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Richard Sposto, Ph.D.; Dale L. Preston, Ph.D.';
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Summary

We performed analyses of cancer and noncancer mortality in the Radiation
Effects Research Foundation (RERF) Life Span Study (LSS) to determine
whether the observed increased risk of noncancer death due to radiation expo-
sure! could be attributed solely to misclassification of causes of death on death
certificates. Cancer and noncancer misclassification rates and their dependence
on age at death were estimated from a series of autopsies performed on LSS
participants between 1961 and 1975. The crude misclassification rates were 20%
for cancer and 2.8% for noncancer. Although the noncancer dose response
remained significant, correcting for this amount of misclassification reduced the
estimated noncancer excess relative risk (ERR) at 1 Gy exposure by 21% and the
number of excess noncancer deaths in the cohort by 23%. The estimated cancer
ERR at 1 Gy was increased by 12% and the excess cancer deaths by 16% as a
result of the correction. The statistical significance of the noncancer dose
response was relatively insensitive to underestimating the cancer misclassifica-
tion rate, but was sensitive to assuming that cancer misclassification was
positively associated with dose. We discuss the implementation of the EM
algorithm for adjusting for misclassification and extensions of the method to
more than two causes of death.

Introduction

The Radiation Effects Research Foundation (RERF) Life Span Study (LSS)* is
a large cohort of survivors of the atomic bombings of Hiroshima and Nagasaki.
Defined in the late 1950s under the auspices of RERF’s predecessor, the Atomic

$This technical report is based on Research Protocol 1-75. The complete text of this report
will be available separately in Japanese; approved 22 July 1991; printed October 1992.

Departments of Statistics, 2Epidemia£agy, and 3Epidemiologic Pathology, RERF.
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Bomb Casualty Commission (ABCC), with follow-up since October 1950, and
expanded several times, the cohort is still being followed today. A major purpose
of the LSS is to assess the effect of radiation exposure on mortality. Analyses of
mortality in this cohort reveal an increased risk of death among radiation-ex-
posed persons from many types of cancer.” One also observes a significant dose
response for mortality from causes other than cancer, with the dose effect
appearing primarily at high doses.! It has been suggested that the observed dose
response in noncancer mortality is the result of the misclassification of cancer
deaths as noncancer on death certificates. This question is important because if
the observed noncancer dose response is due to misclassified cancer cases, then
cancer mortality risk estimates obtained from current analyses may be underes-
timates. An equally important issue, however, is whether or not the RERF data
on noncancer mortality are consistent with other epidemiologic and laboratory
data that suggest that the primary effect of radiation on human mortality is
through increased risk of cancer.

One can approach the problem of misclassification by verifying the current
death-certificate-based diagnoses against independent corroborating informa-
tion. Unfortunately, autopsy results are available for only about 6,500 of the more
than 40,000 deaths that occurred among LSS members through 1985. The
majority of autopsies were performed in the 1960z and early 1970s and thus apply
largely to persons exposed to radiation late in life. One can also obtain indirect
information about diagnostic misclassification by looking at the death certificate
diagnoses of individuals listed in the RERF tumor registry as having one of a
number of relatively fatal cancers or by examining the medical records of persons
who had been followed as part of the RERF Adult Health Study (AHS),” but these
sources also are available for only a fraction of the deaths. Attempts are currently
underway to utilize these resources. However, a statistical analysis investigating
whether the observed noncancer mortality dose response could reasonably be
attributed to misclassification of cancer is a relatively simple first step that can
provide much useful information.

In this report we describe such statistical analyses. Functions describing the
probabilities of misclassification of cancers and noncancers are estimated from
data on 3,508 autopsies conducted on LSS participants from the beginning of
1961 to the end of 1975, the most active period of the intensive RERF autopsy
procurement program.® These functions are used to correct the numbers of cancer
and noncancer deaths for misclassification, using the EM algorithm,” in conjunc-
tion with Poisson regression methods for grouped data® to obtain maximum
likelihood estimates of the parameters in the cancer and noncancer mortality
functions.

