which are simpler than those actually
used. Complete technical details are included in Appendix B.

Estimating the amount of random dosimetry error by comparing regressions. We
will be using the idea, motivated in Appendix A, of estimating the level, o, of
dosimetry error in the lognormal measurement error model by searching for
adjustments to the assigned DS86 dose which make the regression lines relating
CA and dose the same in both epilation groups. The adjustment we use is the
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expected value of true dose for individuals with a given estimated dose and epilation
status.

If Y represents the proportion of cells with CA, X the true radiation dose,
and Z the estimated radiation dose, then one simple regression model of Y on
true dose is

Y=og+uX+e , 69

where € is experimental error. Now let Avg(X1Z,E,0) be the average true dose X
for individuals with estimated dose Z and epilation group E, for level ¢ of random
dosimetry error, where large values of ¢ imply more random dosimetry error. We
will thus be treating Avg(X1Z,E,o0) as a function in all three variables Z, E, and o.
We can fit one of the two following models to the data:

Model H,
Y=o+ 0,AvgX| Z,E0) + €

Model H,
Y = oy + oy ,Avg(X | Z,E,0) + € in the no-epilation group , (2)
Y = o + o ;Avg(X|1Z,E,0) + € in the epilation group .

The first model assumes that one regression line is sufficient to describe the data,
which should be true provided that the correct value of s is assumed. The second
model assumes that a different regression line is needed in each epilation category.
If one fits these models over a range of values of s, some values of ¢ will result in
a statistically significant difference between these two models, implying that the
assumed value of ¢ is incorrect. Figure 1 is an example in which the assumption of
0% dosimetry error, i.e., 6 =0, implies that two regression lines rather than one are
required to describe the data. Other values of ¢ will adjust the doses in the epilation
group upward and those in the no-epilation group downward so that one regression
line is sufficient. In this case there is no evidence from the data that the value of 6
isincorrect. Hence by performing such an analysis for different values of o, arange
of values which are consistent with the data is obtained. This range will be a 95%
confidence interval if significance is defined at p < .05 for a two-sided test.

The regression model used in the analysis is more complicated than (1) above in
that it includes a squared term in dose so that estimates of Avg(X?|Z,E,o) are also
required, and also includes terms to account for changes in mean CA proportion
due to time of assay. The complete technical details of the analysis are given in
Appendix B. The basic approach described above is, nevertheless, the same.

Estimating the amount of dosimetry error by measuring overdispersion in the CA
data. Assuming that there are random errors in the DS86 dose assignments, the
variation in the proportion of cells with CA which is seen among individuals at a
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given estimated dose Z results from a number of sources. One is simple binomial
variation, i.e., the statistical variation of counts of CA cells out of the total cells
counted. A second source of variation is random dosimetry error; individuals at a
given estimated dose will differ in their true doses, and therefore in their average
rates of CA induction. A third category combines all other sources of variation such
as differences in individual radiosensitivity, changes in assay techniques over time,
random laboratory errors, ete. If one assumes that the last category is either small
or is accounted for by including additional covariates in the regression model, then
one can gauge the amount of random dosimetry error by comparing the observed
total variation in the data to that which would be predicted by the dosimetry error
model, which is greater for greater values of the dosimetry error parameter o.

Specifically, in the absence of random dosimetry error, let the regression model
of CA on dose be

Y=0, +o,X+2
=pX)+¢ . (3)

Then the variance of Y given estimated dose Z is

Var(Y1Z) = Pl =P 4 Var[p(X)12]
n

_ bo —po) , (112[Avg(}(2 | Z,6) — Avg(X1Z,0%] (4)
n

which will be called the “theoretical variance.” Here

p, = Avglp(X)|Zol= o+ o,Avg(X1Z,0) (5)

is the average mean response of people at a given estimated dose. The first term
on the righthand side of (4) is the usual binomial variance, and the second is the
contribution of random dosimetry errors.

Preston et al'! showed that the function

pﬂ(l = pﬁ) + Tpag i (6)
n

with 7 estimated from the data, provides a good description of Var(Y | Z) in this data
set. This will be called the “empirical variance function.” We compare the empirical
variance function (6) with the theoretical variance function (4) evaluated at various
os to see which value makes them most nearly coincide.

The models used in the analysis are more complex than these, and are described
completely in Appendix B.
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Dosimetry error model. In the analyses described above, estimates of the average
true dose at a given estimated dose are required in each epilation group for a given
value of the dosimetry error parameter ¢. The methods used to obtain these
estimates are essentially those developed by Pierce et al,® with some notable
modifications. Complete technical details of the methods are given in Appendix C.
The methods can be summarized as follows.

Recall that X represents true dose, Z DS86 estimated dose, and E epilation
status. The statistical distribution of X given Z and E, f(x|z,e), is required to
compute the average X for given values of Z and E. We estimate this in one of two
ways.

Method 1. This distribution can be expressed as:
fixlz,e) = h(zl x)g(x)P(e | x)K(z,e) , (7

where h(z|x) is the distribution of dose estimates Z around the true value X, g(x)
is the distribution of true doses X in the population, and P(e|x) is the probability
of having epilation status E = e for a true exposure X = x. K(z,e) is constant for fixed
z and e, which makes the right-hand side of (7) integrate to 1.

We assume that h(z|x) is a lognormal distribution, which implies that the
natural logarithm of the estimated doses are normally distributed with mean In(x)
and standard deviation o, the dose error parameter. The lognormal assumption
also implies that the magnitude of errors is proportional to the dose. We will refer
to a model which assumes o = 0.35 as a 35% error model, etc. The distribution of
true doses in the population, g(x), is modeled as a Weibull distribution, which
captures the essential characteristic of the population that the number of people
exposed at a given dose declines rapidly as the dose increases. P(e | x) is the function
used by Stram and Mizuno,? which assumes a severe epilation rate of 1% below
0.75 Sv, a maximum of 75% at 4 Sv, and a linear relationship between the severe
epilation rate and dose between 0.75 Sy and 4 Sv. For a fixed value of g, the other
parameters in g(x) and h(z|x) are chosen to obtain close agreement between the
distribution of estimated doses in the LSS (Appendix Table C.1) and that which is
predicted by these two distributions. In Method 1, the estimation is performed
separately for Hiroshima and Nagasaki.

Method 2. The distribution fix|z,e) can also be expressed as

flxlz,e) =hzlx)gxl e)K(z,e) ,

where h(z | x)is the same as above, K'(z,e) is the proportionality constant, and g(x | e)
is the distribution of true doses within epilation groups. Here, g(x | e) is assumed to
be Weibull with different parameters depending on epilation status. The estimation
of parameters of h(z | x) and g(x | e) is similar to above, except that the AHS sample

10



RERF TR 7-80

is used as a basis (Appendix Table C.2), and the estimation is performed separately
within epilation groups.

We used both of these methods in order to assess the sensitivity of our results to
some of the modeling assumptions. There are some qualitative differences between
the two approaches. Method 2 explicitly assumes Weibull distribution g(x | e) in the
epilation groups, but Method 1 makes this assumption only in terms of g(x), so that
distribution g(xle) computed from Method 1 will not be Weibull. In addition,
Method 2 makes an implicit assumption that the probability of epilation increases
from O to 1 as dose increases, whereas Method 1 assumes that this rate reaches a
maximum of 75% from a minimum of 1%. In addition, there are slight differences
in the population used to obtain the parameter estimates in the two methods, and
the criteria used to determine the best estimates.

Figures 3 and 4 are plots of Avg(X|Z,E,c) vs Z (i.e., AvglX|Z,E,0]) for 45% and
65% errors obtained using the two methods. One can see that the estimates are
similar for 45% errors, but exhibit some notable differences for 65% errors.

Estimates of Avg(X | Z,6) and higher moments for the overdispersion analysis are
obtained from an estimate of f{x12z) using h(z|x) and g(x) obtained in Method 1.
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Figure 3. Comparison of two methods of computing dose adjustments. Adjustment for 45%
randem dosimetry errors.
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Figure 4. Comparison of two methods of computing dose adjustments. Adjustment for 65%
random dosimetry errors.

Results
Figure 5 presents the estimated proportion of CA cells obtained from a linear-

quadratic model of the form
p(Z) = Y + 0,2+ 0, 2% ®)

where v, reflects differences in overall detection rate of CA for four different time
periods. The dose-response-modifying effect of time period was significant, with
x§ =186 (p << .001). Changes in CA dose response through time are presumably
due to technical improvements in the ability to detect CA. All models used in the
analysis below incorporate this time-effect parameter.

Regression analysis of proportion CA cells conditional on dose and epilation.
Figure 1 shows a plot of the estimated proportion of CA cells against the mean
assigned dose within 11 dose categories for epilation (x) and no-epilation (O)
subgroups. Superimposed on this is the iteratively reweighted least squares fit of
the regression model in equation (8) averaged over time periods.

A similar regression analysis with doses adjusted using a 45% dosimetry error

model obtained under Method 1 is shown in Figure 6. The X-axis is Avg(X|Z,E,0).
Whereas assuming no dosimetry errors (Figure 1) predicts very different dose
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Figure 5. Estimated chromosome aberration (CA) dose response within assay time periods.
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responses in the two epilation groups, assuming 45% dosimetry errors virtually
eliminates this difference.

