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UNITED STATES

g g NUCLEAR REGULATORY COMMISSION
7, ;p WASHINGTON, D. C. 20555

\...../ -

JUL 17 ses -

Mr. Robert Alvarez
Environmental Policy Institute [

i218 D Street. S.E.
!Washington, DC 20003-

Dear Mr. Alvarez: .'

, Enclosed is a copy of the long-sought final report by Kinetic Research Inc ' . .
i,

.

-
,

'
entitled, " Health Effects of Low-Level Ionizing Radiation". We finally
located a copy after an extensive sear'ch of both retired files from our
warehouse and individual personal files. These searches were carried out due

,.

*

to our inability to otherwise locate a copy in response to your earlier
informal requests and your recent Freedom-of-Information Act request.

There were three contracts that NRC sponsored to review the Hanford data: the
Kinetic Research Inc. study,_one by George Washington University and the other
by the Mount Sinai School of Med.icine. Copies of the other two reports are
also enclosed as I thought that they might be of interest to you. * '

One of the conclusions of the Kinetic Research report seems to be that the
data set they examined is clearly not identical to the data set used by
Mancuso, Stewart and Kneale in their final progress report or their
November 1977 paper in Health Physics. This is entirely understandable
considering that the data set changes with time as deaths occur and that

"Dr. Mancuso has been v'ery reluctant to provide us with a copy of the data set
he analyzed, even after repeated requests for a copy. In fact, the
possibility that the data' set we could provide to these contractors might
, differ from that analyzed by Mancuso, Stewart and Kneale was recognized byNRC staff prior to initiating the contracts.

Let me know if you have any questions on these reports (427-4353). Although I
was not directly involved with these studies, I'll try to track down the-

answers.
,

i

Sincerely,

0@md Spal 6y

Harold' T. Peterson, Jr. ,
Senior Health Physicist
Health Effects Branch
Office of Nuclear Regulatory ResearchEnclosures:

1. Kinetic Research Report
2. GWU Report
3. Mount Sinal Report

es insten

8507310214 050717
PDR CONTR
NRC-01-78-011 PDR
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NOTICE

This report was prepared as an account of work

sponsored by the United States Government. Neither the

United States nor the United States Nuclear Regulatory

Commission nor any of their employees, nor any of their

contractors, subcontractors, or their employees, makes

any warranty, express or implied, or assumes any legal

liability or responsibility for accuracy, completeness,

or usefulness of any information, apparatus, product or

process disclosed, or represents that its use would not

infringe privately owned rights.

.
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'Ihis paper reports the resu.i.ts of an analysis of a: data tace provided by the thiclear
Regulatory N=4=sion pagu.i.ed to contain selected information including mortality,
exposure, and work history data for w eiu:5 employed at the Hanford At mic Facility
who were deceased by the end of 1972.

The intent of the study was to analyze this data for dependencies of death due
to cancer 'on exposure to icw level iccizing radiation with proper control for
other variables provided. If possible, dose response relationships were to be
derived. The analysis methoris used included descriptive univariate analysia,
discriminant analysis, categorical analysis, and linear logistic regression.,

Unfortunately, examination of the data and investigation of background material
discovered during the project concerning this data and its sources has lead to
the conclusion that the data provided is not a consistent, reliable, and authentic
representation of the true facts ccncerning the exposure experience of Hanford
workers. In particular, the data provided has certain characteristics whic" are
not consistent with the data as it is reported to be at its nest reliable source.

;*'1herefore, while analysis of the data is presented, one should not presume i

that the results of this analysis accurately reflect relationships which exist in
the real world.

.
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1. INTRODUCTION
> >

In recent years a considerable amount of attention has
come to focus on the biological effects of low levels

of ionizing radiation as a possible occupational,

hazard for workers in the atomic industry. Historically,
.

radiation protection criteria have attempted to provide
conservative guidelines for avoidance of harm consistent

'

with reasonable practicability in the workplace. In

current recommendations permissable levels have been
- set based in part on data gathered at dose levels and in

circumstances quite different from those prevalent in
occupational situations (e.g. Japanese atomic bomb,

victims, radiotherapy patients, and the like). Until
recently there have not been extensive and reliable

'

analyses of the effects of chronic, low dose exposures
to ionizing radiation in a large human population.

.

In 1964 a large scale epidemological study of employees
in AEC contractor facilities was undertaken in a project
funded by AEC and directed by Dr. Thomas F. Mancuso of

_

the University of Pittsburgh. This project, " Study of,

the Lifetime Health and Mortality Experience of Employees
of ERDA (earlier AEC) Contractors" culminated in the
publication of a paper by Mancuso, Alice Stewart, and
George Kneale in Health Physics (Ref. 1) wherein

'

definite statistical associations were reported between
the incidence of various types of cancer and exposure
to radiation for workers at the Hanford (Washington)

-

Atomic Facility. The analysis also produced estimates
't

of doubling doses for certain cancers which were much
lower than had generally been estimated previously.

-1-
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Mancuso's findings have'resulted in considerable discussion

j and have motivated further analyses and re-analyses of
exposure and mortality data from Hanford. The work

presented in this paper is an analysis of certain data

provided by the Nuclear Regulatory Commission purported
to contain causes of death, exposure records, and other

pertinent information for workers once employed at
.

Hanford and now deceased. This data was to be analyzed
for the possible dependence of death due to cancer on*

exposure to ionizing radiation including derivation of
*

dose response relationships where appropriate.

The statistical methodologies selected were descriptive
univariate examinations of the data, discriminant

' analysis, categorical methods using chi-square and
analysis of trend tests, and linear logistic regression.

Results of these analysis are presented.
,

Unfortunately the data provided by NRC was very poorly
'

' documented and could not be meaningfully analyzed
. without further information concerning definitions of
terms and units of quantities. In the process of

investigating these matters and in attempting to answer
other questions which were of concern to us we have

discovered a number of problems with the data which

cast into doubt 'any conclusions that might be drawn from
the statistical analysis.

Consequently, a large part of the material presented in

this report has to do with examination of the data with

. regard to its consistency, authenticity, reliability,

and usefulness for purposes of analysis. It is our

conclusion based on the information which we currently
have in hand that the data presented to us cannot be

,

1
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regarded as a usable representation of the actual

experience of workers at Hanford. In particular, the

data does not represent the reported state of the data

maintained at its most reliable source. While analysis
'

of the data can be and is presented, one should not and

we do not presume that the results of this analysis

accurately reflect. relationships which exist in the-real

world.4

!

,

-3-
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2.0 THE DATA

In any statistical analysis it is important to understand

the background to the data for two reasons: a) to

avoid pitfalls such as confounding effects not

represented in the variables under consideration; and,

b) to develop meaningful interpretations for the

results identified. For.these reasons we conducted a
background review of the data and have presented the

results for the reader in sections 2.1 through 2.5 of

this report. More specifically, section 2.1 includes

a brief summary of primary conclusions; followed by

section 2.2, a discussion of the historical origins of

the data; section 2.3, a general characterization of the

data; section 2.4, issues relating to the dose variables;

and finally, section 2.5 includes issues relating to
,

cause of death and other factors not contained in the

data subset.

.

-4-
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2.1 Summary of Primary Conclusions From the Backcround Review

+

Tuo primary conclusions have been developed from our

.

background review of the data. The first is that neither

all of the available data elements (variables) nor all the

available cases have been provided to us for a thorough
'

and complete analysis. This conclusion, in and of

itself, is obviously of particular concern since the

detail and accuracy with which any analyses can be

conducted and subsequent interpretations developed is
- impeded.

The second primary conclusion is that the authenticity

and reliability of the data prcwided to us for analysis

has not been adequately established. Clearly, this

conclusion presents problems in making statements about
'

the true " state of nature" based on observations obtained
from the data.

,

It cannot be overemphasized that the above conclusions

can significantly influence the understanding and inter-

pretation of the analyses presented in the following

sections.

.

-5-
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2.2 Historical Background

It has become apparent during the project that the
exact background details of the data'are not fully.

known by the Nuclear Regulatory Commission (NRC). The,

written documentation provided to us at the beginning
f of the project,shown in its entirety in Figure 1, was

inadequate for a thorough understanding of the data and
f

would have provided a serious problem in the inter-
i

pretation of any analyses conducted. As a result, we
' have made an effort to identify some of the historical

and technical aspects of the data. A brief review of

the historical aspects of the data will be provided here.r
L t

i

. The study was motivated, at least in part, by a
; series of events. An understanding of the project can

be facilitated by a brief chronological presentation of
<

! the events preceding it. Our understanding of this
. <
'

sequence of events is presented below.
,

'In 1964 the Atomic Energy Commission initiated and
'

!

i funded a program entitled, "The study of the lifetime
: health effects and mortality experience of employees of

AEC contractors" under the direction of Dr. Thomas,

Mancuso at the Universtiy of Pittsburgh's School of<

Public Health. This program AT (30-1)-3394 was continued
under contracts CHAT (11-1)-3428 and E(11-1)-3428 when
the Energy Research and Development Administration (ERDA)
was established incorporating the AEC. The stated

-

purpose.of the study is given in the following quote
from the abstract of an early progress report:

"The objective of this study is to follow
cohort employee populations of selected AEC'

Contractor installations, to test the feasi-
bility of using personnel, employmentc, medical'

and radiation records in establishing the
relationships, if any, between mortality

-6- '
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patterns and levels of radiation exposure. The
reason for the study is t'ae absence of
empirically tested information pertaining to
human populations expose'l to recorded low levels
of radiation over long periods of time. The
procedure devised for the test runs is: to
establish a series of cohorts of populations
at each facility, those continuously employed
as well as those separated, for each year, by
tracing these individuals and sibling controls
through Social Security records to determine
those who have died and their place and date
of death; to obtain death certificates to
establish age-sex specific death rates; and to
analyze causes of death for those with radiation
exposure and work-connected health hazards in
comparison to appropriate non-exposed controls.
The following AEC Contractor facilities have
been selected for the test runs: Oak Ridge
X10, Oak Ridge Y12, Oak Ridge K25, Hanford
and several small feed materials plants.
These facilities provide large populations with
long intervals of operation. Pilot studies
of radiation exposure records of persons exposed
in atomic energy facilities will be carried
out to determine the average occupational
exposure of these populations and appropriate
confidence limits in exposure estimates for
individuals and various sub-populations."

-7-
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Format of Tape

Cols. Content

1-4 age at death (to nearest tenth)

5-6 year of initial employment

7-8 final year of employment

9-11 total years of employment (to nearest tenth)

12-14 cause of death (primary cause) ICD 8th revision

15 race 0 = non-white, 1 = white

16 sex 0 = female, 1 = male

17 exposure code 0 = non-exp, 1 = exp.

18-23 cumulative lifetime dose

24-29 cumulative dose 3 years before death

30-35 5" "

36-41 10" "

42-47 15" "

48-53 20" "

54-59 25" "

60-61 year of death

Figure 1. Copy of the documentation provided with the data
by NRC.

-8-
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One of the facilities considered by the Mancuso study
was the Hanford Atomic Facility in Richland, Washington.
Around 1974 Dr. Milham of the Department of Public

Health for the State of Washington reported (Ref.2) '
.

that his analysis showed an increased incidence of cancer

in persons who had worked at Hanford and died in

Washington, relative to other persons in the State of

Washington. This report spurred analysis of the data

which was being collected by Mancuso's study group.
Eventually Mancuso, et. al., prepared a paper (Ref.1)

which reported a relationship between cancer and low
level ionizing radiation. At the same time his contract
was terminated by ERDA. In the ensuing furor other

persons analyzed the same or similar data including
S. Marks of the Battelle Northwest Laboratories (Ref.3)
and C. Land of the National Cancer Institute (Ref.4).
In addition, Congressional ie'arings were held (Ref.5).
Apparently the NRC was not in a position to address the

issue at the hearings and this subsequently led to the
current program.

In this program NRC decided to use the data employed by
Land, rather than study the hanford data storec at Hanford. -

Thus, a brief review of the origin of Land's data is in

order.

Land had originally requested data from the Oak Ridge
Data Processing Facility. Oak Ridge had some version

of the data collected in the Mancuso study for the

Hanford employees. It is not known to us how or when
the data given to Land got from Hanford to Oak Ridge.
Land requested, apparently in lat.e 1976, a set of variables
for analysis. The rationale for the variables selected
is not known to us.

-9-
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It has been reported to us that the data used by Land

is identical with the data used by us. The reported
~

course of events is that a copy of Land's tape was

made at Geomet Corporation, a computing services

contractor, and was submitted to NRC. NRC then utilized

the facilities of Harry Diamond Laboratories to prepare

copies of that tape for use by the three contractors

on this project. One of those tapes was provided to

us. As a consequence of the numerous data handling

efforts from Hanford to Hanford Environmental Health

Foundation, to Oak Ridge, it is extremely difficult to

determine precisely what the available data represents.

In an effort to alleviate this problem we requested

additional information regarding the data, as well as

additional data elements. Our request was not implemented.

As an alternative course of action, we took some

characteristics of Land's data reported in his study

and compared them with the data we received. We did
~

the same with Mancuso's study. The key findings of

these comparisons are presented below. A more detailed

presentation of these results appears in Section 2.6.

The frequency of each cause of death in our file

matches Land's data (Ref. 4), except for two cases in

our file which have no cause of death. Our cumulative

doses can be shown to be significantly different from

Mancuso's reported in Ref. 1. Unfortunately, we were

unable to compare cumulative dose frequencies with those

in La.d's data.

With respect to sample size, we have more cases than

Mancuso (Ref. 1), the same number of cases as Land (Ref. 4),

and fewer than reported by Mancuso in later reports (Ref. 6
,

and 7). Perhaps most importantly, we have shown that the

~10-
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data we have received has doses in time intervals which
-

are not possible in the data collection scheme

purported to have been followed in the Hanford study
(Ref 8, 9, 10) . Specifically there are 138 cases-

which have reported dose subsequent to the final year,

of employment. The details and ramifications of this,

finding are discussed more fully in Section 2.4.3.
.

It should be noted that our impression, based on among
other things, conversations with Howard Fore at Oak
Ridge, is that Dr. Mancuso never requested nor was

,

ever sent a data set identical with that used here and by
Land. Whether the problems that exist in this datt would-

be present in data used by Mancuso is open to question.,

In any case, it is certain that the actual data analyzed.

in the Mancuso paper (Ref. 1) is not the same as that,

used by Land and by us.

-11-
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2.3 General Characteristics of the Data

As discussed in section 2.2 the data is an extracted

subset, characterised as Hanford employees who have
,

died, of the larger set which includes employees both

living and dead. It does not represent a large
,

number of mantenance workers (=6500) employed by

Jones Maintenance Contractors, who are repcrted to
'

have received higher doses than the average Hanford

worker (Ref. 11); nor does it include AEC employees

who worked at Hanford.

The data consists of 3992 cases which primarily,

represent white males as shown in Table 1.

1

TABLE 1

Number of Deaths by Sex and Race

SEX

Male Female
White 3585 379 |

'

RACE
Other 25 3

'

Of the 3585 white male cases, 62.1 percent were characterized
,

as exposed as shown in Table 2.

TABLE 2
Number and Percentage of Cases

Characterized as Being Exposed.

SEX

Male Female

White: 2226/62.1% 116/30.6%RACE
Other: 12/48.0% 0/0%

It should be noted that the use of the term " exposed"

may be somewhat misleading, since those employees who

-12-
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are classified as non-exposed may be the result of them

not being monitored for radiation rather than not

being exposed to radiation. This issue is discussed
|

more fully in section 2.5..

.

Histograms of each variable have.been made and are
,

contained in Appendix A to facilitate the readers

understanding of at least some of the more general
,

features of the data. The histogram presented for

each variable is a frequency distribution over the
'

values taken on by the particular variable.

The "cause of death" frequency distribution is included

in Appendix B. However, two data omissions in the file

must be noted. First, 5 cases had an invalid initial,

year of employment and the same 5 cases had invalid
,

total years of employment. Secondly, two cases had no

cause of death.

'

For the purposes of relating cancer to radiation

various groupings of ICD (revision 8) codes were used.

These are indicated below together with the total number

of cases and the number of exposed cases for each group.2

TABLE 3

Cancer Groupings Used for the Purpose of Analysis

Total Exposed
General Description ICD CODE White Male Cases Total Cases

lip, mouth, pharynx 140-149 14 14

esophagus and stomach 150-151 35 57

small intestine 152 1 2

* large intestine and
rectum 153-154 66 102.

liver and bile 155-156 10 20

pancreas 157 32 53

-13-
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TABLE 3 (Cont.)
Cancer Groupings Used for the Purpose of Analysis

Total Exposed
General Description ICD CODE White Male Cases Total Cases

158 1 3

159 1 1

160 2 2

lung 161-163 136 213
bone 170 1 1,

171 3 6

skin 172-173 10 16,

breast 174 31--

180 -- 7

181 -- ---

182-183-184 62--

prostate 185 21 43
186 3 4

187 7 11
188 --

---

!

urinary organs 189 15 25'
eye, brain nerves 190-192 18 29
thyroid 193 1 2,

194 1--

195 2 5

196 1--

cecondary lung 197 8 13
| 198 2 2

unspecified secondary 199 13 30
200-202,204 30 44

!' multiple myeloma 203 8 11
205-206 7 14
207-209 2 7

-14-
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2.4 Issues Relating to Radiation Dose
._

An adequate identification of background information for

the dose variables contained in the data extract file
was not provided. This lack of information was perhaps
due in part to the background of the data discussed

'

in section 2.2. In any case thorough documentation of

the dosimetry and data collection practices relevant to

the dose variables was not provided during the program.'

In our own review of the Mancuso Study progress reports,
it became clear that there were many potential pitfalls
which could exist in the data we had received, depending
on when, where and how the data extract file was created.

In attempting to answer the questions which arose about

what the dose data actually represented, it was the

case that we time and time again identified inconsistencies

between one"information source and another (e.g.,

| various persons and written reports) and between information
sources and the actual data extract file. It is the

'

prevalence of this inconsistency which perhaps is most
troubling in trying to assess just exactly what the data
extract file represents. Consequently, we have been

. able to establish what the data file at Hanford is--

supposed to represent; we have not been able to determine-

j whether in fact the data we have is representative of
that data.

i

There are at least three areas of uncertainty with
respect to the dose variables in the data e:: tract file and

one general area relating to the exclusion of data

believed to be relevant to a thorough analysis. These
are discussed below.

. -15-
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2.4.1 penetrating Dose

The dose variable we are supposed to have received is

classified by NRC as the " penetrating radiation dose"

received by a Hanford employee. Clearly, numerous

questions arise as to the definitions and dosimetry
I used to calculate penetrating dose. These questions are

aside from the question of when the dose was received.
.

'

It has been reported to us (ref.12) that the penetrating

dose variable consists of a summation of various dose,

sources. Specifically, it is-the summation of the gamma,

neutron, and Tritium doses plus 35 of the x-ray dose..,

t

It is_ generally accepted that as a minimum quality
,

factors are necessary in the combination of exposures

from various dose sources if such combinations are to
[ be done at all. It has been reported to us that the
'

penetrating dose we have is a simple summation (as

; described above) of whatever was recorded for each dose
! source. The next question, then, is what was recorded

for each source? To this question we have received two,

conflicting answers. The first is that quality factorsa

have been applied to the data using 1.0 for gamma rays
10 for fast neutrons, 3 for slow neutrons, 1.0 for x-rays

and 1.7 for Tritium, although the value 1.0 may have

been used at times for Tritium. To some radio-biologists
'

these, quality factors may inadequately reflect the

relative efficiencies of each source when interacting

with human cells. The other explanation to us was that
*

the data was simply a direct report of various badge

readings. It may of course, be the case that both of

these reports are correct, but apply to different forms.

j of the Hanford data files. As was stated in section 2.2,

which form of the file we have is questionable.
|

1
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.

An issue related to quality factors is the combination

of the exposure and dose units, namely Roentgens and
rads. This concern is applicable to the understanding

of what manipulations were applied to data from pocket,

ionization chambers.
,

.

Further, the use of Tritium is particularly puzzling

since Tritium becomes involved with the body through
'

inhalation or other means and represents a contribution

to the body burden as opposed to a " penetrating dose".

At the same time other internal sources have not been*

included with the penetracing dose. The issue of

whether internal burden should be combined with penetrating,

dose is open to considerable debate.i

:

6

i
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2.4.2 Dosimetry Aspects

How the reported doses were obtained in the first

place is an important issue quite independent of the,

possible manipulations discussed in the previous section.

| Most notably the general pattern for the dosimetry is
,

that procedures changed over time,as might be expected.
For some procedure changes the consequences may be

1 '

significant or at best not be clear; in others it is
'

'

not clear as to whether certain procedures have actually

been implemented in the data set we were provided with.-

Some of the more notable areas of concern are discussed
below.,

one notable change through time appears to have been
,

improvements in badge quality. These improvements have
,

come both in the expansion of dose sources considered
,

(e.g. neutrons, various X-ray sources, etc.) as well

as improvements in the badge sensitivity to low level'

' exposures. In particular there were at least three4

different badge' types used successively prior to 1964

(ref. 8), each representing an improvement to the

previous version. In particular, the ability to

accurately assess neutron dose may have been totally
; inadequate prior to 1950. Further, there have been

,

i reports that some doses for workers may have been
! estimated from work area measurements rather than from
(. actual employee badge readings.

Interpretation of any analysis results would require

full consideration of the effects induced by changes in

: both the sensitivity and quality of the dose data if

( these effects exist in our data extract file.

-18-
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To further couplicate matters, procedures in recording
<~

the badge data have changed over time. Two changes are
-

-

F notable here. First, the frequency of badge readings has

. changed dramatically over the years. In the early years

; badges were read weekly, followed by a change to bi-weekly

readings. Subseque.ntly the badges were read monthly
,

and most recently badge readings were taken yearly.

Keep in mind that up until approximately 1963 or 1964,
F the badge threshold was approximately 30 mr and that

the reporting procedure for the data collection process
'

may have been to record zero dose if the threshold

was not exceeded. When there was no badge reading
- threshold a zero may still have been recorded if the dose

were below 20 mr.

P

The ccasequence of the procedure used to record
'

the doses in the data collection procedure in conjunc-
i tion with changes in the badge reading frequencies

may be severe. One might expect that for monitored

workers the average yearly dose recorded would be lowert

in the early years and higher in later years, since in

the early years it would be hard for the dose to

accumulate over the threshold due to frequent badge> *

readings. This could be the case even though the true
'

average dose might be approximately constant over time.

One further complicating feature when the badge thresholdi

was not exceeded may be that for the very early data the

| threshold va] a may have been reported as the dose and

then at a later time a zero may have been reported. If.

p this were the case we would see somewhat higher yearly
[ doses in the early years, a subsequent reduction when
'

zeros were reported, and finally an increase as badge
-. readines intervals were increased. In any. case,

___

1 this type of variation may have severe consequences on
! .the interpretation of the analysis results and a full
|-

-19-
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,

explanation of the procedures used in the data collection

process must be available for responsible conclusions-

to be produced.

.

Another aspect of the data collection process of concern

is the years for which doses from various sources
,

were incorporated into the data. We have conflicting

information with regard to this point which may or may

not be related to differing forms of the data file.
'

Hanford personnel indicate that the data for each

source is complete, back to the initiation of

operations. A report in Mancuso's progress reports,

at a time when worker exposure records were reported to-

have been complete, indicates that data for each source

is complete back to varying times, at least for the

file at Oak Ridge as shown in Figure 2. A preliminary

sample output (Figure 3 ) contained in the same report
,

shows no radiation records for each source prior to the

year in which the relevant data is reported on tape in *

Figure 2.

Certainly things may have changed subsequent to the

time of the report but we were unable to locate any
'

mention of these changes in subsequent progress reports..

This does not mean changes did not occur, however,

because others working on the project began submitting

their own progress reports at about this time. However,

if the doses at the Oak Ridge Facility were not updated

to include doses received prior to those reported in

Figure 2, one might expect to see an increase in the

average yearly dose over time. Again the consequences

of this Vo~u1d be important in Ehe deveiopment of conclusions.
~ ~ ~ ~
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[ Year lie ta-Ca=a X-Ray tieutron Tritium Extremity

19hh Tape Fn'otometry necordsy

19k5 "* "
,

"' 19k6 "
"

b
*

19k7 "
"

19k8 "
"i

r! 19k9 Bioassay Result
"

"

Cards"1950 !!ist. File
+ " "

{- 1951 " " "
"

w
" " " "1952

.

" " " "1953.

~.

195h " " " " '

"1955 "- "

.--
1956 -""' "

%.
" "1957 Tape '"

.

1958 " " " "
-

" "1959 Tape "

1960 " " " ",-

1961 Front of 1962
~ " " " "

Year End Report,,

- 1962 Tape Tape
" " "

1963 " " " " "
,

196h " " " " "

_

.

-

Table 13 - Sumrnary of Sources of Exposure Data at Hanford

' Figure 2 Reported Source Summary of E::posure Data at
Hanford from Ref. 13.
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There is yet another conflicting report with regard

to the exact nature of the dose data collection
procedure. The data for x-rays prior to 1957 may

have been combined with the Beta and Gamma doses
(Ref.12). The consequences of this effect would

depend on exactly how the dosas were combined to

form the penetrating dose. However, one might

suspect that the x-ray data before 1957 (if it's

contained in the Beta-Gamma dose) would have a different
factor applied (1.0) than the x-ray data after 1957
(.35).

One might expect that the effect of this error if it

exists in the data we have, would be to cause a

decrease as .a function of calendar years in the average
yearly doses received by exposed workers while working,

a ssuming a constant true x-ray exposure. The decrease

would be caused by an inclusion at full dose in early

years up to 1957, but a consideration of only .35 of

the full dose after 1957.

,

b
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;
'

. . . . . .

In an attempt to resolve the above concerns we attempted
within the constraints of the variables presented to
assess just what the average yearly dose was for those
Hanford deaths who are classified as " exposed" in the
data extract file. This plot is shown in Figure 4.

C14
,56.+

-

- *
, e -

d * **-

y 42.+
- **c

n -

o
Q

_

- *
N 38.+
y ** *-

,

o * *-

" * *-

S **-
,

g 14.+- * **
* * * *o -

j * ** *-

'

**-

_

0.+ *
+_________+_________+_________+_________+-___..----+C11

40.0 56.0 72.0
48.0 64.0 80.0

Calendar Ycar

Figure 4. Average Yearly Dose '.cccived hv Imosed Workers
While Employed Basec on Semi-time Averaged Doses.

The exact causes for the shape of the curve (Figure 4 )
may be related to a combination of one or more of the

possible effects which may be present in the data as

discussed above or perhaps others which will be

discussed in the following section. It should also be

-21-
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recalled that the data provided to us in regard to

dose-time histories was in reasonably broad time

increments and as such the above plot will reflect a semi-

time averaged view of the true average yearly dose which
would be present if we had more detailed data.

,

Nevertheless, the implications of the graph are that'

serious time related effects are present in the data.

It emphasizes the need for a detailed description of

the exact background for this particular data extract

file. Further, the plot suggests that extreme care

be used in the interpretation of any analysis results

using this data until a full and satisfactory

explanation and understanding of this plot is available.

,

f

I
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2.4.3 Pre- and Post- Employment Doses

According to several sources (ref. 8, 9, 10), the pre-

employment doses for workers at Hanford were obtained by

first asking the new employee whether there had been any

previous employment where exposure might have been

expeJienced. If the answer was affirmative the health
,

records from previous facilities were recuested.

When and if they were received, they were apparently

installed in an off-site radiation record, although

the date assigned to the radiation was apparently the

date of the receipt of the material at Hanford

rather than the time period over which the dose was'

received. It is not known to us whether these pre-employ-

ment off-site radiation exposures have been included in -

the data we have, since we have seen conflicting reports

with regard to its presence or absence from various

data sets. If the data extract file did include this

pre-employment exposure recorded on the dates received

this might contribute in conjunction with other factors

to the explanation of the early peak seen in Figure 4.

However, it has been pointed out to us that the safety

procedures at Hanford may have been very poor in the

early years which in conjunction with the badge

reading effects discussed earlier may be sufficient to

explain this early peak.

With regard to post-employment exposures, it has been

consistently reported that these doses were not
,

collected and cannot be present in the data. This

facet of the reported data collection procedure has

been the most consistently reported feature of the data.

We can definitely show that this feature (i.e. the

-26-
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7

non-existence of dose af ter the final year of employment)
~

is not' displayed in the data extract file we have. It-

is perhaps this contradiction which more strongly than
anything else suggests that extreme caution be

exercised in any consideration of the analysis results.

We have examined our data file and have found that there
are 138 cases for which post-employment doses exist

in the dose history. Of these, 130 are white males

representing approximately 5.8% of the total 2226

exposed white males in the file. An examination of

these cases shows that generally the doses recorded

after the final year of employment are likely to be

two to three times the total dose recorded during the

reported initial and final years of employment at Hanford.,

The computer program to assess whether post-employment
,

doses exist in the data is contained in Appendix C

in conjunction with its output.

The effects of such data problems are, of course,
'

considerable. If the data indicating that doses are

received after the end of employment are simply

erroneous, then it reflects on the quality of the

remaining data. If the data is correct, but was'

inadvertently included for some cases in the file, then

it implies that doses received after employment at Hanford

are not negligible, thus affecting quantitative values

of possible dose relationships to cancer. Thus, in

either case the effect of this finding is to cast

serious concern on the reliability of any results based

on this data extract file.

We pointed out this significant finding to the CTM and

requested new data. The request for new data was

denied, although the CTM did request verification of

-27-
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the findings from other research groups working with

this data. We see no reason, however, that these |
|findings would not be substantiated by others.

.

S'

f

a

1
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2.5 other Concerns

There are many other concerns with regard to data

we did not receive, in addition to the concern for the

meaning of the data which we did receive. These

additional concerns will be discussed briefly below.
r

2.5.1 Other Exposures

We have not received data which is available with

regard to other exposures. Other exposure information

which does exist includes internal and accidental

depositions. The lack of information with regard to

the several hundred accidental depositions known to
.

exist, not to mention the large amount of internal dose

information available, is a serious constraint on the

development of a responsible analysis.

If the pre-employment exposures are not included in

the data they certainly are available and should be

considered, although they should be provided as a

separate data element.

Medical x-rays were shown in Mancuso's study to be

on the average a significant fraction of the radiation

received by a worker. Individual records for various

procedures show that some workers could easily have

received very large exposure from medical x-rays.

This data is available for all workers, and the results

of the medical x-ray study seem to point out that this

is a source not to be neglected if possible.

Other occupational exposures to such things as

carcinogenic materials like asbestos through involvement

with specific industries at times other than when at

Hanford are not included. They may, however, be

available since work histories mrintained by the Social

Security Administration were used in the data collection

effort. The inclusion of this information would be a

desirable addition.

-29-
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2.5.2 Cause of Death

The fact that a worker had died was established using

the Social Security Administration (SSA) data file in

conjunction with the worker's Social Security number,

_
using the information provided by the SSA death

certificates were obtained. The causes of death on

the death certificate were recoded by a trained

nosologist (ref. 8). The accuracy to which these

assessments were made, not to mention potential errors
'

on the death certificates which may be present due to

lack of recognition of certain types of cancer in

earlier years, is unaddressed. It is the case that up

to 6 causes of death were recorded in an order reported

to be' primary, secondary, and tertiary. The consideration.

of only the primary cause of death raises serious

questions in the sense of the actual cause of death

(e.g. heart failure) which may have been brought on by

stresses induced by cancer or treatment for cancer.

The extent to which this phenomena may be present in
.

the data cannot be assessed since only the primary

cause of death is provided.

2.5.3 Initial and Final Year of Employment and Total

Years of Employment

When. considered in conjunction with the other data

elements provided to us it is important to at least

be aware that these variables do not allow recognition

of the situation in which a worker leaves Hanford to
work elsewhere and then returns to Hanford after some
time interval. A check of all the cases in our data

file shows that the variable total years of employment

is (to within 1 year) simply the difference between

initial and final years of employment. (The discrepancy

-30-
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of 21 year comes about because total years of employment
is recorded to one-tenth year while initial and final

years are reccrded to one year.) Thus we do not

know what the true employment time periods were in this.

data set.

.

2.5.4 Monitored versus Exposed

Unfortunatelythedatawehaveindicates\whethera*

v
worker was exposed or not exposed at some time during

employment at Hanford. An exposed worker is one for-

which a dose was recorded. There is another variable

available which we did not receive indicating whether,

the subject wa's monitored for radiation. One can see

that if a work'er was not monitored there could be no
,

dose recorded. Thus a "non-exposed" worker did not

necessarily receive zero dose. Further, the fact that

a worker was monitored would not imply that they were
'

monitored continuously at Hanford nor would an

" exposed" worker have been monitored for the entire"

work period at Hanford. These effects might at least

have been addressed if the yearly dose readings and

the " monitored" variable had been provided to us.

;

i

i
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2.6 Comparison to Data of T. Mancuso-

Since the data analyzed in this report is from the
same source as that analyzed by Mancuso, Stewart, and

Kneale in 1977 (Ref. 1) it seems appropriate te compare
the data provided to us with that used in the above

_
paper. Table 4 is a comparison of our data to the data

appearing in Table 3 of the Mancuso paper while
Table 5 is a similar comparison with Table 11 in that

same paper. Both tables are for male workers only.

It can be seen that the actual numbers of cases
differ slightly between the two data sets. There are

more total cases in our data but there are some causes
of death where we have fewer cases either totally or
for exposed workers only.

There are also differences in the mean doses which
in some cases are not insignificant, most notably for
lung and brain cancers. It can also be seen from ,the
mean doses for non-cancers, RES neoplasms, and solid
tumors that if there is an effect arising from these

differences it is in the direction of reducing the doses
received by persons dying of cancer and to increase

those received by persons dying of causes other than-

cancer.

It is curious to note in Table 4 that of five diseases
(multiple myeloma, pancreas, brain, lung, and kidney)
which in our findings might be suspected to show
dependencies of cancer incidence on dose received, three

(brain, lung, kidney) show significant reductions in

the mean dose relative to Mancuso's data while two
(multiple myeloma and pancreas) show no significant

-32-
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change. These last two are the same ones for which
other researchers (notably Land) have also found

significant relationships to radiation. One of these,

pancreas, is a disease whose dose distribution is

severely affected by increments of data after the

final year of employment (see section 2. 4.3) . Multiple

myeloma is characterized in this data by having only
8 exposed-cases of which 3 are at anomalously high
dose levels. The additional case (the sixth) in which
we found suggestions of dose dependence was unspecified
secondaries (ICD 199) which is not represented separately,

in Table 4.

Table 11 in the Mancuso paper is an examination of

the trend in proportions of death by cancer as a,

function of dose controlled for age at death in 10
,

year intervals. Table 5 compares the proportions found

by Mancuso, et. al., with similar proportions derived
.

from the present data. It will be noticed that again

the data Is/ generally similar but that there is a
tendency for the proportion of cancers at high doses

to be reduced and those at low doses to be increased.
- In fact, if one ranks the differences in order by

algebraic magnitude from most positive to most

negative, one arrives at the rankings given in Table 3

to which can be applied a Spearman Rank Correlation Test.

The rank correlation coefficients are shawn in the last

column of Table 3. For 5 pairs significance at the .10

level is reached when o exceeds .7 and significance at

the .05 level is reached when o exceeds .8. In

three age categories the coefficient of rank correlation

is .7 or more and it is negative in only one of

the five categories.
1

! -33-
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Mancuso, et. al., use a test of the same type to examine

their data for a correlation of increase in proportion

of death by cancer with increasing dose. They find

coefficients of rank ' correlation of 0.1, 0.0, 0.3, 0.5,

and 0.9 re"spectively for the various age groups. The

significance of these correlations is tested by comparing

the average value of these coefficients to.the mean of

0.0 expected from a set of random rankings. In their
,

case, the average is 0.46, which is different from the

test mean of 0.0 by more than two standard deviations.
'

We notice that in our data the results are almost the

same except in the age group 60-69 where the rankings

are changed and the coefficient is reduced from 0.5 to

-0.1 thus reducing the average to 0.34 which is not

more than two standard deviations away from the null,

result of 0.0.

The point of examining the comparison between the

present data and the Mancuso data is not to suggest that

results derived by Mancuso, et. al., would no longer

be substantiated by the new data because the new data

is different but rather to see whether or not the two

sets of data should be considered to be compatible.

-While it seems that there are systematic differences
,

between the two sets of data, it is more noteworthy

that the differences are in fact quite small in

magnitude. It is true that the outcome of one certain

test cited in the Mancuso paper is altered, but one

should recognize that this is more a consequence of

the marginal nature of this test than of drastic

changes in the data.

What is more bothersome is to understand why two

separate extractions from the same data should produce
different information, given that the difference is not

-34-
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merely the consequence of the accumulations of additional

,
cases as time has gone on. -

In a normal sequence of events one would want to
9

investigate the procedures used to prepare both sets of
-

data in order to discover any sources of discrepancy.
'

Since this alternative is not open, one can only note

the difference and recognize that there are some
- uncertainties in the accumulation of the data which

may have to be recognized in any evaluation of the '

results.