The statistical methods used are closely related to those developed for the
problem of uncertainty of cause of death in carcinogenicity experiments. Dinse®
and Kodell and Chen'? describe methods for estimating tumor prevalence or
mortality when there is a third category of uncertain causes of death in addition
to deaths definitely attributed to tumor or definitely attributed not to tumor.
Dinse!! extends this to estimation of tumor incidence. Archer and Ryan'? take a
slightly different approach for hypothesis testing by assuming two cause-of-death
categories but allowing cause of death to be misclassified. Another related
method presented by Espeland et al.'® uses the EM algorithm in a Poisson
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analysis of longitudinal data to account for both uncertain incidence time and
errors in diagnosis. There has also been much interest, particularly in the
epidemiologic literature, in misclassification in two-way classifications. Duffy et
al.,' Elton and Duffy,'® Flegal et al.,'® Greenland,!”® Greenland and Robins,!?
Hseih and Walter,2° and Savitz and Baron?! all consider various aspects of the
problem of misclassification of covariates. Green®? and White?® consider the
specific problem of misclassification of disease status and write down basic
formulas in the 2 x 2 case that are analogous to those forming the basis of our
analysis. Chen?* and Walter and Irwig?® consider this problem in a more general
context. The problem we consider is different from that in carcinogenicity experi-
ments since we are interested in the effect of misclassification on the dose
response for both causes of death. In addition, we use nonlinear models to adjust
for modifiers of the baseline mortality rates and the dose effect and to describe
the dose effect on the misclassification probabilities. Our problem is somewhat
simpler than that faced by Espeland et al.'? in that misclassification applies only
to the cause of death; the time of death is known exactly.

Materials and Methods

Adjusting for misclassification of cancer and noncancer diagnoses

The method used to adjust for the misclassification of cancer and noncancer is
a formalization of the following simple procedure. Let D and Dy represent the
numbers of true cancer and noncancer deaths, and d; and dy the numbers of
cancer and noncancer deaths observed from death certificate data, some of which
have been misclassified. Let 8,y and 6y be the proportions of true cancers
misclassified as noncancer on the death certificate and noncancers misclassified
as cancer, respectively. Then the formulas

avg(dc) = DC(]' — QCN) + DNBNC
avg(dy) =Dgboy + Dy(1 - Byc) (@)

describe the relationship among dc, dn, Dc, and Dn, where “avg(-)” denotes
average (expected value). For example, the first equation in (1) states that the
average observed cancer deaths comprise true cancer deaths that were correctly
classified and true noncancer deaths that were misclassified as cancer. The
bottom equation has a similar interpretation for average observed noncancer
deaths. We can observe dc and dn directly and use these as estimates of avg(dc)
and avg(dn). Therefore, if we obtain values for Ocn and Onc, we can solve for D¢
and Dx and base our analysis of cancer and noncancer mortality on these
corrected quantities.

In the formalization of this method, which is described in detail in the
Appendix, the correction is based on the expected values of dg, dy, D, and Dy,
which, along with 8,y and 8y, are functions of other variables, such as age, time,
age at exposure, city, sex, and radiation dose. Thus, although the concept is
essentially the same, the correction for misclassification used in the analysis is
more complicated than described above. The formal method allows one to com-
pute likelihood ratio tests and to obtain maximum likelihood estimates of the
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parameters in the models that describe the cancer and noncancer mortality
function.

The DS86 cohort

The cohort used in these analyses comprises 86,520 members of the LSS with
known follow-up between October 1, 1950, and December 31, 1985, for whom
DS86 doses?® have been computed. This cohort contains approximately 10,000
more people than were included in the original DS86 cohort.2” The increase is a
result of extensions to the DS86 system that were made in 1989. These exten-
sions, which are called the Version 3 dosimetry, are described by Fujita.?® These
data were summarized in a 3,640-cell table of person-years and death counts
grouped by city of exposure (Hiroshima or Nagasaki); sex; age at the time of
exposure (13 categories); absorbed radiation dose to the intestine, in gray (10
categories); and time since exposure (7 categories). Estimated kerma doses
greater than 6 Gy were set equal to 6 Gy. Intestinal doses were selected as a
reasonable representative organ dose for the many disease types and sites
considered. Neutron and gamma components of dose were weighted with a
constant RBE of 1. The sample comprises 62% females and 67% persons exposed
in Hiroshima. Tables 1 and 2 summarize other characteristics of this cohort.