In Figure 7, the values of the one degree of freedom chi-square test of the
difference in the two regression lines are plotted against the dosimetry error
parameter ¢. Tests were performed for ¢ between 0.35 and 0.70 in increments of
0.05. Values at intermediate os are interpolations. Different curves are presented
for the two ways in which the dosimetry error densities f(x | z,e) were estimated.

89" percentile |

Method 1

o 95_"‘ percentile -

x* (1df) values
=

I I L 1 L i 1

0.35 0.40 045 050 0.55 0.60 0.65 0.70 0.75 0.80
Dose error parameter &

Figure 7. Values of one degree of freedom chi-square test of the difference in chromosome
aberration dose response between epilation groups.

Tests obtained from either method are significant at the 0.05 level for about 39%
dosimetry errors. The “best” value of 6, where the test statistic is zero, is obtained
at approximately 50% for Method 1 and 46% for Method 2. The tests are significant
at upper values of 62% and 53%, respectively. The range of values between 39%
and 62% for Method 1, and 39% and 53% for Method 2 can be regarded as nominal
95% confidence intervals for the parameter o. The lower bound of these intervals
did not depend much on the method used to estimate the densities, although the
upper bounds did depend on the method used.

Overdispersion analysis. Figure 8 shows the empirical variance function and
theoretical variance, evaluated for 0%, 35%, 45%, 55%, and 65% dosimetry errors,
plotted against the estimated proportion of CA cells. The relationship between the
CA proportion and empirical variance function was identical for all time periods
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Figure 8. Comparison of empirical and theoretical variance estimates at several levels of
dosimetry error.

and dose error levels, and thus is represented by a single dashed line. The
theoretical variance curves shown are the average over the four time periods. The
figure indicates that between 45% and 55% random dosimetry error is consistent
with the amount of overdispersion in the proportion of CA cells. Note that the
theoretical variance function tends to predict more overdi spersion for greater CA
proportions than does the empirical variance function, so that at lesser CA propor-
tions the 55% theoretical variance curve agrees more closely with the empirical
variance. But at higher CA proportions, agreement is better with the 45% error
curve.

Effect of other variables. With the exception of time of assay, we have so far ignored
the effect of the other potentially important covariates sex, age, and city. In order
to assess their effect on our results, we used a model similar to that in equation (8)
as a basis for testing whether sex, city, or age ATB group (<17, 18-29, 30-38, 239)
significantly modified the dose response. Chi-square tests were computed in a way
similar to that described for the one-degree of freedom chi-square for the epilation
effect (Appendix B). Neither age nor sexhad a significant dose-response-modifying
effect in this model. However, the modification of dose response by city was
significant with X} = 6.7. The dose response was approximately 25% smaller in
Nagasaki than Hiroshima. However, this city effect made a negligible difference in
our results. For example, the X? value for epilation effect at 0% dosimetry error was
43 without the city effect in the model, and 42 with the city effect in the model.
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Robustness to Method 1 assumptions. In the analysis of epilation dose response
given by Stram and Mizuno,? differences by city, sex, and age are evident in the
epilation data. In order to determine the robustness of the results reported here to
such inhomogeneities in epilation response, several additional analyses were
performed which modified the form of the epilation response used in Method 1. In
these analyses, the slope term of the epilation dose response (equation C.4 of
Appendix C) was replaced by a term which differed by city, age ATB, and sex as
shown below.

Hiroshima Nagasaki
Age ATB 0-19 2049 =50 0-19 20-49 250
Males 0.160 0.182 0.061 0.173 0198 0.152
Females 0192 0.255 0.152 0.168 0.173 0.170

These numbers are weighted averages, over shielding category, of the numbers
reported in Appendix A of Stram and Mizuno.”

A related issue in the direct use of the Stram and Mizuno® epilation results is
that no correction was made in that paper for attenuation in the epilation dose
response due to dosimetry errors. An ideal solution to this problem would be to use
dose error adjusted doses in a reanalysis of the epilation data, but this was felt to
be beyond the scope of this paper. A rough first-order correction was made by
multiplying the numbers in the above table by a correction factor which itself
depended upon the amount of dose error assumed in the lognormal dose error model
h(zx). The correction factors used were 1.125 for 35% dose errors and 1.303 for
45% dose errors. These were arrived at by a least square fit of (z — 0.75)* to values
of Avg[(x — 0.75)" | z] calculated from the densities f(x | z) over the range of z found
in the CA data set. (Here (x)* equals x if x > 0 and is 0 otherwise).

The result of using this modified epilation model in Method 1, with factors
depending on age, sex, and city, and with this correction for attenuation in the
epilation response, was only minimally different than that obtained when these
terms were ignored. For example, the chi-square test for a remaining “epilation
effect” in the CA response was equal to 6.09 when 35% errors were assumed and
equaled 0.1405 for 45% errors. These results are qualitatively very similar to those
shown in Figure 7.

We also investigated the effect of increasing from 0.75 the maximum allowable
proportion of epilation cases. However, such a change made only negligible dif-
ferences in the dose adjustments obtained.

Robustness to Model 2 assumptions. One assumption made in Method 2 was that
performing separate estimations of the dosimetry error densities between cities
was unnecessary. As a check of this, separate estimations using Method 2 were
performed for the 35% error level and the 60% error level, and the test of epilation
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effect was repeated. The X? values for the tests of epilation were 8.30 and 20.00 at
the 35% and 60% error levels, respectively. This compares with the values 8.03 and
19.086, respectively, when the densities were not estimated separately for each city.

Discussion

Within the framework of a lognormal dosimetry error model, we have estimated
the magnitude of random dosimetry error in the DS86 dose assignments by
determining the amount of error necessary to account for the difference in dose
response in the proportion of cells with CA between individuals who did and did
not report severe epilation in a sample of individuals from the RERF AHS. Our
analyses indicate that dosimetry errors of 45% to 50% explain the difference under
the assumption that random dosimetry errors alone are the cause. An analysis of
the magnitude of dosimetry error necessary to explain the overdispersion in the
proportion of CA cells also indicated 45% or more dosimetry errors. Our analyses
further show that a lower bound of about 40% random dosimetry errors is consistent
with no differences between epilation groups. Although the results from the two
methods we used in the regression analysis differed somewhat for higher levels of
dose errors, they agreed well for dose errors less than about 50%. In this range, our
results are apparently not sensitive to modeling assumption. The agreement
between the regression and overdispersion analyses further emphasizes that these
estimates of the magnitude of random dosimetry errors accurately reflect a real
characteristic of these data.

The observed difference in dose response between epilation groups, as well as
the overdispersion in the proportion of CA cells, could be manifestations of differen-
ces in radiation sensitivity among individuals, as well as be caused by random
dosimetry errors, and in fact are probably due to both to some extent. Therefore,
the validity of our approach to estimating the DS86 dosimetry error depends on the
important assumption that the contribution of differential radiation sensitivity is
small. To the extent this is not true, our estimates of dosimetry error can be
regarded as overestimates.

How much individuals differ in their radiosensitivity would be very difficult to
answer within the RERF cohort of A-bomb survivors alone because of the confound-
ing effect with random dosimetry errors. However, there are reasons to believe that
the contribution of radiation sensitivity to the effects we observe may be small.
There are two requirements for sensitivity effects to result in the difference in CA
dose response between epilation groups in these data: 1) That there be differences
among subgroups of individuals in sensitivity to induction of both CA and epilation;
and 2) that there be an association between the sensitivity to CA induction and
epilation induction. Roughly speaking, the last requirement implies that the same
individuals who exhibit increased sensitivity to CAinduction also exhibit increased
sensitivity to epilation induction. We have not performed an extensive review of
the literature on radiation sensitivity, as this is beyond the scope of this paper.

17



RERF TR 7-80

However, it may be useful to consider the following selected points. With respect to
requirement 1) above, although cell survival studies have demonstrated that there
are individuals whose cells are extremely sensitive to radiation, there is some
evidence that these individuals are only a small proportion of the population. For
example, it is known that homozygotes of the recessive disorder ataxia telangiec-
tasia (AT) exhibit two- to threefold higher sensitivity to radiation as measured by
cell survival in cultured skin fibroblasts than do individuals without this disorder,13
but AT heterozygotes display radiation sensitivity closer to normal individuals than
to AT hcsmozygn::tes.I 4 Swift et al'® estimated the minimum frequency of a hypotheti-
cal AT gene at 0.17% and the most likely heterozygote frequency at 2.8% in the US
population, although nothing is known about this gene frequency in Japan. As
another example, although at least one study of cell survival in cultured skin
fibroblasts from presumably normal individuals showed differences in radiation
sensitivity corresponding with a coefficient of variation of approximately 0.16
(based on our analysis of data presented in Little et al'®), a similar study on
peripheral blood T-lymphocytes, on which our chromosome studies were performed,
showed no difference in sensitivity among normal individuals.!” With respect to
point 2) above, it is quite possible that the sensitivity to induction of CA alsoimplies
sensitivity to induction of epilation, since the latter is caused by reproductive death
of basal cells in the hair follicle, probably through DNA dza.rrw.,cg;e.18 For example,
Woods!? did show unusual sensitivity of skin fibroblasts in one apparently normal
patient who exhibited sensitive clinical response to X-ray therapy. On the other
hand, Weichselbaum et al2? showed that skin fibroblasts from four individuals who
had exhibited unusually sensitive or resistant clinical responses to ionizing radia-
tion during radiotherapy did not show unusual in vitro responses as measured by
cell survival. The most that one can safely say about the second point is that it is
not clear whether radiosensitivity with respect to one endpoint necessarily implies
sensitivity with respect to another.