,
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TABLE 4

MEAN DOSES BY CAUSE CF DEATH
Colmn A - Results of Mancuso, et. al.y

,

Coltan B - Results of Current Analysis
.

Cause of Death Total Cases Cases Exposed Mean Dose-Total Mean Dose-Exposed
by ICD Codes A B A B A B A B

f
| _Non-Cancers

2 20-136 Infective 29 32 16 18 43 50 79 90r
! 210-239 Benign Neoplasms 10 10 4 4 15 15 39 39

244-289 Endocr. 54. 65 34 40 96 150 153 243
290-389 CNS 36 37 20 21 94 92 169 162
390-458 CVS 1837 1885 1149 1184 105 106 167 168

! 460-519 Respiratory 194 194 108 107 74 74 133 134
520-577 Diges~tive 139 140 83 86 114 136 190 221
800-999 Accidents 450 459 271 274 94 98 156 164,

580-796 Residue 101 100 57 55 85 43 151 79
,

RES Na'n1==

i 200-202 Lyriiptwas 34 35 28 28 119 117 145 146
203 Myelmas 11 11 8 8 775 775 1066 1066

p 204 Lymphatic Ieukemia 3 3 2 2 19 19 29 28
205 Myeloid Ieukemia 11 12 6 6 122 111 223 223

* 206-209 Residue 5 5 3 3 12 12 19 19

Solid Tumors
!

140-149 Mouth & Pharynx 24 23 14 14 89 79 152 129
e 151 Stcmach 38 38 26 26 60 58 86 85

153 Iarge Intestine 61 63 48 50 135 133 171 167'
154 Rectm 19 19 16 16 99 99 118 118

150,152 Other Intestinal 18 20 10 10 32 28 58 57,

155-156 Liver, Gall Bladder 18 19 10 10 31 29 56 56
157 Pancreas 49 51 31 32 253 253 399 404,

162-163 Lung 192 195 130 129 169 142 249 214
185 Prostate 43 43 21 21 42 42 87 87
189 Kidney 21 23 14 15 187 171 281 263

186-188 other G.U. 15 15 10 10 82 82 123 122
191 Bra.tn 18 21 11 14 220 194 361 291,

4 Residue 90 92 54 55 81 76 135 127

Totals:

Non-Cancers 2850 2922 1742 1789 99 102 162 166
RES Neoplasms 64 66 47 47 219 213 299 299
Solid Turrors 606 622 395 402 130 119 199 184

'IUTAL 3520 3610 2184 2238 107 107 172 172
1 Mancuso, T. F., Alice Stewart, and George Kneale, Radiation Exposures of Hanford

1.brkerr Dying frca Cancer and Other Causes, Health Physics, Vol. 33 (November 1977)
p. 37 6.

Including 2 with no cause of death (1 exposed) .

-36-
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TABLE 5

Fm1.iion of Deaths-Due to Cancer by Age and Dose for Male Workers
Ccznparison Between Results of Mancuso, et. al. , and Results of Current Analysis

DOSE

Age 0 1-19 20-99 100-499 500 + Total e,

I 39.9 11.5/ 113 13.1/ 61 10.2/ 59 8.0/ 25 20.0/ 10 11.6/ 268 .9
.

9.3/ 108 10.9/ 55 8.6/ 58 8.3/ 24 22.2/ 9 9.8/ 254 or

2.2/1 or 2 2.2/2 or2 1.6/3 .3/4 -2.2/5 1.8 1.0
.

.

40.0-49.9 11.3/ 203 18.3/ 82 21.9/146 22.8/ 79 9.5/ 21 17.0/ 531
,

13.0/ 185 15.9/ 82 21.9/137 23.0/ 74 11.8/ 17 17.3/ 495 .4

-1.7/4 2.4/1 .0/2 .2/3 -2.3/5 .3,

50.0-59.9 20.9/ 340 14.2/155 23.6/199 20.9/158 26.8/ 56 20.7/ 908

19.3/ 331 16.1/137 24.5/200 21.9/155 31.0/ 58 21.2/ 881 .~

1.6/1 -1.9/4 .9/2 -1.0/3 -4.2/5 .5

,

60.0-69.9 22.9/ 375 23.2/164 26.2/260 24.1/191 21.7/ 60 23.9/1050 .8
,

22.2/ 360 21.6/162 26.6/248 25.0/184 22.6/ 53 23.7/1007 or

.7/2 1.6/1 .4/3 .9/4 or 5 .9/4 or 5 .2 .9

? 70.0 13.5/ 341 10.4/183 18.3/246 18.3 / 71 41.7/ 12 15.0/ 853

13.6/ 352 11.6/189 17.5/251 18.9/ 74 29.4/ 17 15.1/ 883 .5

.1/3 -1.2/5 .8/2 .6/4 12.3/1 .1

17.4/1372 15.8/645 21.8/910 21.4/524 23.3/159 19.1/3610 .9

Total 16.9/1336 15.7/625 21.7/894 22.0/511 25.3/154 19.0/3520 or

.5/1 .1/2 or 3 .1/2 or 3 .6/4 -2.0/5 .1 1.0
t |

0 .4 .45 .15 .5 .6 .2

1 Mancuso, T.F., Alice Stewart, and George Kneale, Radiation E.p ures of Hanford
Workers Dyi:xJ frcm Cancer and Other Causes, Health Physics, Vol. 33 (November 1977)
p. 376.
IG:Y: % cancer deaths / total cases - Current Results

% cancer deaths / total cases - Mancuso Results
Difference in percents / rank
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3.0 . DATA ANALYSIS

.The general. data analysis methodology employed together
with a summary of the data survey analyses are contained
in Section 3.1. The discussion is, however, limited

to a brief overview. A more detailed analysis of

respiratory cancers is contained in Section 3.2.
.

3.1 Methodology and Data Survey Results

.

The analysis methodology employed was comprehensive in

that it' applied a number of differing analytical tools
'

to the data. The approach relied, however, not only

on the use of differing statistical procedures but also
- on the consideration of a wide variety of subject

groupings.

The data ' irst reviewed to identify the univariate

distribut. ..s present in the data. An example of this

procedure for the whole data set is contained in

Appendix A. Similar distributions were developed for
'

various case subgroups. These subgroups included

cases accepted when filtering for various race-sex

groupings, followed by subsequent filters on exposure

and various causes of death. At the completion of this

procedure it was apparent that if race and sex were to

be considered as relevant factors, then only the white

male group had an adequate number of cases for the

analysis approach anticipated. All remaining statistical

analyses considered only cases which were white males.

'Following the univariate review various bivariate
relationships were examined for the white male subgroup.

- Cumulative dose comparisons with various causes of

death were examined for various groups.

In general, chi-square-and t-test analyses were used

to evaluate whether notable effects were being observed.

An example of such an analysis is shown in Table 6 where

:the expected and observed dose frequencies for various

causes of death are compared using the chi-square method.
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0l9

1

1 I 9 I 418 I 355 I 148 I 14 I 55 I 17 I- 123 I 1139
__l__s_0__y_____a.01

1 399.5I 369.01 i30.5I 16.51 70.31 15.51 120.91
_ __y_______y_______y_______y_______y_______I_______y_______y_______

m 2 I 4 I 208 I 208 I . 63 I O I 48 I 7 I 63 I 609d I 4.71 213.6I 197.3I 74.11 0.01 37.6I o.3I 64.71g __si_150__y_______y_______y_______y_______I_______y_______y_______y_______y__,______

> 3 I 2 I 77 I 60 I 26 I 3 I 11 I 2 1 30 I 219M 1.7I 76.8I 70.9I 26.61 3.21 13.51 3.01 23.3Ig g _151-30d[______y_______y_______y_______y__,____y_______y_______y_______y_______y_______
m O 4 I- 2 I 70 I D3 I 31 I 7 I 22 I 4 I 18 1 237'

301+ I 1.8I 03.1I 76.81 28.01 3.41 14.6I 3.2I 25.2I
_______y_______y_______y_______y_______y_______y_______y_______y_______y_______
TOTALS I 17 I 773 I 714 I 268 I 32 I 136 I 30 I 234 I 2204

IOIAL CifI SOUARE =

'

.01 f .06 I .53 1 .65 i .39 1 3.72 i .14 + .04 i

.10 i .15 i .58 4 1.65 i .08 1 2.09 i .20 1 .04 i

.06 1 .00 I .12 I .01 1 .01 t .47 i .32 1 1.96 I

.02 1 2.07 i .50 f .17 1 3.69 4 3.72 i .19 f 2.04 I
| 26.97=

* Excluding ICD 170, 174, 193, 20s, 206, 203, 210-239
Table 6. An example of a Chi-square Analysis of Dose

Versus Cause of Death.
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In addition, rank tests were used in an attempt to

approximate results previously obtained by others. These
are reported in section 2.6.

Due to the uncertainty in the validity of cases characterized
|

as unexposed, as discussed in section 2.5.4, it was,

decided at this point that further survey analysis would
consider two general groups. The first group would

include both the exposed and unexposed white male (EUWM)
workers. The second group would contain simply the

'
exposed white male (EWM) workers.

The varying radio-sensitivity of cancers depending on-

the particular cells aficated was recognized and-

considered important enough to call for separation of
primary causes of death into consistent cancer groups.
The ICDA codes used to group various cancers is shown

,

in Table 3 contained in section 2.3. Only those

cancer groups which had more than eight cases were

.
considered in subsequent analyses.

In general, subsequent analyses considered the response
as the probability of a particular cancer and no-cancer.

The cancer group would include those cases which fell
.

within a particular group specified by Table 3. The

no-cancer group would contain cases with a prin.ary cause

of death which was not considered to be a cancer.
However, we could clearly see the effects accidents had

on the percent of cases which died of cancer as a

function of ages, as shown in Figure 5. We recognized

that accidental deaths from external causes are not
diseases and may be considered to be a competing risk
which might mask the effects of radiation due to the

strong dependence of accidental death on age. As a

result, our subsequent survey analyses considered two
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Figure 5. Percent of Deaths Due to Cancer As a Function of
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additional subgroups of the EUMM and ENM groups mentioned
previously. These additional subgroups where characterized

by the non-cancer group containing either all non-cancers or

all non-accident non-cancers, and denoted by the letters-

ALL or NA respectively. Thus, actually four general

groups were evaluated for each cancer group of interest.

These were 1) The exposed and unexposed white male

workers with all non-cancers (EUWM-ALL); 2) The
' exposed and unexposed white male workers with accidental

,

' deaths excluded from the non-cancer group (EUWM-NA);
3) The exposed white males with all non-cancers (EWM-ALL);

and 4) The exposed white males with no accidental

deaths included in the non-cancer group (EWM-NA). The

number of cases available in each group is shown below:

EUWM-ALL EUWM-NA EWM-ALL EWM-NA

|Non-Cancers ! 2895 2446 1776 1508-

,!
'

449 | 449All Cancers 684 684

Total 3579 3130 | 2225 j 1957

Table 7 Breakdown of Cases for Various Subgroups
Considered in the Analysis.

It should be noted that the data provided in the above table

excludes some cases in the data set which contained invalid
codes for one or more variables.
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.3.1.1 Discriminant Analyses

.Having identified the general groups of data to be
considered it was desired to scan the data on a detailed
basis to identify those variables which exhibited a

relationship to the incidence of particular cancers for
'

each data group. An automated procedure to select
'

relevant variables was desirable since an additional 15
variables (shown in Appendix D) had been created from

*

the. original data elements given to us. Stepwise

discriminant analysis was particularly suited to this,

task, since the response groups could characterize a

particular cancer (e.g. pancreas) and no-cancer.

.rogram used to do the discriminant analyses was
BL .-7M. The procedure is based on the assumption of
equal-population covariances for the groups (as well as
multivariate normality of the discriminating variables,
but this normality assumption is usually not critical).

The sample variances of many of the discriminating '

variables are different enough between.the groups that
one could question the assumption of equal population
covariances. However, since the goal in using discriminant

analysis was simply to pick out those variables which

bear a strong relationship to the incidence of cancer,
'it was felt that the above objection would present no
serious problem. The cure for unequal population

covariances is to use quadratic discrimination, but it

was felt that this procedure would not produce a set of
discriminating variables different from that obtained

from linear discriminant analysis. Furthermore, quadratic

discriminant analysis is sensitive to departures from
normality. (See Lachenbruch, pg. 20.) At the conclusion

of the analysis it did, however, appear that in some

cases the analysis did. suffer from lack of homogeneity
of variance.
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At each step of the discriminant analysis the BMDP

program computes an F-statistic for each variable to

enter which measures the amount of discriminating power
which that variable has. As new variables are entered,

the F-statistic for variables previously entered can

decrease to the point where the old variable is no longer.

providing significant discrimination. In such a case,

the old variable may be removed at some step. This

removal did not occur in our discriminant analyses.

For the set of discriminating variables determined at
.

each step of the stepwise procedure, the BMDP program
computes the probability of membership for each case

in each group and uses this probability to classify
each case into the group for which it has the highest
probability of membersnip. The probability is a

posterior probability based on a prior probability

distribution of group membership specified by the user.
In our discriminant runs we always specified equal,

priors since we were interested solely in the relationship
between the incidence of cancer and the variables

L

characterizing the workers history, and we did not want

to make use of informatior. about the relative frequency
of occurrence of various causes of death. In our runs

the probability of overall correct classification varied

roughly from 50% to 90%. When using two groups, the

probability of correct classification of a particular

cancer occasionally dropped below 50%. A more complete

description of the computational aspects of discriminant

analysis appears in Ref.14.

Table 8 summarizes the discriminant analysis results
obtained for each specific cancer considered. The

specific cancer groups considered are shown along the top
edge of the table. Under each cancer label are four columns.
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RESPIRA'10RY I' 3CPAL EEOPHAGEAL & S101ACllJ

161-163 153-154 150-151

' '

l1 2 3 4 1 2 3 4 1 2 3 4
HAM- DhM- BM- DM- RAM- IDH- EN4- DM- HAN- HAM- DM- DM-

VARIABIE ALL NA ALL HA AIL NA ALL NA ALL NA AIL NA

1 DENI11 AGE 3 2 *

2 INITLYR * 2 2
3 FINALYR
4 'IUPALYR * *

5 EXPOSURE C C 1 1
6 CtM OSE
7 CIDS 3 r **

8 CDOS 5F
9 CDOS 10&

10 CDOS 150 * **

11 CDOS 20F
i 12 CDOS 25F -

y 13 YRDEN111 2 2 * 1 1
14 Del 3A
15 IR2 **

16 Dr3
17 DOS 0-3
18 DOS 4-5

* * *19 DOS 6-10
20 DOS 11-15
21 Dosl6-20 4 ** 3 3
22 DOS 21-25
23 DOS 25t

** ** **24 t1AXDOS
25 'INAXDOS
26 N;E SQ 1 1 1 1 ** 1 1 2 *

27 CAUSE

No. Cancers 202 202 136 136 82 82 66 66 56 56 35 35
No. Non-cancers 2895 2446 1776 1508 2895 2446 1776 1508 2895 2446 1776 1508
% c.c. cancer 67.3 64. 58.8 51.5 80.5 73.2 73.2 57.1 54.3
% c.c. non-cancer 57.0 54. 56.3 63.5 38.7 47.8 40.8 60.8 60.7

TABLE 8 Summary of stepwise discriminant analyses, showing the order in which the
variables were chosen for inclusion in the model.
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PM CREAS LYMPIF.YrIC IDJKEMIA PIOSTA'IE
157 200-204, 204 185

1 2 3 4 1 2 3 4 1 2 3 4
BMt- IMM- DN- DN- HAM- DAM- DM- HM- HM4- EUWi- DN- DM-

VARIABLE AIL IM ALL NA AIL IM ALL NA ALL NA ALL NA

1 DEATilAGE 1 1 1 1 1 1 1 1
2 INITLYR
3 FINALYR **

4 'lOTALYR *

5 EXIOSURE C C C C
6 CUFtX)SE
7 CDOS 3&
8 CDOS S&
9 CDOS 10t

10 CDOS 15F
11 CDOS 20t

1 12 CDOS 25t
i 13 YRDEATil

14 Drl ** **

15 DP2 ** **

16 DP3 *

17 DOS 0-3 *

18 DOS:4-5 1 1 1 1
19 DOS 6-10 *

20 DOSIl-15
21 DOS 16-20
22 DOS 21-25
23 DOS 25F * *** * ** ***

24 t1AXIDS
25 'INAXDOS 2 2 * 2 2 * *

26 NI SQ 2 *

| 27 CAUSE

tb. Cancers 51 51 32 32 38 38 30 30 43 43 21 21
No. Non-cancers 2895 2446 L776 1508 2895 2446 1776 1508 2895 2446 1776 1508
% c.c. cancer 21.6 13.7 21.9 21.9 68.4 73.7 63.3 66.7 62.8 62.8 66.7 57.1
% c.c. non-cancer 88.1 91.7 90.4 90.8 63.7 66.9 58.7 61.8 61.6 61.7 57.5 56.2

TABLE 8 Summary of Discrlminant Analyses (cont.)
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BRAIN KII1HN MOU111 PIIARYNX
190-192 189 140-149

b| 4- 1- -

VARIABIE AIL NA AIL FM AIL NA AIL NA ALL NA AIL in

1 IEATIIAGE 2 1 2 1
2 INITLYR *

3 FINALYR
4 'IUPALYR

| 5 EXPOSURE
- 6 CHOOSE-

| 7 CDOS 3 F
8 CDOS 5t
9 CDOS 10t

10 CDOS I5t .

11 CDOS 20t
i 12 CDOS 25t
w 13 YRDEN111 ** 2 1'

14 Url 3 2 3 2
15 DP2
16 Ur3 1
17 DOS 0-3 *

** * **18 DOS 4-5 1 1 2
19 DOS 6-10
20 DOS 11-15

* **21 DOS 16-20
22 DOS 21-25
23 DOS 25t 1 3 1 *

24 r1AXDOS *

2511MXDOS **

26 N;C SQ " "' i 1 * ** r
27 CAUSE

No. Cancers 27 27 18 18 22 22 15 15 23 23 14 14
No.t w o 2895 2446 L776 1508 2895 2446 1776 1508 2895 2446 1776 1508
% c.c. cancer 59.3 66.7 72.2 77.8 22.1 45.1 53.3 80.0 78.3 78.3
% c.c. non-cancer 69.4 69.5 72.4, 68.2 91.5 73.5 72.2 61.5 41.6 41.1

-TABLE 8 Summary of.Diser.iminant Analyses (cont.)
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LNSPECIFIED SEXIMMRY LIVER SKIN CANCER -

199 155-156 172-173

1 2 3 4 1 2 3 4 1 2 ; 4
HM4- HAM- DM- DM- HAM- EL N1- EM- EM- HhM- HAN- DM- DN-

VARIABLE ML FM ML PM ML NA ML NA ML NA ML NA

1 DEATIIAGE 1 * * 1 1 1
2 INITLYR
3 FI!ELYR * ** **

4 'IUPALYR 2 *** * *

5 EXPOSURE * ** *

.6 LU COSE
7 CDOS 3F **

8 CDOS St
9 CDOS 10t

10 CDOS 15+
11 CDOS 20t

1 12 CDOS 25t
? 13 YRDEATil

14 Url **

15 UP2 **

16 Ur3
17 DOS 0-3
18 DOS.4-5
19 DOS 6-10
20 00s11-15
21 DOS 16-20 *

22 DOS 21-25
23 DOS 25t 1 * 1 1
24 11AXDOS **

25 'INAXDOS
26 AGE SQ l * ** ***
27 CAUSE

No. Cancers 27 27 13 13 19 19 10 10 13 13 10 10
No. Non-cancers 2895 2446 L776 1508 2895 2446 1776 1508 2446 2446 1776 1508
% c.c. cancer 11.1 53.8 23.1 73.7 70.0 53.8 60.0 60.0
% c.c. non-cancer 94.2 74.7 91.9 41.6 57.8 62.5 63.7 65.5

TABLE 8 Summary of Discrlminant Analyses (cont.)
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SECOMARY IDNG CANCER MJLTIPIE MYEIfMA
197 203

|

1 2 3 4 1 2 3 4
HAM- HAM- DM- HM- HAM- HAM- DM- DM-

VARIABLE ALL NA AIL NA AIL NA ALL NA

1 DEATilAGE
2 INITLYR * *

3 FIl3ALYR
4 'IUPALYR
5 EXIOSURE
6 ClDOOSE
7 CDOS 3I
8 CDOS SF
9 CDOS 10t

10 CDOS 15&
| 11 CDOS 20t'

$ 12 CDOS 25&
8 13 YIOEATII 1 1

14 Url
15 UP2
16 UP3
17 DOS 0-3

| 18 DOS.4-5
19 DOS 6-10 * *

20 DOS 11-15 2 2 2 2
21 DOS 16-20 1 1 1 1
22 DOS 21-25
23 DOS 25t

| 24 tmXDOS 3 3 3 3
| 25 'INAXDOS ** **.

26 AGE SO " "

27 CAUSE

No. Cancers 16 16 8 8 11 11 8 8
No. Non-cancers 2895 2446 1776 1508 2895 2446 1776 1508
% c.c. carcer 43.8 63.fi 27.3 27.3 37.5 37.5
% c.c. non-cancer 62.6 65.6 97.3 97.3 97.2 97.9

TABLE 8 Summary of Discriminant Analyses (cont.)
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These columns correspond to the four groups which were

to be considered as mentioned previously. Specifically,

the first column corresponds to the EUWM-ALL group, the

; second the EUWM-NA group. Column 3 contains the results
'

of=the analysis using the EWM-ALL group and column 4

the results of the analysis of the EWM-NA group for the,.

.[ particular cancer group of interest. The rows correspond

to the variables considered for selection during the
,

discriminant analysis. The numbers which appear in the
.

columns correspond to the order in which each variable
I

was selected for inclusion in the classification
'

function. Up to five variables were allowed to be

i selected'by the discriminant analysis as long as the
i F-statistic exceeded 3.0. The maximum number ever

selected was 4. At the bottom of each column is presented

! a number of cases in each of the response groups and

the correct classification percentage which resulted..

from the final classification function. Stars in the

table indicate variables which would have been selected
,

after the last variable selected if the F to enter had

been set lower.

'

The letter C by the variable " exposure" indicates that

this variable had an F-statistic of more than 2 on the

initial step. For the EWM-ALL and EWM-NA " exposure" of
course was not considered since all cases in these groups

were exposed by definition.

.

To illustrate the interpretation of the table, consider

the respiratory cancer analyses. The,first of the four

columns under this heading is a summary of the results

found when the exposed and unexposed white males were
considered. The response groups were, on the one

hand, those cases with a cause of death described as

respiratory cancer in Table 3, and on the other, those

-50-
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| cases with a non-cancer cause of death including accidental
causes of death. We can see-at the bottom of the column
that there were 2895 non-cancer cases considered which
were compared with 202 respiratory cancer cases. The

first variable selected.was AGESQ, measuring age squared
as defined in Appendix D. Note that before any variables

'

had entered the model, the exposure variable was found
to-be mildly significant as indicated by the C next to

' exposure. At the second step of the analysis, the

variable YRDEATH entered. YRDEATH represents the
.

calendar year of death. The third variable which,

entered the model was DTl which is the time interval
between the initial year of employment and the year
of death. The fourth variable to enter was the dose,

which was recorded.as being received.in the time

interval 16 to 20 years prior to death. We can also

see that other dose variables might have entered the

model had the F-to-enter been set low enough, as
indicated by the stars. One star means it had the

highest F-statistic at that point, two stars the second

highest, etc.

We can also see that the correct classification function
was 67.3% for the respiratory cancers and 57.0% for the

no-cancer group. Thus from this column we have an
indication of those variables which are likely to provide
the best predicative capability for the incidence of

respiratory cancer from those variables considered for

the EUWM-ALL group.
.

A number of features present in Table 8 are perhaps worth
noting. As a general rule, AGE or AGESQ appear as
important factors in modeling the incidence cf cancer

51--
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for mo'st cancer groups. Pancreas (157) cancer for the
EWM-ALL and EWM-NA groups are notable exceptions, as

are kidney cancers (189), unspecified secondary cancers
(199), and multiple myeloma (203). Various calendar

year effects such as the year of death (YRDEATH), initial
year (INITLYR), and various length of time indicators (

s

such as total years of employment (TOTALYR), time from
maximum dose (TMAXDOS) and DT1, DT2 and DT3 all appear
as variables of interest for one cancer group or another.
However, their significance may be classified in a

general way as very marginal except in a few cases.

A very notable feature in the table is that the cumulative dose
(CUMDOSE) was never selected as a variable to enter any
model. The fact that the doses received in specific time
intervals (e.g. DOS 4-5 : dose received in the time interval
four to five years prior to death) were selected on

numerous occasions, explains the fact that the total

cumulative dose was not selected. This fact.may simply

reflect the concept that there is a latency period
between dose and cancer incidence, although the time
intervals available to us and the manner in which the
time intervals are modeled, are likely to be only a
simple minded version of the true relationships.
Notable by the inclusion of dose variables in their

classification functions are: Respiratory Cancer (161-163),

Pancreas (157), Brain (190-192), Kidney (189), Unspecified
*

Secondary cancers (199), and Multiple Myeloma (203).
In addition, dose variables were remotely sensitive

L- although not selected in a number of other cancer groups.
i

The interpretation of the inclusion of the dose variables
in the classification functions are of course subject
to the concerns identified in section 2.

-52-
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3.1.2 Logistic Regression Models
'

i

In the case of a model with two possible responses,
b ; e;g. ,q death from cancer and death from cause other than,

\.t ,

l d'canc,er,', the logistic regression model expresses the
.

.

Y Yprobability of one response as p=e /(1+e ) , .cn
equivalently, as log [p/(1-p3 = y where y = a + Z8 x is

>

33a linear combination of the covariates x with unknown
3

parameters a and 8. which are to be estimated. The *

3
probability of the other response is then 1 - p. The
parameters a and 8 are estimated by the method of

3
maximum likelihood. The logistic regression model has

several features which make it more appealing than a
,

; model in which the data is categorized. First, the
! logistic regression model can handle continuous

; covariates as continuous variables. There is no need

; to categorize these variables; and since the choice of

cutpoints is somewhat arbitrary and subjective, one
would like to avoid splitting a variable into categories,'

,

if possible. Also, in the logistic regression model<

the probability comes out as a continuous function of4

; a continuous-covariate such as dose. There are no
,

jumps in probabilility as one crosses a boundary. A
second consideration which favors the logistic regression

;

model over a categorical model is that when one is
1 dealing with a number of categorical variables the
i

| number of cells increases rapidly and the number of
j observations per cell goes down rapidly. The categorical
. analysis does not behave well with small cell counts.

1Finally, the logistic regression model usually results '

in a simpler model since it contains only one parameter
'

for each independent variable in the model. A possible

objection to the logistic model is that it postulates

h' a very specific form for the response probability, i. e.,

| that log [p/(1-pd be a linear function of the independent
.; ___.. __. _ _ _ _ _

1
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variables. However, if'this relationship is not linear,

one can add square terms, etc. to the model to achieve.

the desired linearity.

The stepwise discriminant analyses have identified a

number of specific cancers in which some dose variable

was selected. The next step in our approach at this point

is to model the probability of death from cancer as a

function of the variables suggested by the discriminant
analyses. However, in view of the serious questions

raised in section 2 concerning the data, most notably,
1) The marked increase in average dose over the years
which the workers received, 2) The failure to distinguish

between monitored and not-monitored cases, 3) The ''

f ailure to distinguish interna 1' depositions, and 4) The

occurrence of 138 cases which have relatively large
doses recorded after the final year of employment, we

feel that no reliable interpretation can be placed on
such models. Nevertheless, if one is willing to accept

the data at face value, such models may be of interest.
We have presented selected models foi respiratory cancer,
cancer of the pancreas and cancer of the brain in

Appendix E. Also, the modeling of respiratory cancer,
using exposed workers only, is subjected to a detailed

e analysis in section 3.2.

In ;ppendix E for each model the coefficients a and 8
3are given, the chi-square value for testing statistical

significance of the 8 (This chi-square value has 1
3'

degree of freedom), the value of -2 log L, and finally,

the decrease in -2. log L for the given model relative

to the model with a constant alone. The size of -2 log L
'

for a given model as compared to that for the constant model
may be used as a measure of goodness of fit of the model
to the data..
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For the logistic modeling four subsets of the file of

exposed white males were used, 1) all cases, 2) all

cases less accidents, 3) exposed cases only, and 4)

exposed cases less accidents. The main features of

these models are the following. For respiratory cancer,

', statistical significance of the dose variables is

y borderline, at best. There seems to be a definite relation
between cancer of the pancreas and dose. However, this,

conclusion is based on approximately 30 pancreas
cases, of which 5 had relatively large post-employment
doses (generally twice as large as the dose received

during. employment) recorded in the data file. Because

of the uncertainty of the meaning of these doses, we,

would be hesitant to draw any conclusions until this

question is cleared up. For cancer of the brain, the,

dose received 25 or more years before death is selected
.

by-discriminant analysis as being important. When this
'

variable is put in the logistic model it also tests

highly significant. However, when age at death and

time from initial employment to death are controlled

for, the dose variable becomes totally non-significant.
We believe that further modeling work is desirable,

but must wait until more basic questions concerning the
data are answered.

,

G
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3.2 Further Detailed Analysis of Respiratory Cancer
_

This group was chosen for further analysis because it
had a large number of cases of cancer and because of the
relationship of cancer to dose suggested by the discriminant
analysis. Since the argument can be made that workers

who have zero cumulative lifetime dose are in essentially
different occupations from those who have dose, we have
chosen here to work with " exposed" workers only, i.e.,

those whose cumulative lifetime dose is positive.
There were a total of 2225 such cases in the file. When
the non-respiratory cancers were removed we were left

with 1912 cases, of which 136 or 7.1% were deaths from
respiratory cancer. A stepwise discriminant analysis

was done on this data using two groups, those dying
from respiratory cancer (ICD 161-163) and those dying

.

from causes other than cancer (ICD 1-139, 210-999).
Twenty-six variables were used, 13 of the variables

appearing in the data set originally sent to us, and 13

variables calculated from those, such variables as time

from initial employment to death (DT1) , dose received 0-3
years before death, etc. The complete list is described
in Appendix D. The means of each of these variables are
given in Table 9 and their standard deviations in Table 10

The F-ratios for four steps of the discriminant analysis
are given in Tables 11 thru 14. For step O (Table 11)
it can be seen that the most important variable is AGESO
which is defined as 8DEATIIAGE-60)/g 2 This expression.

defines AGESQ as a parabola with its vertex at age 60.
This particular functional form was suggested by a plot
of the percent of cancer deaths vs. categories of age
as seen in Figure 6. The data for this plot is in

Table 15 below.
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nLhN4

GROUP = R ESPC ANC NOCANCER ALL GPS.
vansackc

1 DEATHAGE 61.08750 60.05327 6 C .126 83
2 INITLYR 46.97794 46.50507 46.53870
) tANALIN >Gek(U)Y J .0))k 6 24.4Gk)L
4 TOTALYR 9.41616 8.07836 8.17354
5 EXPOSURE 1.00000 1.00000 1.00000,

6 sunvv5E 2Ci.;33B i6u.43361 167.33135
7 CDOS 34 190.44853 147.55630 150.60722
6 CDOS 5+ 167.57353 128.12331 130.92939
y buu@ eV' 6UO.kJJG4 8 4. i ' Jk 4 sk.040JO

10 CDOS 154 53.72059 3S.81363 39.87395
11 CDOS 20+ 16.56618 15.40426 15.48692
i2 suva 25' * . i G 2 9. .2 12 o .2#257

-

13 YRDEATH 65.30147 63.97917 64.07322
~14 DT1 18.32353 17.47410 17.53452
i) usc o.cavoo v.aca,0 v.2ooio
16 DT3 13.57721 13.39893 13.41161
17 0050-3 19.50735 18.E7950 18.92416-
ii uv54-3 22.57300 ii.*3300 iv.67752
19 0056-10 61.13971 55.94989 56.31904
20 00511-15 52.71323 33.35960 34.73640
Zi uusiu-ZC 37.13 41 ;3.43i3L 24.3a7;;
22 00521-25 1 2.46324 11.18300 11.27406
23 00525+ 4.10294 4.22126 4.21287
24 aaxse- 102.31ei; 07.;32C7 70.44142
25 TMAx005 13.19853 13.53435 13.51046
26 AGE SG 3. 5 8 C7 5 6.94376 6.7045S
27 saGai .;;;5; i.0000C .iioo?

.

COUNTS 136. 1776. 1912.

a

Table 9. Means of variables used in discriminant analysis of
respiratory cancers; no cancer group includes all
non-cancer deaths.

.
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s . x4. u s a v ut.4 a 4 u r. 3
-

GROUP.= R ESPC ANC NOCANCER ALL GPS.
V Ah J ADLC

1 DEATHAGE 9.43349 13.17908 12.94996
2 INITLYR 4.10684 3.88611 3.90212
3 r ir. a u i n . 5 5 c5 i i.o7796 7.i*32o
4 TOTALYR 7.79186 7.12960 7.17841
5 EXPOSURE .00000 .00000 .00000
v CwouG5E 4 71.4 70 7 C 431.62321 436.30421
7 CDOS 3+ 444.26281 390.03605 394.11383
8 CDos 5+ 389.94979 344.64724 348 22697
i suu. iU' i-*.c3o5i edi.odiao i s* . * Gi i 3

10 CDos 154 117.93373 69.10683 91.44326
11 CDOS 20+ 34.23485 41.18054 40.72881
it svua ca, . 2.* o e s a av.3oisa iv. eeoo
13 YRDEATH 5.83136 6.31983 6.26655
14 DT1 6.37690 6.84206 6.81022
ia .i 4.i3GU2 c.2,5-7 L.23;76
1o DT3 6.20271 6.69390 6.66037
17 0050-3 63.54560 71.92290 71.36308
is uus -3 o7.55567 os.77293 69.63940
19 D056-10 163.99697 136.39070 184.89697
20 00511-15 148.52942 121.30c39 123.42787
2. vesic-i; .00. oii3 ou.;5v4; os.3Z45i
22 00521-25 29.73684 32.80420 32.59687
23 00525+ 15.46143 19.36115 19.11166
Z. naaws3 iTT.E37;o ii3.33535 i94.35533
25 TMAx005 7.29441 7.69571 7.66803
26 AGE 50 4.90601 9.34436 9.10203
27 ;3v;i .3C000 .00000 .30000

Table 10. Standard deviation of variables used in discriminant
analysis of respiratory cancers; no cancer group
includes all non-cancer deaths.

|

|
L
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IABLE F TO FORCE * VARIABLE F TO FORCE TOLCRANti
McMuVL LLWLL Lh4LM LLVtb

*

DFs 1 1911 * D F.= 1 1910
* 1 DEATHAGE 506 1 1.000000

2 2na.uin 4.455-

e i.GGGG;G
. * 3 FIN AL YR 6.942 1 1.000000

* 4 TOT AL YR 4.387 1 1.000000
- 5 cAreaunc .GGG i .GGGGGG

- * 6 CUM D O SE 1.257 1 1.000000,

'7 CDOS 3+ 1.496 1 1.000000
-

*.

. . e Luus as s.oc a s.GOUGUJ
* 9 CDOS 10+ 3.936 1 1.000000~

10 CDOS 15+ 3.357 1 1.000000*

ii suva 20, ..G3 i ..GGGGGG, .
,

-

* 12 CDOS 25+ .005 1 1.000000
* 13 YRDEATH 5 589 1 1.000000

-

,

i. u. 6 195 i i.GGGGLU-
'

15 DT2 .452 1 1.00000G*

. * 16 DT3 .090 1 1.000006
- i7 uG50-3 . gig i i.GGCCCC

18 0054-5 .309 1 1.000000
- *,

* 19 0056-10 .100 1 1.000000*

20 uus i i -i5 5..Go i ..G0C000--

- -

21 00516-20 4.937 1 1.000000*
'

22 D O S 21 -25 .195 1 1.000000*

- 23 wG520- .GC; ; 1.00000;
* 24 MAXDOS .546 1 1.000000*

25 TMAXDOS 242 1 1.000000*

- !? Aoi 5e 17.24; ; 1.00000;
.

, , - - .

.

.

Table 11. F-ratios at initial step of discriminant analysis,

j en exposed white males using two groups: death
from respiratory cancer and death from non-cancer.

',
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VAR 3ABLE ENTERED 26 A GE Sc

vananatt i av runst

R EMO V E LEVEL-

DT* 1 1910-

4O Au& J .s 44 4% s 4

VnMJAULL i ev rvMut I vLt n An g L*
.

** ENTER LEVEL
*

* DT= 1 1'909
i ucaenaut .vve i .n3co s'

.

" * 2 INITLYR 4.909 1 .960984
3 FIN AL YR 4.477 1 .98395 9*

aviatin i.236 i . is eoi a- ~

5 EXPOSURE, .000 1 .000000'- *

.99231 2* 6 CUMDOSE .572 1 *

i suus v .o+i i .siiki;'

-

* 8 CDOS.5+ .777 1 .99111 2
*

* 9 CDOS 10+ 2 531 1 .991060
iv suva i5, i.269 i . iri5i4 G-

11*CD05 20+ .019 1 .998037*.

