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Abstract:

Poisson regression methods are used to describe dose-
response relations for cancer mortality for a subcohort of
28.347 white male radiation workers. Age specific base-
line rates are described using both internal and external
(U.S. white male ) rates. Regression analyses are based
on an analytic data structure (ADS) that consists of a ta-
ble of observed deaths, "expected" deaths , and person-
years at risk for each combination of levels of seven risk
factors. The factors are socioeconomic status, length of
employment, birth cohort, age at risk, facility, internal
exposure , and external exposure. Each observation in
the ADS consists of the index value of each of the strat-
ifying factors, the observed deaths, the expected deaths,
the person-years, and the ten year lagged average cumu-
lative dose. Regression diagnostics show that a linear ex-
ponential relative risk model is not appropriate for these
data. Results are presented using a main effects model
for factors other than external radiation, and an excess
relative risk term for cumulative external radiation dose.

Data sets and computer programs are available via the
Internet at <www. epm. o r a l . gov/~f rome/>—see (Oak
Ridge Mortality Study).

1. Introduction

This report considers statistical issues related to combin-
ing data from multiple facilities to evaluate the potential
adverse health effects of low-level occupational exposure
to ionizing radiation. A detailed description of the data
collection and validation procedures, as well as tabular
and graphical summaries of the resulting data base are
presented in companion reports [13, 12, 14]. The anal-
ysis files (which are SAS data sets, see Figure 1) are
the starring point for the data analysis process. After
reviewing the radiation exposure data and the monitor-
ing and recording procedures at each of the Oak Ridge
plants, we decided to limit our dose-response analysis to
tile subcohort of white males who were ever employed
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Figure 1: Procedure Used to Generate The Analytical
Data Structure

at the X-10 or Y-12 plant About thirty percent of these
workers were employed at more than one Oak Ridge fa-
cility. Most of the workers in the subcohort wore person-
nel monitoring devices that recorded estimates of their
external dose over their employment history. For inter-
nal radiation exposure the monitoring policies and proce-
dures varied considerably among facilities and over time
[13,14]. In this combined analysis the internal radiation
exposure IG was limited to the three categories (see Ta-
ble 1).

2. Generating The Analytic Data Structure
(ADS)

The three exposure analysis files at the top of Figure 1
contain the external dose estimate, and the internal expo-
sure index for each year that a person worked at X-10,
Y-12, or K-25. In addition to the usual time related vari-
ables (i.e. birth cohort, age-at-risk) there were three time
dependent covariates:



i) cumulative external dose in year f,

ii) sequential internal exposure category in year t,

iii) facility in year t (as described in [7])

The entry and exit dates for the time dependent cells also
include a lag of two, ten, or twenty years. The person-
epoch [3] approach with grouping on the time dependent
covariates is used to generate the ADS shown at the bot-
tom of Figure 1. The factors in Table 1 are used to il-
lustrate the procedure that was followed to generate the
ADS for our dose-response analysis using all cancer with
a ten year lag as an example.

The first step in the data reduction process was to cre-
ate the "working files" (see Figure 1) for the subcohort of
X-10/Y-12 white males. These files were needed to com-
bine data for individuals employed at more than one fa-
cility. The Cumulative External Dose file contains yearly
cumulative external dose data (with a ten year lag) from
all previous years of employment at all Oak Ridge facil-
ities.

In the second step the variables in these two work-
ing files were used to divide each individual into pseudo-
persons according to changes in category membership
for the time-dependent covariates. Each record in this
file had an entry date and exit date for one of the time-
dependent strata and all additional information that was
needed by mortality analysis system (MAS) [9] for exact
computation of person-years. In this example the 28347
workers are partitioned into 61,597 pseudo-individuals
for processing by MAS.

In the third step the MAS program was used to gener-
ate a person-years matrix for five year age and calendar
year intervals for all possible combinations of factors of
interest (see Table 1). Each of these matrices was then
multiplied by the appropriate rate table for each cause of
death category. This results in a seven dimensional table
that contains 4,230 cells with person years greater than
zero. Each cell in the ADS contains the index values
for each of the factors, the person-years, the person-year
weighted average dose, the observed and expected deaths
for each cause of death category. The ADS used to ob-
tain the results in Tables VI—VIII of Frome et al. [7] is
available through CEDR [2]. The all cancer subset used
in this report can be obtained at the URL in the Abstract.
Table AIV in ORNL-6785 [7] shows the marginal dis-
tribution of person-years by facility and dose group for
X-10/Y-12 workers (white males) with a ten year lag.

2.1 Fitting The Main Effects Model

The general Poisson regression model is
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E(yjk) = njkkjt = njkX°jkR(Zj,Xk), (1)

where Xjk represents the unknown mortality rate, yjt is
the number of deaths, and nik denotes the person-years
at risk in the jk?h cell of an ADS. The ; subscript indi-
cates the dimensions of the ADS that correspond to fac-
tors of secondary interest (e.g., birth-cohort, SES) and
the it subscript indicates exposure related covariates that
are of primary interest, i.e. facility, internal exposure,
and external dose.

Eq.(l) was used to describe the joint effects of each
of the explanatory variables of interest on cause-specific
mortality. Maximum likelihood estimates of the param-
eters and likelihood ratio test (LRT) statistics were ob-
tained using Poisson regression [6] The baseline rate A,̂ .
represents the age-specific death rate for individuals at
die reference level of each of the explanatory variables.
In previous reports on the X-10 only subcohort [15,16] a
parametric model was used to describe the baseline rates,

X% = exp [a* + dlog(Ajk/52.5)},

where Ajk = age at interval mid-point. In Ffome et al.
[7, 8] the external/internal model ([1], Chapter 4)

Xo
jk = X*kexp(Zja),

in which the baseline rates are assumed to be propor-
tional to the known external standard rates X*k (U. S.
white male rates) was used.