Our estimation of the dosimetry error level based on overdispersion in the
proportion of CA cells is on less solid ground than the analysis based on differences
between epilation groups. Although overdispersion can be caused by dosimetry
error as well as sensitivity effects, anything that has an effect on CAresponse which
is not accounted for adequately in the model will result in overdispersion. In
addition, this analysis depends on estimates of the higher moments of the distribu-
tion of true dose X given estimated dose Z, which are probably more sensitive to
modeling assumptions than estimates of the lower moments. The overdispersion
analysis can be regarded as reassuring in conjunction with the result of the
regression analysis, but not conclusive in itself.

We consider our results broadly consistent with magnitudes of dosimetry errors
suggested by others, although our results imply somewhat larger values. Other
imrestigai;or*s1 2l have expressed the size of multiplicative dosimetry errorsin terms
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of the coefficient of variation (CV), which, when related to our dose error parameter
in the case of the lognormal density, is

cv =V - 1)

There is a fairly close correspondence between o and CV for values of up to 0.5,
after which o is noticeably less than CV, as the table below shows.

Correspondence between ¢ and the CV

o} 035 040 045 050 055 060 065 0.70
Ccv 0.36 042 047 053 059 066 073 0.80

Jablon’ suggested that the CV for random dosimetry error was at least 0.30 by
considering uncertainties in input parameters in the T65D dosimetry system.
Kaul?! summarized the uncertainty assessment of the DS86 system conducted by
Science Applications International Corporation (SAIC). The SAIC findings suggest
that a CV from 0.25 to 0.42 for random dosimetry error may apply to the DS86 dose
assignments. Kaul points out that this error is not constant, but depends on
shielding category. According to SAIC estimates, proximal survivers, who have the
highest doses, have a CV in the range 0.25 to 0.30, whereas for distal survivors,
whose shielding is poorly characterized, and whose doses are almost all less than
0.1 Gy, the CV is approximately 0.42. We could not demonstrate a difference
between shielding categories based on our data.

Neriishi et al* compared leukemia mortality dose response in the RERF LSS in
the epilation and no-epilation groups, and obtained results similar to ours regard-
ing the amount of dosimetry error required to explain the difference under the
assumption of no difference in radiation sensitivity. Their analysis of nonleukemia
cancer mortality revealed no significant difference in dose response between
epilation and no-epilation groups. The latter finding is not necessarily inconsistent
with our result or their result for leukemia mortality, because the nonleukemia
mortality data may simply lack the precision necessary to detect these effects.

A number of other caveats to interpreting our results deserve mention. First of
all, we made no effort to assess additional variability in the CA dose-response
models from estimating the parameters either in the dosimetry error distributions
orin the epilation models. The estimation of these parameters was based on greater
numbers of individuals than the 1,028 in the analysis data set, so it may be
reasonable to assume that this source of variation is small compared with the
variability in the CA data.

Qur results may depend on the form of the prior distribution assumed, as well
as on the form of the distribution of dosimetry errors. We used two very different
methods of modeling the density of true dose in an attempt to assess sensitivity to
modeling assumptions. The results obtained with the two methods were similar
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for dosimetry error values up to about 50%, but differed somewhat for dosimetry
errors greater than 50%. It is unlikely that this difference at higher dose error
levels is due to the slight differences in the populations used. More likely the
difference arises because of different degrees of agreement between the observed
and theoretical distributions of estimated doses, either because the models we used
are not flexible enough or because the criteria for estimation are somewhat
different. This question requires some further study.

As was noted earlier, groups 1) and 2) of the AHS cohort were crudely matched
in Hiroshima based on distance from the hypocenter. This matching is unlikely to
substantially affect our results, since it was performed using three wide distance
intervals, and the matching was not successful at the closer distances, where the
majority of individuals with substantial exposure were. Nevertheless, matching on
reported distance is equivalent to matching to some extent on estimated dose. If
there is matching on estimated dose, and this is ignored in the Method 2 type
analysis, the result is dose adjustments which are too small for a given level of
dosimetry error, and therefore an overestimate of the amount of dosimetry error
necessary to account for the difference in CA dose response between epilation

groups.

We have used a constant RBE of 10 to combine gamma and neutron components
into the dose used in our analysis. However, for induction of CA by gamma and
neutron radiation, it is well established that the RBE of neutron decreases with
gamma dose.}122 Although our approach is not strictly valid from a biological point
of view, the assumption of a constant RBE is unlikely to have a substantial effect
on our results.

Since the epilation data were obtained from interviews conducted sometime after
the bombing, it is clear that they are subject to errors. It can be shown, however,
that if reported epilation is statistically independent of assigned dose given true
dose and true epilation status, these misclassifications do not bias our conclusion.
Purely random misclassification errors, such as coding errors, satisfy this condi-
tion. Jablon® has pointed out that because of provisions of the welfare laws, or for
social reasons, interviewees may have intentionally under- or overstated their
distance from the hypocenter. If this applies similarly to their reports of severity
of acute effects, then the above condition would not be satisfied. Unfortunately, no
data are available to investigate such reporting bias.

In principle, these or similar statistical techniques can be applied to many other
data sets to obtain point estimates and confidence bounds for the percent dosimetry
error. One would expect that if random dosimetry errors were the primary cause
of associations of this type, most such analyses would be consistent with a given
level of dosimetry error. Hence, performing a series of analyses of this type would
be useful as an independent measure of the amount of dosimetry error inherent in
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the DS86 dosimetry assignments. One must avoid performing such analyses only
on data sets which exhibit a significant association between the endpoints, because
the aggregate impression from such analyses would be biased toward higher
percent dosimetry errors. A reasonable criterion for selecting data sets would be to
analyze those in which both endpoints have demonstrable dose response by them-
selves, regardless of the size of the association observed between the pairs of
endpoints which will be considered.

Appendix A. Hypothetical example of the effect of random dosimetry errors

Consider the following hypothetical example. Assume that 1,000 individuals are
exposed to an A-bomb radiation dose of 1 Sv, and 250 to a dose of 2 Sv. This is
consistent with the important characteristic of the RERF data that many fewer
people were exposed at higher than lower doses. Assume also that the proportion
of individuals who experience epilation is 0.2 for those exposed at 1 Sv and 0.4 for
those exposed at 2 Sv. In addition, assume that the proportion of individuals with
a high rate (by some definition) of CAis 0.2 at 1 Sv and 0.4 at 2 Sv, and that this
proportion would be zero without radiation exposure. We will make the critical
assumption that occurrence of CA and occurrence of epilation are independent, so
that the individuals irradiated at a given dose who show high CA rates do not
necessarily experience epilation more frequently than individuals with a low CA
rate.

In the hypothetical population, the average number of individuals in each
epilation dose and CA category is shown in Table A.1.

Table A.1. Average numbers of individuals and estimated CA proportion in
each epilation, CA, and true dose category in the hypothetical population

No epilation, true dose Epilation, true dose
18v 2 Sv 1Sv 2 Sv
No. with high CA rate 1860 60 40 40
No. with low CA rate 840 90 160 60
Estimated CA proportion® 0.200 0.400 0.200 0.400

* Proportion of individuals with a high CA rate.

The last row is the proportion of individuals with a high CA rate for each epilation
and true dose category.

Now assume that random errors in dose estimation cause 10% of individuals at
each true dose level to be misclassified into the other dose category. Table A.2 shows
what one would see on the average if the population is then grouped according to
estimated dose. The number of individuals who are in the incorrect dose category
is shown in parentheses.
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Table A.2. Average numbers of individuals, estimated CA proportion, and average
true dose assuming 10%, 5%, and 15% dose error in each epilation, CA, and
estimated dose category in the hypothetical sample

No epilation, estimated dose Epilation, estimated dose
1 Sv 2 Sv 15Sv 2 Sv

No. with high CA rate 150(6) 70(16) 40(4) 40( 4)
No. with low CA rate 585(9) 145(64) 150(8) 70(16)
Estimated CA proportion 0.204 0.326 0.211 0.364
Average true dose

assuming 10% error 1.020 1.828 1.053 1.818
Average true dose

assuming 5% error 1.010 1.781 1.026 1.905
Average true dose

assuming 15% error 1.032 1.515 1,081 1.739

NOTE: The number of individuals who are misclassified into the incorrect dose category
is shown in parentheses.