12 CDOS 25+ .025 1 .99952 9+

. i b o L i ^1 -- i3 inucain 3.35u .

14 DT1 .247 1 .95144 2*

* 15 DT2 .296 1 .99907 3
- iu 973 .006 1 . 7 7117 e
* 17 0050-3 .000 1 .999595
* 18 0054-5 .100 1 .99671 7

_
.. --. . ... .

,
- 4, u v .. o - i v .vwu . .11 s c s

20 00511-15 1.915 1 .99172 4*

21 00516-20 3.614 1 .994155+

- 12 uv521-25 .Ce7 i .77010;

* 23 00525+ .025 1 .99952 9
24 MAID 05 .233 1 .99623 1*-

.
- us i r.a x u w; .4ee

^ .7;;15.

CL ASSIF IC AT ION F U N CT I O NS
' '

-

:, ^ e r - ; ;.", 7 :. a :. ^. a o c ;, a ; :. ;

VAR 2 ASLE
26 AGE So * .04322 .08381

CONSTANT .77053 .98414
.

. .

.

s n. n a s r s u a s s u u, onensa ,

. .

GROUP PER CENT NUMBER of CASES CLA553FIED JN.70 GROUP -

6VMn&s&
RESPCANC NOCANCER ,

RESPCANC 76 5 104 32
nw6anwen 4G.- iw3 2 ie;

TOT AL 43 0 1162 750
_.

Table 12. F-ratios, classification functions and classification matrix
at first step of discriminant analysis on exposed white males
using two groups: death from respiratory cancer and death
from non-cancer. ~60-
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_

a.cr r. w r. e t a t

VARIABLE ENlE RED 2 I N1,1 L Y R

WAndAsuL F 4W #vMbb

R EMOVE LE VEL
Dr= 1 1909

.

* . v v ,~ i

-

c a n a s u i .s

26 AGE So 20.316 1

= vanAnout i av rv=66 evucnansa
,

* ENTER LEVEL
* DF= 1 1908 .

e uca in a c .*ou i .o G.ii-

* 3 FIN AL YR 1.627 1 .796628*

* 4 TOTALYR 1.576 1 .936767
- 5 Exeesu;E .000 i ' .000000
* 6 CUMDOSE .202 1 .972815-

* 7 Coos 3+ .321 1 .976362
.ioLE;-

. 3a .o wuva a--

* 9 CDos 104 2.536 1 .991062
. '

10 CDOS 15+ 3.088 1 .981992*

.so3oGo. is tuva cvs .avo e

* 12 C005 25+ .014 1 .984102
* 13 YRDEATH 2.168 1 .947557'

an usi s.soo a .aus.aa-

15 DT2 .001 1 .933560' *
* 16 DT3 .551 1 .867066

__. . . . . v o . ,. . ....

., uvau a ..sw . sae-

* 13 0054-5 .010 1 .961899
* 19 0056-10 .197 1 .957014
- i0 usiii-i3 i.esi i .765.35*

- * 21 00516-20 3.912 1 .992906
22 00521 -25 .386 1 .973108*

20 us5Z3- '.01e i . Go101-

* 24 MAXDOS .006 1 .964233 ,

25 TMAx00s .012 1 .876700a
,

..
.

swassii4saiiGn i U n sii G r.3

GROUP * RES P CA NC NOCANCER
iakinoLE

2 2H21LYR 3.1897E 3.13801
26 AGE 50 .22689 .18191

CONSTANT -75.21168 -73.02815

.

66aaa6rawaiava naenax ,

!

| GROUP PERCENT, NUMBER OF C'ASES C L A 5 51 F IE D INTO GkOUP -

bvMMLbi
RCSPCANC N0 CANCER

RCSPCANC 73.5 100 36
r*i 547av6*n66n 6.o

TOTAL 48.5 1049 863

Table 13. F-ratios, classification functions and' classification matrix at'

second step of discriminant analysis on exposed white males using'

two groups: death from gespiratory cancer and death from
-6A-non-canenr.
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SlEP NUMBER 3

VARJASLE ENTE RE D 21 D051o-20

VARIABLE F TO FORCE '

R EMOV E LEVEL f
i i v 06 .v,-

2 INITLyn 5 206 1

21 00516-20 3.912 1,

2w Aei . 10.7wi i
*

,

* VAR 2ABLE F TO FORCE TOLER ANC E
ENTER LEVEL< *

- wi- i i;GT
* 1 DEATNAGE .355 1 .838792

3 FIN AL YR .766 1 .761025*
,

- 4 le AL ia .7;0 ; .074e;5
* 5 EXPOS UR E .000 1 .000000
* 6 cum 00SE 1.473 1 .524902,

'

- 7 Cee; ;. . 400 ; .47"20;"

8 CDos 5+ 1.548 1 .429224*

* 9 C005 104 .070 1 .239191
'

- 10 ;;;; 1"- .007 ; . '. 7 0 7 ? ?
* 11 CDos 20+ .009 1 .860583
* 12 CDos 254 .002 1 .978012 ,

- i3 . A;ia i' i.ie4 i .7 0'e4 Ln
* 14 071 1.146 1 .770016, ,

* 15 0T2 .004 1 .933234
' - '

- iw si; .;1; .057;;;'

* 17 0050-3 .628 1 .929446
18 0054-5 .479 1 .843384*

17 ;e;? "O :.700 . 7 ", " ' ;
"

20 00511-15 . 060 1 .500792*

* 22 00521-25 .010 1 .846596
*" ;00 ' "0; ; . 7 7 " L '. ;, .

* 24 MArcos 2.110 1 .592837
25 1 max 00s .004 1 .876199*

- - - - - - .. .
_

66aaa4r46a64wn run6s4wna

R E S' P C A N C N0 CANCERGROUP e
var 4ADb&

2 INITLYR 3 19907 3.14564
21 00516-20 .01443 .01187 ,

.;ii;5 .ii3o5io aw6 a.

CONSTANT -75.71145 -73.36654

CLA5sIF3 CATION MATR2I
.

, ua w wr r 6 a 6 6 r. . ..uno6a w, waa6a 66aa 4r46w .n e w - eaw wr
CORRECT ,

RESPCANC l.0 CANCER
- a66rsani ab.o iD au

''

NOCAhCER 56.5 773 1003

iwia6 So .w .33 iG5i
Table 14. r-ratios, classification functions and classification matrix at

i third step of discriminant analysis on exposed white males
using two groups death from respiratory cancer and death
from non-cancer. -62-
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.

t hospirat.ary Cancer

.350+
,

.

.
s

.
s

.3004
t* .

.

s s.
*.0;04

,

:

.....'....'........................................Of'"'

20 30 3$. ek 45 S0 SS. 60 65 70

29.9 34.9 29.9 44.9 49.9 54.9 59.9 44.9 69.9
.

Figure 6 Percent of deaths from respiratory cancer for exposed
white males as a function of age at death.

20- 30- 35- 40- 45- 50- 55- 60- 65-
29.9 34.9 39.9 44.9 49.9 54.9 59.9 64.9 69.9 70+ tted

No. Cancers 0 0 4 5 8 13 24 32 28 22 136

Total 37 29 71 114 156 226 260 289 279 451 1912

% Cancer 0.0 0.0 5.6 4.4 5.1 5.8 9.2 11.1 10.0 4.9 7.1

Table 15 Numbers of and percent of Paspiratory Cancers as a function of ago
for exposod whito males.

The left portion of this graph for ages less than 50

departs from a parabolic shape, but this part involves

only 407 cases out of a total of 1912 cases. Thus,

nearly 80% of the casos are in the age group from 50-70

and the quadratic form which we used ought to provido

a good fit. In fittiny a logistic model one fits

log (,/(1-pD to the indopondent variables, whero p

is the probability of death from cancor. A plot of

this expression vs. ago is shown in Figure 7, where

the porcents in Figuro 6 wore used for p. Again tho
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parabolic shape stands out in the range 50-70 years
where the largest portion of the data is located,

log [p/ (1-p}
.:.o.

:
. .o *.

, ,

..oi - -
. . .

.

:

" ' 'I ...................................................$|J'
it it. t. it. It. it, it. '*

Figuro 7 log [p/(1-ph for exposed white males as a function
of age at death, where p is the percent of deaths
from respiratory cancor vs. non-cancer.

As seen in Table 11, other important variables at

the initial step of the discriminant analysis are final

year of employment (FINALYR), year of death (YRDCATl!),
total years of employmont (TOTAL YR) , dose received 16
to 20 years before death (DOS 16-20) and dose received 11

to 15 years before death (DOSil-15) .

1

After the variablo AGESQ is ontored in the first stop

of the discriminant analysis, a curious thing happens.
I The variablo initial year of employment (INITLYR) becomes

the next candidate to enter with an F-ratio of 4.9.
| Other variables that are close aro FINALYR, YRDCATil, and

D0S16-20. We are at a loss to explain the moaning of this.

The coefficients on INITLYR in the classifications functions
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are such that the larger the value of INITLYR, the

greater'the chance of death from respiratory cancer.

One might argue that INITLYR is acting as a surrogate

for dose, particularly in view of Figure 4 which shows-

that the average dose which Hanford workers lave been

receiving has been going up over the years. However,,

if this is the case, one would expect the dose variables

to show up with F-ratios comparable to that of INITLYR,
,

but aside from DOS 16-20, they don't. Furthermore, after

INITLYR is entered, the F-ratio for DOS 16-20 increases
,

a little. If INITLYR were acting as a surrogate for

00516-20, this F-ratio should decrease considerably.
'

Thus it seems that INITLYR is not acting as a surrogate

for any of the dose variables. This question is considered

later in more detail and this conclusion is contradicted.-

One might feel that INITLYR is acting as a surrogate

for YRDCATH and that since the incidence of respiratory

cancer has been increasing over the years, this produces

a positive relation between death from respiratory

cancer and INITLYR. Perhaps this is so, but then one

would expect the F-ratio for YRDCATl! at step 1 of the

discriminant analysis to be somewhat higher than that

of INITLYR, and this is not the case.

|

After AGESQ and INITLYR are entered in the stopwise

discriminant procedure, 00S16-20 is chosen next with an
| F-ratio of 3.9 (a = .048). The coefficients on DOS 16-20

| in the classification functions are such that higher dose

| gives higher chanco of cancer.

The stepwise discriminant analysis procedure was used to

suggest a sat of variablos to be used in developing a

model to give the probability of death from respiratory

cancer. The variables chosen were
ACESQ, INITLYR, YRDEAT!!, D006-10 and 00S16-20.

-65-
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At all of the steps of the discriminant analysis, correct

classification was not impressive, being typically around |
' 50%. One interesting fact which stands out is that

cumulative lifetime dose (CUMDOS) does not show up at
all (F-ratios all less than 1.5). The stepwise discrimi ant+

'

; analysis was also run on the above data set, leaving
| out accidental deaths, and the results were essentially,

; the same. Finally, the analysis was done including ;

j cases with zero cumulative lifetime dose. The biggest
,

difference here was that YRDEAT!! showed up quito a bit'

i

more significant than I!!ITLYR. !
t

A logistic regression model was developed for exposed
,

white males. Two response categories were used:'

respiratory cancer death (136~ cases) and non-cancer

deaths (1776 cases). The form of the model is.

i

[P/ (1-pi) = a + klog I83 x3 <

j=1 l

'

where p is the probability of respiratory cancer

being the cause of death, as opoosed to a non- !

cancer cause of death, x) is the value of the,

j-th predictor variable in the model and o and 6 are
3

coefficients to be estimated from the data. Table 16 i

summarises the results of 8 different logistic regrossion |:

models which were fit to the data. First, based on the
.

discriminant analysis results, we would certainly want |
1

i to include ACESO in the model. Then discriminant !

analysis would suggest that I:lITLYR be included, while i

the fact that the incidence of respiratory cancor is ,

increasing over time would say that YRDCATl! should be -

) in the modol. Each of these variablos was tried separately i

' (with ACESQ, of courso) and together. Soo models 3, 4 and j

) 5 of Tablo 16 With both I:lITLYR and YRDEATil in the model :

: the chi-squaro values for thoso variables are about 3.0 (a=.09), |

-66-
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Model Constant AGESQ INITLYR YRDCATH DOS 16-20 -2* log L

1 -2.57 981.1

2 -2.21 .291 956.4
(16.6)

3 -4.37 301 .047 952.1
(18.0) (4.7)

4 -4.35 .290 .033 951.7
(16.2) (4.4)

5 -5.78 .298 .038 .020 949.0
(17.3) (2.96) (3.02)

6 -4.51 .296 .048 .0018 949.2
(17.4) (4.99) (3.5)

7 -4.13 .286 .029 .0012 950.3
(15.7) (3.3) (1.6)

8 -5.64 .294 .041 .023 .0014 947.2
(16.9) (3.4) (1.9) (2.0)

Table 16. Results of fitting eight logistic regression
models using respiratory cancer and no cancer :

as the two response categories. Only exposed |

white malos are included in tho model.
Variables which have no entry for a particular
model were not used in that model, for each <

model, the first value under the variable is |
the coefficient of that variable in the logistic
regression model, while the second value
(below in parenthosos) is the chi-square value
for a tost of statistical significance of that
variable. All chi-squaro valuos have one
degroo of froodom.
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| but either one alone has a chi-square of 4.7 or.4.4.

This suggests that either one, but not both, of these

! variables belongs in the model. Since YRDEATH has an
obvious interpretation while INITLYR does not, it wodid

seem that a reasonable model at this point would consist

of AGESQ and YRDEATH. Next, DOS 16-20 was added to some,

of the above models. See models 6, 7 and 8 of Table 16'

for the results. When DOS 16-20 is added to the model
consisting of AGESO and INITLYR, it has a chi-square
value of 3.497 with I degree of freedom (o=.06) . When

DOS 16-20 is added to the model consisting of AGESO and,

| YRDEATH, it has a chi-square value of only 1.6. Also,

| the chi-square value of YRDEATH drops from 4.4 to 3.3.
,

| Finally, when DOS 16-20 is added to the model consisting

of AGESQ, IMITLYR and YRDEATH, both YRDEATH and DOS 16-20

| drop in significanco. This suggests that YRDEATl! and

D0S16-20 are correlated. This is substantiated further

on. This shows that YRDEATH contains information about
DOS 16-20 and vice-versat and that we cannot separate the

effects of each (except, for example, by having an

independent estimate of the effect of YRDEAT!! on respiratory

cancer deaths among !!anford workers). In any case, from
i

the point of view of statistical significance, DOS 16-20

| is border line at best (o=.06 when we include in DOS 16-20 i

any effect of YRDEATH). The coefficients on AGESQ in
Iall of the models are nearly the same (all between .301

and .286) which is reassuring. The coefficients on :

DOS 16-20, on the other hand, vary between .0012 and .0018;

which is not a very large magnitude, but percentagewise

the change is 33% or 50% depending on one's point of view.

This is quito large and can have a considerable effect if

one attempts to estimato the offect of dose on the probability
i

of death from respiratory cancor. In view of the relation |

betwoon YRDEATil and 00516-20 in the data file, we are f
roluctant to attempt such an antimato. I
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Another curious point about the logistic modeling is the
fact that when INITLYR is added to the model consisting
of AGESO, YRDEATH and DOS 16-20, it is on the border line
of testing significant (chi-square = 3.366 with 1 d.f.,

a = .07). As stated before, we are unable to find an

interpretation for this.

!

Based on the above discussion, it is difficult to recommend

a single model. Our inability to find an interpretation
'

for INITLYR makes us want to leave it out of the model.
On the other hand, the statistical analysis is hinting
(mildly, at least) that it belongs in the model. Also,

the statistical analysis is hinting that YRDEAT!! and
DOS 16-20 belong in the model. However, these variables

are correlated, so that when both are put in the model
their significance drops, as do the values of their

coefficients. Thus it is not possible to estimate the

effect of each variable separately on the response.

An attempt to get at the meaning of INITLYR in the model

and to see the relation between YRDEAT;I and dose ;

t

prompted a more detailed look at the data. Scatterplots

were made of three dono variables, DOS 6'-10, DOS 11-15
and DOS 16-20 against both INITLYR and YRDEAT!!. In these

plots the extremely low doses were omitted. The plots !

are shown in Figures 8 thru 13 on the following pages. A

number, such as 3, indicates 3 or more points on top of i

one another on the graph while a plus sign indicates 10

or more points on top of one another. The scatterplots

show little or no relationship between INITLYR and the

dose variables. Ilowever, YRDEATl! bears a definite

positive relationship with each of the dose variables.
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A close look at the scatterplot of DOS 6-10 vs. YRDEATH in
Figure il shows that the envelope of the dose levels is

flat up to about '57 where it begins to rise linearly.
The doses plotted for '57 were received 6-10 years
earlier, i.e., in '47 to '51. This suggests that the

doses (recorded in our file) which Hanford workers
received began to rise sometime between 1947 and 1951.
Similar considerations for DOSil-15 in Figure 12 would
put the beginning of the rise between 1946 and 1950,
while consideration of DOS 16-20 in Figure 13 would put
it between 1945 and 1949. These observations are
consistant with Figure 4 which shows that the average
dose which Hanford workers received increased over time
and that the increase began around 1949. Furthermore,

the flat parts of the envelopes of the dose levels in

Figures 11, 12, and 13 suggest that the dose which Hanford
workers received decrease linearly from-1944 to around
1948 or so; a look at the graph in Figure 4 shows that
this is approximately true. Thus, we have established

a very definite positive relationship between the dose
variables and year of death in our data file.

Next, for each of the dose variables, the average dose
was determined for each initial year and each year of death.
Plots of these averages appear in Floures 14 thru 19 . The
plot of average DOS 6-10 vs. I'.4ITLYR in Figure 14 shows a
linear rise up to '55 after which the plot becomes erratic.

We don't have an explanation for this erratic behavior. However,

the vast majority of cases, 1857 out of 1910 (two cases

with initial year of '72 are not included), are on or

before '55, so this plot would suggest a positive relationship

between D056-10 and INITLYR. Such a relationship didn't show

up in Figure 8, but a look at the vertical scales of

the two graphs shows that the rise detected in Figure 14 is
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rather slight compared to the vertical scale of Figure 8

no one would not expect to see that rise in Figure 8 .

Similar comments apply to Figure 15 The doses from '63 up

must be zero in this figure, since all of the cases are
'

deaths that occurred on or before '72. There is no relation

between DOS 16-20 and INITLYR other than the logical
'

requirement that average DOS 16-20 be zero from '57 up.'

Thus there is some indication of a positive relationship

between dose and initial year of employment. With regard,

*
to year of death, Figures 17 , 18 , and 19 show a very
definite positive relationship between the dose variables

,

and year of death, reinforcing that observed in Figures 11,

12, and 13. The implications of these relationships
I in the logistic modelling have been discussed above.

.

4
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4.0 PRINCIPAL CONCLUSIONS

A number of conclusions have been reached pertaining to
the quality of ttc data analyzed in this project and

the results that can be obtained. These may be listed

as follows:

1. We are not convinced that the data is in fact the

same data as that collected for Hanford workers and
maintained by Battelle Pacific Northwest Laboratories.

This concern is due in part to inconsistencies

among various scurces concerning the data and in

part to lack of clear documentation of the chain of

events leading to the preparation of the data.

2. The data is not consistent with the purported data

collection procedures as evidenced for example by
the existence of reported doses after the final year

of employment.

3. The data does not correspond with that presented

in the Mancuso paper.

4. The data contains a systematic trend of increasing

average yearly dose over calendar years,which suggests
a possible bias in the data collection procedure applicable

to the file from which the current data was extracted.

5. We have not been able to receive or discover an
authoritative definition of the meaning of the dose

variables, including the units, types of radiation

included, and quality factors.

6. The absence of data pertaining to other information

that is available but which was not provided was a

hindrance to a proper completion of analysis. This

includes among other items, data on radiation
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(Cont. ) 6. monitoring, secondary causes of death, internal

exposures, accidental deposition, yearly dose

records broken down by radiation sources, and

inclusion of additional fatalities occurring after

1972.

' 7. The lack of adequate documentation from NRC forced

us to spend considerable time and effort identifying

and researching the supporting material required for

the preparation of a responsible analysis.

8. In view of the above conclusions concerning the

data, it does not seem appropriate to attempt to

draw conclusions from the statistical analysis.

9. It is a useful corollary of the evidence presented in

this paper that future efforts must carefully consider

the reliability of the data studied. This would

include careful documentation of the sources of the
data and of the procedures used in compiling it.

.

10. It is our recommendation that this contract should

be modified in such a way that the work can be

repeated with data which is adequate for the purpose

intended.

.
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73.5 70 74.5- 83sessssssssssssssssssssssssssssssssssses
74.5 70 75.5- 70sssssssssssenssssssssssssssssssse
75 5 70 74 5- 7esessssssssssssssssssssssssssssssssas
76.5 70 77.5- 42sesssssssssssssssssssssssssas
77 5 70 78.5- 48 sssssssssssssssssses
75 5 70 79 5- 44ssssssssssssssssssse
79.5 70 80.5 33 sessssssssses
80 5 70 81 5- 41:ssessesessssssses
81.5 TO 82.5- 20ssassoas
8*.5 70 83 5 33sssssssssssses
83.5 TO 84.5- 27sssassessse
84.5 TO 85 5- 21sssssses
85 5 70 84.5- 30ss
84.5 TO 87.5 ess
87.5 70 88 5- 5:
88.5 70 89 5- as
89.5 TO 90.5- 3
90.5 70 91.5- :
91.5 70 92.5- 0
92.5 TO 93.5- O
v3.5 70 e4 5- O
e4 5 70 95.5- !
95.5 TO 94 5- 1

96.5 70- 97 5-- +
97 5 TO 98.5- 0
98 5 TO 99 5- 0
'9.5 70 100 5- 1

100 5 70 101.* 4

All Cases Age at Death

A-1
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42.5 TO 43 5- 9
43.5 TO 44 5 18see ssss s s s s s s s s s ssss s s e s s ssss ss s s ss s s s s s ss s s s ss ss s ss s s s ss s ss ss s s s s s s sss sss s ss s ssss ss ss s ssss s s s ss s s ss s s s s s s e e44.5 TO 45 5- 574sssessssssssssssssssssssssssses
45.5 TO 44 5- 107ssa
46.0 70 47 5 441ssssssssssssssssssssses
47.5 TO 48 5- 330ssssssssssssssas
48.5 TO 49.5 38s
49.5 TO 50.5- eess
50.5 70 31 5- 217sssessssse

f St.: 70 52 5 7 ss
52.5 70 33.5- 44:
53.: 70 54 5- 43s
54.5 70 35 5- 6:ss
55.5 TO 56 5- 16,

54.5 70 57.5- 7
57.5 TO 58 5- 4

58.5 70 39 5- 7
59.5 TO 40 5- 8
40.5 70 41.5 e
41.5 70 42 5- 8
42.5 70 63 5- 10
63.5 70 e4.5- 3
44 5 70 65.5- 2
es.: 70 44 5- 12
44.: TO 47.5- 7
47.5 70 68.5- 0
68 5 70 49 5- 1

49 5 70 70.5- 4

TMIS MISTDeman DOES NOT INCLUDE 5.00 006 .LT. 40.5 ANO .000 095 .GE. 79.5

All Cases Initial Year of Employment
3 -

,

'%b

-
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a

43.5 TO 44.5- 344ssssssssssssssssssssssssssssssssssssssssssssssssa
44.5 TO 45.5- 790sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssas.45.5 TO 46.5- 212sesssssssssssssssssssssssas
44.5 TO 47.5- tiesssssssssssses
47.: TO 48.5- 227ssassanassssssssssssssssssssa
40.5 TO 49.5- 250ssessssssssssssssss ssssssa sassass
49.5 70 50.5- 13esssssssssssasssa
30.5 TO 31.5- 190sssssssssssssssssssssssas
51 5 70 ::.5- 194ssssssssssssssssssssssss

' 52.5 TO 53.5- 13esssssssssssssssa
53.5 TO 54.5- 102ssssssssssse
54.5 70 35.5- 110ssssssssssssa
35.5 TO 54.5- 104sssssssssses
56 5 70 57.5- 120sssssssssssssa
57.5 70 38.5- 100ssssssssssse
58.5 70 39.5- 107ssssssssssas
59.5 TO 40.5- 74sassasses
60.5 70 41.5- 92:sssssssssa
41.5 70 42.5- 03sasassessa
42.5 TO 63 5- 77ssassassa
43.5 TO e4.5- 75ssssssss
44.5 70 45.5- 80sssssssssas

t 45.5 TO e4.5- 32ssa
ee.: TO 47.5- ::::
47.5 70 48 5- 248

'

48 5 70 49.5- 39 sass
69.5 TO 70.5- 4isses
70.5 70 71.5- 34ss:.

71 5 10 72.5- 43sses

All Cases Final Year of Employment

.: 70 .5- 1012sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses

.5 TO 1.5- 74:sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss:
1 5 TO 2.5- 295sssssssssssssssssssssssssssssa
2.5 TO 3.5- 172sesassssssssssas
3.5 TO 4.5- 163sssssssssssssas
4.5 70 5.5- 130ssssssssssa
5.5 TO 4.5- 140ssssssssssses

| 6.5 70 7.5- 11essssssssas
7.5 TO 8.5- 11:ssesssssas
0.5 TO 9.5- 11C as sa s ss sa
9.5 TO 10.5- 94sssssssas
10.5 70 11.5- 90ssssssssa
11.5 TO 12.5- 82ssasssa
12.5 TO 13.5- 49ssssas
13.5 TO 14.5- 93sssssssa
14.5 TO 15.5- 77ssessas
15.5 TO 14.5- 59sssas
16.5 70 17.5- 80ssssses
17 5 TO 18.5- 54:ss:
18 5 TO 19.5- 3:ssas
19 3 TO 20.5 :: sass
20.5 70 21.5- 39ss
21.5 70 22.5- 20
: .: 70 23.5- 12
23.5 70 24.5- 17
24.5 TO 05. - 06:
25.5 70 26.5- 13
24.5 70 27.5- 14
27.5 TO 28.5- 14
THIS HISTOGRen DOES NOT thCLUDE .000 095 .LT. .500 4ND 5.00 085 .GE. 29.5

All Cases Total Yearc Employed

A-3
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. . . e,

t 1
9 4

!! 13
23 1

3e 2
39 1

40 2
< 41 1

43 2
46 1

:: 1

70 2
93 1g.
9: 1

112 1

136 1 n.b. Two cases with no cause
di i of death are-excluded.
142 3
144 2
14: 3
144 3
147 1

les 2
349 2
10 15
1:1 39ss
1:2 2,sessoas1:3 7,

14 23e
15: 9
14 11
157 :3sses
1:8 3

'

1:9 1

160 2
161 10
162 202sessesassessesessas
143 1

e 170 1

171 e
172 13
173 3
174 31s
ISO 7
102 e
193 13
IS 43ses
ISe 4
188 11
109 2:e
190 1

191 23s
192 :
193 2
194 1

19:
'196 1

197 13
190 2
199 Jos
200 22
201 14
202 3
203 11
204 3
20: 13

. . 206 . . . . t. .
207 5
200 1

209 1

| 211 2
218 2
22: 1

22s 1

231 1

23e :

i 244 1

| 2:0 4 esse
-

2:3 1
l 25: 4

.:e 1i

| All Cases Cause of Death (ICD Codos)
i A-4
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% .e

249 3
,,

272 4 :: !
276 1' i

'277 3
279 3
204 a

289 2
291 2
299 1

303 11
309 3
320 2
322 11

323 2
330 1

331 1
340 2
342 7
34: 2
347 3
340 4+

355 1

393 1

394 ' 14
395 15
396 9
397 4

390 11
400 0
401 4

402 !$
403 7
404 8
410 1109--------------------------------------------------------------------------------------------
411 19
412 340sssssssssssssssssssssssssssssssssses
413 1

421 2
422 3
423 1

424 1

42S 2
424 3
427 29s
428 15
429 -20
430 31s
431 75sesses
432 3
433 Sesses
434 1

434 elseses
437 19

All Cases Cause of Death

A-5



s

o. e e=

4.Te e
dec 23e
443 55 esse
4*2 3
444 4
4<4 4

344 3
4*r 2
450 13
458 2 *
452 1

453 2
450 2
443 1
464 1

470 5
480 3-
481 le
402 2
485 2ee
ese 49
490 1

498 16
492 Slesessee
493 9
513 1

514 2
515 1

517 9
Sie 5

* 589 9
530 2
531 7
532 18

'

533 8,,

534 1

535 1

537 1

540 4
551 2
552 1

553 2
540 3
Set i

542 5
543 4

i

565 8 i

549 5
570

3 . sees371 75
573 5
574 3
375 1

576 3
577 to
583 4
Ss2 se
5s3 1

Se4 1

590 12
.

592 2
593 4
594 1

599 3
. . ee. ...i_

All Cases Cause of Death

A-6
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401 1

402 3
694 .I
695 1

712 1

786 1

717 1

720 1

729 1

733 2
734 4
744 I
747 :

~* 748 1

751 1

753 2
790 1

182 9
i 784 1

792 1

794 2
795 1

796 25a
80 2,

807 1

510 9

at: 44ses
813 3
014 15
815 1

Ble 3eas
$10 e
019 578888
821 1

830 11
032 4
040 3
Set 17
8:3 1

054 4
073 1

874 2
800 5*

081 3
882 2
083 1

884 3
SOS 2
887 13
090 10
891 3
894 1

895 1

090 3
899 2
910 to
911 7
913 2
914 7
918 8
921 1

922 Il
923 3
924 3
92 4
924 1
927 3
920 3
929 4
910 e
940 1

942 1

943 1

9$0 17
952 24s.

953 11
954 4

9:5 genossess
9:e 2
943 1

965 8
968 3
990 3
9st 1

9e2 i

904 3
9e: 4

j 9e4 2
r ,ee 2

994 2
MS 3;

!
l' All Cases Cause of Death

A-7
t
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eg . e.

. 3 70 49.5- 295 t ees e s s ess e s sess e s s e e ss e s s e ss e s s e s s e s s e s s e s s e s s e e s s e s s e e s s e s s e s s e s s e s s e e s s e s s e s s e s s e e e e e e e e e e s s e s s e s e s s e e s
49 5 TO 99.5- 439eessesseestees
99.5 70 149.5- 226eessee
$49 5 70 199 5- 1:0s:
199.5 70 249.5- 43
249 5 70 299.5- 45
199 5 70 34'.5- 30
349.5 70 399.5- "O
399 5 TO 449 5- 20
449.5 TO 499.5- 13
499 5 TO 549.5- to
549 5 70 599.5- le
599.5 TO- e49.5- 19
64'.5 TD 699 5- 9*

i Aff.% lu .tf.3- 3*

749.5 70 799.5- 7
799 5 70 549.5 5
849.5 TO 999 5* O

r- 999.5 70 949.5 8
949 5 TO 999.5- 3
999.5 70 1049.5- 5
1:49.5 70 1999 5- 1

1099 5 70 !!49 5- 3
1849 5 TO 1199.5- 2,

1899 5 TO 3:49 5- 3
1249 5 TO 1*99.5- *

*
199.5 TO 1349 5* 1

1349.5 70 1399.5- 2
1399.5 70 8449.5- 2

'

1449 5 70 1999 5- :

1499.5 TO 1549 5- 4

1549.5 70 1599 5- 2
1599.5 TO 1649 5- 1

!!49.5 70 1699 5- e
4199.5 70 1749.5- 4'

1749 5 70 1799.5- 1

1799.5 TO 1949.5- 1

1849.5 TO 1899.5- 0
1999.5 70 1949 5 0

, !?49.5 70 1999.5- 2
| 1999.5 70 2049.5= 3

2049.5 70 2099.5- 1i

' 0099.5 TO 2149.5- 1

2149.5 70 2199.5- 0
2199.5 TO 2249.5- 0

' 2249 5 70 2099.5 0
299.5 70 "349.5- 1

2349 5 TO 2399.5- 1

2399.5 70 2449 5- 0
2449.5 TO 2499 5- 0
2;99.5 70 2549 5- 1

2549 5 70 2599.5- 5
2599.5 TO 2449.5- 0
::49.5 TO 2499.5- 1

2499.5 70 2749.5- 2
2749.5 70 2799.5 I
2799.5 70 2949 5- 0
2949.5 70 *899.5-
2999 5 70 2949.5- 1

2949.5 70 2999.5 0
2999 5 70 3049.5= 0
3149.5 TO 3099.5- 1

3099 5 TO 3849 5- 3
3149.5 TO 3199.5- 1

3199.5 TO 3249.5 0
3:49.5 TO 3299.5= 1

3299 5 70 3449 5 - 0 -
3349 5 TO 3399.5- 0
3399.5 TO 3449.5- e
3:49.5 70 3499.5- 0
3499 5 TO 3549 5- 0
3549 5 TO 3599 5* O
3599 5 70 3e49.5- 1

3649.5 70 3499.5 0
' 3499.5 TO 3749 5- 0

3749.5 70 3799.5- 0
3799 5 70 3849 5- 1

3949 5 TO 3099 5- 0
3599.5 70 3949.5- 0
3.49 5 70 3999.5- 0
3999 5 TO 4049.5- 1

(049 5 TO 4099.5- 0
4099 5 TO 4149 5- 0
4149 5 TO 4899.5- 0
4199 5 TO 4249.5-- 0
4249.5 TO 4299.5- 0
4799 5 70 4349.5- 1

4349.5 TO 4399 5- 0
4399 5 TO 4449.5- 1

All Cases Cumulative Lifetime Doso

1\- 8
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.S TO 49.5- :90:s s e s s e s s e s s e s s e s s e ve s s e e s s e e s s e s s e e s s e s s e t e s s e e s s s e s s e s e s s e s s e s s e s s e s s e s e s s e n e s s e s s ess e v e t e e s e e e e e e e e e
49 5 70 99.5- 454eessesseessess
99 5 70 149.5- 1798888

149 5 70 199.5= 1:08
199 5 70 249.5- 59.

249.5 70 299 5- 3e
299.5 TO 349.5- Of
349.5 TO 3'9.5- to

399.5 TO 449.5- 21
449.5 TO 499.5- 11

' 499.5 70 549.5- O

549.5 TO 599.5 20
599.5 70 e49.5- 12
449.5 70 499.5 5
699.5 70 749.3
749 5 70 799 5 9
799 5 70 849.5- 4

049.5 70 899 5- 1

899.5 70 949 5- F
949.5 70 999.5- 3
999.5 70 1049.5- 3

1049.5 TO 1099.5- 3
1099.5 70 1849.5- 5
1149.5 70 1899.5-
1199 5 70 1249.5
1:49 5 TO 1 99.S. :
1299.5 TO 1349.5 2

,

1349 5 70 1399.5- :
1399.5 70 1449.5- 2
1449.5 70 1499.5- 3

1499.3 70 1549.5- 5
IS49.5 70 1599.5- 1

1599.5 70 8649.5- 1

1649 5 70 1699.5- 3

1499 5 10 1749.5- 3

1749.5 TO 1799.5- 0 .

1799 5 70 1849 5* 0
1949 5 70 1899.5- 0,

1899.5 70 1949.5- 0
1949.5 70 1999.5 t

8999.5 70 2049.5= 3
2049 5 70 2099.5- 0
2099.5 TO 2849.5- 4
2149.5 TO 2899.5- !
2199.5 70 ::49.5 0

,

::49.5 70 2299.S. t
2299.5 70 2349.5- 1

2349.5 TO 2399.5- 0
2399.5 70 2449 5- 1

2449.5 TO 2499.S= 1

2499.5 70 2549.S. 0
2S49 5 70 2599.S. 3 *

2199.5 70 2449.5- !

2649.5 70 2499 5- 2
2499.5 TO 2749.S* 2
2749 5 TO 2799.5- 0
2799 5 TO 2049.5- 3
2949.5 TO 2899.5- 0
0999 5 70 2949.5- t
2949 5 70 2999.5 0
7999.5 TO 3049.5- 0
3049.5 to 3099.5- 1

3099.3 70 3349.5* 2
3:49.5 70 3199.5- 3

3199.5 70 3:49.5- 0
3249 5 70 3299.5- 0
3299.5 TO 3349.5- 0
3349.5 TO 3399.5- 0
3399.5 TO 3449.5- 3'

3449.5 TO 3499.5- 0
3499.3 70 3S49.5- 0
3349.5 TO 3599.5
3599.5 TO 3649.5- 0
3449 5 70 3499.5 0
3499 5 70 3749.5- 0
3749.5 TO 3799.5- 0
3799.5 TO 3049 5- 0
3049.5 TO 3099.5 0
3999.5 70 39a9.5- 3

3949.3 70 3999.5- 0
3999.3 TO 4049.5- 8

All Cases Cumulative Dose
3 Years Before Death

A-9
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3005esssssesssesessessesseessesseessessesessesesssssssettessesseessseesseesesessessesssssessesesseesseessees.. 5 70 89.5-
49.5 70 99.5 433ssesseessesse
99 5 TO 149.5- teesese

149 5 70 199.5- 878
199.3 TO 249.5- SS,

249 5 TO 299.5* 32
299.5 70 349.5- *1
349.5 70 399.5- 13
399.5 TO 449.5- 12
449.5 TO 499.5- 16
499.5 TO S49.5- 9'

549.5 TO 599.5- 14
399.5 70 449.5* 9
449.5 70 499.S= $
499.5 TO 749.5= 7
749 5 TO P99.5- 8
799.5 TO 949.5- 2
949 5 TO 099.5- 1

999.3 TO 949.5* 8
949 5 TO 999.5- 4

999.5 TO 1049.5* 4

1049.5 70 8099.5- t

1099 5 70 1849.5- 2
!!49.5 70 1899.5- 2
8199.5 70 1249.5- 3
1249.5 70 1299.5- t
1299.5 70 1349.5* 4

,

1349 5 70 1399.5* I
8399.5 70 1449.5- t
1449 5 70 1499.5- 0
1499.5 70 1549.S* 2
1549.5 TO 1599.5* 1

1599.5 70 1649.5- 0*

1649.5 TO 8499.5- 2
1499.5 70 1749.5= 2
!?49 5 TO 1799.5* 1

I??9.5 TO 8049.5- 1

1949.5 TO 1999.S* 2
8999.5 TO 1949.5- 1

1949.5 70 1999.S= 2
1999.5 TO 2049.5- 3.