RERF autopsy daia

Data obtained by the ABCC autopsy program between January 1961 and
December 1975% were used to obtain models for the misclassification prob-
abilities 8y and Oyc. Although some autopsy data are available before 1961, a
formal program with a goal of obtaining autopsies on all deaths in the LSS cohort
was not instituted until 1961.% Although the autopsy program continued until
the 1980s, the success rate for obtaining autopsies declined rapidly after 1975.
Hence, we took 1975 as the closing date for the purposes of this report. Among
deaths from individuals in the DS86 cohort, 26% of deaths occurring between

Table 1. Summary of sample information

No. of
Number of Person-years Meandose No. of cancer noncancer

Dose (Gy) persons (10,000s) (Gy) deaths deaths
0.0 36,437 104.63 0.000 2600 10,201
0.01-0.05 27,054 78.00 0.0180 1949 7451
0.06-0.09 5305 15.27 0.0720 411 1509
0.10-0.19 6026 17.34 0.137 482 1701
0.20-0.49 6379 18.35 0.324 543 1785
0.50-0.99 3162 9.09 0.693 298 826
1.00-1.99 1552 4.53 1.35 170 369
2.00-2.99 3N 1.04 2.35 40 86
3.00-3.99 149 0.408 3.52 19 51
24.0 85 0.237 4.43 10 23
Total/mean 86,520 248.9 0.113 6522 24,002
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Table 2. Number and types of deaths in the Dosimetry System 1986 cohort (based on
death certificates) and the number of these deaths autopsied, 1961-75, by age
at death

No. of autopsied No. of No. of autopsied

Age at death No. of cancer  cancer deaths, noncancer noncancer deaths,
(yr) deaths, 1950-85  1961-75  deaths, 1950-85 1961-75
5-9 0 — 0 —
10-19 0 — a3 =
20-29 18 2 353 15
30-39 117 20 525 60
40-49 413 57 918 87
50-59 977 107 1801 144
60-69 1694 293 4045 472
70-79 2485 424 10,185 1127
80-89 796 81 5632 590
>890 22 1 460 28
Total 6522 985 24,002 2523

1961 and 1975 were autopsied, as compared with about 6.5% for deaths occurring
before and after this period. Of the 4,341 autopsies performed in the DS86 cohort
after the initiation in 1961 of the formal autopsy program, 3,703 (85%) were
performed between 1961 and 1975.

For the analysis of the autopsy data, the underlying cause of death recorded
on the death certificate, which is defined as the disease or condition that started
the sequence of events leading to death, was compared with the diagnosis
designated by the autopsy pathologist as the underlying cause of death.?® The
autopsy data show that most misclassification of cause of death on death certifi-
cates occurred between all cancers except leukemia and noncancer disease other
than accident. For example, of 1,173 deaths diagnosed as cancer on autopsy, one
had been coded as leukemia on the death certificate, whereas 221 had a non-
cancer death certificate diagnosis. Of 2,355 deaths diagnosed as noncancer on
autopsy, 5 were coded as leukemia, 21 as accidents, and 65 as cancer. Since our
primary concern is the effect of cancer cases misclassified as noncancer, and since
leukemia misclassification as noncancer is rare compared to other cancers mis-
classified as noncancer, we will assume that deaths due to leukemia and acci-
dents are correctly classified and restrict our attention to misclassification
between all cancer except leukemia and noncancer other than accident. Hence-
forth, the term “cancer” will refer to all deaths due to neoplastic disease with the
exception of leukemia, and “noncancer” will refer to all deaths due to causes other
than neoplastic disease or accident. A more complete approach, which is outlined
in the Appendix, would consider all possible causes of death and types of
misclassification between them. However, restricting to these two broad groups
of cause of death adequately addresses whether the observed noncancer dose
response is due to misclassified cancer, while simplifying the problem consider-
ably. The number of autopsies performed from 1961 to 1975 on cancer and
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noncancer deaths in the DS86 cohort are shown in Table 2 by age and death-cer-
tificate cause of death.

The selection of individuals for autopsy strongly depended on city, sex, time,
and radiation dose. There was no evidence in our analysis that selection for
autopsy depended on death-certificate diagnosis, although recent, more-compre-
hensive analyses of misclassification appear to show such an effect. This will be
discussed further below.

Estimates of cancer and noncancer misclassification rates

The analyses of the proportion of autopsy-based cancers and noncancers that
were misclassified on death certificates were limited to persons for whom DS86
doses were available. Logistic regression methods, using the program GMBQ,*®
were used. The analysis revealed that, at this level of detail in cause of death,
the misclassification rates did not depend significantly on sex, city, or time of
autopsy. In addition, radiation dose was not a significant modifier of the misclas-
sification probabilities. However, it should be noted that the point estimate for a
dose effect on cancer misclassification was relatively large, albeit with a large
standard error. Both cancer and noncancer misclassification rates exhibited
statistically significant rapid changes in the misclassification rate with age at
death for ages over about 65 years. For both types of misclassification a linear
logistic model that was constant for age at death less than 65, but depended on
age for persons dying after 65 years, captured the essential characteristics of the
data. The form of this model is