There are a few important differences between these two situations. From the
third line of Table A.1 one sees that when individuals are classified by true dose
the increase in CA proportion for increase in dose is 0.2/Sv in the population
regardless of epilation group or dose. However, when individuals are classified by
estimated dose, two things happen. First, the increase in CA proportion per unit
dose now depends on the dose; the increase in the CA rate is greater between 0 Sv
(where the CA rate is 0) and 1 Sv than between 1 Sv and 2 Sv. Second, this change
per unit dose now also depends on the epilation group; between 0 and 1 Sv the
slope is 0.204/Sv in the no-epilation group and 0.211/Sv in the epilation group, and
between 1 and 2 Sy, these rates are 0.122/Sv and 0.153/Sv, respectively. In other
words, individuals with epilation have greater changes per sievert than those
without epilation.

The change in apparent dose response occurs because the average true dose of
individuals at a particular estimated dose is different from the numeric value of
estimated dose. The average true dose in each category is shown in the fourth line
of Table A.2. The computation is straightforward; the first number is

[(150+ 585)x1 Sv+ (6+9)x2 Sv]
150+585+6+9)

=1.020 Sv .

It is important to note that the average true dose also depends on epilation status.

The average true dose is a better indication of the radiation exposure for the
collected individuals in an estimated-dose category than is the estimated dose itself.
In fact, if lines 3 and 4 of Table A.2 are plotted against each other, the points for
the epilation and no-epilation groups would lie along the same straight line with
slope 0.2/Sv, which is the true dose response. However, note that when line 3 is
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plotted against estimated true dose calculated assuming too little dosimetry error
(e.g., 5% error, line 5 of the table) or too much dosimetry error (e.g., 15% error, line
6 of the table), then the points for the epilation and no-epilation categories will
again not fall on the same line. In the former case, the epilation group will show a
steeper dose response than the no-epilation group, but in the latter case the no-
epilation group will show the steeper response.

Without additional information, one cannot know the shape of the true CA
dose-response function. However, the response function should be the same regard-
less of epilation status provided that there is no biological association between
epilation induction and CA induction in people exposed to the same true dose of
radiation. This suggests that if one could estimate the average true dose for each
estimated dose for different amounts of random dosimetry error, then a reasonable
estimate of the correct amount of random dosimetry error is that which makes the
estimated regression lines relating CA and dose the same in both epilation groups.
This is the approach taken in our first analysis.

Appendix B. Statistical analysis

The statistical analyses used in this report can be divided logically into two parts.
The first and main part uses linear-quadratic regression models of the proportion
of cells with CA, conditional on assigned dose and epilation status, to compute a
one-degree-of-freedom chi-square test of the difference in dose response between
the epilation and no-epilation groups. This test is used to assess whether an
assumed level of dosimetry error explains the dose-response difference between the
two epilation groups. The second part of the analysis is a comparison of the
observed overdispersion in the proportion of cells with CA to that which would be
expected if random dosimetry errors were the primary cause of the overdispersion.

Regression analysis of the proportion of CA cells. CA and epilation both have
probabilities of occurrence which increase monotonically with radiation ex-
posme.’”11 When there are random dosimetry errors, individuals at a particular
assigned dose who report severe epilation are more likely to have higher true dose
than those who do not report epilation, and therefore also higher average proportion
of CA cells. Thus, in a regression model of the proportion of CA cells on assigned
dose, it is expected that two different regression lines would be observed, such as
in Figure 1.

If f{x | z,e) were known, it would be possible to make adjustments to the inde-
pendent variables in the regression so that consistent estimates of the parameters
in the true regression of proportion of CA cells on dose are obtained. Assuming that
the true regression of the proportion of CA cells on dose is independent of epilation
status (i.e., there is no differential radiation sensitivity), this regression is by
definition independent of epilation status. Hence, one can estimate the dosimetry
error parameter ¢ by finding the value which makes the regression functions of CA
response between epilation and noe-epilation groups coincide.
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Consider the quadratic model for the proportion of CA cells:
y=px)+¢e, (B.1)

where p(x) = v,(1 + ogx+ agxg}. The variable x represents true dose, and y the
proportion of CA cells out of n total cells. A model quadratic in dose provides
reasonable fits to the proportion of CA cellsin the dose ranges we consider, as shown
by Preston et al! The parametersy, fort =1, ..., 4 are included to model a large
effect of time of CA assay, which appears to act multiplicatively on the dose
response. If the number of CA cells out of n cells is Binom[p(x),n], then

E(YIx)=px) (B.2)
VYl = vigy= “‘mn‘ 211 (B.3)

Now, assume that the true dose X has density f{x | z,e) conditional on assigned
dose Z = z and epilation status E = e. Then

po(z,e) = E(Ylz,e) = ElpX)Iz,el = y[1 + o, EXz,e) + azE(X2 lz,e)]l . (B.4)

The independent variables are moments of the density f(x|z,e). Note that when
0% dosimetry errors are assumed, these first and second moments are replaced
with z and z2, respectively. Provided that the dosimetry error model is correct,
estimates of the parameters vy, o, and o, are obtained using iterative reweighted
least squares on the regression function in equation (B.4). The variance function
which we used in the estimation,

V(Ylz,e)=Po1 = Po) ;12 D - L (B.5)
n

where p, = py(z,e), is a minor modification of the empirical one proposed by Preston
et al.!! The parameter t was estimated using method of moments; T was chosen so
that the2 ;vei ghted residual sum of squares (deviance) equals the degrees of
freedom.

Another more complex regression model,
E(Ylz,e) =v,(1 + A +8e)l 0, E(x1z,e) + 0,EG21z,e)]) , (B.6)

was used to model the difference between the epilation and no-epilation groups,
which is reflected in the parameter 8 (> —1). This parameter would be consistently
estimated as zero if the correct dosimetry error model were assumed.

Chi-square test with one degree of freedom. A one-degree-of-freedom chi-square

test of the hypothesis Ho: & = 0 in (B.6) was obtained by first performing iteratively
reweighted least-squares estimation of the parameters in the model in (B.4). The

24



RERF TR 7-90

one-degree-of-freedom chi-square value is the difference in residual sum of squares
(deviance) resulting between the fitted model (B.4) and fitting the model in (B.6)
using the weights obtained in (B.4),

Overdispersion analysis. Given the model in equation (B.1), the expected value of
Y conditional only on assigned dose Z =z is

p*z) = E(¥1z) = v,[1 + 4, EX1z) + 0,EX?12)] . (B.7)

This regression was estimated using iteratively reweighted least squares with a
variance function on the righthand side of equation (B.5), but with p, replaced by p.

If one assumes that all overdispersion in the proportion of CA cells is caused by
random dosimetry errors of the type considered in this paper, the variance of Y
conditionalon Z =z is

V(Y 12) = VIpX) | 2] + Ev(X) | z]
= Pi(lT*P-ﬂ + [1 - %] Vip(x)lz] . (B.8)

In reality, the variance of Y at 0 dose is about 1.4 times that expected from the
binomial assumption. However, this will have little effect on our result.

Thus an assessment of the size of the dosimetry error parameter ¢ can be
obtained by finding ¢ which makes the theoretical variance function from (B.8)
agree with the empirical variance in (B.5), with regression parameters replaced by
their estimates.

Appendix C. Dosimetry error model

The methods we used to estimate the dosimetry error distributions are essen-
tially those developed by Pierce et a1,3 with some notable modifications, including
estimating to a lower bound of 0.1 Gy rather than 0.5 Gy, making an explicit
allowance for an RBE factor of 10, incorporating epilation data into the estimation,
and performing a complete reestimation of the Weibull parameters in the distribu-
tion of true dose for each dosimetry error level. The methods can be summarized
as follows.

Let X represent true dose and Z the dose assigned by the DS86 dosimetry system.
Let f{x|z) be the conditional density of X given Z = z, and f(x | z,e) the density of X
conditional on Z = z and epilation status E = e (e = 1 for severe epilation, e = 0 for
no severe epilation). An estimate of fix | z) was obtained by modeling the density of
Z given X, h(z|x), as a lognormal density with location parameter In(x) and scale
parameter o, which reflects the amount of dosimetry error. All dosimetry error
densities were estimated for values of the parameter ¢ between 0.35 and 0.70 in
increments of 0.05. We will refer to a model which assumes 6= 0.35 as a 35% error
model, ete.
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We make the simplifying assumptions that the random dosimetry error is
negligible for X below 0.1 Gy, and that true doses above 0.1 Gy have assigned doses
also greater than 0.1 Gy. The density of true doses in the population, g(x), is
modeled as a Weibull fot x > 0.1 Gy. Therefore,

fixlz)= Kh(zlx)g(x) =x,z>01, (C.1)

where the constant K is that which makes (C.1) integrate to 1. As was done in Pierce
et al, the scale and shape parameters of the Weibull density g(x) were estimated
separately for Hiroshima and Nagasaki for a given value of ¢ by minimizing the
criterion

|p;— Byl
B § (C.2)
= 5

where P; = P(Z > z) is obtained from the marginal density of Z,

h(z) = [ hizIxgmdx (C.3)

for selected cutpoints z;, and p; are estimates of the P; obtained from the empirical
distribution of the assigned doses in the RERF LSS sample (Table C.1). The
criterion (C.2) was chosen so that the tail of the density h(z) would fit the observed
data closely.