1049.5 TO 2099.5- 0
2099.5 TO 2149.5* 0
2149.5 TO 2199.5- 1

2199 5 70 2249.5- 2
2249.5 TO 2299.5- 2
2*99.5 TO 2349.5- 1

1349.5 TO 2399.5- 1

2399.5 TO 2449.5- 1

2449.5 70 2499.5* 2
2499.5 TO '549.5 0
2549.5 TO 2599.5- 2 .

2599.5 TO 2449.5* 0
1649.5 TO 2499.5- 2
1499.5 70 *749.5 2
2749.5 TO 2799.5- 0
2F99.3 TO 2049.5* O
2949.5 70 2999.5- 0
2999.5 TO 2949.5* I
2949.5 TO 2999.5- t
2999 5 TO 3049.5- 1

3049 5 TO 3099.5* O
3099.5 70 3849.5- 1

*349.5 TO 3899.5- 0
3199 5 TO 3249.3- 0
3249.5 70 3299.5- 0
3299.5 TO 3349.3- 0
3349 5 TO 3399.5- 0
3399.5 TO 3449.S= 2
3449 5 TO 3499.S- 1

3499.5 TO 3549.5- 0
3549 5 TO 2599.5- 0
3599.5 TO 3449.5= 0
3449.5 70 3499.5- 0
3499.5 70 3749.5- 0
3749 5 70 3799.5 0
3799.5 TO 3849.5- 1

All Cases Cumulative Dose
5 Years Before Death

A-10
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. 3 70 49.5- 3264eeseesseestesseessessessassessenessessessessessessesseessosssesseseassessessessessessesessessessesseestet
49.5 70 99.5- 34408080e8e8
99 5 TO 849.5 lies

84).3 70 899 5* 55
899 5 70 249 5- 44
3 9 5 70 299 5 24.
299 5 TO 349 5* 28
349.5 70 399 5* e
379.5 70 449.5- 13
4$9.5 70 499.5- 80
4?9 5 TO S49.5 e
5'9 5 70 599.5* 10
527.5 70 649.5 6

* C49.5 70 499 3* 4
699.5 70 749.5* 3
FGT.5 70 799.5= 1

799.5 70 849 5= 3
8:9.5 70 899.5= 2
899 5 70 949 5= 8

949 5 TO 999 5= 0
999.5 70 1049.5* t

1040.5 70 1099.5= 3
1099.5 TO 8849 5= 0
1147.5 70 1899.5* 0
3199.5 70 8:49.5* 3'

847.5 10 1299 5 2
3299.5 70 1349 3 3
13:9 5 70 1399.5 3
1399 5 70 1449 5* I
1449.5 70 8499 5= 2.

1499.5 70 1549.5- 1

1549.5 70 8599.5= 2
4599.5 70 1449.5
8649.5 70 8499.5- a
8499 5 70 1749 5a 8

* 1799.5 TO 4799.5- 0
!?99 5 70 1049 5- 0
1947.5 70 1999 5- 0.

1879.5 70 8949 5= 0
'

1T47.5 70 1999.5* 0
1999.5 70 2049.5* 0
2049.5 70 2099.5* 0
2099.5 70 2149 5* 0
2441.5 70 2199.5* 0.

2199.5 70 2:49.5* 0
2249 5 70 2299 5* I
2299.5 70 2349.5- t.

2349 5 70 2399.5 0
. 2399.5 TO 2449 5* 8

* 3:49 5 70 2499 5= 0
2199 5 70 2549 5 I

All Cases Cumulative Dose
10 Years Defore Death

*.5 TO 49.5 350essessesassesasesseesseesseseessecesseessesessessessesseessessessesessassessessessassesseessesseessesse
49.5 70 99.5- 24:essee
99.5 70 149.5= 99s
149.5 70 199.5- 42
199 5 70 249.S= 35
249.5 70 299 3 37
099.5 TO 349.S* 16
349.5 70 399.S* *

399.3 70 449 5- 7
449.S 70 499.S. S
499.5 TO 549.5- 3
549.3 TO $99.5* 4
$99 5 70 649.5* 4

449.5 70 699 5* *

499.S 70 749.5* I
749.3 70 799.S* 1

799.5 TO S49.S* 0
849.5 TO 899.S. I
899 5 73 949.5-
949 5 TO 999.S* 1

999.5 70 1049.S* 0
1049.5 70 1099.5* 0
1099.5 70 tief.t* 1

1849.5 70 1899.5* 0
8899 5 70 1:49.5- 1

All Cases Cumulative Dose
15 Years Before Death

A-ll



r
..

s. .<

,

r

..t 70 49.5 374 ssessessesessesessessesessessesse.sossessessessesessessassessessessessesses.eessesses.seessessesesses.
49.5 70 99.5 138e
99 5 70 149.5+ 45
849.5 70 899.5 27
199.3 70 249.5- 9
249. 70 299. = 5
299 5 70 349.S= 3
349 5 TO 399.La 4

399.3 70 449.5= 0
**'** '" * " ' * * * All Cases Cumulative Dose,

20 Years Before Death

.s to 49.5 39:3.s e e.s e e s...s e e..s a..e s e s.s e s s e s s..e s..s...e s...e s..e.s.e s.c o s e.se s s.e s..se s s e.e s s e s s e e e s.s e s s e s..s s . .49.3 70 99.5 47
99.5 70 149.5 13

149.5 70 899.5 S
199.S 70 249.5 3
249 3 TO 299 5 1

All Casos Cumulative Dose
25 Years Before Death

.

43.S TO 44.S= 7e
c4 3 70 41 5- ISees
45.5 70 46 3 :eeesseet
46.3 70 87 3= :Seeseet
47.3 70 44.S= 3Seesessesse
48.3 TO 49.5 eSessessessessessessee
42 3 TO S0.S* S3essesseesseessee
90.5 70 St.S. 49eeeeeeeeeeeeeeeeeeees
31.3 TO $*.S* essesseeesessessesseessesse
S2 3 TO S3.S* fleeseessesessesteessessessese
33 5 70 S4.S* 90eesesseesseesseteesessese
S*.S TO SS.S. eseessesseeeeeeeeeeeeeeeeees
SS.S 70 34.5- 99eeeessessessesseteessessesseets
54 3 TO 57.3 324eeeeeeeeeeeessessesseeeeeeeeeeeeeeeees
S7.3 70 T8.S= titecessessessesseessesseessesseesseese
38 3 70 59.3 139eesessessesesseeesteessesseessessessessesse
19 3 70 40.5 lesseeeeeeeeeeeeeeeeeeeeesseessesseesses.essessessessee
40 3 10 48.5 376eeeessessessessessessessessessessesessessessesessessesse
48.3 70 er.S= 200essessessesseessesseesseeeeeeteesesseessessessesseessessessenese
47.5 TO 43 3 379esecesseessessesseessesseessessessesseesseessessesseessee
43 5 70 e4.3 194eessesseeeeeeeeeeeeeeeeeeeeeetesessessessesseseeseessessessees
$4.3 70 43.S= 20lsessesteesseeesetetesesteessesessesseessessessessesseeeeeeeeeses
(5 5 70 44 5 ;osesseeeeeeeeeeeeeeesseessessessessessessessessesseesseessesessessee
46.3 TO 47 3 ::leteseeeeeeeeeeeeeeeeeeeeeeeeeeeeeeesseeeeeeeeeeeeeeeeeeeeeeeesessessese
47.3 70 60 3 25Seeeeeeeeeeeeeeeeeeeeesseeeeeesecesesseessessessesseessesesesessessesseessesteesese
64.5 TO 69.S= 2540sesteestessessesseteesessessesessessessessessesseessessesesseesecesseessessesseee
49.9 70 70.S= :9s.eeeeeeeeeeeeeeeeeeeeeeeeeevesenesseesseessesseessessessessessesseeeeeeeeeeeeeeeevessesseses
10 5 70 Pl.S= ;4eeeeeeeeeeeeeeeeeeeeeessessessessessessessesseeeeeeeeeeeeeeeeesseeeeeeeeeeeeeeeeeeeeeee
ri.S 70 72 5 274.eeeeeeeeeeeeeesseestessesseeesseessessessessessessessessesseeeeeeeeeeeeeeeeesseeeeeeeses

All Cases Year of Death
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.S.84 OT 3 7474 44r sesseecessseesseesseeeeeeeeeeeeeess73

essessessssssssssseessessessessesse3 .S.64 OT S.34'
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OT 5 44essessessessoeesessesseseceesesses43 .S.
OT 5 34sessesessessesesseessessesse03

5 44 OT 3 24
5 34

essesseesseseeeessessesee72
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44eessessoessesseessesseess72

OT 5 93
sesseetsessesseesses22 14
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e
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OT 5 43seetseseets 3 33 07 5
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42.5 70 43.S= 8
43.5 70 44.5- stessessessesessessessessessessessessesseessessessessessesseesseessessessessessecessessessessesessessesseesses..

44.3 TO 45.5 35:eeeeeeeeeeeeeeeeeeeeeeeeeeeeessesses
45.5 TO 44.5 . 74eessee
46.5 TO 47.5- 242eeeeeeeeeeeeeeeeeeesesse
47 5 TO 48.5- 13;oesessesseee
48.5 TO 49 5- 330s,

49.5 70 50 5- 338e
50.5 TO St.5- 332esseessessee
54.5 70 32.5- 45ees.

52.5 70 53.5= 308
53.5 70 54.5= 35e8

. 54.5 TO 55.3= 4 tees
! 55.5 70 54.5- 7

54.5 70 57.S- 4
57.5 TO 54 5= 4
58.5 TO $9 3 4
59.5 70 40.5- 7,
40.5 10 41.5- 4
48.S 70 42.5- 7
42.5 70 63 5- e
63.5 70 44.5 2
6457065.S-2*
e5 5 TO 64.5- e
46.5 70 47 5- 4
47.5 70 64.5- 0
es.S 70 49.5- e
es.S 70 70 5- 2

Exposed White Males Initial Year of Employment
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*
43.5 70 44.5 18sses
44.5 TO 43.5

340s ss ssss s ss s s s sssss sssss s s s ssss s sss es e e ss s sss s ss s s ss ssss sss s ss ss s ssss ss s s s s s ssssssss sssss ssss e nesesssss sss ss e .45.5 TO 44.5 419sessssssssssssssssssssssesessesassses
44.5 70 47.5 4essesssssssssa
47.5 TO 48.5 etsassessessssssssssses
40 5 70 49.5 11:essssssssssssssssesessassessassess
49.5 70 50 5 70ssssssssessesseessasases
50.5 70 31.3 1:3seessssssssssssssssssssssssssssssssses
St.: 70 32.5 90 s s s s s s s s s e e s s s sss sss sss s ss s sse s
::.: 70 33.5 91sessssssssssssssssssssssssse
53.5 70 54.5 47seessssssssssssssses
54.5 70 : . . Seessssssssssssssssssssssssse
30.5 70 54.5 7:sssssssssssssssssssssse
54.5 70 57.5 94essessesessesessesseesssssss
57.5 70 38.5 08sessasssssssssssssssssssss:
58.5 70 39.5 04ssessssssssssssssssssssssa
59.: 70 40.5 eesssssssssssssssssses
44.5 70 41 5 74ssesessessssssssssssses
43.5 TO 40.5 7essssssssssssssssssssssa
40.5 70 43 5 67ssessssssssssssssssa *43.5 10 64 5 eessssssssssssssssses
44.5 70 45 5 77essesssssssessosssssesse
es.: 70 44 5 31ssossses
46.5 70 47 5 39sses
47.5 70 68.5 *4ssesse
48.5 70 49.5 34ssesesssa
49.5 70 70.5 30ssssssssses
70.5 70 78.5 30ssessess
71.: 70 70.5 34sessesessa

Exposed White Males Final Year of Employment

..: 70 .:. 177sesssssssssssseesssssssssssssssssssssssse
.: 70 1.5

34:sssssssssssssssssssssseesssssssseessesssssssssssssssssssssssssssssssssssssssssssssssses1.5 70 2.5 159sssssssssssssssssssssssssssssssssssas2.5 70 3.3 Il9ssssssssssssssssesesssesess3.5 70 4.0 20:ssssssssssssssssssssses
4.5 70 3.5 9 sassssssssssssssssses
3.5 70 e. . 93sessessesasseessseses
4 5 70 7.3 90ssssssssssssssssssse
7.5 70 e. . 9:ssesssssssssssssesses
8.* TO 9.:. 8 sessessasssssssses
9.5 70 10.5 70sssssssssssssssse

40.5 10 11.5 essesssssssssssssesas
II.: 70 12.0 7tessssssssssssess
10.5 TO 13.5 esssssssssssssa
13. 70 14.5 ?9sssssssssssssssssa
14.5 70 15.3 47ssessssessesses
13.5 TO 14.5 sssssosasses
ne.: 70 17.3 eassesssssssssses
!?.: 70 13.5 50ssessasses
18.5 70 19.3 49sssssssees
19.5 70 20.3 47sssessasse
20.5 70 21.3 3esessese
21.5 70 : .5 Itses
*:.: 70 23.5 3:e
23.: 70 24.5 sess
;4. 70 :.5 2sesse
*:.: 70 24.5 13s
26.5 70 27.3 tes
27.5 70 20.5 ses

Exposed White Male Total Years Employed
A-15
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9 1
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3e 1
40 1
43 2
:2 :
70 2
93 1 .9s 1

182 1

13e 1

841 3
142 2

8*; n.b. One case with no cause2

14e 1 of death is excluded.147 1
les 1

149 1

150 9
151 26..
::2 :
::3 s0......
1:4 16.
1: 7
1Se

3 ...:7 32
ise 1 .
159 1

160 2
141 7
se2 32s..................
143 1

170 1

171 3
172 9
173 1

ies 23.
Ise 3
ies 7
le9 1:
190 8

891 14
192 3
193 1

ats 2
397 e
ate 2
199 13
200 le
201 10
2c2 2
203 e
204 2
20s e
20e 1
207 1
209 1

218 2
225- 1

23e :
244 1

250 26..

| Exposed White Males Cause of Death (ICD codes)
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25 3 .

2S8 8

269 3

272 3
274 1

277 1

279 2
204 1+

303 3
309 1

320 2
323 2
340 1

342 2
347 2
348 5
35: 1

394 4
395 11
394 3
397 2
390 3
400 7
408 2
402 7

[ 403 4
i 404 3

430 703ssessee ssesess esseessess es s es s e e ss e s s e e s s e e ssees s e esses es s e ss e s se ssee ssesseess e e sseses s e e ssessessessesses s e s .
411 11
412 teosessessesseesseessessessese
421 1

422 1

42: 2
! 427 18e'

420 3
429 11
430 14
43: 34 esse
432 3
433 3sesos
434 4

434 Jesse.
437 15
438 2
440 13
441 33sse
442 2
444 1

44: 2
446 2
450 4
4:1
4:2 3

4:3 1

4:e
470 2
400 2
4ei
es: 9
464 . *le
490 1

491 Il

492 4esseees
493 :

Exposed imite Males Cause of Death (ICD codes)
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513 4

514 1

587 4

589 3
589 e
530 1

538 4

532 0
533 4
534
537 1

540 3
551 2
552 1

560 2'

Set 1

. 542 4
549 2
570 8

571 358888
573 3,

574 2
575 1

576 : I

577 5
''-

, Set i
I 592 8

504 1 l.

590 e'

392
593 2

' *
599 1

601 1

402 27
.

495 1

. 784 :
729 - gc.

733 2
734 2

' 747 2
748 1

753 2
'

702 5
796 1

I

i 792 1i
.

< 795 1

794 11

7
005 1

810 5.
512 2000si

' 013 3
,

034 5
Sie les

,

4 3 818 4
819 29ses

t' 330 8
932 2
040 3

e 041 12
073 1

|. 374 2
*- 500 1

Set 2
SS2 2

' ese 3
SOS 2'

i
997 7

! m.
890 2
091 1

995 1t>

999 1

399 1

980 0*,
918 4
913 1

' 9te 2 L

e 910 $

i 922 10'-
923 3
924 1

925 4

924 1
* 927 1

929 26

929
930 31

943 8

950 3
952 13
953 e .......

.

,55 53
958 1

990 2
9e5 2

'
,ee a
,se i

994 1

Exposed White Males Cause of Death (ICD codes)
A-18
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.5 TO 49.5- Il41ssessssssssssssssssssssssssssssssssssesessesssssssesessessassaossessosasassosassesessesesseessesesse
49.5 TO 99.5- 406ssesssssssseessssssssssssssssssses
99.5 TO 149.5 218ssesessessesesssa
149.5 70 199.5 tiessesesse -

199.5 70 049.5 40:ss,

249.5 70 299.5- 44se,

099.5 70 349.5- 30s,

349.5 70 399.5- 19
399.5 TO 449.5- 20
449.5 70 499.5- 13
499 5 70 549.5- 9*

j 549.5 TO 599.5= 14
i 599.5 TO e49.5= 17' 649.5 70 699.5- 9

499.5 70 749.5- 5
749.5 70 799.5+ 7y_

799.5 70 849.5- 5;
849.5 TO 899.5- 0i

i 899.5 TO 949.5- 8
949.5 TO 999.5- 3
999.5 70 1049.5- 5

t' 1049.5 TO 8099.5- 1

1099.5 70 1849 5- 3.

1849.5 70 1899.5-
' 1199.5 70 1249.5- 3

1249.5 TO 1:99.5-
1 99.5 TO 1349.5- 1,

4349.5 70 1399.5= 2.

1399.5 70 1449.5- 1

i 1449.5 70 1499.5- 2
3499.5 70 1549.5= 4
1549.5 TO 1599.5- 2

r' 1599.5 70 1e49.5 I
i 1649 5 70 1699.5- 4

1499.5 TO 1749.5- 4
* 1749.5 TO 1799.5 1

1799.5 TO 1949.5* 1

1849.5 TO 1899.5- 0
[. 1999.5 70 1949.5- 0
6 1949.5 70 1999.5- 2

8i 1999.5 TO 2049.5 3
*

0049.5 70 2099.5- !
2099.5 TO 2149.5- 1

2149.5 70 2199 5- 2
2199.5 70 2249.5- 0
2249.5 70 2299.5- 0
2299.5 TO 2349.5- t
2349.5 70 2399.5- 1

2399.5 70 2449.5- 0
2449.5 TO 2499.5- 0
2499.5 70 2549.5- 1

2549.5 70 2599.5- 5
2599 5 TO 2649.5- 0
2449.5 TO 2499 5 I
2699.5 TO 2749.5- 2
2749.5 TO 2799.5- 1

2799.5 TO 2049.5- 0
0849.5 70 2099.5- 2
2099.5 70 2949.5- 1

0949.5 70 2999.5= 0
2999.5 TO 3049.5- 0
3049.5 TO 3099.5- t

i 3099.5 70 3 3 4h 5- --3--
3149.5 TO 3199.5- 1

3199.5 TO 3249.5- 0
3249.5 TO 3299.5= 1
3299.5 TO 3349.5- 0
3349.5 70 3399.5- 0
3399.5 70 3449.5- e
3449.5 TO 3499 5- 0
3499.5 TO 3549.5- 0
3549.5 70 3599.5- 0
3599.5 TO 3449.5- 1

3649 5 TO 3499.5- 0
3499.5 TO 3749.5 0
3749.5 TO 3799.5- 0
3799.5 70 3049.5- 1

3849.5 70 3099.5- 0
3099.5 TO 3949.5= 0
3949.5 70 3999.5- 0
3999.5 70 4049.5= 1

4049.5 TO 4099.5- 0
4099.5 TO 4149.5- 0
4:49.5 70 4899.5- 0
4899.5 TO 4249.5- 0
4249.5 70 4299.5- 0
4299.5 TO 4349.5- 1

4349.5 TO 4399.5 0
4399.5 TO 4449 5- 1

Exposed White Males Cumulative Lifetime Dose
A-19
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.5 TO 49.5- 120esseessessesssesseessssssssssssssssenesseesssssssssssssssssssssacessssssssssssssssssssssssssoassasssase
49.5 TO 99.5- 421ssssssssssssssssssseesssesesseesses
99.5 TO 849.5- !?4ssassessssses
149.5 70 199.5- it7sseesses
199.5 TO 249 5 Seess

' 249.5 TO 299.5- 350
299.5 TO 349.5- 29s.
349.5 TO 399.5- 14
399 5 TO 449.5- 21
449.5 TO 499.5- 80
499.5 TO $49.5- 7,

549 5 TO 599.5- le
599.5 TO 649.5- !!
e49 5 70 699.5- 5
699.5 TO 749.5- 2
749.5 70 799 5- 9
799.5 TO 949.5- 4
849 5 TO 899.5= 1

899 5 TO 949.5- 7
949.5 TO 999.5 3
999 5 TO 1049.5- 3
1049.5 TO 1099.5- 3.

1C99.5 TO 8849.5- 5
1149.5 TO 11'9.5- 2
1899 5 70 1249.5- 2
1249.5 TO 1299.5- 2
1299.5 TO 1349.5- 2

* 1349.5 TO 1399.5- 2
1399.5 70 3449.5- 1

1449.5 T0 1499.5- 3
1499.5 TO 1549.5- 5
1549.5 70 1599.5- t
1599.5 TO 8649.5* 8,
le49.5 70 1699 5- 3
1699.5 TO 1749.5- 3
1749.5 70 1799.5- 0
1799.5 TO 1949.5- 0
1349.5 TO 1999.5- 0

* 1099.5 70 1949 5- 0
1949 5 T0 1999.5- 1

1999 5 TO 2049.5- 3
2049 5 TO 2099.5- 0
2099.5 TO 2149.5- 4
2349.5 TO 2199.5- 1

2199.5 TO 2249 5- 0
2249.5 70 2299.5- t

, 2299.5 TO 2349.5- 4i

2349.5 TO 2399 5- 0
2399.5 TO 2449.5- 1

2449.5 TO 2499.5- 3
2499.5 TO 2549 5- 0
2549.5 70 25t9.5- 3
*599.5 TO 2449.5- 1

2649.5 TO 2699.5- 2
2499 5 TO 2749.5- 2
2749.5 TO 2799.5- 0
2799.5 TO 2949.5- 3
2049.5 TO 2899.5- 0
2099.5 TO 2949.5- 1

2949.5 TO 2999.5- 0
2999 5 TO 3049.5- 0

' 3049.5 TO 3099.5- 1

3099 5 TO 3849.5- 2
3149.5 70 3199.5- 1 e
3899.5 TO 3249.5- 0
3249.5 TO 3299.5- 0
3299.5 TO 3349.5- 0
3349.5 TO 3399.5- 0
3399.5 TO 3449.5- 3
3449.5 TO 3499.5- 0
3499.5 TO 3549.5- 0
3549.5 TO 3599.5- 2
3599 5 TO 3449.5 0
3649.5 TO 3499.5- 0
3499.5 TO 3749.5* 0
3749.5 TO 3799.5- 0
3799.5 TO 3849 5- 0
3049.5 TO 3899.5* 0
3099.5 TO 3949.5* 1

3949 5 TO 3999.5- 0
3s99.5 TO 4049.5- t

Exposed White Males
Cumulative Dose 3 Years Before neath
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.5 TO 49.5- 1281ssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses
,

49.5 TO 99.5- 407:ssssssssssssssssssssssssssssest

99 5 70 149.5- le2 sesessasses
i. 149.5 TO 199.5- gessess
i 199.5 TO 249.5 55ssa,

249.5 TO 299.5- 32s
i 299.5 TO 349.5+ 21

| 349.5 TO 399.5- 13
399.5 TO 449.5- 10
449.5 TO 499.5- 14
49*.5 TO 549.5- 0r

549.5 TO 599.5= 13
599.5 70 e49.5 8
449.5 70 499.5- 5
499.5 TO 749.5= 7'

| 749.5 70 799.5- 8
799.5 TO S49.5- 2
549.5 TO 999.5 1

899.5 TO 949.5- S
949.5 70 999.5- 4
999.5 70 1049.5- 4

1049.5 70 1099.5- I
j- 1099.5 TO 1849.5- 2
' !!49.5 TO 1899.5- 2

1899.5 TO 1249.5- 3
1249.5 70 1299.5- 1

1299.5 70 1349.5- 3
1349.5 TO 1399.5+ 4

1399.5 70 8449.5- 8

1449.5 70 1499.5- 0
1499.5 TO 1549.5* 2
1549.5 70 1599.5- 1

1599.5 TO 1649.5- 0
1649.5 TO 1499.5- 2
1499.5 TO 1749.5= 2
1749.5 TO 1799.5 I
1799 5 TO 1849.5- 1

1949.5 70 1999.5- 2
1899.5 TO 1949.5- 1

1949.5 TO 1999.5- 2
1999 5 70 2049.5- 3
2049.5 TO 2099.5- 0
2099 5 ?O 2149.5- 0
2149.5 70 2199.5- 1

2199.5 70 *249.5- 2
2249.5 TO 2299.5 2
2299.5 TO 2349 5- 1

2349 5 70 2399.5- 1

2399.5 70 2449.5- 1

*449.5 TO 2499.5= 2
,

2499.5 TO 2549.5- 0
2549.5 TO 2599.5- 2
2599.5 TO 2449.5- 0
2649.5 TO 2499.5- 2
2499.5 TO 2749.5- 2
2749.5 70 2799.5- 0
2799.5 TO 2049.5 0
2049 5 TO 2099.5- 0
2099.5 TO 2949.5- 1
2949.5 TO 2999.5- 1

2999.5 TO 3049.5- 1

3049.5 70 3099.5- 0
3099.5 70 3149.5- 1

349.5 TO 3199.5 0
3199.5 TO 3:49.5 0
3249.5 70 3299.5- 0
2299.5 TO 3349.5- 0
3349.5 TO 3399.5- 0
3399.5 TO 3449.5- 2
3449.5 TO 3499.5- 1

3499.5 TO 3549 5- 0
3:49.5 TO 3599.5- 0
3599 5 TO 3449.5- 0
3449 5 TO 3499.5 0
3499.5 TO 3749.5* 0

. 3749.5 TO 3799.5- 0
| 3799.5 TO 3049.5- t

Exposed White Males,

! Cumulative Dose 5 Years Before Death
A-21
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.5 TO 49.5 1524s...ss...s.ss..sss...s s sss ss s...s.ss s ssss sssa..s. essa.es.sa..ssas..sssssssssa...s....s.ssas sa.ssess s e
49.5 TO 99.5- 345...e.a.s.sa.s..ss..s.. -

99.5 TO 149.5- 105 80ss.
149.5 70 199.5 55..
199.5 TO 249.5- 42.
249.5 TO 299.5- ::
299.5 70 349.5- 19
349.5 70 399.5- e

' 399.5 TO 449 5- 10
449.5 TO 499.5- 10
499.5 70 549.5- 6*

549.5 TO 599.5 10
599.5 70 449.5- 5

. e49.5 70 499.5- 4
699.5 TO 749.5 3

*
749 5 70 799.5- 1

799.5 70 849.5- 3
849.5 TO 899.5- 2
899.5 TO 949.5+ 1

949.5 TO 999.5- 0
999.5 TO 1049.5- 1

1049.5 70 1099.5- 3
1099.5 TO 3149.5 0
1849.5 TO 1899.5- 0
1199.5 70 1049.5- 3
149.5 TO 1299.5- 2
1099.5 70 1349.5 3
1349.5 TO 1399.5- 3
1399.5 TO 1449.5- 1

1449.5 TO 1499.5+ 0
1499.5 TO 1549.5- 1

1549.5 TO 1599.5- 2
1599.5 TO 1449.5- 2
1449.5 TO 1499.5 1

1499.5 TO 1749.5- 1

1749.5 TO 1799.5- 0
1799.5 TO 1949.5- 0
1949.5 TO 1999.5- 0
1999.5 70 1949.5- 0
1949.5 TO 1999.5- 0
1999 5 70 2049.5- 0
2049 5 TO 2099.5- 0
2099.5 70 2149.5- 0
2149.5 TO 2199.5 0
2199.5 70 2249.5 0
0249.5 70 2299.5= 1

2299.5 TO 2349.5- 1

2349.5 70 2399.5- 0
2399.5 TO 2449.5- 1

*2449.5 TO 2499.5 0
2499.5 70 2549.5- 1 Exposed White Males

Cumulative Dose 10 Years Before Death

5 TO 4,.5- 175s....s..............ss......................s...........s..........s.s..ss..........................s.49.5 TO 99.5 2 3.s....s..e.
99.5 TO 149.5 97.s..

149.5 TO 199.5- 41.
199.5 70 249.5- 34
249.5 70 099.5- 17
299 5 70 349.5- le
349.5 TO 399.5- 2
399.5 TO 449.5- 7
449.5 TO 499.5- 5

' 499.5 TO 549.5 3
549.5 TO 599.5 4
599.5 TO 449.5- 4
449.5 70 499.5- 2
699.5 TO 749.5- 1

749.5 70 799.5- 1

799.5 70 049 5 0
849.5 70 099.5- 1

899.5 70 949.5-
949.5 TO 999.5- 1

999.5 TO 1049.5- 0
1049.5 TO 1099.5 0
1099.5 70 1149.5- 1

1149.5 TO 1199.5- 0
1199 5 TO 1:49.5- 1

Exposed White Males
Cumulative Dose 15 Years Before Death

A-22
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. TO 49.5- 2004sesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa,

49.5 TO 99.5- 131ssas
99.5 TO 149.5 45
149.3 70 199.5 24
199.5 70 249.5- 9
249.5 70 299.5-
299.5 TO 349 5 3r

349.5 TO 39+.5- 1

399.5 TO 449.5- 0
' 449.3 TO 499.5- 2

. Exposed White Males
Cumulative Dose 20 Years B.efore Death

,

t'

a

*
.5 TO 49.5- 2159sssssssssssssssssssssssssssssesessssssssssssssseesssssssssssssssssssssssssssssssssssssssssssssssssssse

49.5 70 99.5- 44
4 99.5 70 849.5- 13

149.5 TO 199.5- 4
199.5 TO 249.5- 3
249.5 TO 299.5- 1

-

Exposed White Males
i Cumulative Dose 25 Years Before Death,

,

a
.

43.5 TO 44 5+ 1

44.5 TO 45.5 s
- 45.5 TO 46.5- 7ss

44.5 TO 47.5- ess
47.5 TO 48.5- ess
48.5 TO 49.5- 23 sstsess
49.5 70 30.5- 21sessette *
50.5 70 51 5- 30ssessanessess
51.3 70 32.5- 3ssesseessssssssses
52 5 70 53.5- 47ssessenessssssssseses
53.5 TO 54 5- 37sessessessssssss
54.5 TO 55.5- 39esssssssssssssses
35 5 TO 56.5- 52 sesseesseessesseesseses
5*.5 70 37.5- 59ss esessse s s ss s ss sss e es s es e s
57.3 70 38.5 7 sessesssssssesecesessesessassesese
58.5 TO 59.5- 30:ssessesessssssssssssssesessessese6ses
59.5 TO 40.5- esssssssenesesssssssssssssssssssesessessee
60.5 70 41.5- 9eesseessessssesesssssesessessesssssseessesseess
41.5 70 42.5- 10:ssessasssssssesessesseseassenesseessseesseseseae
42 5 70 43.5- 105ssessesenesassseesseesseessesesseossesesssesseses
43.7 70 64.5- 11 sesessenessesessessesssvessessevatessessesssssessess
64 5 70 45.5- 105sseesssssssssssssssssssssssssesessenessssssesessa
45.5 70 44.5- 132ssssssssssssssssssssssssssssseesseessassassesseesssssseesssesse
44.5 TO 47.5- 124essesesssssssssssssssssssssssssssssssssssssssssssssesessses
47.5 70 48 5 seessssssssssssssssssssssssesseesssssssssssseesseessssssssssssstsesessess
48.5 70 49.5- 159ssessssssssssssseesssssssssesseessessssssssssssssessessseeeeesesseseessseses
&#.5 TO 70.5- 183esssessssssssssssesessesssssssssssseesseessssssssssseessssssesessessseseesssensseessssse
70.5 70 71.5- 170:ssesssssssssssssssssssssssssssssssssssssesessessesseessessnessessesseesssesessess
71 5 70 72 5- se3ssseessenessessesessesessessssssssssssssssssssssssseeessessessetesesseessseesseessseeses

Exposed White Males Year of Death
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CAUSE OF DEATH DISTRIBUTION

l

t



-

'

., ..

NO. OF
CASES CODE DESCRIPTION

1 8 Enteritis due to other specified organism

4 9 Diarrhoeal disease,

13 11 Pulmonary tuberculosis.

1 23 Brucellosis'

.

2 38 Septicaemia
.

1 39 Other bacterial diseases

2 40 Acute paralytic poliomyelitis specified,

as bulbar
.

1 41 Acute poliomyelitis with other paralysis

2 43 Acute poliomyelitis, unspecified

1 46 Other enterovirus diseases of central,

nervous system

1 52 Chickenpox

2 70 Infectious hepatitis

1 93 Cardiovascular syphilis

1 95 other forms of late syphilis, with symptoms

1 112 Moniliasis

1 136 Other and unspecified infective and parasitic
diseases

1 140 Malignant neoplasm of lip

6 141 Malignant neoplasm of tongue

3 142 Malignant neoplasm of salivary gland

2 144 Malignant neoplasm of floor of mouth

3 145 Malignant neoplasm of other and unspecified
parts of mouth

3 146 Malignant neoplasm of cropharynx

1 147 Malignant neoplasm of nasopharynx

B-1
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NO. OF
CASES . CODE DESCRIPTION

2 148 Malignant neoplasm of hypopharynx

2 149 Malignant neoplasm of pharynx, unspecified
18 150 Malignant neoplasm of oesophagus

'

39 151 Malignant neoplasm of stomach
'

2' 152 Malignant neoplasm of small intestine,
including duodenum

79 153 Malignant neoplasm of large intestine,
except rectum.

23* 154 Malignant neoplasm of rectum and rectosigmoid
junction

9 155 Malignant neoplasm of liver and intrahepatic
bile ducts, specified as primary

.

11 156 Malignant neoplasm of gallbladder and bile ducts
, ,

55- 157 Malignant neoplasm of pancreas,

3 158 Malignant neoplasm of peritoneum and
retroperitoneal tissue

1 159 Malignant neoplasm of unspecified digestive
organs

2 160 . Malignant neoplasm of nose, nasal cavities,
middle ear and accessory sinuses

10 161 Malignant neoplasm of larynx

202 162 Malignant neoplasm of trachea, bronchus and
lung

1 163 Malignant neoplasm of other and unspecified
respiratory organs

1 170 Malignant neoplasm of bone

6 171 Malignant neoplasm of connective and other
soft tissue

13 172 Malignant melanoma of skin

3 173 Other malignant neoplasm of skin

B-2
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NO. OF
CASES CODE DESCRIPTION

,

31 174 Malignant neoplasm of breast,.

7 180 Malignant neoplasm of cervix uteri

6 182 Other malignant neoplasm of uterus

! 13 183 Malignant neoplasm of ovary, fallopian
,- tube and broad ligament

43 185 Ma11gnant neoplasm of prostate
,

4 186 Malignant neoplasm of testis

11 188 Malignant neoplasm of bladder

25 189 Malignant neoplasm of other and unspecified
'

urinary organs
.

1 190 Malignant neoplasm of eye

23 191 Malignant neoplasm of brain

5 192 Malignant neoplasm of other parts of.

nervous system

2 193 Malignant neoplasm of thyroid gland
1 194 Malignant neoplasm of other endocrine glands
5 195 Malignant neoplasm of ill-defined sites

'

1 196 Secondary and unspecified malignant
neoplasm of lymph nodes

18 197 Secondary malignant neoplasm of respiratory
and digestive systems

2 198 Other secondary malignant neoplasm

30 199 Malignant neoplasm without specification of
site

22- 200 Lymphosarcoma and reticulum-cell sarocoma

14 201 Hodgkin's disease

3 202 Other neoplasms of lymphoid tissue

11 203 Multiple myeloma

5 204 Lymphatic leukaemia

B-3
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NO. OF
CASES CODE DESCRIPTION

13 205 Myeloid leukaemia

1 206 Monocytic leukaemia,

i 5 207 Other and unspecified leukaemia

| 1 208 Polycythaemia vera
;

1 209 Myelofibrosis
,.