In [1%8] = Y +Yilage— 65) . )
The quantity (x)* is zero for x < 0 and x for x > 0, and 0 is either Oxc or 8cn. The
parameter values estimated from the autopsy data were Yo =—2.19 and y1 = 0.100
for 6cn, and Y = -3.25 and v = —0.040 for Onc. When averaged over the
distribution of age at death, these lead to overall crude misclassification rates of
20% for cancer and 2.8% for noncancer in this sample. These misclassification
models were used in the main analysis. The models are illustrated in Figure 1.
Two additional misclassification

> el 4 models were used for sensitivity
= 07y <1 analyses. First, as a check of sensi-
B oost
:gn. 05 | - ; T
£ Figure 1. Probability of misclassification
s 04f as a function of age at death (Equation
2 03} 2). Solid line: B¢y, with y, =-2.19 and v,
a 02 beemereeeeee s = 0.100 (20% overall cancer misclassifi-
o 0. i : 2
5 { cation); long dashed line: Byg, with y, =
£ W ——— 1 -3.25andy, =-0.040 (2.8% overall non-
0.0 —a .. o T = cancer misclassification); dotted line:
20 30 40 50 60 70 B0 90 g, with y, = -1.374 and y, = 0.100
Age (yr) (36% overall cancer misclassification).
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tivity of our results to underestimating the overall cancer misclassification rate,
we also performed analyses using a cancer misclassification function with ¥,
increased to —1.374 and v, = 0.100, which exactly doubles the rate of misclassifi-
cation for individuals dying before age 65. For this model, the crude cancer
misclassification rate is 36%. This function is also shown in Figure 1. Second, in
order to examine the effect of dose dependence on 6, we considered an extension
of (2) that included an additional linear term in dose, with parameter v,. The
point estimate for this parameter in the linear logistic analysis was 0.23, with a
95% confidence interval of (-0.15, 0.56). In the model of 8y used in this part of
the sensitivity analysis, we used the parameter values y, = -2.19, v, = 0.100, and
Y, = 0.23. Table 3 shows the relationship in this case between cancer misclassifi-
cation rate and dose for age at death (in years) between 0 and 65 and at 75.

For convenience in the presentation of the results that follow, the three
functions for cancer misclassification will be referred to as 20% misclassification,
36% misclassification, and 20% misclassification with dose dependence.

Regression models for cancer and noncancer mortality

Poisson regression methods® were used to model cancer and noncancer mor-
tality. Background rates (death rates for individuals exposed to zero dose) were
stratified by city, sex, age-at-exposure category, and time-since-exposure cate-
gory. For cancer mortality, the dose effect was modeled using the additive relative
risk model

RR(dose, city, sex, agex) = 1 + e*city+ @ sex+ oagex=298 doge (3)

Here sex is a binary indicator of female sex, dose is mean intestinal dose in
gray within dose category, and agex is mean age at the time of exposure within
age-at-exposure categories. In preliminary analyses a squared term in dose was
included to allow for possible changes in the shape of the cancer dose response
as a result of correction for misclassification. Since this squared term was small
and not statistically significant in any of the analyses, and since its exclusion had
no important effect on the results of interest, only results for cancer relative risk
linear in dose are presented. The parameter B, is interpreted as the excess
relative risk (ERR, i.e., the relative risk minus one) at 1 Gy for a male in
Hiroshima exposed at age 25 years.

Table 3. Percentage of cancer misclassification as a function of dose and age at death

Dose (Gy)
Age (yr) 0 0.5 1 15 2.0
0-65 10.1 11.2 12.4 13.7 15.1
75 23.4 25.5 27.8 30.1 32.6
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The additive relative risk model for noncancer mortality is
RRyc(dose) = 1+ B,dosePz . 4)

This model will be referred to as a linear-power model. Preliminary analyses of
total noncancer mortality showed that nonlinearity would be an important
characteristic of the noncancer dose response. Although linear-quadratic models
have traditionally been used in this context, the linear-power model above avoids
the possibility of estimating incidence at doses smaller than the background
incidence. This latter feature is also shared by threshold models, which are
sometimes used to model data with a high degree of upward curvature, where
the effect of radiation is assumed to be zero below a fixed threshold dose. The use
of the linear-power model eliminates the need to estimate this threshold value.
The power model above provides fits to the noncancer mortality data that are
indistinguishable by statistical criteria from those provided by either linear-
quadratic or linear-threshold models. The parameter B; is the ERR at 1 Gy. The
parameter B2 reflects the degree of curvature. For example, B2 = 1 corresponds to
an ERR that is purely linear in dose and P2 = 2 to a purely quadratic relationship.
Preliminary analyses also revealed no evidence of sex, age-at-exposure, or
temporal effects on noncancer relative risk. All of the analyses of noncancer
mortality were also performed with the same form of dose-response modification
based on city, sex, and age at exposure used in the cancer model above. Since the
results based on models that included effect modification differed only negligibly
from those based on model (4), only results based on model (4) are presented.