Table C.1. Distribution of LSS sample for D + 10D, > 0.1 Gy, by city
and epilation status

Doss (Gy) No severe epilation Severe epilation
Hiroshima  Nagasaki Hiroshima  Nagasaki

0.1-1.0 11680 2409 157 40
1.0-2.0 1345 466 183 66
2.0-3.0 350 108 214 54
3.040 122 30 171 26
4.0-5.0 54 14 107 1
5.0-6.0 20 10 41 13
>6.0 65 31 101 18
Total 13645 3066 974 228

An estimate of flx|z,e) was obtained in two ways, with both results being used
in the following analyses. Method 1 used the estimates of the parameters of g(x)
obtained during estimation of f{x |z) above, and assumed in addition a model for
the probability of epilation given x.
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0.01 x<0.75 Gy
P(E=11x)=10.01 + 0.228(x - 0.75) 0.75 Gy<x <4 Gy (C.4)
0.75 x>4 Gy ,

which is an approximation to the function estimated, without regard to dosimetry
errors, by Stram and Mizuno.? The density f(x | z,e) is obtained in a straightforward
way. This is essentially the approach used by Neriishi et al.t

Because the AHS sample was chosen from the LSS with stratification in part
on acute effects, including but not confined to epilation, there was some question
as to the appropriateness of using the LSS cohort for estimating the dosimetry error
distributions. Therefore, in Method 2 separate densities of true dose were estimated
within the two epilation subgroups of 6,719 individuals from the AHS with assigned
dose above 0.1 Gy (Table C.2). Separate estimates were not produced for each city,
as in Method 1, because although the distribution of estimated doses in the two
cities was somewhat different, the difference did not appear to be great enough to
affect the results substantially. An expression for f{x|z,e) is obtained by substitut-
ing g(x|e) for g(x) in equation (C.1). Here, g(x| e) is assumed to be Weibull, with
shape and scale parameters chosen which maximized a multinomial likelihood
function based on grouped assigned doses, using the relationship that

h(zle)= J h(zlx)g(x|e)dx . (C.5)

Table C.2. Distribution of AHS sample for Dy + 10D, > 0.1 Gy, by city
and epilation status

No severe epilation Severe epilation
Dose (Gy) — - — :
Hiroshima  Nagasaki Hiroshima Nagasaki
0.1-1.0 3094 810 132 33
1.0-2.0 958 389 159 53
2.0-3.0 269 81 201 48
3.0-4.0 91 21 157 22
4.0-5.0 43 10 97 i0
5.0-6.0 15 5 34 13
>6.0 51 18 a0 15
Total 4521 1334 870 194

Tables C.3 and C.4 give the moments of the dosimetry error density for a 45% error
model, and the Weibull parameters used in the dosimetry error models for all dose
levels.
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Table C.3. Moments of the dosimetry errar densities for Metheds 1 and 2,

45% dosimetry error

Moments from Method 1

Hiroshima—no epilation

0.5000 1.000 2.000 3.000
0.5055 0.9221 1.604 2.181
0.3012 1.009 3.007 5.520
0.2154 1.300 6.576 16.39
0.1824 1.948 16.66 56.74

0.5000 1.000 2.000 3.000
0.7606 1.423 2.341 3.003
0.6879 2392 6.257 10.13
0.7529 4.736 19.26 38.89
0.9656 10.74 66.35 164.6

0.5000 1.000 2.000 3.000
0.5167 0.9382 1614 2.178
0.3150 1.038 3.035 5.498
0.2282 1.346 6.610 16.14
0.2013 2.036 16.68 55.32

0.5000 1.000 2.000 3.000
0.7828 1.435 2.333 2.981
0.7289 2427 6.209 9.979
0.8104 4767 18.81 3r.m
1.072 10.70 63.75 158.3

Moments from Method 2

0.5000 1.000 2.000 3.000
0.5770 1.020 1.689 2.194
0.3950 1.214 3.260 5.427
0.3210 1676 7.149 15.02
0.3080 2.869 17.68 46.13

0.5000 1.000 2.000 3.000
0.7580 1.427 2.461 3.168
0.6970 2416 6.924 a2
0.7710 4.809 21.93 42.56
1.022 11.14 76.97 175.0

z 0.1000
E(X [ze=0) 01149
E(X?|z,e=0) 00152
E(X%|z.e=0) 0.0025
E(XYlze=0) 0.0005
Hiroshima—epilation
z 0.1000
E(X|ze=1) 0.1148
E(X?|ze=1) 0.0155
E(X*|ze=1) 0.0026
E(X‘|z.e=1) 0.0005
Nagasaki—no epilation
z 0.1000
E(X |ze=0) 0.1176
E(X*|ze=0) 0.0160
E(Xze=0) 0.0027
E(X‘|z.e =0) 0.0006
Nagasaki—epilation
z 0.1000
E(X |ze=1) 01171
E(X{|ze=1) 0.0162
E(X’|ze=1) 0.0028
E(X‘|ze=1) 0.0008
No epilation
z 0.1000
E(X |ze=0) 0.1530
E(X*z.e=0) 0.0260
E(X®|z.e = 0) 0.0050
E(X%|ze=0) 0.0010
Epilation
z 0.1000
E(X |ze=1) 0.1690
E(X?|z,e = 1) 0.0830
E(X%ze=1) 0.0080
E(X!|ze=1) 0.0020

4.000
2.712
8.633
32.29
140.2

4.000
3.594
14.56
66.26
325.7

4.000
2.691
8.501
31.25
1316

4.000
3.554
14.20
63.22
302.9

4.000

2.596

7.517
24.04
84.05

4.000
3.647
14.41
60.81
270.7

5.000
3.226
12.09
52.59
262.1

5.000
4.211
19.33
97.82
524.2

5.000
3.185
11.85
50.68
243.7

5.000
4.142
18.66
92.71
492.8

5.000
2.926
9.447
33.31
126.9

5.000
3.880
18.90
75.58
a52.7
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Table C.4. Weibull scale (v,) and shape (+2) parameters used in dose error model

Method 1 Methed 2
Hiroshima Nagasaki No epilation Epilation
il 71 T T Y2 gal e Y1 Y2
0.35 2560 0.4433 2.189 0.5089 1.280 0.921 0.124 1.520
040 2545 0.4526 2.185 0.5150 1.270 0970 0.120 1.610
045 2550 0.4570 2171 05277 1.260 1.020 0.114 1.730
0.50 2540 0.4660 2.167 05384 1.2560 1.080 0.104 1.889
0.55 2580 0.4700 2.159 0.55086 1.2560 1.180 0.091 2.080
060 2570 04750 2.150 0.5631 1.259 1.807 0.073 2372
065 2580 0.4800 2.150 05722 1.283 1472 0.052 2752
0.70 2590 0.4850 2.158 0.5781 1.330 1.730 0.029 3400
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HEEZM I, ATORIEHESKRE D b, EFZAEL.Y BERizB 3 2 OdE 178
SHAE PR LT WO WAY, Swift & 1° oHEFEIC Lhud, KELADERNzH T 2 KA AT
BEFORNHBUAEIR0.17% TH Y, BHIFRITE L & Tbh 2 RS KROHIEIE 2.8%
TH5. i, NOPIEFTFNE, B%F 5 CIRIEHB AR B & 87 KRB AL O
HERIZET 3018 & b—>OWIIE, $0.16 (Little 58 2ARE LIz F— 7 ItES W
THAZ PRI U7 OZEBREITHH Y T 2 MBHRRSZMOR O A S 2 Z & 2R LA, #ix
DGR 21T » o KBIM T U >3k & W - FROWIE Tk, IERE A ORI i3 i
S ER T -7 RO 2) k20 TWAIE, MER, 5% 5 ¢ i3 DNA Oz &
D, EUOBEMEATTAEREICLEZETELEDT,® RMELFERT 2EIMN, CA
TS ARV LE U Ch B ulfiEdEid S TEW. fIAIE, Wood'® i3, X REDEIKK
IETEWEZHA R UACIER &8 5 — AD L OB R ERMET Nl H3 B 15 RSt A5
L7z C &% Uiz, —74, Weichselbaum 5 2 iz JohiE, TEEEMTERAE U 72 ORISR
DERIRBUST, RETTHOESZYE, 3 2 WIRIEHT 2R Uk 4 AO ¥ O B HEEfl 1,
ZOMBLFRENE L E A, ARENORISTREWERX S 7. Lidi-T,
CORRT, B2OMIBE L THEBEWEFA ST &3, & 245000 Milid 2 M2
A, B3 U SHBIOIFEICBET 20 E S MREHETREVEVNSI L TH 3.
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CA fHIEEOBEE DO &2 & A U SR B L~V B 23k & OffEdE i, I
EMM DL ICES TSN, ZORMIT L DIV, BEOIFS> 21, MMk i
WHTTI, BREHEMEEICL->THELBEAY, TEFVTHEYICKRBE S h TV CA
AL 2 0T RTRBEOE S->&% b 5T, Tz, JOMTL, HTHIEZ &
TEPEOHOBRXDOATHICE T 2EHRDE— A » b OREEMICIKIFT 5. Ok 54l
T, EROE— A v MEEE X D EF LIV S GEOREHAEZ LT V. BEOIE
5o =BT AN, Do R S ghiE, e oRENET A LEALN
B0, shBHATREREH L3 TERL.