. 2 211 Benign neoplasm of other parts of digestive'
system

,

2 218 Uterine fibroma
i

1 225 Benign neoplasm of brain and other parts
of nervous system

1 228 Benign neoplasm of other and unspecified
organs and tissues

'
1 231 Neoplasm of unspecified nature of respiratory

organs,..

i
5 238 Neoplasm of unspecified nature of eye,a

brain and other parts of nervous system
1 244 . Myxoedema

48 250 Diabetes mellitus
'

1 253 Diseases of pituitary gland

4 255 Diseases of adrenal glands
a

1 258 Polyglandular dysfunction and other
diseases of endocrine glands

,

3 269 Other nutritional deficiency

4 272 Congenital disorders of lipid metabolism
.

1 276 Amyloidosis

3 277 Obesity notspecified as of endocrine origin
3 279 Other and unspecified metabolic diseases

4 284 Aplastic anaemia

2 289 Other diseases of blood and blood-forming
organs

B-4
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NO. OF
CASES CODE DESCRIPTION

,

,

| 2 291 Alcoholic psychosis

1 299 Unspecified psychosis,

.

11 303 Alcoholism
'

4

F 3 309 Mental disorders not specified as psychotic.,

associated with physical conditions,

2 320 Meningitis<

i

1 322 Intracranial and intraspinal abscess

2 323 Encephalitis, myelitis, and encephalomyelitis

1 330 Hereditary neuromuscular disorders

1 331 Hereditary diseases of the striato-pallidal
system

.

2 340 Multiple sclerosis
,

7 342 Paralysis agitans.
,

2 345 Epilepsy
,

.

3 347 other diseases of brain

6 348 Motor neurone disease

1 355 other and unspecified forms of neuralgia-
and neuritis

,

1 393 Disease of pericardium

14 394 Disease of mitral valve

15 395 Diseases of aortic valve

9 396 Diseases of mitral and aortic valves

4 397 Diseases of other endocardial structures

11 398 other heart disease, specified as rheumatic

8 400 Malignant hypertension

4 401 Essential benign hypertension

15 402 Hypertensive heart disease

B-5-
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NO. OF
CASES CODE DESCRIPTION

7 403 Hypertensive renal disease

8 404 Hypertensive heart and renal disease

1109 410 Acute myocardial infarction
'

19 411 Other acute and subacute forms of ischaemic
heart disease

348 412 Chronic ischaemic heart disease

1 413 Angina pectoris

2 421 Acute and sub-acute endocarditis
-

3 422 Acute myocarditis
.

1 423 Chronic disease of pericardium, non-rheumatic
4

1 424 Chronic disease of endocardium

2 425 Cardiomyopathy

3 426 Pulmonary heart disease

29 427 Symptomatic heart disease

15 428 other myocardial insufficiency

20 429 Ill-defined heart disease
i

31 430 Subarachnoid haemorrhage
.

75 431 Cerebra 1'haemorrhage

8 432 Occlusion of pre-cerebral arteries

58 433 Cerebral thrombosis

1 434 Cerebral embolism

61 436 Acute but ill-defined cerebrovascular
disease

19 437 Generalized ischaemic cerebrovascular disease
6 438 other and ill-defined cerebrovascular disease

B-6
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NO. OF
CASES CODE DESCRIPTION

23 440 Arteriosclerosis

55 441 Aortic aneurysm (non-syphilitic),,

3 442 Other aneurysm

4 444 Arterial embolism and thrombosis-

4 445 Gangrene

3 446 Polyarteritis nodosa and allied conditions

2 447 Other diseases of arteries and arterioles
13 450 Pulmonary embolism and infarction

2 451 Phlebitis and thrombophlebitis<

.

1 452 Portal vein thrombosis
2 453 Other venous embolism and thrombosis
2 458 Other diseases of circulatory system

1 463 Acute tonsillitis

1 466 Acute bronchitis and bronchiolitis

5 470 Influenza unqualified

3 480 Viral pneumonia

16 481 Pn,eumocaccal pneumonia

2 482 Other bacterial pneumonia

26 485 Bronchopneumonia, unspecified

19 486 pneumonia, unspecified

1 490 Bronchitis, unqualified
.

16 491 Chronic bronchitis

81 492 Emphysema ;

;
9 493 Asthma

1 513 Abscess of lung

2 514 Pulmonary congestion and hypostasis

B-7
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NO. OF
CASES CODE DESCRIPTION

.

1 515 Pneumoconiosis due to silica and silicates
'

9 517 Other chronic interstritial pneumonia,

5 518 Bronchiectasis
r

9 519 other diseases of respiratory system

2 530 Diseases of oesophagus,

7 531 Ulcer of stomach
"

18 532 Ulcer of duodenum

8 533 Peptic ulcer, site unspecified
r

1 534 Gastrojejunal ulcer

1 535 Gastritis and duodenitis

1 537 Other diseases of stomach and duodenum' *

'

4 540 Acute appendicitis

2 551 Other hernia of abdominal cavity without
mention of obstruction

1 552 Inguinal hernia with obstruction

2 553 Other hernia of abdominal cavity with obstruction

3 560 Intestinal obstruction without mention of
hernia

1 561 Gastro-enteritis and colitis, except
ulcerative, of non-infectious origin

5 562 Diverticula of intestine

4 563 Chronic enteritis and ulcerative colitis

1 565 Anal fissure and fistula

5 569 Other diseases of intestines and peritoneum

1 570 Acute and subacute necrosis of liver

75 571 Cirrhosis of liver

'

i B-8
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NO. OF
CASES CODE DESCRIPTION

5 573 Other diseases of liver

3 574 Choletithiasis

1 575 Cholecystitis and cholangitis, without
mention of calculus,

'

3 576 Other diseases of gallbladder and biliary
ducts

10 577 Diseases of pancreas

4 581 Nephrotic syndrome

16 582 Chronic nephritis

1 583 Nephritis unqualified

1 584 Renal sclerosis unqualified
.

12 590 Infections of kidney,

2 592 Calculus of kidney and ureter

4 593 Other diseases of kidney and ureter

1 $96 Other diseases of bladder
.

! 3 599 Other diseases of urinary tract

1 600 Hyperplasia of prostate

1 601 Prostatitis

3 602 Other diseases of prostate
"

1 694 Pemphigus
.

1 695 Erythematous conditions

1 712 Rheumatoid arthritis and allied conditions,

1 716 Polymyositis and dermatomyositis

1 717 Other non-articular rheumatism
:

1 720 Osteomyelitis and periostitis

B-9
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NO. OF
CASES CODE DESCRIPTION

1 ;729_ Other diseases'of joint

'

2 733 Other diseases of muscle, tendon, and fascia

4 734 Diffuse diseases of connective tissue
,

1 746 Congenital anomalies of heart-

- 5 747 Other congenital anomalias of circulatory
system

1 748 Congenital anomalies of respiratory system
,

1~ 751 Other congenital anomalies of digestive system

2 753 Congenital anomalies of urinary system-

1 780 Certain symptoms referable to nervous system
and special senses

9 782 Symptoms referable to cardiovascular and
lymphatic system

1 786 Symptoms referable to genito-urinary system

1 792 Uraemia

2 794 Senility without mention of psychosis

1 795 Sudden death (cause unknown)

25 796 Other ill-defined and unknown causes of
morbidity and mortality

2 E805 Hit by rolling stock

1 E807 Railway accident of unspecified nature

9 ES10 Motor vehicle traffic accident involving
collision with train

,

44 E812 Motor vehicle traffic accident involving
collision with another motor vehicle.

3' E813 Motor vehicle traffic accident involving
collision with other vehicle

15 E814 Motor. vehicle traffic accident involving
collision with pedestrian

B-10
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NO. OF
CASES CODE DESCRIPTION

.

1 E815 Other motor vehicle traffic accident
involving collision

~

36 E816 Non-collision motor vehicle traffic
+

.- accident due to loss of control

6 E818 Other non-collision motor vehicle traffic-

accident

57 E819 Motor vehicle traffic accident of unspecified
nature

1 E821 Motor vehicle non-traffic accident involving
collision with stationary object

11 E830 Accident to watercraft causing submersion

4 E832 Other accidental submersion or drowning
in water transport

; 3 E840 Accident to powered aircraft take-off or
landing,

'

I 17 E841 Accident to powered aircraft, other and
unspecified

1 E853 Accidental poisoning by analgesics and
antipyretics

g

4 E854 Accidental poisoning by other sedatives
and hypnotics

.

1 E873 Accidental poisoning by motor vehicle
exhaust gas

2 E874 Accidental poisoning by carbon monoxide
from incomplete combustion of domestic fuels

5 E880 Fall on or from stairs or steps

3 -E881 Fall on or from ladders or scaffolding

2 E882 Fall from or out of building or other
structure

1 E883 Fall into hole or other opening in surface

3 E884 Other fall from one level to another,

2 E885 Fall on same level from slipping, tripping
or stumbling

B-ll
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NO. OF
CASES CODE DESCRIPTION

13 E887 Other and unspecified fall

10 E890 Accident caused by conflagration in private"

dwelling
< ,

3 E891 Accident caused by conflagration in other
building or structurer-

!

1 E894 Accident caused by ignition of highly
inflammable material,

1 E895 Accident caused by controlled fire in'

private dwelling

| 3 E898 Accident caused by other specified fires
or flames

2 E899 Accident caused by unspecified fire

16 E910 Accidental drowning and submersion7

I 7 E911 Inhalation and ingestion of food causing
obstruction or suffocation

2 E913 Accidental mechanical suffocation
7 E916 Struck accidentally by falling object

1 E918 Caught accidentally in or between objects

1 E921 Accident caused by explosion of pressure
vessel-

11 E922 Accident caused by firearm missiles

3 E923 Accident caused by explosive material

3 E924 Accident caused by hot substance, corrosive
liquid, and steam

6 E925 Accident caused by electric current
..

1 E926 Accident caused by radiation

3 E927 Vehicle accidents not elsewhere classifiable

3 E928 Machinery accidents not elsewhere classifiable

4 E929 Other and unspecified accidents .

|
| 6 E930 Complications and misadventures in operative '

'

therapeutic procedures

B-12
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NO. OF
CASES CODE DESCRIPTION

1 E940 Late effect of motor vehicle accident
1 E942 Late effect of accidental poisoning

1 E943 Late effect of accidental fall

17 E950 Suicide and self-inflicted poisoning by
solid or liquid substances

24 E952 Suicide and self-inflicted poisoning by
other gases

11 E953 Suicide and self-inflicted injury by
hanging, strangulation and suffocation

4 E954 Suicide and self-inflicted injury by
submersion (drowning)

80 E955 Suicide and self-inflicted injury by
firearms and explosives

2 E958 Suicide and self-inflicted injury by.

other and unspecified means

1 E963 Assault by hanging and strangulation

8 E965 Assault by firearms and explosives
,

3 E968 Assault by other and unspecified means

3 E980 . Poisoning by solid or liquid substances,
undetermi'ned whether accidentally or purposely
inflicted

1 E981 Poisoning by gases in domestic use, undetermined
whether accidentally or purposely inflicted

1 E982 Poisoning by other gases, undetermined
whether accidentally or purposely inflicted

3 E984 Submersion (drowning) , undetermined whether
accidentally or purposely inflicted

4 E985 Injury by firearms and explosives, undetermined
whether accidentally or purposely inflicted

2 E986 Injury by cutting and piercing instruments,
undetermined whether accidentally or
purposely inflicted

2 E988 Injury by other and unspecified means,
!undetermined whether accidentally or

purposely inflicted

B-13
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NO. OF
CASES CODE DESCRIPTION

2 E994 Injury due to war operations by destruction
of aircraft

3 E995 Injury due to war operations by other and
unspecified forms of conventional warfare

.

.

B-14

__ _-_ _ _ _______--_________-_ _ . _ _ - _ _ _ - _ - _ _ _ _ _ _ _ _ _ - _ _ - _ - _ _ _ _ _ _ _ - _ - - _ _ - _ - _ - _ _ - _ _ _ - _ _ _ _ -



___ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

'
. . . .

APPENDIX C

Program and Output Which Reviews Dose Time Histories and
Generates Average Yearly Dose of Workers
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t 184.0000 139.0000 90.0000 85.0000 15 0000 0.0 0.0 71 0000
599 0000 45.0000 53.0000 e3.0000 431.0000 1.0000 1.0000 1 0000,
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237.0000 237.0000 225.0000 130.0000 127.0000 02.0000 0.0 72.05hh401 0000 31 0000 38.0000 40.0000 20s.0000 1.0000 3 0000 1.0000119.0000 104 0000 72 0000 43.0000 34.0000 00 0.0 49.0000345 0000 45 0000 40.0000 149.0000 200.0000 1.0000 1 0000 1.000030.0000 30 0000 30.0000 34.0000 se.0000 38 0000 00 47.0000447 0000 31 0000 37.0000 41.0000 935.0000 1 0000 1.0000 1.0000
. 320 0000 358.0000 ' 290.0000 179.0000 99.0000 0.0 0.0 47.0000778.0000 47 0000 49 0000 13.0000 352.0000 1.0000 1 0000 1.000026 0000 26 0000 24 0000 24 0000 10 0000 0.0 0.0 49.0000447.0000 54 0000 45 0000 104 0000 142.0000. 1 0000 1 0000 1.0000142 0000 133 0000 113 0000 24 0000 6.0000 00 0.0 72.0000500 0000 47 0000 52 0000 47 0000 482.0000 1.0000 1 0000 1.0000
'

3247.0000 2017.0000 2297.0000 1077 0000 240.0000 30.0000 0.0 48.0000$39.0000 54 0000 30.0000 39.0000 410.0000 1.0000 1.0000 1.000070.0000 42 0000 10.0000 00 0.0 0.0 0.0 49.0000343 0000 44 0000 34.0000 74 0000 157.0000- 1 0000 1.0000 1.0000177.0000 145 0000 154.0000 74 0000 65 0000 40.0000 2 0000 71.0000393 0000 33 0000 43.0000 104 0000 410.0000 1 0000 1.0000 1.0000
,

99.0000 40.0000 27 0000 15 0000 0.0 00 0.0 48 0000307 0000 31.0000 35.0000 31 0000 #12.0000 1 0000 1 0000 1 0000112 0000 82 0000 30.0000 14 0000 6.0000 00 0.0 40 0000326 0000 31 0000 44.0000 132 0000 $40 0000 1.0000 1.0000 1.0000199.0000 181 0000 144.0000 39.0000 79.0000 31.0000 0.0 72.0000393 0000 44 0000 43.0000 183 0000 410.0000 1 0000 1.0000 1.0000224.0000 200.0000 174.0000 77.0000 45.0000 33 0000 0.0 70 0000309.0000 42 0000 45.0000 35 0000 410.0000 1.0000 1.0000 1.0000434.0000 594 0000 324.0000 00 0.0 0.0 0.0 71 0000392.0000 47.0000 30.0000 29 0000 410.0000 1.0000 1 0000 1 0000109.0000 39 0000 27.0000 20.0000 2.0000 00 0.0 41 0000315.0000 44.0000 45.0000 13.0000 410.0000 1.0000 1 0000 1 000033.0000 35.0000 35.0000 32.0000 8.0000 0.0 0.0 39 0000S95.0000 35.0000 30.0000 24.0000 480.0000 1.0000 1.0000 f.0000994.0000 949.0000 773.0000 377.0000 00 0.0 0.0 4*.0000525.0000 31.0000 52.0000 8.0000 410.0000 1.0000 1 0000 000014.0000 16.0000 14.0000 14.0000 16.0000 0.0 0.0 72.0000592.0000 33.0000 54.0000 15.0000 441.0000 1.0000 1.0000 1.00C312.0000 7.0000 0.0 0.0 0.0 0.0 0.0 70 0000419.0000 33.0000 3e.0000 44.0000 830.0000 8 0000 1.0000 1 0000437.0000 $95.0000 473.0000 227.0000 10.0000 0.0 00 71 0000427.0000 40.0000 Se.0000 101 0000 157 0000 1.0000 1.0000 1 0000458.0000 332.0000 233.0000 205.0000 38.0000 00 0.0 45 0000442.0000 47.0000 48.0000 10.0000 401 0000 1.0000 1.0000 1 0000149.0000 149.0000 30.0000 00 0.0 C.0 0.0 49 0000393.0000 47.0000 St.0000 40 0000 733.0000 8 0000 1.0000 1 0000948.0000 940.0000 911.0000 324.0000 21.0000 0.0 00 44.0000$19.0000 44.0000 54.0000 118.0000 410.0000 1.0000 3.0000 1 0000273.0000 100.0000 74.0000 32.0000 20 0000 3.0000 00 46 0000403.0000 44.0000 45.0000 206 0000 434.0000 1 0000 1.0000 8 0000
*

355.0000 503.0000 35s.0000 142 0000 115.0000 44.0000 00 49 0000880.0000 44.0000 49.0000 53.0000 412.0000 1.0000 1.0000 1 000033.0000 33.0000 33.0000 33.0000 33.0000 25 0000 12.0000 72 0000392.00c0 47.0000 38.0000 104.0000 142.0000 1 0000 1.0000 1 00004423.0000 4034.0000 3472.0000 2253.0000 970.0000 194.0000 3.0000 72 0000b494.0000 47.0000 36.0000 57.0000 151.0000 1 0000 1.0000 1 0000240.0000 245.0000 248.0000 85 0000 3.0000 0.0 00 78 0000430.0000 45 0000 34 0000 93 0000 450.0000 1 0000 0.0 1 0000144.0000 40.0000 28.0000 12.0000 0.0 0.0 0.0 47 0000e44.0000 $5.0000 38.0000 27.0000 440.0000 1.0000 1.0000 1.00002348.0000 2173.0000 1774 0000 498 0000 0.0 0.0 0.0 40.00003992
13e

TR 707AL 005C COUNf3 avtnaGE DOSE
1 .0 .0 .02 .0 .0 .0
3 .0 .0 .0. .
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5 .0 .0 .0
4 .0 .0 .0
7 .0 .0 .0
0 .0 .0 .0
9 .0 .0 .0

to .0 .0 .0
11 .0 .0 .0
12 .0 .0 .0
13 .0 10 .0
14 .0 1.0 .0
15 .0 30 .0
to .0 30 .0
17 .0 30 .0
18 .0 3.0 .0
19 .0 4.0 .0
20 .0 40 .0
21 .0 40 .0
22 .0 4.0 .0
23 .0 40 .0
24 .0 4.0 .0
25 .C 4.0 .0
2e .0 4.0 .0
27 .0 4.0 .0
25 .0 4.0 .0
29 .0 4.0 .0
30 .0 4.0 .0
31 .0 50 .0
32 .0 50 .0
33 .0 5.0 .0
34 .0 5.0 .0
35 .0 50 .0
34 .0 50 .0
37 .0 5.0 .0
38 .0 50 .0
39 .0 50 .0
40 .0 50 .0
41 .0 50 .0
42 .0 5.0 .0 |
43 68 14.0 .5
44 20045 4 1774 0 e.1
45 19367.9 2044.0 9.4
de 11404.0 1399.0 02
47 0935.3 1597.0 See
48 9030 2 1950.0 4.9.

49 0014.0 1601 0 3.2
50 0447.0 1497.0 58
51 105e8 3 1578 0 e.7
52 12972.0 8450.0 8.3
53 14945 0 1300.0 11.4
54 14420.7 1215.0 11.9
55 14010.0 1875 0 13.4
Se 16225.0 1001 0 15.0
57 16407.3 904 0 14.9
58 19 37.3 048.0 22 1
59 13005.0 773 0 19 5
40 14913.2 474.0 22 1
et 17473.8 404 0 20 3
42 18290 2 522 0 35.0
43 16424 5 449.0 34 4
44 15515 7 375.0 41.4
e5 14353.9 302 0 47.5
44 9359.4 226 0 41 4
47 5079.9 201.0 40 2
44 4229.5 174.0 24 0

3 214,a 3.270.8, 15. e . 0 ..e.49
. a e,
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0 ,\ es 0

e. ...... ..... ....71 432.8 77.0 0272 432 3 43.0 10 173 .0 .0 .074 .0 .0 .073 .0 .0 .074 .0 .0 .077 .0 .0 .078 .0 .0 .079 .0 .0 .000 .0 .0 .031 .0 .0 .082 .0 .0 .083 .0 .0 .054 .0 .0 .0
SS .0 .0 .084 .0 .0 .0'

87 .0 .0 .0
OS .0 .0 .0Of .0 .0 .0
90 .0 .0 .0
91 .0 .0 .0
92 .0 .0 .0
93 .0 .0 .094 .0 .0 .095 .0 .0 .094 .0 .0 .097 .0 .0 .0
90 .0 .0 .099 .0 .0 .0

100 .0 .0 .0
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DEFINITION OF VARIABLE NAMES
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VARIABLE
NAME DEFINITION

DEATHAGE Age at death to nearest tenth.

INITLYR Initial year of employment.

FINALYR Final year of employment.

'

TOTALYR Total years of employment to nearest tenth.

EXPOSURE 0=zero lifetime dose recorded.

l= positive lifetime dose recorded.

CUMDOSE Cumulative lifetime dose.

CDOS 3+ Cumulative lifetime dose 3 years before
death.

CDOS 5+ Cumulative lifetime dose 5 years before
death.

CDOS 10+ Cumulative lifetime dose 10 years before
death.,

CDOS 15+ Cumulative lifetime dose 15 years before
death.

CDOS 20+ Cumulative lifetime dose 20 years before
death.

CDOS 25+ Cumulative lifetime dose 25 years before
*

death.

YRDEATH Year of death.
>

DTl Represents the difference between year of
death and the initial year of employment.

,

DT2 Represents the difference between the year
of death and the final year of employment.

DT3 Represents the differences between the
year of death and the year at the middle
of employment.

DOS 0-3 Represents the differences between
cumulative dose and cumulative dose
three years before death.

D-1,

.
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VARIABLE
NAME DEFINITION

DOS 4-5 Represents the difference between
cumulative dose 3 years before death and
cumulative dose 5 years before death.

DOS 6-10 Represents the difference between
cumulative dose 5 years before death and,

10 years before death.

DOS 11-15 Represents the difference between
. cumulative dose 10. years before death
and 15 years before death.

DOS 16-20 Represents the difference between
cumulative dose 15 years before death
and cumulative dose 20 years before death.

DOS 21-25 Represents the difference between cumulative
dose 20 years prior to death and
cumulative dose 25 years prior to death.

DOS 25+ Represents the cumulative dose 25 years
prior to death.

MAXDOS Represents the maximum value of DOS 0-3,
DOS 4-5, DOS 6-10, DOS 11-15, DOS 16-30, DOS 21-25,
and DOS 25+

TMAXDOS Represents the time from the center of
the interval in which the maximum dose
is found.

.

AGESQ Represents the age at death minus 60 all
divided by 5 and then squared.

D-2
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a -p

f e hI.NCWVADFCF/ FIN =.8 0 s ?!
1 11M:N;!On x!0 1?$,.4fAnttet).L ;t1G..at;13),XDAftt13s.XWIDTHt1 #,
2 1XINft:03.XRC (10),

. v
3 DAT A XWIDtu/1. . ;.'. 5. . :. . t . . :. 4. 3. ; . ,

,

L--
4 bATA XTAD/!:Tel.,;te13..:. 3s!3.e3se..es13..?..
5 13813.eS. 16*1J.it.eest3.e3 10..;*.e24.e11.e11..
e ,13t13.e30s:4.e170et..:e3. 38093,.;3084./
7 i DATA XDATL.'!.5ed.Ge .Se13.0 15.5 24.0 07.73e380./hCADt:0 30.ENDe300,'(X1DtJ).Jelete)8 la /
9 c F0FRAf t F4 1.F .0.FJiP.F3.1.F3.0 3F1.4* 7Fe.0 e F*.0 )

10 C FILTCA F06 CXFCSCb WMfft MALES u!?h ch0WN CAUSC 0F DEATH
11 C !FtXIDt0L.CO.0.) GC 70 995 '

1* IFtXfDt7).CO.C.) 60 TO 99* jf /

13 IF(X1 Die).ta.C.) SO 70 vve j,

/,14 IFtXIDt!).tG.O.) 00 70 995 ,/
15 C IFtXfDt4 80 0.3 00 70 994 0
le C RECODCc CAVOC Dr DEATH INTO 14 Catt / RICs
17- C 1e ICla FROM 1 TO 139
18 C e !:DA FADM "45 TO 409 AND 41 to .*tt
at C 3a!CDA 410 AND 411
*0 C 4e ICDA FROM SCO TO 999 e'

f01' C 5e 1CDA 1137 .. PANCREAS CANCER #
4

2* C ee ICDA let if 43 ... RESF SY37. CANCER
*3 C 7e ICDA 170 ... DONE CANCER
24 C Se ICDAs174 . .. DREAST C ANCER
00 C ' 9e ICDa 493. e4 TM9R0!D CANCCR
2e 'C to e ICDA 290 r0 20 440 ta...I67MFM0!D CANCER
27 C 11 e ICDA*:04 AND 234'... MYCLQ11< 1}W,.!
Of 'C- 1 e ICD 4 ,1cJ . . . MU(7. MY tonA o''

29 13 e 31&A 1 Fs 70 209 (X LUJING TM0s: CC:ss : THp 3 urn 4 12 AD0VC
30 C 14 e ICDA 21C 70 23f OTHER CANCER TYFCf (SCNICP Of JHAFC:! PIED)
21 h a XIDt!) p !
3 XRE:(1) e XfAtth)

'

33 : RECCDC OAUSE CF DEATH. !NTO THRtt $40UFS
34 C SLOOD CANCEF e C .'

;7 +

2: C NON CJNCER e 1 .- 3
3e : 50 LID tJ' MORS e

'

/ / fe -

A/ i

37 XRECt ) e 9. s,

35 !F t t XID t S ) .LT +[es . ) . OR. t X1s t S ) .0T [739.' A l' XREC t :) e : 't .'39 1FttXIDts).ct.:40. ) . AND. t X1p t s ) .LC.' .99. 7 ) XREC;:) e 2.
40 IFitXIDCS).0C.*00.).AND.tXfDit).Lt.*09.9) XRECt") e 0
41 C OCT THE DELTA 7 FROM VAR!OUS FCINTS JN EMFLOTMENT AND DCAIN
4 C DTit) IS ?!MC FROM IN!?AL ENFLOY. Tf 04Ath l' a(43 C Dit") IS TIMC FROM Ef.' 7F snFLOYMENT TO fi#i)
44 C D743) IS IME TIME FRon i tHE MIDDLC CF EkFs0Ye TO Dt47 e
43 Dit!) =X Dtle)

'XIDeti=

46 Dit;; e XfDtge) 'X1983)
. '

.

47 pf t2f a X1Jtis) t i tXID t 3)-XIDt:))/2. 34 X1D f *J )=

48 C Dett! RCCt!VCD IN VARIDut CELTA T INTCRVALS !
49 C DE71RMINC THC DOSCS AT VARIOUS ?!Mts. TIL DEATN- r'/
50 C VARIADLE T!MC INTERVAL *.' ([
31 C DOSt17 0 TO 3 *

C* C DOSt:) 4 70 $ .' /''
53 C 00Sf3) a 70 10 ,/ji54 C DOSt4) 11 TO 15 F

St C DOSt!) 14 T0 20 ? I
* / '#54 C DOSte) *1 TO OS *

; 57 C DOSt?) MORA TMAN : ~ 4'
. p'

58 DOSit) e X2Dt9) = X1Dt10) a' 1

39 DOSt2) e XIDt10) X1Di tt i e i ' -*
'40 DOSt3) * X1Ditl) XIDit:1 ",*

el DOSt4) e XID(12) X1Dt13)*
f

4: DOStS) e MIDt13) .CDt!4)*

43 B0544) e XIDt14) a ' Xf Dt 18) ( M '

64 90947) * X1Dt15) ,

f
. I

'

Program used to gene:: tete varf.431es DT1, DT2, DT3, DOS 0-3, *

DOS 4-5, DOS 6-10, DOS 11-15, DOS 16-20 " DOS 21-25, DOS 25+,f

MAXDOS and TMAXDOSO (Continued on next page) 'l
s. >

r

A

* i
.

,

- - ,M.

' /> ,#.,,

'! . s,

; , , ' >.

er +

| .
~'

'

/ - |
,

ss
/ -

% .

p' Y
,

..
,



e o9 ' : Co - 4

4: C FIND THC max! nun 00 * KC'!CVCT IN ANY GIVEN T!nt INT:KVA.
66 C NOTC THAT THC T!MC INTCAVAL: AAC OF !Pr*K N? L:#.3TH
67 C AND THAT THIS FU?: $3nt TIMC *NTCKVAL: AT A *23/.UVANTAOC $1NCE
et C THCY HAVC FCWCF TCART TO A* UnULATC IOSC...HO VCf.

69 C AT TH! POINT WC'LL SCC WHAT TH!: DOCS AND IF IF L OF.: AT
70 C ALL F A0 MIS!N: WC CAN TAAC TH!t CFFCOT IN': A03UNT
*1 rnAxD = AMAx1(DCS(13eDOS( letCS(EleDC:(4) t :: )eDC (6)sDC (?)) *
?: ). * C
?; DC 1:0 : * 1e*
74 IF(xnAXI.CO.DCS;!)) t, * I
?: IF(xnAxt.CO.tC (1)) GO TC 16
74 10: CONTINUC

Irs h.CO.0; WAITC( e-) (.s h e h eh e (XID C* 0) eL:=l e 16 )**

TC 126 CONTINUC
* . ) .': . P f * .K!D(2)?? xDATCt?) e ((XfD(16) - -

80 IrttXDATC(?).LT.23 2.AND.(A.CO.?)) WA!TC(-e-) tX1D(L)eL=le14)
31 C FIND THC T!nt FRon THC max! nun DOSC
C DT(4) e XDATC(h?
C3 X.NT|:) e X!D(1)st".
84 WRITC(*1e?0) (x!D(L4)eL6=le16),
:: 1xkCC(13eXRC:(*>eDT(1)eDT(2:eDT(3 e(DCt(!)e!*1e?>exnAXD DT(4).
04 1XINT(2)

? ?: FCRHAT(16FS.1.'1 FC.1)
3: : *O 1

ST 978 !CNT * ICHT 4 1
?C 00 TO 1
ft 9f? ICNT! * IGNT1 + 1
?! 00 TC 1
93 996 !CNT: * !*NT* 4 1
94 00 70 1
f 995 ICMT3 * ICNT3 4 1
9e 00 TO 1
97 994 CONTINUC
90 !CNT4 e !CNT4 +1
99 CD TO 1

100 300 CONTINUC
101 WRITCe-e-) ICNTo!CNT1e!CNT:e!CNT3.!:NT4
1C: STCF
107 CND

Program used to generate variables DT1, DT2, DT3, DOS 0-3,
DOG 4-5, DOS 6-10, DOS 11-15, DOS 16-20, DOS 21-25, DOS 25+,
MAXDOS and TMAXDOS. (Continued'from previous page)
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SUMMARY OF LOGISTIC MODELING
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APPENDIX E

KEY

EUWM-ALL Exposed and Unexposed White Males - All cases
included.

EUWM-NA Exposed and Unexposed White Males - No
accident cases included.

EMM-ALL Exposed White Males - All cases included.

EWM-NA Exposed White Males'- No accident cases
included.

-2 LOG (L) Log of the likelihood ratio

o Decrease in -2 LOG (L) from the constant model
to the specific model.

The tables below contain models which specify

log /f/(1-P)/

where P is the probability that death was due to the
specific cancer.

.

.

n.b. Definitions of variables are contained in Appendix
D. In particular, note the specific form of AGESQ.

E-1
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RESPIRATORY MODELS* RESP-ALL
EUIRi-ALL

Model
~

-2 LOG (L) A

-2.6625 1493.4
-2. 24 84 . 34 40 (AGES'Q) 1445.9 47.7

30.1

-5.0539 . 3470 (AGESQ) +.0439 (YRDEATH) 1431.9 61.5
29.8 13.0

-4. 9076 . 34 38 (AGESQ) + 0412 (YRDEATH) +.0012 (DOS 16-20) 1430.6 62.8
29.3 11.1 1.5

-2 LOG (L) A

-6.18 . 3 4 6 ( AGESQ) + . 0 3 7 (YRDEATH) + . 0 3 3 (INITYR) +
30.2 8.6 2.9

. 0013 (DOS 16-20 ) 1427.9 65.5
1.8

-6. 4 3 . 3 5 3 (AGESQ) +. 0 41 (YRDEATH) + . 0 3 3 7 (INITYR)
30.9 10.9 2.92

. 0003 (DOS 6-10 ) .1428.9 64.5
.44

-6. 4 9 . 3 5 6 ( AGESQ) + . 0 375 (YRDEATH) + . 03 9 7 (INITYR)
31.1 8.7 4.0

+. 0026 (DOS 16-20) .001 (DOS 6-10) 1424.8 68.6
4.7 2.6

RESP ALL-ACC
EUmi-NA

-

-2 LOG (L) 4

-2.4939 1427.8

-2.1417 . 3139 (AGESQ) 1394.6 33.2
23.7

-4. 6 868 . 3240 (AGESQ) +. 03 99 (YRDEATH) 1383.5 44.3
24.9 10.4

-4.1035 . 3017 ( AGESQ) + . 04 64 (YRDEATH) . 0167 ( AGE) 1379.6 48.2
22.0 13.3 4.0

* NOTE: Numbers below the variable names represent
chi square values for the variable after
all other terms are entered.

E.2
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EWM-ALL

Model Constant AGESQ INITLYR YRDEATIl DOS 16-20 -2 log L

1 -2.57 981.1

2 -2.21 .291 956.4-

(16.6)

3 -4.37 .301 .047 952.1
(18.0) (4.7)

4 -4.35 .290 .033 951.7
(16.2) (4.4)

5 -5.78 .298 .038 .028 949.0
(17.3) (2.96) (3. 02)

i

6 -4.51 .296 .048 .0018 949.2,

(17.4) (4.99) (3.5)

7 -4.13 .286 .029 .0012 950.3
(15.7)

,
(3.3) (1.G)

8 -5.64 .294 .041 .023 .0014 947.2
(16.9) (3.4) (1.9) (2.0),

,

L

Results of fitting eight logistic regression.
models using respiratory cancer and no cancer
as the two response categories. Only exposed
white males are included in the model.
Variables which have no entry for a particular
model were not used in that model. For each
model, the first value under the variable is *

the coefficient of that variable in the logistic
.. regression model, while the second value
! (below in parentheses) is the chi-square value

for a test of statistical significance of that
variable. All chi-square values have one
degree of freedom.

E-3
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EWM-NA

-2 LOG (L) A

-2.406 938.3
.

-2.109 .259 (AGESQ)
12.4 921.9 16.4

>

'

-5. 0770 . 2563 (AGESQ) +. 0626 (INITYR) +. 0017 (DOS 16-20) 912.5 25.8
112.3 7.9 3.3

'

-5. 4571 . 2718 (AGESQ) + . 0715 (INITYR) . 0010 (DOS 6-10 )
13.2 9.9 2.5

+ . 0 03 0 (DOS 16-2 0 ) 909.6 28.7
6.3

PANCREAS MODELS PANCREAS

EUNM-ALL
I

-4.0389 514.9

-3.7519 . 2093 (AGESQ) 508.5 6.4
4.6

. -30 8432 .1951(AGESQ)+. 0033 (DOS 4-5) 503.5 11.4
'

4.1 7.3

EUWM-NA
~

-3.8704 497.8
-3. 9 4 9 4+. 00 37 (DOS 4-5) 491.7 6.1

. 9 .- 1
-

-3. 6 5 3 4 .170 8 (AGESQ')' 494.4 3.4
~2. 8

,

,

;. . ; . x-
. EWM-ALLy;-

,' -4.0164 321.6
;s

O SO' -4.14 3 G+ . 00 36 (DOS 4-5 ). 315.9 5.7
!1,

-3. 977+. 0 03 5 (DOS 4-5 ) .1107 ( AGESQ) 314.5 7.1
t 8.5

'
f- 7.7 1.2

.
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EWM-NA

-2 LOG (L) 4

-3.8528 311.3

-3. 9 827+. 0038 (DOS 4-5 ) 305.1 6.2
9.0

-3. 9051+. 0037 (DOS 4-5) 0550 (AGESQ) 304.8 6.5
8.4 .25

BRAIN MODELS BRAIN

EUWM-ALL

-4.6749 306.7
,

-4.7401+.0121(DOS 25+) 303.2 3.5
5.8

-3. 2417+. 0132 (DOS 25+) . 026 0 (AGE) 299.9 6.8
7.1 3.4

-3. 26 60+. 0085 (DOS 25+) . 0541 (AGE) +. 0 937 (DTl) 292.7 14.0
2.4 8.6 6.6

-3.3680+.1054(DTl) .0551(AGE) 294.4 12.3
8.7 9.1

EUWM-NA

-4.506 297.6

-2. 0058 . 0424 (AGE) 290.1 7.5
7.6. .