Results

Noncancer and cancer mortality in presence of diagnostic misclassification

The first two columns of Table 4 summarize the analyses of noncancer and
cancer mortality with and without correction for misclassification. The top three
rows of the table show the likelihood ratio % statistic for three different hypothe-
sis tests of the noncancer dose response: (1) null model (i.e., no dose dependence)
versus linear-power model, (2) null model versus linear model, and (3) linear
versus linear-power model. The remaining rows of Table 4 give the parameter
estimates for the cancer and noncancer relative risk function based on a linear
model in dose for cancer and a linear-power model for noncancer. The percentage
change in ERR and the estimated number and percentage change in excess cases
in the DS86 cohort due to radiation exposure are also shown.

Without correction for misclassification, the linear-power dose response for
noncancer mortality is significant, with 3 = 18.7 (p < .001). Much of this %2 can
be attributed to the test of linear increase in relative risk, x2 = 15.6 (p < .001),
although some improvement is obtained by allowing nonlinearity. With correc-
tion for 20% misclassification, the linear-power dose response is still significant
(p < .004), and once again much of this is due to the test of linear increase in
relative risk. Note, however, that the estimate of the parameter B,, which affects
the degree of nonlinearity in the noncancer dose response, is greater than 1.5 in
both of these cases, indicating in a sense that the model that fits these data well



'8]BWISS 8y} JO 10418 pIepUB)S = JG ‘|apow Jamod-Ieaul| = 4-7 |2powW Jeaul| = T YSH 9AIBJa) $S90X9 = HHT 'L 0N

(9€) vi€ (se) 89¢€ (91) L1g v12 (ebueyd <%,
syjeep Jeoued ss80X3

g £l gl 2 (Uono81109 OU 'SA)
Hy3 ul ebueyd jusalad
(£e1°0) 529°0 (121°0) 9550 (Le1'0) €550 (621°0) ¥6¥°0 b
(£2200°0) 56€0°0— (01800°0) S¥¥00— (0£800°0) L¥¥v00— (9¥600°0) 9L¥0'0— €0
(1e2°0) 8¥S'0 (8¥2°0) 2090 (£92°0) 89970 (¥62°0) 01270 20
(682°0) 059'0- (50€°0) #2970~ (L28'0) 2LL0- (0se'0) 929°0- o

(s35) serewise Jeyeweled |[apowl Jaouen

(25-) 29 (0s-) ¥9 (e2-) 66 62l (sBueyo o)
syjeep JeoUEOUOU SS80X]

LS— VA o Le- === (uonoeuiloo
ou "sA) Y3 u1 ebueyn
(e98°0) 8291 (e08'0) €64°1L (¥SS'0) LE9'L (F¥¥'0) 095°L zg
(51€0°0) 80E0'0 (92e0°0) 9e€0°0 (02e0°0) 8600 (£1£0°0) 08900 g

(s35) seiewise 19)8wWeled [opoll 190UBIUOYN
(or'<) #1 (or<)1'2 (oL'<)9'g (820) e (enjea d) X 4-7'sA 7
(6807) 6'2 (1s0) 8'e (e00) '8 (100°>) 9°51 (enfen d) ZX 7 sA InN
Glev (2507 6's (v00'>) €11 (1o0>) 281 (enjen d) %X 4= 'sn jInN
108ye asop Nog yum 'ssejosiw "SSB|0SIW %,0Z 10} UoNoaLIo) ‘'sseps|w asuodsal
"SSEB|2SIW 9,0g 10} UoI}0alion %9¢ 10} Uoljoalo) 10} U0I}08II00 ON 8s0p J9oUBdUOU JO IS8 |

sisAjeue Ajanisusg

UOJIEDHISSB|OSIW 10} UCJID31I00 INOUIIM PUB YliM (€ uolenb3) Jasues pue (¢ uonenb3) Jesuesuou o}
uojjouny §si eAllejad eyj jo sieleweled Jo sejew|}se pue asuodsal 8SOp 190UEBJUCU 8] JO S1S8] OllBl PoOoy|8yl| Jo Synsay 't 9|gel



RERF TR 4-91

is closer to a purely quadratic model than to a purely linear model. Correcting
for misclassification decreases the estimated noncancer ERR at 1 Gy from 0.0630
to 0.0498, or by 21%. The number of excess noncancer deaths declines from 129
to 99, or by 23%. The cancer ERR increases from 0.494 to 0.553, or by 12%
(evaluated for Hiroshima males exposed at age 25 years), and the number of
excess cancer deaths from 274 to 317, or by 16%. In this case, correction for
misclassification results in a net 832 cases being reclassified from noncancer to
cancer, which decreases the number of noncancer deaths by 3.5% and increases
the number of cancer deaths by 12.8%.