SO0, OWETRES BRI RMEL DRAANZWVEERLTW S, K
KicBWT—H LT3 %25, JofAci, " ZHRY(CV) TR RMED KX
XARLTWVWA, I, MEIERBEOBS OGRS ESS A -7 olcfiliz g Tk
i,

CV = J"-1)

Tha. c LCVIL, offin’ 0.5 TOMBTHIE hEHcHIGELTED, TORICRT XD
I20.5% B séofliid CV XhiiF I/ hE L5,

o & CV OXE

o 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
cv 0.36 0.42 0.47 0.63 0.59 0.66 0.73 0.80

Jablon' Iz ktuf, TE5DR HMARDAN/ T A — 4 ORMEMEZEMT 3 &, HEFR
MeRa= CV 13bd & $0.801278 2 &M LTV 5. Kaul® I3, Science Application
International Corporation (SAIC)AT -7z DS86 Sl OARGELEMTMOMERZE F &
Wiz, DS8BAHRDOPUEICIE, M IHEERET0.250 50420 CVAFEEL TV AN
LA OEWIDNSAICORMTH 5. Kaulld, TOBER—ETIRAL, Wl SHE K
HTaoEAi58 LT3, SAIC OHEEICHEAN, FEiREIC N Lo BRBim¥ o CV
fiitd 0.25 55 0.30 OFIPHIZ & 5 4%, SPEEEHARE 13, — AR I ERNHRA AR T, PR
WOk 0.1 Gy BIFTh D, £0 CV i3, #0.42TH 5. Wae D7 — 75 HI3MH OUER
PECENHBILERTIE@TELN 1.

BOR S i, BOEUELSS ERIDIRER & FEIREL T B 5 BRI R OBERIG % LUK
U, BUMSRESZ YL EAVE 0 SGE LT, RIS OEE BT 5 7o s M EIS R AT T
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FOREZWHOVT, KREFEROHEREG TS, WS Tk 2HIMNDA DR TR
ZoWTORNT TR, RELIEREROMOBBIIGICHELERA SNL -, Thid,
Hox DFERP, FLAMMBECRICHT 25 OBRIC—EENTWI LEZRKRLTHE0
TGOV, RS, HFHRUADOKTRT -5 i3, RIZZh o DEEERIT 5 DI
BRI RETOBREG LAV ISETH S

Z OAth, AT O R OMPUC X T 2o DIGRIChIN TH & /. 97, HIRGTRE
it HEVERMEBEEFVOE LD ST A —F2H{fEETEEiICL>THIMENS CA
DEFPIEE 7L OLTPEIC S WTHHIIT 2 8 /1%ihbiEd o7z, Thods 35 A —FHEE
W, &TicH WA T =€y b L0288 h KEVWIERERICLTHE D, ZO0ETEE,
CA F—F B 2EWUMHICHRZ ENIVEELLZONRYUTH L LBbN 3.

Wa ORRE, BMETRREOAMIEE T TEL, HEATIZ bIKE L TO 3 0iElEr S
5. Wal, EFMECHOGERHT 2B EFMT 2 L0 KbV Th, Ho
PRIMDFEA T IMET A28/ 0 Zo DI RIE 2 HikaHwie, ZOZoD 4Lk
o THEFAS IR, BAEFRHED IS0 %ITET 2 E TIHEMLTH D, 50% AWML 3
EHOPFIE s o, BMOERFHRELARLIZIBLT IO LI BENS 20, FITICHL
FENEobEr BN CRERT 2 EBBATV. LA, CoESLEL 2D, HEEHE
OB E MR A MO—HOREENRIL B &, 3 H L' F LS ERIZR T S
&, BEHVE, HEERENMEDRE-THWE T L, oVWFhh OREIC X 2 TTHEMEATE
ZOERITE A B ITi3 E TR AT S SN S B,

Ak Lc ki, AHS LHOB 1 B2 H - Tid, IBEOBOHD & OFFEEHZIR U
12y FUriR3ATRATHSE. ZOT v F il Z20REHBHRAVFBL SN TH
D, WREREOXEZ WHREORSEAHIES 2 IERXE TR Dy F o VHTER
Dol T, 2y F B RLOERCRSIGERZERELTVW R EEEASNLL, &
W b0, FEShEicE sy FUo /3, HEERICL 2=y F ot b 2 T0E—
BT 2. =y Fr/0HEEREICMLTITON, K20 X 5 BT hd IS hhig,
RBRELTHONZDR, SLSNABRFHREE VA icH LTh a4 & 2 BamiEdc
H5B. Lichi->T, MEMFRO CA BRGSO 24 2 I HMEE O & X % B
ET B LTl B,

P i3 < HROCPETREEDE 28R & LTBITT 272502, RBE & LTEM 10

%wmbk.L#L,ﬁyvﬁ&6$ﬁ¥mu;%CA%%uﬁhTm.ﬁyvmﬂ&#u
FYEFHRD RBE 250004 2 & 0 ) OERTH 2.2 Tk OFIFHE, W22 E b
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SRAE, MEITIFEMEBWAL 0D, =D RBE Lz 2 &4% M RICA
a2 25 ohiswn,

MEF—7 13, #HBB0s sNcEENADEAZEZH U TCATFLLOT, @02'd
Aoolifendsiizn, LAL, 32808t HORERENSL oL E MESINE

WEBELAHZLFV. 20— MLoBOM D i3 SR IHFA R AR EOBMD L, ZO%HF
Aifite LT 3. Jablon!' Oz kg, WimiEH 1, Wik Lo & 2 0 id Ml
Mo, LM S OFEHEH U, B H 2 W0 B/NOHREEHEST - 0SS 5. b
LEEOBMEROWE T2V THIDI LB VWAZDTHIE, EidofiFERL LT

BWEWR S, REULS, COLIBRECBI2BHOWEICLRET -5 BIS0,
FRIE LT, 78—+ v MRRTHAREO SHEED, BHERMEE 201, T X5 Bt

HEA o2 0F -7ty MUBHT 2 2 E0TE 5. BEFHIIHERMED Z Ofio B
AbbTENTHLETNE TOLS AN &5 —E VNILORIETRBE T —F
TEEELOND. LT, COLHR—illOMir3iT9 Z &3, DS86 #atEREIZN
T 2B RNEEOKREZE 2 LT LATFRELTEYTHSSS. L L, 1BER
CEESMNESHE B EARTTF Py POART I ORI RFTEITS & &bk
ISR SR, 2L UMTNSA ARSI H[AEL S L, S—t » PRBFRIHEZE
KELTAHAEAZDSTHETHS. BENRO _S>OHFEFEMICR o 2t OA = =
i b, i OIEENE N ARBERIGER LT -7y MERITT S I L%
F—& -ty NEROBZYMIREIT L EZLEVAETHSHD.

{TEF A, SRTEERREORECH T SRR H

RO A %% 4 5. 1,000 AAt1 Sv, 250 AAt 2 Sv D USHHERHR Iz Bl U7z &
GET 5. SAuE, SEac iR L AO AP KEEICHE LA XD barizDidn e v
I HEEIOF — & O E —HT 20 TH 5. Fiz, REARRT 2 ADEIE%1 Sy
Z0.2,2Sv TO0A4 ERET S, Fi, CA DBV SIDERIZLZ)ADEEG% 1 Sy
70.2,25vTC0.4 &L, COTEEBBEBEBEOLWEISR, 0L{RETS. CIT, CA
OFLEEMEOREIMMBTE L L WS FRERBEZTS. CORECEINIE, 565
IR L, E CA A RTARED CA RERTALDREEAZTIHENLT L LE
iV 5.

IRHEEF O IE, #iRT CA OBRR}INCHBT 2 PHABERALITRT.
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AL RSEAICB Y 2IRTE, CA, HOMBOBRMH G 2PN L
HESE CA HEog

I ERY, MO BRERY, VIO

18v 2 Sv 1Sy 2 Sv
Bl CA HEAT A 160 60 40 40
B CA RET BH 640 a0 160 60
I CA RoOBIL 0.200 0.400 0.200 0.400

¥EL CA BEHT L ADNE

T, HAHEEICHEREEN S 272012, HOBROBEUNILOWEFED 10 %A, o
Fa XMzl - THXIE WA EET 5. A2 10, EHMNHEES R THHE N b X
WP E S I B2 R LTV A, Mo 7ot Ic v 3 AMAZRILANIZRT.