-1. 905 9 . 0453 (AGE) +. 0125 (DOS 25+) 286.3 11.3
8.4 6.4

-2.1103 . 0713 (AGE) +. 0993 (DTl) 281.5 16.1.

13.9 7.8
-1. 9985 . 0704 (AGE) +. 0877 (DTl) +. 008 0 (DOS 25+) 279.97 17.63,

13.4 5.8 2.1
t

EWM-ALL

-4.5917 201.5

-4. 6 909+. 0ll8 (DOS 25+) 198.2 3.3i

5.3
'

-3. 4725 . 0 907 (AGE) +. 208 9 (DT1) 181.1 19.4
11.4 14.5

-2. 98 96+. 0130 (DOS 25+) . 0296 (AGE) 195.5 6.0
6.6 2.8

-3. 3 311+. 004 7 (DOS 25+) . 0 8 96 (AGE) +.196 5 (DTI) 180.5 21.0
.6 11.1 12.0
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EWM-NA

-2 LOG (L ) A

-4.4282 195.6

-1. 814 5 . 044 4 (AGE) 190.3 5.3
5.4

-2. 3346 .1041(AGE) +. 2006 (DTl) 173.4 22.2
14.4 13.2

-1. 6 547 . 0 4 9 0 ( AGE) +. 012 4 (DOS 25+) 186.6 9.0
6.2 6.0

-2.1928 .1031 (AGE) +.1887 (DTl) +. 0042 (DOS 25+) 173.0 22.6
14.0 10.8 .46.

9

8

4

E-6

I



^ ~

t _. . -

.

A CRITICAL EVALUATION OF THE MANCUSO, STEWART, AND
KNEALE REPORT AND A RE-ANALYSIS OF THEIR DATA

Final Report
October 1, 1978 - February 15, 1979

S. Blum
K. Johnson-

M. Mulvihill

.

Manuscript Completed: February 1979

The Mount Sinal School of Medicine
Department of Community Medicine

One Gustave L. Levy Place
New York, NY 10029

-f

AO \
,

-7
ES ff-

Prepared for
U.S. Nuclear Regulatory Commission '

Under Contract No. NRC 01-78-018

|

|

, _ ..,..-e__., ._ . , . , _ . . _ . . - - , . . . . _ , . , _ _ . , _ _ _ . . . _ _ - _ . , _ . _ . . _ _ . . . , , -



._ _ _

w

e .- .e

. .

TABLE OF CONTENTS -

Page

Abstract. iii. . . . . . . . . . . . . . . . . . . . .

List of Tables. v. . . . . . . . . . . . . . . . . .

Acknowledgment. vi
' '

. . . . . . . . . . . . . . . . . .

I. General Comments . 1. . . . . . . . . . . . . .

Summary . 10. . . . . . . . . . . . . . . . .

II. Specific Comments. 12. . . . . . . . . . . . .
.

III. Analysis . 38. . . . . . . . . . . . . . . . . .

General Comments. 38. . . . . . . . . . . . .

Data Analysis . 42. . . . . . . . . . . . . .

Demographic Factors. 42. . . . . . . . . .
..

Radiation Associations 44 -
. . . . . . . . .

Tables 49. . . . . . . . . . . . . . . . . . . . . .

IV. Appendix: Report being Evaluated. 66. . . . . .
,

$

__ < N ?, "'d,

,. -:z- : . .
f.f,hs|+" ~,~~ .

'

., ;; _~ , .
'~ ,.{.|,. . J. ';~~ - -

_ _

-
, . , , .
,,FFl' " ?

.

!

Lv

6

, , , , ,, , . , , , , - - , - - , - - . - --- , , - , . . . . - - , , . - , . . - , - - -



8 ',
.

. .

ABSTRACT

This report presents both a general and detailed critical

analysis of the paper entitled Radiation Exposures of Hanford

Workers Dying from Cancer and Other Causes, by T.F. Mancuso,

A. Stewart, and G. Kneale.

We have concluded that the investigation was not conducted

in a sufficiently rigorous manner to allow for any firm or
defensible conclusions regarding the relationship between

exposure to low level ionizing radiation and mortality from
cancer. In addition, our re-analysis of these data did not

reveal any convincing associations, although we recommend that

the question of possible associations be resolved by a well
designed and executed epidemiologic study.

.
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A CRITICAL EVALUATION OF THE MANCUSO, STEWART, AND
KNEALE Pl: PORT AND A RE-ANALYSIS OF THEIR DATA

GENERAL COMMENTS

We will begin with a general presentation of our
reactions to the study under reviewl and will follow this by

a detailed examination of the paper itself. The reader
|should be aware of the fact that the specific justifications

for the comments in this first section will appear with the '

detailed comments in the second section,' to which reference

should be made for more complete understanding of the

foundations for our conclusions.

The major limitations of the paper can be summarized as
follows: absence of a clear statement of design and rationale
for analysis; lack of sensitivity for the limitations of a
numerator data analysis; almost complete absence of control

for potential confounders; use of means as the major measure

of effects when odds ratios would be far more appropriate;

and very selective and incomplete use of statistical tests of

significance, especially when small observed differences may
have been due to chance or confounding.

The mo'st striking feature of the report is the general
absence of a clear statement of the intent and design of the

investigation, the neglect to state the specific hypotheses,
if any, under scrutiny and the reasons for studying these

hypotheses, and the failure to present the findings in a
l'ancuso, TF, Stewart, A., Kneale, G.: Radiation exposuresM

of Ranford workers dying from cancer and other causes.
Health Physics 33:369-385, 1977.

.
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clear and orderly fashion which would enable the reader to

assimilate the information offered. Simply reading the

paper was e terribly difficult chore, while understanding
it was often impossible. The direction (or general scheme)

of the investigation and analysis were not evident, and the

reader could rarely anticipate the next step nor integrate
the bits of data presented into some meaningful whole.

This general absence of organization made the task of reviewing

the paper most unpleasant and may have occasionnally resulted

in the adoption of an overly critical attitude by the reviewers.
Regarding the absence of a statement of the specific

hypotheses under investigation, we must say that it is never

clearly stated whether this study is of the hypothesis
testing or generating type. If it is the former, we are not

advised of the questions under investigation; if it is the
latter, it appears as if any and all associations encountered
in the analysis are offered as hypotheses, or even firm con-

clusions, with little or no biomedical interpretation or
explanation of these relationships. For instance, numerous

cancers are cited as being associated with higher mean cumu-
:

| lative radiation doses, but no evidence from other research
!

| is presented concerning the similarity between doses and

latency periods observed in these data and those found by
; other investigators for the suspect sites.
| In addition, we were very troubled by the avoidance of

f a discussion of possible alternate explanations of the

f findings, such as the strong probability that smoking habits

.
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may explain the observed excess proportion of lung cancer.

One must also be concerned with the absence of any dis-

cussion of the possible impact of earlier (non-Hanford)
occupational exposures, especially in view of the fact that

the mean age at hire for this group of employees was approxi-
mately 40. This leaves unexplained the 20 years of earlier

employment at younger ages (20-40), when sensitivity to

cancer induction is thought to be greatest. It is the

failure to engage in discussions of this nature which we
find very disturbing.

Of special concern to us was the inadequate expression
.

of appreciation, or perhaps even awareness, of the severe,

limitations of a ' numerator' type study which is based

entirely on an analysis of deaths only, from a cohort of

workers (both living and dead) about whom very little is
known. This limitation brings into serious question the
validity of extending the findings (or making inferences)
to the general population and will be further discussed

below.

If one wishes to make statements, say, about the effects

of smoking on the incidence of lung cancer in the general

population, one would ideally conduct a cohort study,

drawing from the entire Population at Risk (PAR) an appropri-
ate (random or representative) sample of non-smokers and

smokers. These groups would then be followed for an

extended period of time (whence is derived the term

' prospective study'), and the occurrence of lung cancer would

.

>
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be carefully noted. '

After completion of this type of investigation, it would
be appropriate to make inferences back to the PAR (all smokers

and non-smokers) concerning the impact of smoking on the risk
of developing lung cancer. Case-control (or retrospective)

studies present greater problems for inference making. In the

first place, the disease has already occurred, and. the exposure

must be determined retrospectively (usually by history) .

Secondly, we are not at all assured of having in our study a
' representative' sample of cases or controls.

Many of these problems are overcome in retrospective

occupational studies by the identification of a cohort of

workers - for instance, all men ever employed at Ranford,
.,

whether presently living or dead - from which all cases of the-

disease under study are drawn, and whose exposures are com-

pared with an appropriately selected control group. The cri- i

teria for selection of this group is of paramount importance,,

since it is this group which will serve as the ' standard' from
which ' expected' exposure levels will be derived. Evervone in

the cohort should therefore be eligible for selection as a,

control, and control selection should not be limited only to
those members of the cohort who are deceased, since this latter

group agg not be representative of the entire cohort.

If controls are selected properly, it would be reasonable

to extend the findings back to tha entire cohort from which

cases and controls were drawn, and if this cohort is similar-

,

e
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to other cohorts or to the general populaticn it would be
reasonable to make inferences, with due caution, back to

_

these other groups as well.
.

The present investigation is termed a ' numerator type'

analysis since, from the original cohort, only the experi-
ences of the deceased are utilized. Rates of specific

'

diseases- (which would require in the denominator the

inclusion of all cohort members whether living or dead) are

never presented, unfortunately, and the comparison group
used throughout the study (the non-cancers) are drawn

entirely from the deceased members of the cohort.

In view of the 'above discussion concerning the drawing
of inferences from case-control studies, and in view of the

.

method utilized in this investigation for ' control' selection,
one must question the validity of even extending the findings
back to the original cohort, and we must certainly object to
the extension of the findings to the general population, as

.

is strongly implied in the entire discussion of the ' doubling
doses.' These objections seem reasonable even in the absence

of effects of possible confounders; when we realize that the

effects of confounders may have seriously distorted the

observed associations, extension of the findings becomes
completely unjustified.

A confounder can be simply described as a predictor

(or alternate cause) of the disease under study, independent
of exposure. In a study of the association between smoking

and lung cancer, for instance, residence in a dirty urban

.

---~,---~_----.__,-,-+-.-~.--.w. - , - - .----r- ,-. --4 -
,... -

. _ _ _ . _ . _ , , _ - _ m- _ - - , - ----...-y.,. - . - ~ . ----7.
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environment can be anticipated to be a confounder since

residents in these areas will experience higher rates of

lung cancer than those who live in clean environments,4

irrespective (independent) of their smoking habits.

If residence is distributed differently in the case and
I

control groups (e.g., a higher proportion of controls

reside in urban areas with much pollution), confounding in
the estimate of effect can be expected. If the effects of

residence (the confounder) are not controlled for either in
the design of the investigation or during the analytic
phase, the estimate of the effect of smoking on lung cancer
will be distorted by (or confounded with) residence.

Therefore the presence of confounding within ones data,

which is considered to be the central methodologic issue in

the conduct of epidemiologic investigations, may entirely
.

invalidate all estimates of effect. It is this possibility

for distortion which leads experienced practitioners of
epidemiology to treat these potential confounders with

; - proper respect, and even reverence.-

Throughout the entire paper, very little, or insuffi-

cient, attention has been directed at the possible effects of
confounding factors, such as age at and year of hire, . dura-

tion of employment, intensity of axposure, and the sex and

race of the workers, among others. In every comparison of

' cases ' and ' controls ', for instance, a presentation of the

distribution of these factors, which would be helpful in
!

dispelling our fears, is omitted.
| .

.

_ . _ , - . _ _ ,,, _ . - - _ . , - _ _ . , _ . - - . , - . - - _ . ,______.._e ,.-_,._.___.__.m. , , _ , -.. ,. . - _.,. . , . . _
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Our next major area of concern relates to the general-
<

failure to use appropriate measures of effect and to

determine the statistical significance of the observed
differences between the compared groups.

The comparison of mean cumulative doses forms the

foundation for the entire analysis, and we must question
.

the reliance on this parameter for testing the associations
between exposure and cause of death. A mean value is simply
not an ideal measure of effect, especially because the mean

t

may nct be a good descriptor of the underlying distribution
i

and also because it is really not a measure of effect.
'

An examination of the medians for cumulative radiatiori dose,

for instance, indicates that the means are being very
heavily weighted by a few outlying doses, which leads to the

conclusion that the mean is not an accurate summary statistic
for the characterization of the exposures. Even if it were,'

however, one would still prefer true measures of effect, such
'

as odds ratios or relative risks, which more directly express
i

tha relationship between exposure and the risk of developing
the disease. Unfortunately, not a single odds ratio is

presented in the paper.

Notwithstanding the possibility for distortion which is

introduced by reliance on averages, we must further object

to the arbitrariness in the use of statistical tests of
significance as well. We are often presented with very small;

differences in means' which are deemed to be of causal

_- _ _ _ _._.._. - _ _ _ _ _ . - . _ _ , _ _ . _ -- . .. . - ,
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importance without the performance of appropriate statistical

tests which would clearly establish the significance of the
difference, while we also frequently encounter the use of

tests of significance which are inadequately or not at all
described. Even when measures other than means are used,

significance testing is also arbitrary. For instance, the

authors conclude that there is an excess of brain cancers,
based on a ratio of observed: expected cases of 1.04, or a

4 percent excess; unfortunately, this conclusion is not based
on a test of the significance of this difference. The instan-

ces of this type of neglect are simply too numerous for

citation in this discussion.

There is, in addition to these problems, a pervasive use
of terminology which either remains undefined or is used in a

manner different from conventional use. Terms such as cohort,

cohort resemblances, case-control contrast, high risk years,

pre-death years, employment years, controlled analyses, and

standard, among many others, cause continual problems for the

reader in following the reasoning of the investigators and
their presentation of findings. The latter is especially

confusing in many ways, among which one can include the
follcwing: table titles are often misleading, the use of

percentages is often inappropriate, denominators are generally

not specified, and the totals presented are frequently entirely
meaningless and only obfuscate the issue at hand.

-- - - - - - . - _ _ . ._. .- . ._
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Despite the enumerated limitations, and others which

have not been here discussed, the investigators do not hesi-

tate to make very strong conclusions and broad extrapolations
of their findings to the population-at-large. In the absence

of a clear description of the characteristics of the true
cohort of all Hanford workers, and the failure' to establish
the existence, in acceptably rigorous fashion, of a real
excess in disease occurrence, there is nevertheless no

reluctance in making inferences back to this undefined

cohort, and in then boldly extending the data to all those

in the universe who receive low-level ionizing radiation,

even so far as to derive from these data estimates of the
dose needed to double the incidence of cancer at many sites.

Even if the biostatistical procedures are appropriate, one

must seriously question the legitimacy of this type of
extension of findings because of the inadequacy of the

epidemiologic design - namely, the numerator nature of the
analysis already discussed.

:

|

|

,

|

!

1
!

|

,
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SUMMARY

The paper by Mancuso, et al. demonstrates inappropriate

use of limited data to support what seem to be a priori
conclusions rather than hypotheses. Review of the report
presented enormous difficulties caused by the failure of
the authors to provide the following:

1. A clear statement of the intent and design of
the study; the ' hypotheses under investigation

and their rationale.
2. A logical sequence and clear presentation of

findings.

3. Adequate expression of appreciation for the

limitations of numerator data (i.e. , without

reference to a base population); the potential
impact of unknown confounding factors such as

age, sex, personal habits and co-morbidity;
estimates of completeness of ascertainment of

mortality; methodologic justification for shift-
ing denominators; and biologic justification for
aggregating cancer of multiple sitek.

4. Clear partition of age / radiation dose categories

and the application of age-adjustment to summary
data.

Even if the deficiencies cited above were not present,
the nature of the information cited by the authors would not
support a statement of risk. Such a statement would require
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estimates of incidence of cancer of specific sites, related
to radiation, among categories of exposed persons in whom

the prevalence of confounding factors such as cigarette
smoking would be known.-

The reported levels of exposure cited in the paper are

several orders less than the estimate of carcinogenic effect
in other human experience. The need to document human

effects of chronic exposure to low level radiation, however

urgent, is incompletely served by the Mancuso report.

.

J

e
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SPECIFIC CCMMENTS

This section will include specific comments on the paper,
arranged by page and line number. While the preliminary dis-
cussion summarized our general impressions of the'research and

the possible limitations in interpretation, this section will
elucidate, in detail, the reasons for our concern.

.

Page 370 - Preliminary Findings

The expression certified deaths' is not self-explanatory.'

Does this refer to deaths for which a death certificate was
found, or does it refer to nosologized death certificates?

1

At any rate,190 of 3710 deaths, which is more than 5 percent,

are not included in the present analysis for reasons not clearly
stated. While on this topic, it should also be noted that

throughout the entire analysis, only the underlying (presumably)
cause of death is used, and its method of derivation is not
specified.

C.L.-P.2*

The argument here is a bit circuitous but seems to be as
e follows: The greatest number of deaths occurred among those who

,

were members of the earlier cohorts (mostly 1944), at which tira
'

there was both a high proportion of unexposed workers, while those

who were exposed were likely to have low level exposures prior

*This notation should be interpreted as follows:
C.L. - the left column; C.R. the right column;-

P.2 - the second paragraph which begins in the left column.

d

h

i

e
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to 1954. Does it then follow from this argument that there

were changes in the plant which explain the higher exposures
beyond 19547 If so, there is no discussion of what these

i-

changes might have been and what possibla impact they may have
on deaths after 1973. The statement is also made that among

both the cancer and non-cancer group, the proportions of

those hired in 1944 and af ter 1948 are similar. What is the

implication of this statement? Does this finding fit in with

the above argument? How? Might not one argue that if radiation
is predictive of cause of death, perhaps we would have expected
a lower proportion of those who eventually died of cancer to

have been hired during the low dose-low proportion of exposed
worker period. One should not get too involved in these argu-
ments, however, because they are based exclusively on year of

hire, which is of major importance in an occupational study
only if there were changes in some aspect of production, with

concomitant differences in exposure following these changes.

While on this topic, it should be noted that Table 1, as
are many of the other tables in this report, is presented in an
awkward fashion which makes interpretation difficult. It would

be of interest to examine each cohort (here defined as the
group of workers hired during the specified year) separately
and then to compare their characteristics with those of other
cohorts. To accomplish this, the data should have been per-
contaged across, not down. In other words, we would like to
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know, say for the 1944 cohort, what proportion 'of the 5,256
members of this cohort survived, died of cancers and non-
cancers, etc. We could then compare this with the 1949-1971

cohort, for instance, and compare the proportions in a manner

which would permit us to determine whether the cohorts
truly resemble one another. As the data are gresented, however,

we are informed that, of the 21,206 survivors, for instance,
16.4 percent come from the 1944 cohort and 2.3 percent were
in the 1946 cohort. What is the significance of this?

By percentaging down instead of across, the characteristics

of individual cohorts are obscured rather than clarified.
It is only in the very last line that the across percentages
are offered in summary, which again does not permit compari-
son of individual cohorts.

C.L.-P.3

This paragraph opens with a statement about ' cohort

resemblances' where the meaning of the term cohort is

suddenly changed from members of the group of workers hired

during a specified year, to members of the group of cancer
and non-cancer deaths. This inconsistency in the definition

of terms is misleading, and the conclusion that the bohorts'

are 'similar' does not necessarily follow from the single
piece of information offered in the paragraph above.

The reader is also referred to Table 2, from which it is

deduced in the text that " men who eventually developed fatal

cancers had been more often and more intensively exposed to

external radiation than men with other causes of death."

.

p
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Table 2 does not provide evidence for either of these two
conclusions. There 'are no da*.a whatscever concern'ing how

'often' members of the two groups had'been expose , nor is

there any information presented concerning the ' intensity'
of exposure, which simply cannot be equated with mean cumu-

lative radiation dose .without examihing and including in the
calculations the duration of employment.

Ona possible way to define intensity wculd be mean

annual exposure, and while we have.ebjected to the ~over

reliance on means earlier in our discussion sind will<not
here repeat our arguments, in the centent of the manner in

i which the data are rrstsented, mean annua.1 exposure Nould at

least incorporate duration of employr. tent, a factor ed utmost

importance wiiich has received very littie attention throughout
the entire publication. FromthedatapresentedknTable2,

4
-

however, no conclusions can be drawn concerning how often or

intense the exposure has been, although it,is reasonable to
conclude that a' higher proportion of thosa -v$o developed

cancer had been exposed at some time; in view of the rather

small observed difference in the proportion %xposed (66 vs 61

percent), one wonders, however, why no dest of the signifi-
i

cance of this difference was performed.

While we have already pointed out the central importance

of the possible impact of confounding in epidraniologic
investigations, it is vell to remember, and it will not be

continually repeated, tha e, in none of the analyses presented

'
.
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was there appropriate control for the possible effects of

the numerous suspect confounders, such as age at and year
of hire, duration of employment, etc. -

C.R.-P.1

The statement is here made, based on the data in
* Table 3, that for no specific non-cancer was the mean .

radiation dose higher than the average for all cancers
combined. Clearly, the all cancer average is being fairly

,

heavily weighted by a few sites with.high mean doses

(lymphatic leukemia, pancreatic and brain malignancies) and,

in fact, the all cancer mean doses are not even presented,
;

but instead the doses for RES neoplasms and solid tumors are
presented separately.

A careful examination of the contents of the table
reveals that the mean dose for many of the specific non-

cancers exceeds the mean for many of the specific cancers,

and while we once again mention the limitations of working
with means, we must strongly object to the comparison of

(or overall means for a large group of all cancers)means

with the means for much smaller groups of specific non cancers.
| One must also wonder, again, why tests of significance (such as

T-Tests for the comparison of means) were not performed on

these findings, although it would have been far more prefera-

ble to calculate the odds ratios, which is a commonly used
i

s

t

.
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epidemiologic measure of effect, for the relationship
between exposure and disease. Indeed, examination of the

percent of exposed workers in each disease category inti-

mates that most odds ratios would be close to unity.

In general, it should be stated here that even among
those who developed cancer, approximately 40 percent were

never exposed to any radiation at all, and one must wonder

~ why they are left in the analysis, especially since their

cancers cannot be attributed to the exposure under investi-
gation. Indeed, the text often cites the Mean Cumulative

Exposure for all workers, including those unexposed, as
~

evidence of the effects of radiation, rather than consistently
-citing the mean dose for exposed workers only.

Pacre 371
C.L.-P.1

.

One generally, in the conduct of an epidemiologic investi-
gation, would establish the existence of an excess in certain
diseases within an employed cohort, and after the excess

(along with its statistical significance) has been established,!

look for the possible effects of occupational exposures. More

will be said shortly on the methods used to establish the:

! existence of an excess, but it should first be pointed out
|

that the data were apparently first examined for associations

between cause of death and exposure, and this was followed,

instead of being preceded, by identification of those deaths
occurring in excess. In addition, the relationship between.

5

0

w
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excess deaths and higher than expected radiation doses is

inconsistent and not sufficiently, if at all, discussed.
For instance, from Table 4 we see that there was a

44 percent excess of neoplasms of the liver and gall-

bladder, while the mean radiation dose, from Table 3, was

exceptionally low, lower indeed than 8 of the 9 categories
of non-cancer. On the other hand, a case is made for a possi-
ble causal association between neoplasms of the brain and .

large intestine, which appear at a 4 percent excess and a

3 percent deficit, respectively, or essentially which appear
at the expected frequency. The method used for establishing*

.

the existence of an excess, aside from the conceptual prob-

lems summarized above, are not at all clear and may actually
,

invalidate any conclusions regarding the excess. The state-

ment is made that Table 4 presents the " expected number which

shows how the same diseases were distributed among the 1960

cancer deaths of U.S. white males." It seems, therefore, that

a proportional mortality analysis (PMR) of some sort was

performed, although it seems reasonable to conclude that the

PMR was not only not standardized for age or race, but

that indeed while the expected numbers are based on the

experience of U.S. white males, the observed numbers may

include blacks as well, a problem which did not,

.

prevent the authors from generating observed: expected ratios.

i

|

i

!.
L
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We have here, therefore, a situation where the procedure

used to establish the occurrence of an excess (the propor-

tional mortality approach) is of dubious epidemiologic

validity even in the best of circumstances; that the procedure
did not even standardize for the common confounders only

furthers the difficulty in interpreting the findings.
One must seriously wonder why SMRs (Standardized Mortality

Ratios) were not used, especially since from Table 1 one may
surmise that the appropriate denominators necessary for the

calculation of SMRs were indeed somewhere available.
Even despite these serious limitations, one must further

wonder why tests of significance were not . performed on these

ratios, especially since not a single ratio reached a value
of 2 -- that is, none of the diseases occurred at twice the

expected proportion. In view of these non-impressive excesses,

some statistical test is clearly indicated but none is offerred.

Instead, the Table draws the readers ' attention to the mean

cumulative dose and how it compares with the mean for all

non-cancers - a comparison which has already been discussed

and which is replete with serious limitations.

C.L.-P.2

Despite the problems thus far enumerated, the authors

-conclude that the '" preliminary findings are compatible with
a causal association." The stated conclusion is clearly

| unwarranted, although one might suggest at this point that

|
-

-
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further analyses are appropriate in view of possible
associations. This section then continues with a descrip-
tion of what are called ' controlled analyses,' a term which
is entirely misleading. Presumably, this section addresses

the question of the effects of confounders, although this
is done either incompletely or inappropriately, if at all.
In fact, controlled analyses - properly defined as an analytic
procedure which describes the relationship between exposure

and disease after the effects of the confounder (s) have
been removed - were never at all performed. Instead, each

of the 5 listed "possible sources of false impressions" -
i.e., confounders - is described separately, and while differ-

ences between cases and controls are observed and noted,

analytic techniques capable of controlling for these differ-
ences are not used, or at least not presented.4

C.R.-P.1

We will not repeat our objection, in examining the state-
ments made about the five possible confounders, that

" controlled analyses"'were never actually performed, but

will instead examine whether the statements made about the
data presented are appropriate. The statement is made

concerning " calendar years," which is never clearly defined,

that "only during the high dose period [second half of study
period 3 were differences between cancers and non-cancers at
all pronounced." What does " differences" mean? Examination

of Figure 1 reveals that " differences" between the two groups

. .

, - - -. . , ,.,.n. , , , - .---,.n- - .- . _ - - - , , _ , , . , . . . - -n. -,. , ,
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i
were never pronounced. Examination of Table 5, about which.

more.will be said shortly, reveals that " differences"

(either radiation dose or high risk year) were rarely-
1

pronounced. While much is made of the "iligh risk year"
.

concept,.the actual differences-in radiation dose between
the cancer and non-cancer groups are miniscule. For instance,

the period 1958-1959 credits the cancer group with two high

risk years, while the. difference in mean dose (53.6' vs. 51.7)
. as 1.9 centirads. How significant, both biologically andw,

.

statistically, is this difference, and does it warrant calling
the entire period a high risk period for the cancer group?
In fact, the entiro Table 5 is presented in an awkward manner.

The column " Exposed Workers" is misleading, for instance,t

'because the 333 exposed cancer workers in 1946-47, for instance,
may and probably ,does include the 237 from 1944-45. The totals

of 3005 and 10,385 presented at the bottom of the columns

therefore have no interpretation by themselves. Also, why are

j the ' calendar years' presented two at a time, while the
j 'high risk years' column separates the two years. Clearly, the

authors had and used more data than they presented.

One must also question the pooling of these two-year

periods - from Figure 1 we see that in 1944 approximately 18 per-
cent of cancers were exposed, while in 1945 it rises to over
30 percent. Should these two years be pooled? Are the data
being obscured by this procedure? Further comparison of

Figure 1 with Table 5 causes even more problems. For instance,

--- -. .- - - - . _ _ . -. - - - - . - - - , - - . _ _ . . _ - _ ---_-- _-.
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from the Table we see that during 1946-47, 333 of the 670

cancers, or about half were exposed. The figure, on the

. other hand,. indicates an exposure rate for cancers which is
less than 40 percent!

'

While this may be explained by the use of a denominator

other than the 670 total cases of cancer, the reader is not ,
informed of the nature of the denominator; the most appropriate
one would be the number of workers employed at that time

(i.e., the total number eligible for inclusion in the numera-
tor). The central. questions pertaining to this " controlled
analysis" and the others which follow are: do the" analyses"

really " control" for the confounders or do they merely describe

tham; are the proper " differences" being examined - i.e. , what

is the rationale for choosing these and not others, and

indeed, are the data presented internally consistent.

Page 372
C.L.-P.1

The section on " employment years" suffers from the same

general problems as those encountered in the calendar year

analysis already described, although one major additional comment

must here be made concerning this and the following (" pre-death

years") analysis: the two terms are simply not clearly defined,
making interpretation of the presented data extremely difficult.
In the introduction to the controlled analyses, the first factor
is referred to as " employment year of exposure" while in Table 6

it is referred to as " employed years," and in the text there is

.
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i

a statement about the " progressive lengthening of the interval
between hire and exposure." So the meaning of this term is

ambiguous. Figure 2 reveals that the abcissa, which is employ-
ment year, takes on values from 0 to 29, which implies that

1

Year 0 = 1943, or the first year of operation of the Hanford

Works, while Year 29 is the last year included in this study,
namely 1972. If this is true, then Figures 1 and 2, as well as

Tables 4 and 5, should be exactly the same, and they are not,
which still leaves open the definition and intended use of the
term.,

Page 373

C.L.-P.1

The same general objections can be made regarding the

term " pre-death year," although a definition is offered in the
! footnote to Table 7: pre-death year = interval between exposure

[ presumably first exposure] and death. Apparently this is there-

fore synonymous with latency period, where this period is calcu-

lated from the first year of am exposure.
In this discussion, and in the discussion of the other

four possible confo*unders, any and all observed differences are

presented without any attempt to amplify on their meaning.

For instance, what is the validity of pooling all cancers

(both those occurring in excess and those not) and then present-
ing data on their latency period in the aggregate? In this

i section, for instance, we read that "when the interval...was less

i

i .
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than 8 or more than 20 years. . .there were over twice as many
high. risk years for non-cancers." What is the import and

,

significance of this finding? How does it fit with the other
conclusions? Is there duplication of these findings by other
investigators?

In addition, there again appears to be an inconsistency.
between the data presented in Figure 3 and Table 7, unless

we are interpreting the data improperly, which is possible.
From the Table, for pre-death years 24-25, we see that 111

(of the 670) cancers, or approximately 15 percent, were exposed.

Examination of the Figure for the same period suggests that the

exposure rate for cancers was over 40 percent. Where does the
error lie? Is it again due to undefined denominators?

-

C.R.-P.2

The data for exposure age, which is presumably age at hire,
.

may have been improperly interpreted - the statement is made,
for instance, based on Figure 4, that "the proportion of

exposed workers was virtually independent of age." Examination

of the Figure in question reveals quite a different picture.
Among the cancer group, a considerably higher proportion of those

who enter before the age of 35 are exposed. One can hardly

conclude from these data that the proportion exposed is indepen-
dent of age at hire, unless one pools the data for the cancer
and non-cancer groups and obscures the true differences.
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But aside from these problems in interpretation, what
does this analysis tell us? It says, in essence, that the

greatest danger for cancer induction, if there is indeed any
danger at all, is found among those who were first exposed

at the older ages, while biologic theory generally postulates
that exposures among the young usually carry the heaviest
ultimate penalties. Perhaps some valid underlying relation-
ship with age at first exposure is being obscured here

because of the pooling of all cancers - which includes many
sites which were not in excess among Hanford workers and

others with radically different estinated latency periods.

Page 375
C.L.-P.2

The first statistical test of significance is reserved
for the analysis which presumably controls for age at death.
Now age at death is clearly related to cause, even in the
absence of any occupational exposures. For instance, we

would expect that men dying of accidents will die at younger

ages than those whose cause of death is lung cancer, indepen-
dent of occupational exposures. What is the purpose, then,

.
of this analysis? Why control for age at death itself, unless

I one demonstrates that this variable is related to another, say
i'

duration of employment, which can affect cumulative radiation
: dose. Questions are therefore immediately being raised con-
i

carning the very propriety of this analysis.
'

i

! -

,
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In addition to our fundamental concern for the rationale
of this analysis, we were also puzzled by the statistical
techniques chosen by the authors. All three variables

involved in this analysis - cumulative radiation dose,
proportion dying from cancer, and age at death - are continu-

ous variables, for which there exist numerous statistical

techniques which utilize fully the available interval data.,
.

Why these continuous variates should be rank-ordered, with

-the accompanying significant loss of information, before

statistical tests are applied is difficult to understand.
Aside from these fundamental biologic and statistical

*

objections, however, we find it difficult to understand the
meaning of the conclusions presented in the context of the
present investigation. For instance, we read the following:

"although accidents were often causes of early
death, men who eventually developed malignant
diseases did not have appreciably longer life
spans [i.e., lived slightly longer] than men
with other causes of death."

How does this fit in with the hypotheses and relationships.
9

under investigation? Is this expected or unexpected, impor-
tant or unimportant, etc.? In fact, we are being told that

those who die of cancer live longer than those who die of
other causes. Perhaps, then, radiation exposure is beneficial

and ought to be encouraged; on the other hand, perhaps it is

a function of the first objection concerning age at death
analysis discussed above. We are further informed that

.
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)

"between two thirds and three quarters of all the deaths
occurred between 50 and 80 years of age." This sounds

entirely reasonable, and in the absence of any comparison

with other groups, contributes nothing to our understanding
of the relationship between radiation exposure and cancer
deaths. *

Examination of Tables 9-12 reveals some very interesting
things which are not all discussed. From Table 9 (which should
have been percentaged across also) we -see that 53.2 percent

(26. 9 + 20.1 + 6. 2) of all the non-cancer group live to be 60

or older, while the corresponding figure for the cancer group
is 55.5 percent (3 5. 7 + 17. 3 + 2. 5 ) . That is, a higher propor-
tion of those who died of cancer, which is presumably associated

with radiation exposures, are living until the-age of 60, than

are those who died of non-radiation-related conditions. Table 10
reveals that those with the highest cancer: non-cancer radiation

dose ratio lived much longer (until't';e age range 70-79) than
those with the lower ratios. What is the meaning of these and

similar conclusions which can be extracted from the presented data?
*

Page 376
C.L.-P.1

The interpretation of the findings in Table 11 is difficult
indeed. It should be recalled that our major objection concerned

the transformation of continuous data into an ordinal scale, which
is then subjected, af ter considerable loss of information , to a

.
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statistical test of significance whose results (p-values) are
not consistently presented. That is, a rho was calculated

for the rankings in each of the five age groups, while the
p-value for these rhos are not presented. Apparently, only

the correlation coefficient (rho) for age at death among

those 70 and older is significant, and indeed that only
among those who die at the oldest ages is cancer a signifi-

cant cause of death among the highest exposure group - but

one should not lose sight of the fact that those in this
!

group, who had the highest exposure and highest cancer propor-
tion, are living the longest.

The mean for each exposure category is then calculated,

and a rho is calculated for the ranking of these means,

which is a statistical manipulation of dubious validity; it is,

only for this procedure that a statement is made con,cerning the
significance of the derived correlation coefficient. Based

entirely on the result of these questionable analytic pro-
cedures (the actual p-value is not even presented) , the authors

conclude that there was a " firm rejection of the null hypothesis
by the statistical test," a statement which hardly seems
warranted, or which at least requires further justification.

Page 376 - Special Tests of Radiation Associations

Reference is again made to ' controlled analyses' which, as

mentioned earlier, have for the most part not really been conduc-
ted. At this stage of the analysis, nevertheless, the authors

.

* 6-
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feel confident in attempting to describe the nature of a

relationship whose very existence has not yet been firmly *

established. Thi's section, along with the appendix in which,

many of the ideas are expanded, is quite biostatistical in
! nature, and since we are not biostatisticians, we will not
'

offer a detailed reaction to the procedures used, although
a few general comments are in order.

Once again we must state our objection to the over-reliance

on arithmetic means as the central measure of effect. In addi-
i4 tion, we must point out that N, which is defined as the size
,

of the whole population, in the text, refers only to the
population of certified deaths and not to the true' cohort of,

all workers at Hanford. This is an extremely important point,
;

because it is very possible, and indeed probable, that the
'

cumulative radiation doses experienced by many of the survivors

far exceeds those of the deceased members.of the cohort, as the

authors themselves state on the second page of the publication.

How this can be ignored when making inferences about the poten-

tial effects on the general population (e.g., doubling dose) is :
,

most difficult to comprehend. As pointed out in the introduction,
from a numerator type analysis one should be reluctant to extend

the findings back to even the original cohort from which the

deaths'were drawn; extending the results to the general population
should be tempered by even greater discretion. While we are not

competent to evaluate the validity of the biostatistical modeling,,

i

j and are willing to assume that it is appropriate, we nevertheless

i
i

2
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feel that the use of an inappropriate N (all deaths and not

all members of the cohort) raises serious doubts about the
epidemiologic validity of the conclusions, especially when
from these data inferences are drawn concerning the antici-

pated effects of exposure among the general population.