To contrast and further explain these two models
both of them were applied to the data for the seven di-
mensional table of observed and expected deaths for
all cancers for the X-10/Y-12 subcohort

For the internal analyses the ERR main effects model
is expressed as

rjk=exp[AL+B+S+L+IG+F}{l+D),

where rjk — yjkltijk is the observed cancer death rate
per thousand person years at risk in the jUh cell, and
AL — log(Ajk/52.5). In this specification all of the terms
are factors (one parameter for each level) except for AL
and dose (D), and birth cohort is the "referent factor".



For convenience in describing results the convention—
[4] Chapter 22—of dropping Greek letters (that repre-
sent the unknown parameters) and listing the explanatory
variables that define the relative risk function is used.
This corresponds to standard GLIM notation [5] for a
log-linear model with factors B, S, L, IG, and F (see Ta-
ble 2.).

The baseline rates are described by the first six esti-
mates in column 2 of Table 2, e.g. for the 1910-19 birth
cohort the estimated baseline rates are log(rate) = 0.728
+ 5.20*log (age/52.5). Consequently, the estimates for
the factor B in column two (lines 2 through 6) of Table
2 represent the log of the all cancer mortality rate for
each of the five birth cohorts at the reference age 52.5
(i.e. they are the intercept parameters). The estimates for
each level of the factors S, L, IG, and F are relative risks
in L% units (see Tornquvist et al. [11]), with the first
level of each factor as the referent category. The next to
last value in column two is the estimated coefficient for
external radiation dose and represents the change in the
ERR per Sv. Estimates of the standard errors of each of
the parameter estimates are given in column 3 of Table
2, and likelihood ratio based 95% CI are given for the
ERR in the last row. The 95 percent confidence intervals
were obtained using the bounds command in epicure
[10] (at the URL in the abstract see af-tabv.txt at "Data
and Computer Programs").

For the "external/5nternal" analysis
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where r^ = yjk/rijkXjk is the SMR for the jtfh stratum
and A = (age - 52.5)/100. The main differences be-
tween this and the internal analysis are in birth cohort
and age terms. The estimates for referent factor B (birth
cohort) in column 4 lines 2 through 6 of Table 2 repre-
sent the SMR for each birth cohort in L% units. i.e. exp(-
10.1/100) = 0.919 is the estimated SMR for the 1910-19
birth cohort at the reference level of each of the other
factors. Interpretation of the levels of the referent factor
is straightforward. These estimates (lines 2 through 6 in
column 4 of Table 2) show, that the all cancer mortality
rate for the referent group (X-10 only nonmonthly long
term workers that were eligible but not monitored for in-
ternal radiation exposure) are less man the U. S. white
male rates, and that the decrease is larger for younger
workers, i.e. the more recent birth cohorts. The param-
eter estimates for the factors S, L. IG, and F (in column
4) have the same interpretation as in the internal anal-
ysis, and are almost identical in numerical value to the
corresponding estimates from the internal analysis (see
column 2). The estimate for the age term in column
4 describes (and adjusts for) any systematic age-related
difference in the external rates and the study cohort in
percent per year units.
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The relative risk estimates for the exposure variables
IG. F, and D are adjusted for effects of the confounding
variables age, B, S. and L. Their values are readily com-
bined to obtain an estimate of the SMR for any combina-
tion of factor levels and dose. Consider four individuals
in the 1910-19 birth cohort, who were long-term Y-12
only workers and were monitored for internal radiation
exposure. Further, suppose that the first two were non-
monthly, and that the second two were monthly, and that
two of them received cumulative external radiation doses
of 0.01 Sv. Using the parameter estimates from column
4 of Table 2 we obtain the results in Table 3.



Relative Risk For All Cancer With Ten Year Lag Using Unadjusted Doses
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Figure 2: Fitted dose-response functions.

2.2 Regression Diagnostics For The Exponential
Relative Risk Function For All Cancer

In previous reports [15,16], the exponential relative risk
function, exp(P£>), was used to describe the effect of cu-
mulative radiation dose on cancer risk. One way to check
the validity of the exponential relative risk function is to
plot estimates of the relative risk versus the average dose
in each of the dose categories (see Figure 2). Another
approach is to use regression diagnostic techniques that
describe the influence of individual data points on pa-
rameter estimates [1,6]. Hie diagonal term from the hat
matrix hj provides a measure of the influence of each
cell in the ADS. The left hand panel of Figure 3 shows
the hj values —scaled so that average (h) = 2— plotted
against the dose value for each of 4160 cells that were
used in the example. This plot indicates that there are a
small number of cells with high relative influence in the
highest dose group. To directly evaluate the influence of
each cell in the ADS on the dose-response coefficient p\
the main effects model with exponential relative risk was
fit to each table obtained by deleting the fh cell to obtain
PQ-J. The relative percent change in p (RCB) due to the

/ * cell is then

~PRCB = 100 (
V SEP ;

The right hand panel of Figure 3 shows the RCB values
plotted versus dose for this example. This plot shows
that there are a small number of cells with high lever-
age values for the linear exponential dose-response co-
efficient This suggests that the exponential relative risk
dose-response relation may not be appropriate for this
data. Table XI in [7] provides a more detailed evalua-
tion of alternative dose-response functions, and Hgure 2
further demonstrate this point.



Diagnostic Plots For Dose-Response Coefficient
Exponential Relative Risk For All Cancer- Ten Year Lag Using Unadjusted Doses
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