#A.2 WREAORE, CA, HEHTOBRMC BT 2 FEAM, HEE CA
e, R £ 10%, 5%, 15% & RGE L7z & & OB o [T

JEMEERE, HErg R JEE A, g

1 Sv 2 Sv 1 Sy 2 Sv
Wiy CA HELHT AN 150(8) 70(18) 40(4) 40( 4)
iy CA AT AR 585(9) 145(64) 150(8) 70(18)
ftiE cA oG 0.204 0.326 0.211 0.364
SEHY, Mot
S 10% 2T 1.020 1.628 1.053 1.818
S, Bo#it
RS 5% 25T 1.010 1.781 1.026 1.905
Y Eo#in
HUTEE 15% % E 1.032 1515 1.081 1.739

H:AETCRHOVHEREScB-sTagsns AREENAN LTS,

INSTODRFPICIIEONFELHESENH 2. RALOBE3T452 L, HOHEI|C
Lo THREZ DT E, MEOHHPHEE DT H DD S F, CA FRIZHEHEINF
NIE0.2/SvIBNd 2 2 Litbinad. LicL, EEHRATHET S L, KO0 2 &b
Ca. &9 PABRYADO CA O EICIkET 2. +1bb, CA ROk,
0 Sv(Zoiid CA HEIZ0)E 1 Sv OldAA 1 Sy & 2 Sv Olicsit 21k b A
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EFW. KIS, IBAERERYS . D O 0 biE, MBI bIKEFET S, T4bB, 0Sv 5 1 Sv
DT, EREWRDOARIF 0.204,/SvTH D, EFHOARIL, 0.211/SvTH5B. 1 Sv
M5 2 Sv ORIT, CORIFZHAZEH0.122,/Sv £ 0.153,/SvTH 5. Fu0itinid, [RE
2R LA, €2 TROARKER, =~k 347 b OFEKE W,

RIS B 5 R EOZEA, & 5RIEOHEMRE I WIGT 5 H ORE DL,
HEERR R ORE L RE B7.HIEU 5. SREXTITE T 5 HOME TG, K2ADH4
TRy, AREPAETS 5. MO,

[(150 + 585) x1 Sv+(6+9) x25v]
(150 + 585 +6 + 9)

= 1.020 Sv

TR, ST, HOBEREH b, RERBICALENS Z LICHET2H6ENS 5.

HORTEE, HEEHERK S S N R O B RINEL, HEEREZ 0L 0
kDX FEOLTVS, B R2ZAOBITRT4TEBEVIE 0y ML, RENLE
JEMELFOHKRIE, HOBBLIETS 2400 0.2,/SvOEM EFE UAIEIICIES. LaL, #
HEETHRESFH DSV ERELALLGE B, ROBEITTRENROREZRELT
W3), FLBIERICKREVEFELABAIC(ROBEETTR IS UNORELRELTVS)
fitE= N2 HOBISH LTHEITE 70y M5 &, RENRUIFREFOS LRI, [W U
AR LIl A o, SRR R ESIER /N WS, IRENOMBRIIGO AR, JFIRE
HEhRTHD, K&SWVWina, FREFOINATD 5.

iz R MR NS, Ho CA BESMBOEEM S Z LIk TEEWL. L L,
MEFEFHE CA FEROMICEDZHMBSE O E VA RYO T TR, 6 UEOMGER Rz
BLmAZ Iz 0T, KIGEHBRERECO PO OLTRICETTHE. Zhid, UFoZ
LAERET 2. flis ORRETRIETRELAEANE, 5ASh TV AHlERRICHILT 2H
DIBDOTFHHNHEETE L THAH. 2O L SHMEFTHMRREO T Y UHEEM &1L, 2
OMEMICHIT 2 CA LEEARTST 2 - >OHEERIFEAZE —D DT SZETH
5. Ihf e ORFOMBOMITHETS 5.

{183 B. #ataORir

AT O F T I, RN DI F B EANTE S, B0 Z L TEL:
BT, HEERE L IMERETEREMNT SN 5 CA Mt R oz — kg€ 7 ILVEH
WT, REMEIEMEHOBORBIIEDEZHHE 1 DA 1 “FRETIHRT 5. ZOR
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ET, BT RSEO GEEN 2 OIEN B QRN IEO 2 & 9 5 0 & 5 7 Rl
4 7. 45 —oOITTIR, BlEIh3 CA QiR oBEOR S - & b, BT RTERER
ENRCDOELHEDERNTH 2 EFELLBACYRIENAEEDE S0 & &L DOHEET
=75

CAtRRa Lt =D EIFERMT. CA RUMEO VT bEOFERT, TGRS & bIzigic
g 5.5 AR B 2 E, b RERTLIN G & ATHEEDIRTE AR
LA, BEERRE LS > AL D EOBEIE L, Lchi-T, CA Millgkbd b2
PV alEEER S 5. O & DI, HEEiEIcxd 2 CA filgttRobgEFLEEZLS
L 1R TES R S >ON S ZEFEES SRS,

f(x|ze)dibd > TONIE, B0 ERENIEST 2 &08TE, fEizxd 5 CA
iattRoBoplfic i 535 A =7 I oW T—H LIcHEEN TE 5. #ifticxid 2 CA
AR o Holkes, RERELMBRTS 2 TN (T HOD, PIRREZMEICENS
WEThid), CA RUSORYFMEAERER L IEREME T—HI L2 MERVET I LI
T, BRHRREN I A -7 o ZHEET H L E3TE 5.

CA #HilatbBo - WEF I AEET L.
vy = p(x) + ¢ (B.1)
ST p(x)=7(l+ax+ax’)ThHs. T8 x 13, HOHE, v i22MEnlcwd 3
CA filoH&TH 2. BRO_IKEF NG, Preston 5! AR L7 LD IT, AR EAT
WA OFEIET, CA MilLRICE L BET 2. CA D ORININIER O RS M4 £
FALT BT, t=1, ., 40354 =% v, 2E&H 5. I, BRI HETEY I E
Mdaioiclbnsg. nfloMllad B0 CA #ilEA Binom (p(x),nl THhid,

E(Y |x)=p(x) (B.2)

V(le)=v(x)=M (B.3)

CIT, HAoNHEEME: Z=2 LIRTEIRIE E=e DR T T, FOHE X ASEIRIE
f(x|ze) b2 NETEE, RODXHITHB.

po(z.e)= E(Y|z,e)= E[p(X)lz,e]=7[1 + a,E(X|z,e) +a,E(X?|z,e)] (B.4)
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BTZEER, WK f(xlz.e) OF—X 2 b TH 5. 0% OBEFIRADSARTET 258,
NED—RKRPZRDE-A U M, EhZFhzd 2% T aRI ohs. BRRsses
WBIE LSRR, 54 —% 7, a), R a, OfERIZ, HX(B4)oEREKC B 3
BOSFINTHR/N " O TE 6N 5. WA 0HER I HI O Fo 4 B0,

1 — pp) -
_ o —po —

V(Y|ze) (B.5)

T#H%. ZIT, pp=pplz.e) THH, TOMEE, Preston 5" 1z & - T X N7 88

PIBEEDTNITEIELLDTH B, (T4 =% tlt, T—A v MEEFOTHESES 1t

TRAbL, MEEKZEIH (deviance) PHBEESELL BB LSzt 2T L #.2
WMl EF LTS %

E(Y|ze)=7(1 + (1 + de)[a,E(x|z,e)+ asE (% |z,e)]} (B.6)
EHOT, BEREFBRENOMIS X2 TFMELE. Shid, S5 4—2 6 (>—1)
WEMENTWE, T085 4 -2, BEGIERSEEFAAELFAE, Bic0 sitFEah
5.
BHEIDONAZERE. (B6)D §=0 L33 Hy, OEBE1DH A —FRER, (BA4)
DEFNDAZ F — 7 ORETINTERND —TEEEE T sick ki, 22CHE
K14 A “HREGEDMIE, BaENzE5)0 (B4) &, (B4) TiEf=mMEHARNT(B.6)

DEFIVCHEGSHE B L 54U 35%E M (deviance) OETH 5.

BEDOESDZICOVWTORF. F, (B.1) OFTFILARETNE, TEEN Z=2 7213
FHEME S B Y 0N,

p*(z)=E(Ylz)=7,[1 + a,E(X|z) + a;E (X? |z)] (B.7)

TH%. oWk, FR(B.EDOLHMDHRBIED p, % p* il AT, RIEFMHER
MZFAERA U TiEE L.

CA Ml RITB 1 2 BEDE 52 F FXTH, KMTEE LN 0BG RERM
WEDELZERETSELE, Z=2z 2RIMFE LY DODHIL,
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V(Y|2z)=V[p(X) |z] +E [v(X) |z]
=E“;*p)+(1~%]v[p(x3 2] (B.8)

TH5H, WHEITIH, S0k Y o, “HIRE,SWRIEN 2D 1.445TH 5.
L L ZhARBERORICESZ 2 EHRBIE LA LR,

WA, BEFIHMHESST A S o DREIEPRZITR, BT A -7 %22h 5O
M CE & ]MAT, (B.8) » 5@ BEiRMHBIE%E (B5) ORBRNBLE—KEELLIN
o 2R hiE L.

fHRC. MBEREETI

Fh & gt E s A HES 1ol W 2 ATk, Plerce & 2 A3HZE L2 Al KRS BIEA
MA =D AREPWICREILTH R, Tibb, HEEZIT-72FH% 0.5 Gy TiEE < 0.1 Gy
2L &, RBE Bz 102 R LA E, RERCHET 27— 2HEEICMAIRAALE D
&, BEHEFIHMELANCHT 2 HOBRONMICH T2 Weibull /135 4 — & 25048
THEELIZC 2 THE. COHEELTICENT 3.