Page 377
C.L.-P.5

The statament is made that "there are strong grounds for

believing that tissue specific cancers have characteristic, albeit
long, intervals between initiation and death." How does this

statement agrse with the earlier finding that the "high risk
years" for cancers occurred later (or closer to the year of
death) than those for non-cancers, and the findings reported

here where we see that for all sites examined, the only statisti-

cally significant differences in exposure occurred rather shortly,
,

and not a long time, before death 7 In not a single site was

there significant excess exposure earlier than 18 years before
'

death, which is certainly not a "long"' interva1, and the

intervals for all sites, in general, fell between 18 and 0 years
prior to death, which hardly damenstrates that each site has a

" characteristic" interval. We should also mention at this point
that there is no description of the specific statistical tests

used fer determining which exposures were significantly different

from the experience of the non-cancer group, although p-values
are presented.

1

i

| .
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The statement is also made that " sensitivity to the

cancer induction effects of any mutagen is strongly age-
dependent," although this idea is not further clarified.

Are we speaking of age at first exposure or age at which the

greatest exposure occurred, among other possibilities? Which,

in fact, are the most sensitive ages? How does this age-
.

dependence statement fit with the earlier observation (p. 375)

that the " proportion of exposed workers was virtually indepen-
dent of age." If workers are sensitive at a young age, for
instance, then we would expect that a higher proportion of

those destined to get cancer would have been exposed at younger

ages - yet this proportion is declared to be independent of

age on the basis of the data utili:ed in this study.
A further problem with the " age analysis" is that,

although referred to, it was never really done. The reader is

referred to Table 16, which again presents data relating to

" pre-death periods," meaning latency period or years prior to
death. This absolutely cannot be equated with age - for a man

who died at 80, an exposure which occurred 20 years prior to
death occurred when he was 60, while for the worker who died

at 60 the exposure occurred when he was aged 40. Analysis based

on " pre-death years" therefore say nothing about the actual age
at which the exposure occurred unless age at death is statisti-

cally controlled in the analysis, which was not done for

Tables 12-16, from which one therefore cannot make any deduc-

tions concerning sensitive ages for cancer induction.
.

e

|

|

|
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It should also be noted, when discussing the data in

these tables, that the cumulative radiation doses for other
sites reported to be in excess in Table 4 (mouth and pharynx,
liver and gallbladder) are not presented. In view of the fact
that cancers at all sites did not occur in excess, and that

not all sites showed significant excess cumulative exposure

when compared with on-cancers, one must wonder why the investi-

gators continued to pool all cancers and make inferences about
this large aggregate.

C.S.-P.1

The discussion here attempts to enumerate additional

characteristics of those cancers with " definite radiation
associatiens," but as we have been indicating, we cannot agree
that definite associations have indeed been established, which

throws the appropriateness of all succeeding analyses into
considerable doubt.

Pace 378
c a.-P.2

The investigators state here that the " critical interval
between exposure and death" for all cancers was 12 years, while

they further report " critical intervals" of 14,11, and 9 years,

for lung cancers, RES neoplasms, and bone marrow cancers., Once

again we must note that this is not in agreement with the

earlier statement (p. 377) concerning the long and characteristic
intervals between initiation and death for tissue-specific>

|
|

[
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cancers - the intervals presented here seem to be short and

similar to one another. While on this topic, we must also be '

.

concerned with biomedical plausibility of such short latency
periods - for instance, 14 years is a rather short interval
for lung cancer compared with the intervals estimated from

studies based on smoking histories, and how does a latency
.

estimate of less than one year for pancreatic tumors agree
with the findings of other investigators?

It is also difficult to understand how the investigators
can conclude that lung cancer is one with definite radiation

associations without even a passing reference to the complete
.

absence of any information on the cigarette smoking character-
istics of this group of workers. Despite these and other

objections already described, the authors remain quite "certain"
.

of the reported radiation associations since, in reference to
other sites, they refer to "less certain evidence of a causal
association." Among these latter sites is cancers of the large
intestine which, it should be recalled from Table 4, appeared
in less than expected numbers among this group of workers.

Page 379
C.L.-P.1

This section on " doubling doses" is disturbing for numerous.

reasons already discussed, but mainly because the estima.tes are

based on the experience of deceased workers only (the N cited in

the Appendix) and not on the entire cohort of all workers employed

at the plant, which is the true cohort under scrutiny. Even aside
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from this major difficulty, one must further wonder how the

category "all cancers" can be causally associated with radia-

tion exposures in view of the preceding discussion concerning
the biomedical validity of pooling so many different sites.

In anticipation of possible objections to such low

estimates of doubling doses (0.8-12.2 rads) the authors cite

Table 16 and state that from the observed and expected.

proportions of different cancers, Standardized Mortality
Ratios (SMRs) were obtained. SMRs are based on a comparison

of r'ates derived from the true cohort of all workers, whether
living or dead, while the proportions presented in Tables 16 and 4
refer to proportions based only on the distribution of deaths.

How one derives SMRs from a proportional mortality analysis, and

obtains these estimates "in the usual way" is baffling.
In addition, we are not told for which factors (age, race, sex)
the SMRs were standardized. Indeed, if SMRs were available,

they should have been presented as the very first piece of evi-
dance concerning the existence of an excess and should have

formed the foundation for all further analyses. While Table'17

presents "SMRs," the reader is referred back to , Table 16 for an
explanation of the manner in which they were derived and this

Table, as already indicated, deals with proportions and not rates.
Without further clarification, the interpretation of these
calculations is impossible.

. -
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Page 380 '

C.R.-P.2

Since our data set did not include any information on
internal radiation, we will not comment on this section and

will instead resume our discussion with the section on age
and sensitivity.

We must frankly admit that we d'o not understand the dis ~

cussion and the data (Tables 21 and 22) on which it is based.
Nevertheless, the statement is made that these data are

"strongly suggestive of an exponential increase in cancer

sensitivity with advancing age." Once again we must remind

the reader that the entire analysis is based on numerators

(deaths) only, from which it simply cannot be concluded that

sensitivity (presumably among all workers) increases with age.
Even if the data presented are accurate, from the fact that

cases of cancer at age 45 had 15 percent higher than e'xpected

doses, while at age 50 there was a 50 percent higher cumulative
exposure, one simply cannot conclude that the " risk of"

(sensitivity to) cancer is increasing - after all, everyone in
this group has already developed and died of the disease.

While this may be conceptually similar to the use of an

odds Ratio as an estimate of Relative Risk, this transformation

is based on rigorous epidemiologic and biostatistical foundations

which have been continuously re-examined, modified, and strength-

ened by countless investigators over a period of 20 years, and we
cannot assume that the procedure used here is as defensible.

We must therefore state our substantial concern with this entire
section and the inferences drawn from the available data.
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Page 381
C.R.-P.2

The approach used for the analysis of the female

experience is similar to that used for the male analyses and
we will not further discuss the issues already raised,
although a few comments are in order.

Presumably, females were not included in the earlier

analysis, although this is the first indication of this
analytic decision. We must wonder what the rationale is for
this separation. It is also not clear whether there were
126 or 127 deaths from cancer among females (perhaps this'

is a typo), or how the 285 deaths from causes other than

cancer among the 412 women gives a percentage of 30. Despite

the statement that the " proportion of these workers with

records of external radiation was small" Table 23 ranks all
females for radiation exposure, which would be impossible if

data were not available for all of them. If the 'O' in this

table refers to those for whom records were not available,
and not the truly unexposed, the statistical test becomes,

inappropriate and the results misleading.
*

.
Page 382
C.L.-P.2

The procedure used to arrive at these" estimates of

attributable risk are not at all clear to us. We must say,
! however, that attributable risks are best derived from pros-

pective (or cohort) studies. While they are occasionally'

derived from case-control studies, there are numeroun methodologic

f

I

|
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problems associated with this derivation, and the assumption

is generally made that all members of the cohort were eligible,

for selection as controls. Since this present investigation
was based on numerator data only, this assumption cannot have
been met.

Page 383
Discussion

Based on the critique presented thus far, the four

enumerated conclusions in the first paragraph are simply un-
warranted. While the authors, in the following paragraph,-
finally acknowledge the possible impact of confounders, and

indicate that the next stage of the analysis will include stan-

dardization for these factors, they do not hesitate to conclude,
prior to the execution of these analyses, that there is a

"now remote possibility that the positive findings were merely
the result of the radiation exposures having associations with
other cancer-related factors." One need only be reminded of

the overwhelming impact of smoking on the incidence of lung

cancer, for instance, as evidence for the inappropriateness,
' at least for now, of the stated conclusions.

.

e

e
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ANALYSIS

General Comments

This analysis is being undertaken in an attempt to
replicate, in a manner of speaking, the efforts of
Mancuso, et al. We state again very emphatically however,

as we indicated in our examination of the paper, that the
design was inappropriate for a determination of the rela-
tionship between radiation exposure and disease.

It should also be recalled that we were not in
possession of denominators, which made it impossible to

rigorously establish the existence of an excess nmnber of
deaths from any of the causes. We therefore relied entirely
on the data set as received from NCR, which contained the
following variables age at death, years of hire and

departure, duration of employment, cause of death, race, sex,

exposure code, cumulative lifetime external radiation dose,
.

cumulative dose at' 3, 5,10,15, 20 and 25 years prior to
death, and year of death. Frcm these given variables we

determined year of birth, from which we further calculated

age at hire and age at departurer one must wonder why these

three variables were not originally provided.

While we mentioned above that we will attempt to

' replicate' the work of the investigators as presented in the
paper under examination, it should be pointed out here that

the data we received are not parallel to those used in the
paper, and we must wonder why. For instance, much is made of
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the calendar year analysis, although we did not get doses for

specified calendar years; instead, we received cumulative doses

for specified (3-25) years prior to death, and 3 years prior
to death,-for instance, represents different calendar years
for people who died in different years.

In addition, there are fully four tables in the paper
,

which utilize this ' years prior to death' analysis, and 15
categories of this variable are used in each of the tables.

We received values of this variable for 6 categories. It is

surprising that, of the 15 they used and the 6 we received,
only one coincides, which makes a replication of their

analysis impossible without extrapolating from the data at.

hand, which is never as precise as the real thing. One must

wonder why the data have hun presented to us in a non-
replicable manner.

Our reluctance to perform the analysis is thus far based

on both the inadequacy of the epidemiologic design and the

differences between the data received and those actually used
in the paper. In addition to these two factors, we performed

a rather cursory editing (internal consistency) check and
.

found, to our dismay, numerous definite and possible errors

which cast reasonable doubt on the accuracy of the information

and therefore on the question of whether the data merit
analysis.

I

1

0
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Listed below are the inconsistencies and curiosities
,

encountered, although it should he reiterated that we did

not perform an extensive search for errors since we were i

laboring under the assumption that the data received were

accurate, especially since we have no means for checking
their accuracy. The list is therefore only partial and is

.

limited to inconsistencies and illogicalities:
'

1. There were five individuals whose age at hire,
,

according to our calculations as described.above,

was less than 17. The actual values were
,

-15, -11, -1, 2, and 3 years of age.
'

2. According to our calculations, there were 49 indi-

viduals whose age at hire,was between 65 and 79

years, which seems highly unlikely, unless the
!

iretirement age was waived for those individuals
|.

b cause of the wartime manpower problems. Even
'

allowing for a one year error in our calculations,
!there would still be a total of 32 people hired

after the age of 65.
:

3. Along the same lines, we calculate that for 533 ''

individuals, the age at departure was between

65 and 83; allowing for a one year error, the total
,

would still be 370. While wartime expediency may i

1explain some of these occurrences, it should he
|

noted that, for instance, not all those whose age at
hire was over 65 were hired during wartime years, and

|

I

.i.

t
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also that working into one's mid-80's must be

highly unusual under any circumstances.
_

4. Five individuals had 1900 listed as their year *

of hirer perhaps these are the same individuals
whose age at hire was incorrect. In addition,

there were 5 individuals with durations of
employment exceeding 45 years, no doubt a function
of the incorrect year of hire.

5. The most perplexing problem is the difference in

the total number of workers on the file we
received; our total was 3992 while Mancuso, et al.
had 3520. While these investigators had 412

certified deaths among females, we had only 382.

Adding both sexes would give a total of 3902,.

which means that an additional 90 deaths have
appeared on our files. This cannot be explained

even if blacks, who numbered 28, were handled

separately by the original investigators.

From this superficial examination of the data, therefore,
enough has been seen to at least provide grounds for ques-
tioning the accuracy of the data. Coupled with the concerns

voiced earlier regarding the design and absence of denomi-
-

nators, the following analysis is being presented with serious
reservations. In essence, we simply asked what a more

appropriate analysis, given the data at hand, would reveal,

although not much significance should be attached to the findings.

. -
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DATA ANALYSIS

Demographic Factors

Tables I-VI present the distributions for numerous varia-

bles of interest, from which the following points should be
noted:

1. Almost 70 percent of the workers included in this

study were hired between ages 30 and 60. One must

therefore he very concerned about the occupational -

histories of these individuals prior to employment

at the Hanford Works, during which time other signifi-
*

cant work exposures, in. other industries, are likely
to have occurred. The nature of these exposures is

entirely unknown, at least to us, and the possible
impact of these exposures on the health outcomes under

investigation are not at all discussed in the paper *

under examination. In addition, over 61 percent of

workers included in this study were hired between

1943-1945, which of course were the war years, and.

given the added fact that approximately 15 percent -
.

of the workers were hired between the ages of 17 and 29,
,

one must wonder whether these men were not drafted

into the combat forces because of some health factor.
If this occurred, we would have a sizeable propertion
of workers who were ' unhealthy' in some rather serious

way, a fact which may well have affected their causes
.

9
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of death. We have therefore, if this reasoning is -

correct, a workforce which is less healthy, rather
'

than being healthier, than the general populationr

this, of course, would be contrary to the general
,

situationencounteredh.nanocepationalstudy,where
.

.

workers, as a group, are hs.1~thier than the general
,

population of comparable age. '',

2. Over 50 percent of the workers had a duration of.
; employment which was . lass. than two years. One must

wonder whether this length cd time, given the,

; generally low:, doses to which they were exposed, is
sufficient to justify their inclusion in the ' *

i

analysis. This is naturally related to cumulative

dose, and over 80' percent of workers had lifetime
!

doses under 100 centirads; the saan quase,Lon~'

<

regarding inclusion of ,these workers in the study
.

;

can be raised, especially since a one rad expo'sure

is not uncomunonly encountered in the use of d.1. agnostic
X-rays.,

3. The table summarizing causes of death is an exact

duplicate of the one p::esented in the paper, and the;

very same. termino 1cgy'was used for compentive
I Purpores. 'It should be recalled that our tot:11 number

of deaths .did not mauch that of Mancuso,~et al. and

also that we did not separate the experiences of>

i

i

!
. - _ _ _ , - _ - _ - . - _ - . - . . , . - . - _ . - - - - - - - - - . . . - - - . - _ _ . . - . - . - - _ . . . . - - . -
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1

i

males and females since there was no ready biological;

justification for doing so. It will be especially
~

difficult for the reader to compare this table with
the one presented in the paper where the numbers of

deaths for the different causes were not presented
; for females. In addition, one must wonder why the
,

authors did not report on mortality for breast cancer,
which the literature suggests may well be associated
with radiation exposure.

Radiation Associations

Table VII presents, in summary fashion, the characteris-

tics of workers dying from those causes for which Mancuso,
i

et al. claimed significant radiation associations: cancers of..

the lymphatic and hematopoietic tissues, and cancers of the

large intestine, pancreas, lung, kidney, and brain.

Examination of the first and last rows of this table, which
'l

compara all non-neoplasms with all malignant neoplasms,

immediately reveals that the characteristics of individuals
in the two groups are remarkably similar. Those dying of

,

malignant neoplasms, however, had a slightly longer duration
t

of employment which no doubt was at least partly, and
.

probably entirely, responsible for the difference in lifetime
dose. ,

The point should be made here, and this point is as
} important as any made in this paper, that a comparison of the '

means and medians for duration of employment, cumulative,

4

i

.

- - - , , . . ,y,- , - - , - , . - - . . - , ,w,------.,,,-.--,w ,---w-m..,.-,,n-+---,-w- .,w-,,,-,-,.,,r=m ,v ,,v----,-----v-,,-~--



_ -- . - _ - - - - . _

,

O *

-45-

lifetime dose, and intensity of exposure immediately reveals,
because of the substantial difference in the two, that the

mean is not a good measure of central tendency on account of

the skewness of the distribution. This then provides addi-

tional support for the contention that means should not have

been used as the main measure of effect - in the best of
circumstances, they are simply not a measure of effect,

while in this instance they are quite misleading as well

because of the presence of a few outliers which heavily
weight the mean, and because of the high proportion of

unexposed individuals in every group.
.

Further perusal of Table VII reveals that the charac-
teristics of workers dying from select cancers are rather |

|
i

similar to those of workers dying from non-malignancies, with

some differences in duration of employment and hence lifetime
dose. It should be noted here that the numbers of people
dying from select cancers ranged from 24 to 203, while the

non-neoplasm and total malignant neoplasm groups numbered

3177 and 803, respectively, resulting in much more stable
estimates for the latter groups. This is a constant problem
in these comparisons, and while a statistical test for differ-

ences in means would incorporate sample size in its assignment
of a p-value, we are clearly against the use of means as a
measure of effect.

While we do not wish to spend too much time on this table,
it would be profitable to examine closely the characteristics

.

of the 24 individuals who died frem multiple myeloma and
.

e

_ . . _ _ . _ - - __ - - - -
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myeloid leukemia (ICD 203,205). While the means for duration
of employment, lifetime dose, and intensity of exposure all
appear to be high, the medians reveal quite a different

story - the medians for each of these three variables were

the lowest of all causes, including non-malignancies,
presented in the table.

Table VII presented the data from the perspective of the I

outcome (cause of death), ,while Table VIII examines the data
from the exposure perspective. The characteristics of four
categories (unexposed, low, moderate, and high exposure)
are presented. Once again, we are struck with the similarities
in the values of the parameters, except of course for duration

and cumulative dose, which are a direct function of the defini-
tion of the four cat'egories. Perhaps the most interesting
comparison is presented at the bottom of the table, where the

proportions dying from all cancers and from lymphatic and

hematopoietic cancers in each of the four groups are compared.
Again, these proportions are strikingly similar. The chi-square
test was performed on these proportions, and the results, as

presented in Table IX, indicate that there is no significant
association between dose and cause of death.

We will make a general comment here, which would be

obvious from a careful examination of the tables, that we have

consistently eliminated fran the non-cancer group those

individuals whose cause of death was listed as a benign neo-
plasm (ICD 210-239), and for this reason, the totals often

fall 11 short of 3992, and these deaths have been effectively
eliminated from most of the analyses.

_ - _ _ _ _ _ _ .
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Finally, for each of the cancers which Mancuso, et al.

claimed were associated with radiation exposure, we calculated

odds ratios and confidence intervals for different definitions
of exposure and non-exposure; that is, different definitions

for non-exposure were tried, ranging from zero to anything
less than 1000 centirads. The totals for each stratum within
any table are therefore constant. By altering the definition

of non-exposure (and hence . exposure) we were, in essence,

giv'ing those with high exposures a chance to have an impact

on the odds ratios, but examination of the findings in

Tables X - XVII consistently reveals non-significantly eleva-
*

ted odds ratios for these different sites and definitions of
exposure.

. It should be noted here that we have used the 95 percent
test-based confidence interval, defined as the OR Il B/X),

where 5 = 1.96. While many of the point estimates of the odds
'

ratios are slightly elevated, one concludes that the OR is not

significantly high if the confidence interval includes unity (l),
which it does in almost every instance.

Indeed, only for lung cancer were some of the odds ratios

significantly elevated, but of all sites examined, we can put
least faith in a possible association between radiation and

lung cancer in the absence of availability of smoking histories,
because smoking prevalence is generally higher among blue collar

workers and approximately 80 percent of all lung cancers are
attributable to prior smoking histories.

-- .- - - - . - .. . . - - . - .
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In summary then, analysis of the data as received does

not indicate any association between cause of death and
radiation exposure. To fully resolve this issue, however, a
rigorously designed and executed epidemiologic investigation
is necessary.

.
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Table I

Distribution for Age at Hire

.

Ace at Hire Number Percent

<17* 5 0.1

17-19 43 1.1
20-29 526 13.2
30-39 973 24.4
40-49 1211 30.3

50-59 999 25.0

60-64 184 4.6

65+ 51 1.3

TOTAL 3992 100.0

*According to our calculations (Age at Hire =(Year of Hire + 1900)
- Year of Birth, where Year of Hire on the file.is the last two
digits only.
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Table II

Distribution of Age at Death

Age Number Percent

< 40 311 7.8

40-49 587 14.7

50-59 990 24.8

60-69 1130 28.3
,

70-79 766 19.2

80+ ___ 2 0 8 5.2
_ ,_.

TOTAL
__ __jy 2 100.0

Table III

Distribution of Duration of Employment

Duration (in vears) Nt:mbcr Percent

<1 1012 25.4

1-2 1060 26.5

3-7 723 18.1

8-11 419 10.5

12+ 770 19.5

TOTAL 399_2_ _ __ 100.0

1

I
,

e
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Table IV.

Race and* Sex Characteristics
s

Race Number Percent

White 3964 99.3

Black 28 0.7

TOTAL 3992 100.0*

.

Sex Number Percent

Male 3610 90.4
Female 382 9.6

TOTAL 3992 100.0

*

.

I
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Table V

Causes of Death

.

Cause
(with ICD 8th Rev.) Number Percent

1. NON-CANCERS

Infective (000-136) 37 0.9Benign Neoplasms (210-239) 12 0.3
Endocrine & Blood (240-289) 75 1.9
CNS (290-389) 45 1.1
CVS (390-458) 2022 50.6
Respiratory (460-519) 207 5.2
Digestive (520-577) 164 4.1
Accidents (800-999) 515 12.9Residue 112 2.8

SUBTOTAL 3189 79.9

2. RES Neoplasms

Lymphomas (200-202) 39 1.0Lymphatic Leukemia (204) 5 0.1
Myelomas (203) 11 0.2Myeloid Leukemia (205) 13 0.3
Residue (206-209) 8 0.2

SUBTOTAL 76 1.9

3. ' SOLID TUMORS

Mouth & Pharyngeal (140-149) 23 0.6
Stomach (151) 39 1.0
Large Intestine (153) 79 2.0
Rectum- (154 ) 23 0.6.

Other Intestinal (150,152) 20 0.5
Liver & Gallbladder (155-156) 20 0.5
Pancreas (157) 53 1.3
Lung (162-163) 203 5.1
Prostate (185) 43 1.1Kidney (189) 25 6.3
Other GU (186-188) 15 0.4
Brain (191) 23 0.6Residue 161 4.0

SUBTOTAL 727 18.2

TOTAL 3992 100.0

.
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Table VI

Percentages for Cumulative External
Lifetime Radiation Dose

Dose * Percentage

0 41.0

1-22 19.0

23-84 20.0

85-174 10.0 -

175-385 5.0

386-807 2.5

808-1781 1.5,

1782-4421 1.0

*in centirads

.

e
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Table VII

Summary Table of the Characteristics of Workers with Select Causes of Death

Duration of
Age at Death Age at liire Employment

Cause of Death N Mean Median Mean Median Mean Median . Percent Unexposed
All Non-Neoplasms

(ICD / 140-239) 3177 60 61 43 44 5.5 1.9 41

Lym. ' + IIemat Neos

(ICD 200-209) 76 55 56 38 37 5.5 1.9 37

Mult Myel + My. Leuk
(ICD 203, 205) 24 53 51 38 37 6.7 1.5 42

Neos Lg Int
(ICD 153) 79 58 59 41 42 7.3 5.6 32

Neos of Pancreas
f-(ICD 157) 53 60 60 43 45 6.1 2.0 38

Neos of Lung
(ICD 162, 163) 203 61 61 42 42 6.7 3.3 35

Neos of Kidney
(ICD 189) 24 59 59 43 43 6.2 2.3 30

Neos of Brain *

(ICD 191) 23 54 55 35 33 8.7 5.1 35
ALL MALIG NEOS

(ICD 140-209) 803 59 60 42 42 6.1 2.8 40

*

continued...
-

.
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Table VII (contd.)
Sununary Table of the Characteristics of Workers with Select Causes of Death -

Intensity
Year of Ilire Lifetime Dose of Exposure *

Cause of Death N Mean Median Mean Meclian Mean Median.

All Non-Neoplasms '

(ICD / 140-239) 3177 1946 1945 95 7.2 20.8 2.5

Lym. + llema t Neos:
'

(ICD 200-209) 76 1947 1945 186 15.5 22.5 2.5
i

Mult Myel + My. Leuk
(ICD 203, 205) 24 1946 1945 411 3.5 26.1 1.6

Neos Lg Int
(ICD 153) 79 1946 1945 115 25.0 13.4 3.5

Neos of Pancreas
E(ICD 157) 53 1946 1944 244 12.0 27.1 3.3 'f

Neos of Lung,

(ICD 162, 163 203 1947 1,945' 135 24.0 20.2 3.6

Neos of Kidney
(ICD 189) 24 1946 1945 168 11.5 17.9 3.9

*

Neos of Brain
(ICD 191) 23 1946 1945 179 36.0 22.3 3.3

ALL !!ALIG NEOS
(ICD 140-209) 803 1946 1945 115 11.9 17.0 2.9

* Intensity = Mean per annum exposure (Lifetime Dose 6 Duration of Employment)
.
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Table VIII
.

Characteristics of Four Groups with Different Cumulative External Radiation Doses

Cumulative Lifetime External Radiation Dose (in centirads)
0(N=1638) 1-24 (N=775) 25-84 (N=778) 85+(N=801)Mean Median Mean Median Mean Median Mean Median

Age at Ilire 43 45 44 45 43 45 40 40

Year of Ilire 1946 1944 1947 1945 1946 1944 1947 1945
Year of Departure 1948 1946 1951 1950 1954 1953 1960 1961

Duration of Employment 1.9 0.4 3.9 2.4 7.5 6.9 12.9 13.3

Cumulative Dose 0 0 9.8 8.7 49 46 435 177
Year of Death 1962 1963 1963 1964 1963 1964 1966 1968 i
Age at Death 59 60 60 61 61 62 59 60

Year of Birth 1902 1902 1903 1901 1902 1901 1907 1907

Cumulative Dose

Proportions Dying From All Cancers (ICD 140-209) and From Lymph. and IIemat. Cancers (ICD 200-209)0 1-24 25-84 85+.
(CD 140-209 ICD 200-209 ICD 140-209 ICD 200-209 ICD 140-209 ICD 200-209 ICD 140-209 ICD 200-209N Percent N Percent N Percent N Percent N Percent N Percent N Percent N Percent.

327 20.0 28 1.7 138 17.8 15 1.9 169 21.7 16 2.0 180 22.5 17 2.1
,

.
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Table IX

Chi-Square Tests for Association. between Select Causes of Death
and Cumulative Lifetime External Radiation Doses

1. Cause = all Cancers (ICD 140-209) vs. Non-Cancers (ICDp 140-239)

DOSE
O l-24 25-84 85+ To tal

Cancer 320 135 169 179 803

Non-Cancer 1311 637 609 621 3178

TOTAL 1631 772 778 800 3981

there is therefore no significant2x = 7.32 - association between Dose and (x = 7.81)2
Cause of Death 3*.05

-

2. Cause = Neoplasms o5 Lymph and Hemato Sys (ICD 200-209) vs
Non-Cancers (ICDp 140-239)

DOSE
0 1-24 25-84 85+ Total _

Cancer 28 15 16 17 76

Non-Cancer 1311 637 609 621 3178

TOTAL 1339 652 625 638 3254

there is therefore no significant2x = 0.795 - association between Dose and (x2 = 7.81)Cause of Death 38.05
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Table X

Odds Ratios (OR) and Tests of Significance for the Relationship
between Varying Levels of Exposure and Disease:

Cases = All Cancers (ICD =140-209) and
Controls = All Causes other than

Benign or Malignant Neoplasms
(ICD #140-239)

1. Exposure 1 1 centirad

EXP EEF OR X CONF INT2

CASES 483 320

1.06 0.53 0.91-1.23 ,
CONTROLS 1866 .1311

,

2. Exposure 1 100 centirads; ill others unexposed
EXP M OR X CONF INT2

CASES 158 645

1.19 2.95 0.97-1.27

CONTROLS 543 2634

3. Exposure 1500 centirads; all others unexposed
EXP ET OR x CONF INT2

CASES 41 762

1.32 2.33 0.92-1.89

CONTROLS 124 3053

4. Exposure 1 1000 centirads; all others unexposed

EXP M OR X CONF INT2

CASES 21 782

1.31 1.10 0.79-2.17

CONTROLS 64 3113
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Table XI

Odds Ratios (OR) and Tests of Significance for the Relationship
between Varying Levels of Exposure and Disease:

Cases = Neoplasms of Lymphatic and Hematopoietic Tissue (ICD =200-209) and
Controls = All Causes other than Benign or Malignant Neoplasms (ICDpl4 0-239)

: 1. Exposure t 1 contirad
'

EXP M OR X CONF INT2..

CASES. 48 28
1.20 0.60 0.76-1.90

CONTROLS 1866 1311

2. Exposure t 100 centirads; all others unexposed
EXP M OR x CONF INT2

CASES 16 60

1.30 0.82 0.74-2.28

CONTROLS 543 2634

3. Exposure 1 500 centirads; all others unexposed
EXP M OR x CONF INT2

CASES 6 70

2.11 3.08 0.92-4.86
CONTROLS 124 3053

4. Exposure t 1000 centirads; all others unexposed

EXP M OR X CONF INT2

CASES 4 72

2.70 3.82 0.39-18.7j

CONTROLS 64 3113

,

I
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Table XII

Odds Ratios (OR) and Tests of Significance for the Relationship
between Varying Levels of Exposure and Disease:

Cases = Multiple Myeloma and Myeloid Leukemia (ICD =203,205) and
Controls = All Causes other-than Benign or Malignant Neoplasms (ICDpl40-239)

1. Exposure 1 1 centirad
.

EXP W OR X CONF ' INT2

CASES 14 10
upper bound <1

0.98 <0.001

CONTROLS 1866 1311

2. Exposure 1 120 centirads; all others unexposed
2EXP EXP OR X CONF INT

CASES 4 20
-

1.19 0.10 0.40-3.57

CONTROLS 457 2720

3. No further calculations since numbers are too small
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Table XIII

Odds Ratios (OR) and Tests of Significance for the Relationship
between varying Levels of Exposure and Disease:
Cases = Cancer of Large Intestine (ICD 153) and
Controls = All Causes other than Benign or
Malignant Neoplasms (ICDpl40-239)

1. Exposure > 1 centirad

EXP M OR X CONF INT2

CASES 54 25

1.51 2.94 0.94-2.41
CONTROLS 1866 1311

2. Exposure > 100 centirads; all others unexposed
EXP M OR X CONF INT2

CASES 17 62

1.33 1.06 0.77-2.28

CONTROLS 543 2634

3 '. No further calculations since numbers are too small

.

s

.. .
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Table XIV

Odds Ratios (OR) and Tests of Significance for the Relationship
between varying Levels of Exposure and Disease:
Cases = Pancreatic Cancer (ICD 157) and
Controls = All Causes other than Benign or
Malignant Neoplasms (ICDpl40-239)

1. Exposure > 1 centirad

EXP M. OR X CONF INT2
.

CASES 33 20

1.15 0.27 0.68-1.94

CONTROLS 1866 1311

2. Exposure > 100 centirads; all others unexposed
EXP N OR X CONF INT2

CASES 13 40

1.58 2.02 0.84-2.97
-

CONTRCLS 543 2634

3. No further calculations since numbers are too small

.
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Table XV

Odds Ratios (OR) and Tests of Significance for the Relationship
between varying Levels of Exposure and Disease:
Cases = All Lung Cancers (ICD =162,163) and
Controls = All Causes other than Benign or
Malignant Neoplasms (ICDpl4 0-23 9)

1. Exposure 3,1 centirad

EXP M OR X CONF INT2

CASES 132 71

1.31 3.28 0.91-1.23

CONTROLS 1866 1311

2. Exposure > 100 centirads; all others unexposed
EXP M OR X CONF INT2

CASES 51 152-

1.63 8.49 1.17-2.26

CONTROLS 543 2634

i

3. Exposure 3, 500 centirads;. all others unexposed

EXP M OR X CONF INT2

CASES 15 188

; 1.96 5.88 1.13-3.38

CONTROLS 124 3053
.

I

4. Exposure > 1000.centirads; all others unexposed
EXP M OR X CONF INT2

CASES 5 198

1.23 0.44 0.48-3.09t

CONTROLS 64 3113

|
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Table :WI

Odds Ratios (OR) and Tests of Significance for the Relationship
between Varying Levels of Exposure and Disease:
Cases = Kidney Cancer (ICD 189) and
Controls = All Causes other than Benign or
Malignant Neoplasms (ICDpl40-239)

1. Exposure > 1 centirad

EXP N OR X CONF INT2

CASES 17 7

1.71 1.44~ 0.71-4.10

CONTROLS 1866 1311

2. Exposure > 100 centiradsr all others unexposed

EXP M OR X CONF INT2

CASES 4 20

0.97 0.003 0.35-2.62

CONTROLS 543 2634

3. No further calculations since numbers are too small

.
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Table XVII

Odds Ratio (OR) and Tests of Significance for the Relationship
between Varying Levels of Exposure and Disease:
Cases = Brain Cancers (ICD 191) and
Controls = All Causes other than Benign or Malignant
Neoplasms (ICDpl40-239)

1. Exposure > 1 centirad *

EXP EEF OR x CONF INT2

CASES 15 8

1.32 0.40 0.56-3.13

CONTROLS 1866 1311

2. Exposure > 100 centirads; all others unexposed

EXP E57 OR x CONF INT2

CASES 7 16

2.12 2.86 0.89-5.07
.

CONTROLS 543 2634

3. No further calculations since numbers are too small

.
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APPENDIX
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RADIATION EXPOSURES OF HANFORD
WORKERS DYING FROM CANCER

AND OTHER CAUSES*

THOMAS F. %WICU50. ALICE STEWART and CEORGE KNEALE
University of Pittsburgh, Pittsburgh, PA !$261 *'

(Recriwd 24 Febrwary 1977)

Aksernet-Dula from the Hanford study have shown that sensitivity to the cancer.
induction etTects of radiation is at a low ebb between 25 and 45 yr of age. Nevertheless, at
younger and older ages there is probably a cancer hazard associated with low level
radiation which affects bone marrow cancers more than other neoplasms and cancers of the
pancreas and lung more than other solid tusnors.

INTRODUCTION doses in centifads) and similar records rela-
hurono Works in Richland. Washington is ting to intakes of radioactive materials (posi-
me of the largest atomic piants in the United tive* urine analyses or internal radiation).
!!ates and most of the statt are in some way Deaths of Hanford employees are iden-
toncerned with the manufacture of radioac. ti8ed through death bene 6t claims by a na-
ne substances. For these workers, who are tionwide system of social security numbers.
pedominantly white males, there is sys. These numbers probably provide better iden-
lestatic recording of data under the following tidcation of males than females but the
needings as part of a study of the lifetime method of death identiacation has two major

i breith and mortality experience of employees advantages: intervals between discharge and
af C.RDA contractors (Ma71): death may be of long duration and there is<

(1) Sex. date of birth, date of hire and coverage of all deaths in any U.S. state or
social security number. territory. Finally. certified causes of death are

'

I:) Dates of entering and leaving specified taken direct from death certificates. copies of
xcupations, which are obtained from ollicial sourecs and

(3) Katcrnal and internal radiation, filed with the other records.
th Date and cause of death. Radiation monitoring has been in operation

'
7he wearing of radiation budges in all since 1943 and sutlicient time has now elap-

workshops and laboratorics is oblig: story, and sed for most of the non. survivors to be men
the badges are read at frequent intervals to who died 10 or more years after leaving the
ensure that no worker ever receives more industry. Therefore, from the records of men
than the maximal permissible dose of with certined causes of death we should be
.tremslyr (BRPC71). In several high risk oc. able to discover whether NCRP recom-
(upations the workers are also exaniined (at memlations for protcetion of radiation wor.
regular intervals and following accidents or kers tilRPC71)--which are strictly enforced
radiation " leaks") for internal depositions of by all F.RDA contractors-have suceceded
r:mlicactive substances. Therefore, there are in_ eliminating the cancer hazard or, fadinc

! Mh records of the total amount of external that. are keeping the risk within reasonable
:enctrating radiation received by each wor. benends. As a first approach to this problem
ter by the end of each calendar year (annual we have examined the records of workers

who died within 29 yr of Hanford Works
'Unoer Cantract No. E(II 193428. going into full production t 1944).