Sensitivity analyses

The results of the sensitivity analysis, that is, with correction for 36% misclas-
sification and for 20% misclassification with dose dependence, are shown in the
last two columns of Table 4. In the first sensitivity analysis we found that the
dose response in noncancer mortality was flatter than before and was reduced to
borderline significance (p = .052) after correcting for 36% misclassification. In
this case the estimated noncancer ERR decreases by 47% and the number of
excess noncancer deaths by 50%. The estimated cancer ERR increases by 13%
but the number of excess cancer deaths by 35%. Although doubling the cancer
misclassification rate resulted in only a small increase in cancer ERR, the
number of excess cancer deaths increased substantially, because correcting for
misclassification increases the estimated background cancer rate. In the second
sensitivity analysis, the significance of the noncancer dose response disappears
after correcting for 20% misclassification with dose dependence (p = .12). The
noncancer ERR decreases by 52%, and cancer ERR increases by 37% compared
to no correction. The corresponding changes in noncancer and cancer excess
deaths are 52% decrease and 36% increase, respectively.

Discussion

An analysis of the noncancer and cancer mortality in the LSS demonstrates
that the observed significant dose response in noncancer mortality cannot easily
be explained by dose-independent misclassification of cancer as noncancer. Cor-
recting for the amount of misclassification estimated from the RERF autopsy
series, 20% cancer and 2.8% noncancer misclassification, reduces the significance
level of the noncancer dose response and reduces the estimated ERR by 18% and
the number of excess noncancer deaths by 23%. However, the noncancer mortal-
ity dose response remains significant (p = .004). The correction for misclassifica-
tion also results in a 12% increase in the estimated ERR for cancer and a 16%
increase in the number of excess cancer deaths.

Sensitivity analyses showed that the statistical significance of the noncancer
dose response was relatively insensitive to underestimating the overall cancer
misclassification rate. The noncancer dose response was still on the border of
significance (p = .052) after almost doubling the overall cancer misclassification
rate to 36%. However, these analyses also showed that the significance of the
noncancer dose response was sensitive to whether cancer misclassification was
allowed to depend positively on dose. When we assumed a dose dependence
corresponding to a roughly 20% increase in the cancer misclassification rate at

10
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1 Gy, the noncancer dose response was no longer significant. In this case,
however, the estimated cancer ERR at 1 Gy increased by 37%.

Note that this last sensitivity analysis assumes that misclassification of cancer
cases systematically occurred more frequently in high-dose groups than in low-
dose groups. One interpretation of this would require the physician making the
diagnosis of cause of death to have some idea about an individual's exposure level
and consciously or unconsciously to use this information to alter diagnostic
criteria so that cancers would be more often misdiagnosed as noncancer in
high-dose cases. It is unlikely that the people making death certificate diagnoses
have any specific information on dose, although they may know an individual’s
approximate location relative to the hypocenter, which is correlated with dose.
This type of dependence of misclassification on dose seems to us counterintuitive,
since one might expect that deaths would more likely be attributed to cancer,
rather than to noncancer, in the case of higher radiation exposure. Another
possibility is that radiogenic cancers also happen to be those that are most
difficult to diagnose, so that a dose response in misclassification will be observed
if type of cancer is not taken into account. More-detailed analyses of misclassifi-
cation, which are currently under way, may clarify whether a dose response for
misclassification probability should be included in the type of analysis that we
have described.

We found from autopsy data that cancer and noncancer misclassification rates
did not depend significantly on city, sex, or time since exposure. However, there
was a very strong dependence of the misclassification rates on age at death, which
was taken into account in our models. The evidence from the autopsy data about
dependence of misclassification rates on dose is weak. There was evidence that
the selection of patients for autopsy depended on city, sex, time since exposure,
dose, and age at exposure but not on the death certificate cause of death after
accounting for these other effects, although recent analyses of misclassification
may suggest such an effect. The last is important because, if the selection rates
depend in an important way on the initial diagnosis, our estimates of the cancer
misclassification rates could be biased. We did, however, use sensitivity analysis
to investigate the effect of having underestimated the cancer misclassification
rate.