XA HE O, ZA3 DS86 ARk WREShicHEEMAT L d5. f(x|2) E Z=2
2EZREZOXORUHER, ((x]z,e) & Z=2z RUOBREREDN E=¢ GREORE
PRELIEEG e=1T, MEOEI I H e=0 LT3)THHLEDXDRMUTERE S
T4, b2 XEEZLEEDZOWE h(z|x) 2ME/ ST A —% In(x) SEEHRME
DOXRESZFRTREASNTA—F o2 bOWBOEBEEEL LT, €740, (x| 2) DHEE
fitizsRed7z. 0.35 & 0.70 D% 0.05 DG THINNG /35 A — % g DB L ITHW LT, T~
TOBEH R EEREHEE Uiz, 0 =085 2EET3EFLE3E%DUEEFTILEND
Zdicy B,

HBibD iz 0.1 Gy LT O X O AMEREE M TE, 0.1 Gy PlLL-omogms:
i, ik 0.1 Gy LLEOHEERBRIEI ATV 2 ERET 2. EMOEOHEOFHR,
g(x)%, x>0.1 Gy ic2W\WT Weibull L LTEFNMELI. Lizdi-T,

f(x|z)=Kh(z|x)g(x) x,z > 0.1 (C.1)
LB ZZTKIE, (C1) 29T hiE 1 1cd25EMTH 3. Pierce 52 27k Sz,

HHFED o fliicif L, Weibull HE g(x) ORE/NT A — Y ROTER/ S5 A -5 % 1ER
LRIRITHIZ 2, KOBHEAR/NMT 2 T &ick hiERE L.
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E“}‘P;ip‘l (C.2)
LT PB=P(Z>z)3, BoDKED z; I220WT, ZORDEEN LRD I,
h(z)=/h(z|x)g(x)dx (C.3)
P id P, OHEEE TS b, BUEWF LSS £ (KR C. 1)k 2 HEEHRR ORI 53R

To. HHEE LT(C.2)AMAZDR, BE h(z) OXKESSEEEF—7 L EFic—Had
Bl TH 5.

#C.1.D, + 10D, >0.1 Gy @ LSS D 4r4h, Tk~

BT 4K HE R
_. TFRERE HIERE
#lit Gy) E B K U A K
0.1-1.0 11680 24009 157 40
1.0-2.0 1345 466 183 66
2.0-3.0 350 106 214 54
3.0-4.0 122 30 171 26
4.0-5.0 54 14 107 11
5.0-6.0 20 10 41 13
> 6.0 65 31 101 18
al 13645 3066 074 228

f(x|ze) OHEEW, —>OHETERD, WFhoBRLLIToMITIciW. ikl Tk,
FEf(x | 2) OHEEDEPTEHL g(x) O35 2 - OFEMEH O, HiT, B2 xiTH
t BMEDHERARD &S ITRE L.

0.01 x < 0.75 Gy
P(E=1|x) =001 +0.228(x — 0.75) 0.75 Gy < x < 4 Gy (C.4)
0.75 x > 4 Gy

ChiE, ERE e R 2k LT Stram & ¥ Mizuno® AYHEE UA-BEUSERM LT
L. B f(x|ze) 2RHBEZHLERENTH Z. i, BRAMIZIZEALS* W
LRILTHA.

AHS #[HiE, MEFIRZ O @t iz>nTiT-FE{kick b, LSS #£HAH SHiH
ENTVWADT, LSS LA REFIRABRESMOMTICHWA Z EPHYVTHZ20E S
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FEMICH otz Lo T, HH:2 TR, 0.1 Gy Ul LoflEEii: &> AHS EH» LA
7 oOMEMNS,TIOANZHE LT, HoEEE L2 X BT henHiE Lz RC.2). lith
B 2HEESERAMIVL SMRI BN, Z0EE, HRCEEEE5Z 2ESITBAES
HWEBZ DT, HEE1TiTo ok S BiloHERE G ThiEr 7. FR (C.1) D g(x)
% glx|e) CHEMAAZ LItk f(x|ze) 2185, 22T, g(x|e) i3, Weibull
TH5EMETE. ZONMOIBR/NT A —F RURBEARZ A — 7 Z 3 HEEREZ XS L,
ZHICES EHAHBBAEAICZ 2 X IKBAK, L&, KOBHRERIHT 3.

h{z|e) =/h(z|x)g(x]|e)dx CCE)

#C.2D, + 10D, >0.1 Gy ® AHS D45, TR O ERE

FRERT RERT

B (Gy) E B E B E & E
0.1-1.0 3094 810 132 33
1.0-2.0 958 389 159 53
2.0-3.0 269 Bl 201 48
3.0-4.0 91 21 157 22
4,0-5.0 43 10 97 10
5.0-8.0 15 5 34 13
> B.0 51 18 a0 15

it 4521 1334 870 194

FKC3 KU C4 o, A5 %DMPETFILTOHEHEEEFETDE— A v &, SHEEH
MAETFIITHHZ A Weibull 285 3 — 7 ZIRT.
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ZCI. A5 UMBHFRFL BT 2BEIRAUBFEOE— 2 » |,

HiE1RU2

IR IR R
z  0.1000
E(X |z,e=0) 0.1149
E(X?|ze=1) 0.0152
E(X*|ze=1) 00025
E(X'|z,e=0) 0.0005

UNEY RS
z 0.1000
E(X |z,e=0) 0.1148
E(X?|z,e=1) 0.0155
E(X®|ze=1) 00026
E(X'|ze=1) 00005

B e IR EBE
z  0.1000
E(X |ze=0) 0.1178
E(X*|ze=0) 0.0160
E(X®|ze=0) 0.0027
E(X*|ze=0) 0.0008

z 0.1000
E(X |ze=1) 01171
E(X*|z,e=1) 0.0162
E(X®|ze=1) 0.0028
E(X*'|ze=1) 0.0006

e E R
z 0.1000
E(X |z.e=1) 01530
E(X?|ze=1) 00260
E(X%|ze=1) 0.0050
E(X'|ze=1) 00010

RER
z  0.1000
E(X |ze=1) 0.1690
E(X*|ze=1) 00330
E(X*|z,e=1) 0.0080
E(X"|ze=1) 00020

ik 70 e S R S N

0.5000
0.5055
0.3012
0.2154
0.1824

0.5000
0.7606
0.6879
0.7529
0.9656

0.5000
0.5167
0.3150
0.2292
0.2013

0.5000
0.7828
0.7289
0.8104
1.072

1.000
0.9221
1.009
1.300
1.948

1.000
1.423
2.392
4.736
10.74

1.000
0.9362
1.038
1.346
2.036

1.000
1.436
2.427
4,767
10.70

2.000
1.604
3.007
8.576
16.66

2.000

2.341

6.257
19.26
66.35

2.000
1.614
3.035
6.610
16.68

2.000

2.333

8.209
18.81
63.75

Hik2ickBsE—A Vb

0.5000
0.5770
0.3950
0.3210
0.3060

0.5000
0.7590
0.6970
0.7710
1.022

1.000
1.020
1.214
1.676
2.669

1.000
1.427
2.416
4.809
11.14

2.000
1.689
3.260
7.149
17.68

2.000

2.461

6.924
21.93
76.97

3.000

2.181

5.520
16.39
56.74

3.000
3.003
10.13
38.89
164.6

3.000

2.178

5.498
16.14
55.32

3.000
2.981
9.979
37.71
158.3

3.000

2.194

5427
15.02
46.13

3.000
3.168
11.12
42.56
175.0

4.000
2.712
8633
32.29
140.2

4.000
3.594
14.56
B6.26
325.7

4.000
2691
8.501
31.25
131.6

4.000
3.554
14.20
63.22
302.9

4.000

2.596

7517
24.04
84.05

4,000
3.647
14.41
60.81
270.7

5.000
3.226
12.09
52.59
262.1

5.000
4.211
19.33
97.82
524.2

5.000
3.185
11.85
50.68
2437

5.000
4.142
18.66
92.71
492.8

5.000
2.926
9.447
33.31
126.9

5.000
3.980
16.90
75.58
352.7
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FCA HEMEEF I THA L 2 Weibull REE (7)) RO TE(7) D/ST A —F

Hik 1 Hik 2

/N B It IR ETE i B BF

T T2 71 72 7T 72 71 Tz

0.35 2.560 0.4433  2.189 0.5069 1.280 0.921 0.124 1520
0.40 2,545 04526  2.185 0.5150 1.270 0.970 0.120 1.610
0.45 2.550 04570  2.171 0.5277 1.260 1.020 0.114 1.730
0.50 2.540 0.4660 2167 0.5384 1.250 1.080 0.104 1.889
0.55 2.560 0.4700  2.1589 0.5506 1.250 1.180 0.091 2.080
0.60 2.570 0.4750  2.180 0.5631 1.269 1.307 0.073 2.372
0.65 2.580 0.4800  2.150 0.5722 1.283 1472 0.052 2.752
0.70 2.580 04850  2.158 0.5781 1.330 1.730 0.029 3.400
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