Our analysis of the autopsy data was not comprehensive but was carried out
to meet the specific objective of this report. A recent, more comprehensive
analysis of misclassification points out some areas where adjustments for mis-
classification can be refined. For example, the estimated cancer misclassification
rate appears to depend on place of autopsy (RERF or hospital) and on place of
death (hospital or home). In the former case, hospital autopsy results might have
been considered when completing the death certificate. Estimates of the overall
cancer misclassification rate based only on RERF autopsies are approximately
25% rather than the 20% which we used. This is still well within the range of
values considered in our sensitivity analyses. In the latter case, deaths occurring
in hospitals are more accurately diagnosed than those occurring at home. In
future analyses it may be important to make this distinction, since the distribu-
tion of home versus hospital deaths in the autopsy series may be different than
in the general population, implying that the “average” misclassification rates we
are using are not appropriate.
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In this report we have treated the estimated misclassification functions as
fixed and made inferences about cancer and noncancer mortality, rather than
estimating the misclassification functions using the combined mortality and
autopsy data. Although it is possible to estimate jointly the mortality function
and misclassification rates using the combined data, we have chosen in this
report to focus on the effect of misclassification on inference about cancer and
noncancer mortality dose response. To do this, we used the autopsy data to
estimate reasonable models for the misclassification mechanism that is operating
in the LSS, considered these models fixed, and used them as a basis for the
correction for misclassification.

To refine the correction for misclassification for a specific cause of death (e.g.,
heart disease), it is possible simply to create two categories, one for heart disease
and the other for all other causes of death, estimate the misclassification prob-
abilities between these two categories, and apply the methods described above.
The advantage of this approach is that it is relatively straightforward to apply.
The disadvantages are that the broad, catchall category comprising very different
causes of death may not be interpretable biologically and that a separate analysis
must be performed for every category of death of interest. Alternatively, one could
extend the procedure, as outlined in the Appendix, to more than two classifica-
tions that group similar causes of death. This is more complicated to implement
but may have advantages in interpretability and internal consistency. Either
approach would be useful in determining whether a dose-related increase in the
number of deaths due to a specific noncancer cause can be explained by misclas-
sification of cancer or to refine estimates of radiation risk for particular types of
cancer, such as liver cancer, that are particularly susceptible to diagnostic
misclassification on the death certificate.
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Appendix

Adjusting for misclassification of cancer and noncancer in the context of
Poisson regression

Assume that the mortality function A(¢) depends on a time-varying vector of
covariates Z(¢), and approximate this mortality function by a piecewise constant
failure function taking values A, where £ = 1, . . ., K indexes one of K cells of a
partition of the space of Z(¢). Then the approximate likelihood of the data is
proportional to

K
[T A expl - P

k=1

where Py is the total number of person-years spent by all individuals in the kth
cell and Dy is the number of deaths observed among those in the cell.® In practice,
the step function Ay is described by a continuous function A(z;), where the
covariate vector Z(¢) is discretized into one of K values zp, £ = 1, . . ., K. Various
nonlinear models of A(zs) can be fit easily using the computer program AMFIT,*
which is designed specifically for this problem.

Now, consider one of the cells in the partition referred to above, and define the
following quantities (to simplify notation, the subscript 2 and arguments have
been dropped):

P = number of person-years;

D = number of true cancer deaths;

Dy = number of true noncancer deaths;

d,, = number of observed cancer deaths (from death certificates);

dy = number of observed noncancer deaths (from death certificates);
D = total number of deaths, D + Dy = d + dy;

X, =the number of misclassified true cancer deaths;

X, =the number of misclassified true noncancer deaths;

Ao = cancer mortality rate;

?k‘,,-; = noncancer mortality rate;

8oy = cancer misclassification rate—the probability that a true cancer is
misclassified as a noncancer on the death certificate; and

By = noncancer misclassification rate—the probability that a true non-

cancer is misclassified as a eancer on the death certificate.

Note that 8y and By are false-negative and false-positive rates, respectively,
for the diagnosis of cancer. In addition, in terminology commonly used in
epidemiology, (1—6qy) and (1 - By) are the cancer and noncancer detection rates,
respectively.
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Figure A1. Number of deaths (D) in each classification category and the multinomial
probabilities for the cells in a cross-classification of deaths by true underlying cause of
death and death certificate diagnosis. Marginal totals for deaths are also shown,

Figure Al describes the number of deaths and the multinomial probabilities
for each cell in a cross-classification of deaths by true underlying cause and
death-certificate diagnosis. Marginal totals for deaths are also shown.

The probability that a death certificate diagnosis of cancer is really a non-
cancer (0;.y) and the probability that a death certificate diagnosis of noncancer
is really a cancer (8}c) are easily seen to be

o = MBnc
ON  Ae(1 =By + AnBye
e AcBen _
NG AcBon +An(1 - Bnc) (A1)

In general these probabilities will depend on dose and any other variables that
affect Ac and An, 6cn and Onc. The quantities (1 — 6¢n) and (1 — ) are sometimes
called cancer and noncancer confirmation rates, respectively.

The complete data likelihood for one cell of the K-dimensional person-year
table in terms of the true (unobservable) death frequencies D, and Dy and
misclassified cases X, and Xy is proportional to

L(Dc, DN’ Xc, XN I KC’ ;\JN, ch, eNc) = [(mC)DC(PlN)DN B_P(?"C-"A‘N)]

=% _ DX
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Note that the first term on the right-hand side of (A.2) is proportional to the joint
likelihood for two independent Poisson random variables, whereas the second
term is proportional to the likelihoods of two independent binomial random
variables. This likelihood is maximized by maximizing separately the two Pois-
son likelihoods for cancer and noncancer mortality and the two binomial likeli-
hoods for each type of misclassification.

When X; and X}, and therefore D and Dy, are not observable, the likelihood
of the observable data is proportional to

L(dg, dy1Ag, My, Bons One) =
fi ;
[ PIAG(L = 8cp) + AnBncl | PIAcOcn + An(l — Byo)] [NgPlcth) (A.3)

where the quantities in square brackets are Poisson rates for observed cancer
and noncancer deaths, which are the Poisson rates for true cancer and noncancer
deaths convoluted with the misclassification probabilities. The total complete
data likelihood and observable data likelihood are the products of terms like (A.2)
and (A.3), respectively, over each of the K cells.

The log likelihood based on (A.3) can be maximized using the EM algorithm.”
In the E-step, D, Dy, X, and X} in (A.2) are replaced with their expected values
given the observed data d; and dy. From Figure Al one can see that these
expectations are

E(Dldg, dy) = do(l— 04, +dndisc

E(Dylde, dy) = dbliy +dn(l -850

EXclde, dy) = dybyc

EXylde, dy) = debly - (A.4)

I

In the M-step, the likelihood (A.2) is maximized using the expected values
obtained from (A.4). Likelihood ratio tests are obtained by computing the likeli-
hood based on (A.3), which can be done easily.

As alluded to in the Discussion, one can in principle directly use the autopsy
data for a subset of individuals in this maximization procedure. For the portion
of the data with autopsy information, D¢, Dy, X, and Xy, in equation (A.2), are
known. Thus the E-step of the EM algorithm is unnecessary. For deaths without
autopsy information, the EM algorithm is applied as described. In the analyses
here, however, although we estimate 8y or 68y from the autopsy data, we treat
them as known functions. In this case, the maximization involves only the
Poisson-like terms of equation (A.2).

Extensions to multiple causes of death

Conceptually, these procedures can be extended to the case of multiple causes
of death and misclassifications between them, although implementation is more
difficult. Consider M causes of death, and let A; be the mortality function for cause
i,i=1,..., M. Inaddition, let 6, be the proportion of individuals with true cause
of death i who are classified on tﬁle death certificate as cause j, i, withj=1,..., M.
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Similarly, define D; and d; as the number of true and observed deaths of type i
and X;; as the number of true type i deaths misclassified as type j. Then the
likelihood corresponding to (A.2) above is proportional to

M M
L[Dy Xy bj=1,-+, M)]= [T P e ] 63 ,
i=1 ij=1 (A.5)
subject to the conditions that X;. = D; and 0;. = 1, where the subscript “ - ” indicates

summation over an index. The likelihood corresponding to (A.3) is proportional
to

M | M d"
L(d,-,i:l,---,M):H‘Zlﬁﬁ] e |

bt =i (A.6)
where d; = X ;. The quantities corresponding to equations (A.1) are
A0
=g
IR
k=1 (A.T)
and those corresponding to equations (A.4) are
M
ED;ldy, - ,dy) + ), do;
j=1
E(Xﬁldl, woo s dpg) =dj9j; ; (A.8)

With these equations, the EM algorithm proceeds as before.
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EDy\de. dy) = dg Oy + dy(1- Oyc)

EX¢|de, dy) = dyOic

EXyldz, dh) = do ) (A.4)
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