49
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PREI.1MINARY HNDINGS that men Whn eventually developed fatal
Death benest claims on behalf of men who cancers had been more often and more in-

died before 1973 totalled 3710 and included tensively exposed to external radiation than
35:0 certided deaths for the period 1944-1972 men with other causes of death (Table 11.
(Table 1). Compared with the much larger Thus the proportion of exposed workers (or
number of survivors from the same work men who had onc or more positive badge
force, these deaths were strongly biased in readingsi was 667, for cancers and 61% for
favor of the Srst and largest work cohort. non-cancers, and for these workers the mean
Among the men who were hired during 1944 cumulative radiation dose was higher for the
were some workers who, strictly speaking, cancers (210 centirads) than for the nos-
were not members of the monitored popu- cancers (162). Therefore, the "all worker
lation (e.g. construction workers). Never- dose' was appreciably higher for cancers
theless, these men have always been so (138) than non-cancers (99).
regarded (Ma74), since; in the early records, A classi6 cation of the deaths by ICD Nos.
there is didiculty in distinguishing between showed that for none of the Main Orders of
workers in monitored occupations who never non-malignant diseases was the level of radia-
received any radiation (non-exposed workers) - tion dose higher than the level for sii
and workers who were not obliged to wear cancers (Table 3). But within the group of
radiation badges (non-monitored oc- malignant diseases there was wide varianon'
cupations). In the dose !cvel, also higher doses for RES

The high proportion of non-exposed wor- neoplasms (ICD Nos. 200-209) than solid tu-
kers in the 1944 cohort and the relatively low mors (ICD Nos. 149-199), and exceptionally
doses recorded before 1954 and by men with high doses for a small group of bone marrow
short periods of employment (Tables 5 and cancers (ICD Nos. 203 and 205). For exam-
6), are reasons why we would expect non- pie, the "all worker" dose averaged 94 for
survivors to have lower radsation doses than accidents,105 for cardiovascular diseases,
survivors. This has been.a coastant feature of 114 for digestive diseases.130 for solid tu-
earlier analyses of Hanford data (Ma74) and mors, 219 for RES neoplasms and 449 for
will be mentioned again after we have.com- bone marrow cancers. Other malignant dis.
pleted the. analysis of certided deaths (see
discussion). Meanwhile, it should be noted r== :. z i a- 7,,,,,== s ..--n c.-
that division of the certided deaths inta
enneers (670 cases) and non-cancers (2350 vm #~"""

r "*"I." "'~.
eases) Icit both groups with the same , U , "".',",' , Z ,. "*2"' 1'""' .n,proportions of men hired in 1944 (48%) and c..,. .: .,:.o , , , , 3 a* '' ' :42men hired later than 1948 (16 % ). M.*,,,,,,,'"" " *

In spite of their cohort resemblances the = n ns. nia $24 in w
two groups of certined deaths had' dissimilar

| radiation records, also ones which showed ;g =,= =,a=_r===,'=.=;==g _,
e - u=. < - : -= .a =
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RADIATION EXPOSURES OF HANFORD WORKERS DYING FROM CANCER nt
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eases with high radiation doses were cancers two main groups of certided deaths (cancers
!

of the pancreas (253), brain (T*0). kidney and non cancerst were contimied in analyses -
(!N7), lung (f(39) and large infestine (1.15). which euntrolled scenrntely for Gye possible

in Tahic 4. the vnrimn neoplasms arc listed suurecs of false impressions, namely:
in :wcordance with the all.woeker donc and (1) (*alendar yenr of the espo urcs,
the number of cases in each diagnostic cases. (2) Rmployment year of the exposures.
ory is compared with an expected number (3) Pre-death year of the exposures.
which shnws how the same diseases were (4) Exposure age or age at the end of each
distributed among the 1960 cancer deaths of badge reading year.
U.S. white males (Bu71). For S neoclasms, (5) Death age.
the radiation dose was higher than the tevel
for all certided deaths (107 centirads) and for Calendar yearr (Table $ and Fig.1)
9 the dose was below this level. For the group The calendar year classiacation showed
with above average doses, the observed and that: (i) the propornon of exposed workers
expected numbers were 397 and 313 (ratio was higher during the Srst half of the study
1.25), and for the other group they were 273 period than the second half, but the opposite
and 352 (ratio 0.73). was true of the annual radiation doses of.

exposed workers (AREW doses in centirads)
and (ii) only during the high dose period were

Gmtmiled analyse.t differences between cancers and non cancers
The preliminary Andings were compatible at all pronounced.

with a causal association between the radia- Each year the proportion of exposed wor- '

tion exposures and some of the cancer kers remained a fraction higher for cancers
deaths. Therefore comparisons between the than non-cancers (Fig.1). However, fromi

.
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ment years cancer and non-cancer deaths of
i

males.| 1944 to 1957 (when AREW doses averaged
i

14.9 for cancers and 18.7 for non-cancers), decreased with progressive lengthetting of the
there were equal numbers of ycurs with interval between hire and exposuru but the
above average doses for the two causes of trend for AREW doses was in the opposite

, death (high risk years); and from 1958 to 1972 direction. and (ii) only during the high dow
! (when AREW doses averaged 51.3 for period were differences between cancers and
; cancers and 47.7 for non-cancers) there were non-cancers .it all pronounced.
| more high risk years for cancers (t!) than Each year the proportion of esposed wor-
! non-cancers (4) (Table 5). kers remained a fraction higher for cancers
|

. than non-cancers (Fig. 2). However, when
j Employmer t years (Table 6 and Fig. 2) intervals from hire to exposure were shorter

The employment year classification showed than 10 yr (and AREW doses averaged 2!.3
that: (i) the proportion of exposed workers for cancers and 21.1 for non cancersi, there

;
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hire to esponere were longer than 10 yr (und Each year the proportion of expmed wer.*

AREW doses averaged 46.3 for caneers and kers remained a frnction higher for cancers
4tJ for non cancers), there were twice as than non-cancers (Fig. 3). However, when the'
rnany hign risk years for cancers (13) as non- interval between exposure and desti' was lessi
cancers (6). than 8 or more than 20 yr (and AREW dosef

2veraged 30.! for cancers and 30.6 fo non-
cancers)e there were over twice as many ''igh.

Pre Jeath fears (Table 7 and Fig. 3) risk years for non cancers (12) as cancers (5).'
The pre-death year classification showed 6etween these extremes (when AREW doses

that: (i) the proportion of exposed workers averaged 31.0 for carters and 25.1 for non-
decreased with progressive shorterung of the cancerste there was ,an tinbroken series of s

;re death period. but the trena fu AREW high risk years for can:ers (Table 7).
Jotes was in the opposite direction and (ii)in
the middle of the time scale thegadiation-

doses were consistently higher for cancers Expostare are (Table 3 and Fig. 4)
than non eancers but towards the beginning The exposure age analysis. which was res.

| 2nd end of the range, the radiation doses tricted to men between 20 and 65 yr and to
.
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RADIATION EXPOSURES OF HANFORD WORKERS DYING FROM CANCER ns

exposures more than 5 yr before death, mained in the monitored population for short
showed that: (i) the proportion of exposed periods of time could contribute as much to
workers was virtually independent of age the final results as men who remained for
(Fig. 4) and (ii) only after 40 yr were the long periods and no way whereby the findings
radiation doses noticeably higher for cancers for each subgroup could be totally in-
than non-cancers. dependent. However, with age at death as the

From 20 to 35 yr of age, there were more controlling factor, there was no difficulty in
than twice as many high risk years for non- obtaining strictly independent findings for
cancers (11) as cancers (4) and AREW doses any number of subgroups. Therefore, the
were also higher for non-cancers (23.4) than analysis proceeded along new lines and wr.s
cancers (18.4). However, for the group with directed towards obtaining a stringent test of
initially high radiation doses there was a de. the nui!' hypothesis of no correlation between
crease with age (non-cancers) and for the the radiation dose and the proportion of
group with initially low doses there was an cancer deaths after controlling for age at
increase with age (cancers). Therefore. by death (see Spearman's rank correlation co-
40 yr the men who eventually developed fatal efficients in Table 11),
cancers were recording higher doses than the The basic data for this test were: (i) age at
men with other causes of death. Thus, from death for subgroups defined by cause of
35 to 55 yr there were 16 high risk years for death (Table 9); (ii) radiation doses for sub-
cancers and 5 for non-cancers, and front 56 to groups detined by age and.cause of death
65 yr the corresponding numbers were 3 and (Table to): and (iii) cancers as a proportion of
I. In the younger of these two age groups the all certified deaths in groups defined by age at
AREW doses were 30.0 for cancers and 26.8 death and radiation dose (Table !!). Thus
for non-cancers, and in the older age group Table 9 shows that: (i) although accidents
they were 31.0 and 24.3, were often causes of early death. men who

eventually developed malignant diseases did
he at death not have appreciably longer life spans than

With recurrent events as controlling factors men with other causes of death and (ii) be-
(e.g. exposure years and exposure ages), tween two thirns and three quarters of all the
there was no way whereby men who re- deaths occurred between 50 and 80 yr of age.
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Table 10 shows that division of men who threshoid hypothesis (i.e. the theory that
lived for more than 50 and less than 30 yr into below the maximal permissible dose radiation
three age groups still !cft each subgroup of has no carcinogenic properties) against the
cancers with a higher radiation dose than the only logical alternative. namely. that with any
corresponding group of non-cancers and still exposure to ionizing radiation there is a
left each subgroup of RES neoplasms with a cancer hazard which is proportional to the
higher dose than the corresponding group of dose.
solid tumors. The choice of statistical test was induenced .

Finally Table 1I includes the results of'the by the following assumptions: tirst. the most
j correlation test and shows that division of the plausible alternative to the safety threshold'

ecrtined deaths into 5 age groups and 5 dose hypothesis is a dose-response relationship
levels still left the highest radiation dose that is either linear or at Icast monotonically
groups (over 500 centirads) with the highest increasing. Secondly in Hanford data the
proportion of cancer deaths. As a result of stimulus or radiation Jose, is continuously
this consistent trend. there was a tirm rejcetion variable and ihe response or devciopment
of the null hypothesis by the statistical test. of a fatal cancer is a binary onc (or an
Thus in three age groups Spentman's rank all-or-riothing response). Therefore, the mosti

!.
correlation coetlicient (between the proportion appropriate statistical model was the logistic!

of cancer deaths and the radiation dose leveil or log-linear one which states that the logar-
.had a value equal to or greater than 0.5 and ithm of the odds-ratio of a response is linearly
the mean coefficient over age had a value of related to the stimuius over a suitnole range of

. 0A6:::0.22. This is a statistically signincunt intensity (Co70).

. res81t sinec the cocilicient for tnl ohservations Under the assumptions of this model the
has a variance of (1/n - 11. Therefore, for a most powerful test of the null hypothesis was
mean coeffielent from 5 age groups.cach with 5 the permutation test of the ditYerence hc-

! dose levels. the variance is (1/20) implying a tween the mean cumulative radiation dose for
!

standard error of 0.22. men developing fatal cancers and the mean for
all certified deaths. Therefore the test could be

SPECIAL TEST 5 OF THE RADIATION carried out in three stagest
ASSOCIATIONS

Tia impression of a causal association be- (1) Test for cancers with definite radiation
tween the exposures to external radiation and associations
the cancer deaths was strengthened rather Let N = size of whole populationt
than weakened by the controlled analyses, n = size of subpopulation of cancer
Therefore it only remained to test the safety deathst

.

_ _ _ . _ - - - _ . - -
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RADIATION EXPOSURES OF HANFORD WORKERS DY!NG FROM CANCER m
R = average value of $adiation dose for By taking this approach the identification

the whole population: of cancers with dednite radiation associations
e = average value of radiation dose for (radiosensitive cancers) can be combined

the subpopulation cancer deaths: with estimates of: (i) the relative sensitivity
S = average value of the squared dose of different tissues (as measured by doubling

for the whole population. doses for the relevant cancers); (ii) charac-
Then. the estimate of variance in whole teristic intervals between initiation dates and

population (V) =(N/(N - 1))(S- R2) and t = death (or the pre-death years showing the
((r- R)/v'V[(1/n)-(1/N)}] where this sta- maximum contrast between observed and ex-
tistic is approximately distributed as a t sta- pected radiation doses); and (iii) the ages of
tistic with (N -1) degrees of freedom for maximal and minimal sensitivity to the
:esting the null hypothesis (see Appendix). cancer-induction effects of ionizing radiation

(or the ages showing maximum and minimum
42) Quantitative estimates of radiation sen- differences between observed and expected'

sitielty (doui>Iing dose) doses). Therefore. the search for radiose,n-
sitive cancers (and other diseases with radia-Should the null hypothesis of to as-

sociations between the radiation doses and tion associations) was pursued. first m rela.
the cancer deaths be rejected by the first test !i n to pre. death periods (Tables 12-!$). then
(as a result of t exceeding a critical value of in relation to age (Table 16).
approx +2.0), a quantiative estimate of radia- ~

% ,2, e _ m ,% ,,,,,,,,, ,,,,,,,
tion sensitivity would be required and could

%_he obtained in the following way: pyy * .a = $====
,,,,I.ct D = the radiation dose which ,s j,usti ww.- * we== ii -ima

sullicient to double the normal ri.sk of a ~

:s it i. e. t:
cancer death (doubling dose). Then r will !! |l! El di E.$,

have an expected value of (R - S/D)/(I - R/D) 5 jM M sj g.'
(see Appendix). || 3j y jy * jj-|

Therefore, by solving this equation with |; g.j gj Sj ;jj
observed values of r. one could obtain for j ,; .

3.3
y g.j.

any enneer with definite radiation as- . .. w. ar
tociations an estimate of the doubling dose .' iM *. .O. n'.'i ! It:Ig inn e m mi..

7% :s.n im . .

Q) Quantitative estimates of radiosensitivity g ~ grrg _
in relation to pre-death years and ages

There is no reason why the aoove formulas * " c='*a= ~* - w a=** a- *=a ====
- should not be used in relation to radiation c==a
! doses for stated time periods or ages: and "'"' *""" "" """"" ' ' ' ' ' ' * " ' "

there are strong grounds for believing that: (i) $ id :U is
tissue specinc cancers have characteristic al- E' s sj Ej
beit long, intervals between initiation and -] Ej M. Ej
death, and (ii) sensitivity to the cancer in- || ''d. ,gg g;
duction effects of any mutagen is strongly age |j g igg ;g
dependent. Therefore, in Hanford data, the s e c 4e si.7

search for radiosensitive cancers can be I |%! $U iEE
directed towards discovering which of se- j ljU $i' |$j
veral pre-death years or ages (in relation to , , , , , , , , , , , , , , , . ,,,,

tissue specinc, cancers) are associated with , , , , , , , , , , , , , , , , , ,,,,, ,,,,, ,, w sii i r. sis. i .statistically sigmficant differences between Erag ae*===
observed and expected radiation doses (or t v < a.oi:
values equal to or 2reater than 2.0). CL r r.

.

.
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rmac ==i.,u4,:. a radiation was 48.2 centirads for all non-

u a r . ru., cancer deatlis' tstandard or control group).
**L"'T5'' i:es$.""'~m.,, For cardiovascular deaths. the correspondingp-,,,, s

dose was 48.9 (case: control ratio 1.01). for., n, ,,
g lj F,j fatal accidents 44.3 (ratio 0.92) and other non-n me :n.7 cancer deaths 47.9 (ratio 0.99). There were.5 El E! however, positive findings for all cancers and
't E' II'o for some of the neoplasms with exceptionally|j i||d' 27 high radiation doses.
! = Rj Thus for all ennects (ICD Nos. 140-209).j g g there were positive findings (i.e. significant

.

* a. n uma differences between observed and expected
., n. e n doses of external radiations over a period of -

s. t . r 7. nearly 10 yr. namely. 7-15 yr before death:
| %'3",',',",,".7,',',,' |[ and for RES neoplasms there were positive

findings over a period of nearly 20 yr. namely,
, , , , . , , , , , , . , . from o o I3 yr hefore den h (Tabic I3). Forr , i. c

w,,,,,,,, bone marrow caneers there were ex.
%e ecptionally strongly positive fmdings for'them a==.a'

g,,,,e t period 0-17 yr before dcash (Table 14) and=* mn om o
n , n, . =

n om om n"
for 2 of the 5 solid tumors with high radiation

$ 0 |0 iU $ M U doses some of the ditTerences between ob-
E Ej jij M O 30 |U served and expected doses were statistically
3 in si Hj ,jj ;U gj signi6 cant. Thus. for pancreatic tumors, there
II El Oj Ej, jg g jg were positive findings for the period 0-II.yr
|j ;jj ,a,k g g +j.; gj before death, and for lung cancers there were,

s seu wn mu : i:(s .u similar findings for the period 11-14 yr before|E sia |El |at !"; 10 death (Table is).i |fij $ 2 |Ei E Eli Ej For all cancers the critical interval between
exposure and death-or the period of maxi., . ,

'""" " * * 't '8 '*5 mum case: control contrast ;Ls indicated by
g=,,,,.,=,,==,7''*, rd a .iin a the t value-was 12 yr (case: control ratio
is. .r a. 1.35 and t ,-2.4). For RES neopiasms the

_

fame ,6 Ers s.s d #,.y .asn fe, ca.,.I e :-r pr*

C P,es.
Years enn.e.m pr esana p.ne.s.s.ae.sOteer.e.ns..t .d de.smsRaam.m.e m

u.
ases.e r Essa .ases .as

a K c====tca s u a es.r 9 %
n. e o.a a.: a.mPa m. 0 7.4 t..te e.85

'"7.s - |t it- M.i in. , _ o ,u , . . . ..

| me ,.
- .e

i.e .i u. . in.e- .

rs u.s. vim am
. r

o ast .omat. s. n .e . m

| RADIOSENSTr!VITY AND CRrTICAL Corresponding period was 11 yr (ratio 2.7I
| PRE.DEATM PERIOos and t 1- 3.7), and for bone marrow cancers

Division of the non-cancer deaths into 9 yr (ratio 5.86 and t i 6.1). For lung cancers
'

several subgroups failed to produce any evi- the critical interval was 14 yr (case: controi
f dence of radiation associations in either the ratio 1.50 and t +2.0), and for pancreauc

pre-death period or the age analysis (Table tumors under 1 yr (ratio 1.50 and t +3.0).
12). For example,12yr before death the For other cancers with high radiation
mean cumulative radiation dose for external doses, there was less certain evidence of a

. .

- .-_,n- . - - , . - - - - - - , . _ -,..v.w , -,- - ,, , -
-- ..-a. .e.,-,, ,, ,., ,., 4 - . , , . . ..---,,w.g.-,,,-.e_ ..,,___,m .
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RADIATION IiXPOSURES OF HANFORD WORKERS DYING FROM CANCER m
causal association. However, for brain tu-

EMR = 100 x [1 +bmors there was a period 'of 3 yr when76-
\ D/

served doses were twice as high as expected
doses and t values were greater than -l.5 where EMR = excess mortality from a
(i.e.17-19 yr before death), and for cancers of radiosensitive cancer relative to a standard
the large intestine the observed dose 18 yr risk of 100 for all certified deaths.

.

before death was 58% above the expected According to the SMRs. the risks for Han-
dose (t + 1.3). Finally, there were two findings ford workers were increased by 26% for all
which % gested that, given a longer period of cancers, by 58% for RES neoplasms. and by
records, there might have been a wider range 107% for bone marrow cancers (Table 17)
of radiosensitive cancers. As a result of the and, according to the EMRs, the risks were
study being restricted to men who died be* increased by 4% for all cancers by 21% for
fore 1973. there were very few reccrds of RES neoplasms, and.by 79% for bone mar-
radiation exposures 26 yr before the final row cancers. Since the more conservative
(death) year. However, in this rare group 3 estimates were based on the doubling doses
cases of brain tumors recorded a radiatiort in Table 16, we are faced with two al-
dose which was almost 3 times as high as the ternatives: either the actual doubling doses

*

expceted dose (t i I.1), and 2 cases of lym- were even smaller than the estimates in this
phosarcomas recorde I a radiation (fose tablet or, more likely. csternni radiation was
nearly .1 times as hiv,h as the capected dose not the oiily source of fronhle for IInnford
it & l.m. workers. In other words our analysis of the

records relating to caternal radiation has
shown the need for a similar analysis of the

IMUBilMC (ME5 FOR RAD 10NEMSTrlVE records relating to internal radiatinn.
CNecnns

From the records for critical pre. death
periods., estimates were made of the amount g h,====ea==

asa== d Nava*

of radiation which would be needed tordouble sua s =e e" " ' ' " " "the normal risk of developing any of the
#cancers with definite radiation associations C",',""'**.",."*

. sun cw o
bee doubling doses in Table 16). According , , , , , , , , , , , y n,

to these estimates 12.2 rads would be needed ["" $ 'jj
to double the normal' risk of ilyimt from any 3 ,- g g
form of e:meer. For e:mecrs of pancrens or

,,
lung, the doses would be somewhat lower (7.4 *

is=

or 6.1 ruds) and for RES neoplasms or bone
marrow cancers, they would be even lower
(2.5 or 0.8 rads). INTDtNAL RADIATION

These suggested doses are so much lower The data relating to depositions of rs' io-d
than the estimates based on atom bomb sur- active substances are not yet in a form suit-
vivors (Co70) that they are unlikely to go able for testing the null hypothesis of no
unchallenged. Therefore, we have included in trouble from this potential source of radia-
Table 16 the proportions of certified deaths tion-induced cancers. It is, however, pos-
caused by the cancers with definite radiation sible to distinguish between Hanford workers
associations, and the proportions of these with and without positive urine analyses
cancers expected on the basis of all certified and thus discover whether the positive
deaths of U.S. white males in 1960 (VSUS60). findings in Tables 13-15 were due solely to
From these observed and expected propor- workers in high risk or doubly monitored
tions standardized mortality ratios (SMRs) occupations or partly to men in low risk
were obtained in the usual way and compared occuontions or ones which were only moni-
with the results of solving the following equa- tored for external radiation.
tion with observed values of D and R: Division of the certified deaths into two

.

.

.

_. _ . . _ . _ _ - m,. . . , . - _ . . , _ . , ., -_.-___.______,_____-___.,m ._ ,_._. _ ____ _._,,_., - .-._



_. _ _ _ _ _

. .

.

-78-

Ho
. T. F. MANCUSO <t af.

. groups (with and without tecords of internal n.a. m c .,, . , m. ma ,. ., , . . ,,
radiationi showed that: (i) the proportion of w.,,,,,..,,,
cancer deaths was higner in the positive '"|.',."' .,",,8,,,, = 0',*J''6 '

,%

group (22%) than in the negative group (IS%) .

3 ., g m . , ,(Table 18) and (ii) the all worker dose for i; jij g |;j ;;aexternal radiation was much higher in the : iu au iu in apositive group (357 eentirads) than in the 5 $$ S? |la !!'negative group (23). However, even in the |I $7 si |if 5jlow dose group the external radiation dose !$ ![| 15 -[j Sjwas higher for cancers (29) than non-cancers gj Oj' gj gj*

(21). and in both groups a pre death period
{ jij *; g; j;janalysis produced positive findings m relation 4 e su u nr

to RES neoplasms (Tables IS and 19). ww
in the high dose group there were 17 RES ""' "' " '" "

neoplasms and 7 bone marrow cancers, and * " ' " * * ' * * " '
in the low dose group there were 47 RES

for the period a.ssociated with positiveneoplasms and 15 bone marrow cancers. In
the drst of these two groups there were posi. &ndings in both high and low dose groups (i.e.
tive findings in relation to these neoplasms 12 yr before death), the estimated doubling
for 8 of the 29 pre. death years (Table 13), and doses were not signiscantly different for the
In the second group there were positive two occupational groups. .

findings for 5 of these years (Table 19).- Also.

AGE .wD SENStrlVITY TO THE
c.mcEn. INDUCTION IFFICTS OF ltADIATION"'*'""""'".".".T"5'"."'."*'""""'"**""

The search for sensitive age groups utilized.

m, a single set of controls (all non-cancer deaths),'""."" *'."."" w "" t,,,'"""",,,, and two sets of cases viz RES neoplasms
C *

and solid tumors with high radiation dosesc iu ::., ,, c,r ==
||.;. an.m gj g );) (5ec pancreas. lung, brain, kidney and large

intestine in Table 3).w == "",",."' $5 EI !!$ II Towards the beginning and end of the acee ~ . .
^'=s -an ame n eu u range of external radiation records (which
f."""

$3 E| $!.C.is T covered the period between 21 and 78 yrl.|e
um i'm mee m *,

there was virtually nor data for the smaller
**=*=====ds case group (RES neoplasms). but between 20=====

and 70.yr of age the records for this group
r ..e . s ,,i, ,, - e . were strongly suggestive of an exponential

increase irt cancer sensitivity with advancing_ , , , , , , ,
r=, ars u on. a age. Thus, between 30 and 40 yr of age the'"" **"""" '"""" ""*"

observed doses were consistently lower than
$. $ ,A !!* j! the c%pected iloses. Ilowever, by 43 yr the
fj Qj @j j;| Qi observed dones were 15'% higher than the
g "j ,", }. ;;; "; standard doset and by Su yr they were 50'%
;. }; j;;j- |ij; ti; higher. These differences were not statisu-

cally significant, but by $$ yr there was ai: nr. :n i. itu me
'I |Ej E!j 5$1 lilt threefold difference between the observedi sti jli jij st] and expected doses (t - 2.5). and by 70 yr aj jgj g; gj jjjj 14-fold ditference (t ~ 9.2).

For the larger case grc,up, there were posi.
u * it ** ** tive tindings at both ends of the age scale and

s w r a. a lull period between 25 and 40 yr. Thus, in

.

|

.

.

.
.
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the vonnue3t age group (21 yr with 6 casca served and espected dmes (t + 2.7), and by
and,43 controid, the ulwerved and expcereti 7M vr a threefold difference (t 8 211.
radiation dmca were .W and M (t + 2.3). In the These findinits were suggestive of greater
nest three age groups (20-24 yr) differences sensitivity to the cancer induction effects of
between observed and expected doses re. radiation in early and late adult life than
mained statistically signincant but from 25 to during the intervening period and this im.
45 yr there was nothing to choose between pression was re enforced by doubling dose-

the observed and expected doses. Thereafter estimates for various ages (Table 22). These
there was a steady increase in the cancer: estimates were also based on RES neoplasms
non-cancer contrasts and by 60 yr the ob. and solid turnors with high radiation doses.
served dose was 63afr higher than the ex. and they showed that (i) for men between 25
pected dose (t -2.1). Finally, by 72 yr there and 40 yr of age the exposures to external

-

was a twofold dirTerence between the ob. radiation probably had no delayed effectst (ii)
for older men the doubling doses decreased
rapidly with aget and (iii) for younger men ther.w, ::: an <., , , ns: - -

"a'"""""'*"''' trend was probably in the opposite direction.
ir

%.s i. ve.re .ES.e ne ae r.h.e.ees.t.s ca ref

:1 *: Females.
-

5 U Certided' deaths of female workers totalled
E U 412 and included 126 or 31"c' of cancers. The
3 ''.* proportion of these workers with records of

*

N ". external radiation was small compared with
"

i,t .

3 ", ] |M the men and equally small for 127 women
* g y whose deaths were ascribed to cancers and,

235 women with other causes of death (30%).o * saa

'E l' O Nevertheless, within the group of exposed-

O U workers the mean cumulative radiation dose
4 : H was twice as high for cancers (133) as non.
; cancers (68)."-

Divisionof thecancerandnon-cancerdeathsr,.,nt ,o
.w..w . of females into 4 age grouos (Table 23).c .

.

S
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showed that: (i) radiation dose !cvels were rw.2(e ws, ,s: - 2 4.
. always higher for cancers than non-cancers: ' ' " " ' " ' " " " ~ " " " *
4

(ii) cancer: non-cancer contrasts were greater e.,,,,,. Tfor deaths after 50yr of age than for earlier d aa'a "* "" *
deathst and (iii) in three age groups the prn- g,, ,' 8 1, ,'

''

portion of cancer deaths was highest for the i iw er.
-

top fevel of radiation dosc (over 100 ecnti.
E'1"'"."."' '$ S.i. D

), . nu : i:

Finally, despite the sma!! numbers of fe. ***''"""*"""""'*''"'''d"""*'"'""''''"-*

male workers with records of external radia .
tion, the null hypothesis of no correlation radiation (442 cases) were attributable to
between the radiation dose and the propor- these exposures (Table 24). For 14 bone mar.
tion of cancer deaths after controlling for age row cancers, the estimated number of radia-.

was rejected by a correlation test. According tion-induced cases was 9.3, and' for 161
to this test. 3 of 4 Spearman's rank cor- cancers of the pancreas or lungs. the estimste,

relation coefficients (between proportions of was 18.6. The estimate for all cancers (25.3)
-

cancer deaths and radiation dose levels) were was a fraction smaller than the sum of the'

equal to or greater than 0.6 and the mean estimates for the three cancers with dednite
coerlicient over age had a value of 0.60:::0.29 radiation associations (27.9). and the estimate
(which is signidcant at the 3% level). for all RES neoplasms (!!.1) was a fraction.

larger than the estimate for bone marrow
Ettimates of the number of cancer deaths cancers (9.3). Therefore, the proportion of .

attributable to external radiation radiation induced cancers among the exposed
In the anal stages of the analysis, the best cases probably lay between 5 and 7%, and the

estimates of risk were used to discover how corresponding proportion for all certidad
many of the cancers with records of external deaths probably lay between 1% and 2%.

!
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i RADIATION EXPOSURES OF HANFORD WORKERS DYING FROM CANCER m
i

DISCUSSION r.m :1 Aw -_. w - t, -- s ,
-

A preliminary. analysis of the records '"'" "

; reisting to external radianan has shown that D'",' """'"f** 5"'*
; %, Cg, 4,,,,,,.

2ere is sudicient data in the Hanford> = * * * * *

study to: -(i) identify some of the more ugn y ag g gs g,adiosensitive cancers: (ii) quantify the a-a u m m o n.o
radiosensitivity of these neoplasms: (iii) ob- Y U 'O 'N O Di

am estimates of characteristic intervals be- s m. it.on me ei:s n.:ss me
tween initiation and death: and.(iv) recognize ' d' '" "' "* '"

the ages of maximum and minimum sen- *D"'* """"" " gj,", ='" """ 'a*===-
sitivity to the cancerinduction effects of radia- 4== g==='a=-

Further analyses will be needed to rule out
the now remote possibility that'the positive f.m :s, ,.m.m s , _ __ , 6.

indings were merely the result of the radia- ' " " " " " ' ~ " ' * " " " ' ' " ' " ' ' "

'fon exposures having assocsations with e, g ,h""*"'"in f
.:ther cancer-reisted factors. These analyses ,,, 3 o ,mil proceed in two directions. First. there g,a,,=, y=,L 'y ] ;

! will he Jomt standardization for all the fac- g. ;,,,,,,, ,,,,,, ;g ; y
tors with known or suspected radiation or
cancer associations (e.g. exposure age, in- " "" ~ *".". *.='"","n.". '.'*."' .'"i".". 7, um im s

~
. .

::rval between hire and exposure, intervals @" S"'""i
between exposure and. death, and depositions *-c=====*'-
of radiametive substances). Secondly, there
will be an extension of these analyses from trolling factors. This necessity is clearly seen

; non-survivors with certified causes of death to in Table 26 where 5 sets of standardized
other members of the monitored population, or radiation doses are shown for 3 groups in
workers who are still alive at the time of Table 1 (survivors, non-cancers and cancers).
follow-up. For instance even controlling for two factors

Meanwhile cursory inspection of the re- simultaneously (i.e. exposure year and co.
cords relating to men who were still al:ve in hort), still left the survivors with a higher
1973 (Table 1) has shown that one of the dose (1271 than the non-cancers (~9) or the
reasons why the Joses of external r.tdiation cancers (94), but when internal radiation was
have always been higher for survivors than added to the other controlling factors, the
nonourvivors (Ma741 is because the sur- standardized dose was not only lower for
vivors include a disproportionately large non-cancers (X41 than cancers (112) but also
number of men with posidve urine lower for the survivors (101) than cancers.
analysis (Table 25). This bias is due to an Nevertheless, the absolute doses were
association between high risk occupations higher for the men who were still alive in

;
and young recruits, which has caused the pro- 1973 than for the non-survivors included in, '

portion of young recruits to be diTerent for: the present investigation. and for Hanford I
(i) singly and doubly monitored occupations; workers as a whole, the trend of radiation !
fii) men with positive and negative urine doses (and proportions of exposed workers) '

analyses and (iii) survivors and non- is in an upward direction. Therefore we |
survivors. should be prepared for future analyses of I

.

: Since workers with positive urine analyses Hanford data to show both a wider range of !
! were more often and more intensively cancers with dednite radiation associations

exposed to external radiation than other (due to better representation of cancers with< i
'

workers (Table 18). it is essential, when long latent periods) and a higher proportion
comparing survivors with non survivors to of radiation-induced cancers among the ex-
include internal radiation among the con. posed workers.

.

..
.
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ABSTRACT

The investigators analyzed mortality data provided by The Nuclear

Regulatory Commission on almost four thousand former employees at the Hanford

works, one of the largest nuclear processing plants in the United States.

Fifty-nine percent of these employees were exposed to low-level

ionizing radiation during the course of their occupational activities:

the other forty-one percent were not. The purpose of our analysis was to

investigate any relationship between occupational exposure to low-level
<>

ionizing radiation and subsequent death by cancer.
.

The analysis revealed several important findings. The statistical

procedures employed show:

No hazard for the aggregate male and female populations using.

basic bivariate procedures.
,

The Mantel-Haenzel procedure reveals significant heterogeniety.

across age groups for males with regard to the degree of

association between simple exposure and subsequent cancer death.

In the 45-54 bracket for age at death, men who were not exposed.

died of cancer 11.8 percent of the time while exposed men died

of cancer in 20.7 percent of cases.

An age stratified multivariate analysis shows significant.

association of radiological exposure variables and subsequent

cancer death for both the 45-54 age bracket and the 75-84 age

bracket for males.

Multivariate analysis shows a result of borderline significance.

for the women of the cohort. Further investigation as more data

for women becomes available is recommended.

L
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Background and Objective of the Study

There is an intense interest on the part of the general public

as well as governmental agencies in the accurate determination of the

long-term health effects from exposure to low level ionizing radiation.

Therefore, from the standpoint of the public health role of the

NRC, it is important to analyze those data on human exposure to low level

exposures to ionizing radiation which are available.

The NRC provided a tape which contains data on occupational

radiation exposure and other relevant information. The objective of

this study is the analysis of the data provided. More specifically,
this report undertakes to:

Examine the relationship between exposure of individuals to.

low level ionizing radiation and subsequent death by cancer.

.

Describe the method employed to deal with the statistical.

variability of the data as it impacts the performance of

the above two tasks.

The relationship between exposure and subsequent cancer death is

discussed in the section entitled " Basic Statistical Tests". The relation-

ship is further examined in the section entitled " Combined Impact," which

deals with multivariate composites of both radiological and demographic

variables as they apply to the prediction of death by cancer.

2
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Soecific Questions and Analysis Performed

The analysis of the Nuclear Regulatory Commission's Hanford mortality

data is comprised of four major phases:

Univariate summary which allows for basic familiarization with.

the character of the data.4

The search for covariates which will provide for the detection.

of variables impacting the dependent variable--namely, death

by cancer--but which are unrelated to low level ionizing radiation.

Basic statistical analysis of the impact of independent variables.

which describe the low level ionizing radiation exposure of the

study population on death by cancer. This will, of course, reflect

important :ovariates uncovered by preliminary analysis.

Multivariate analysis to assess the combined impact of the " risk.

factors" of low level ionizing radiation on death by cancer. This

will be done in a manner analogous to that first used in assessing.

risk factors 'n coronary heart disease in the Framingham Study.

This analysis was performed with two goals in mind. These were to:

Resolve, as best possible, the questions motivating the analysis.

which are set forth presently.

Provide a general reference document from which other investigators.

can answer related questions with a minimum of computer work.

We compiled a list of specific questions which could be reasonably

investigated using conventional statistical techniques and the variables at

hand. They are:

Is the probability of death by cancer significantly different.

for the population exposed to low level ionizing radiation from

3
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Specific Questions and Analysis P:rformed-

that for the unexposed population?

Is the rate of dosage per year related to the rate of death by.
1

cancer?

Is the total lifetime dose related to the probability of death.

by cancer?

What is the combined impact of the risk factors based on low-.

level ionizing radiation? That is to say, to what extent can

we predict who will die of cancer knowing who was exposed and

the characteristics of their exposure?

Does age at death differ from exposed versus non-exposed Hanford.

workers?

,

.

9
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Cause of Death Classification

The major orders of the ICDA classification consist of:

1. Infective and Parasitic Diseases

2. Neoplasms

3. Endocrine, Nutritional and Metabolic Diseases

4. Diseases of the Blood and Blood-forming Organs

S. Mental Disorders

6. Diseases of the Nervous System and Sense Organs

7. Diseases of the Circulatory System
.

8. Diseases of the Respiratory System

9. Diseases of the Digestive System
,

10. Disease of the Genitourinary System

11. Complications of Pregnancy, Childbirth and the Puerperium

12. Diseases of the Skin and Subcutaneous Tissue

,13. Diseases of the Musculoskeletal System and Connective Tissue

14. Congenital Anomalies

15. Certain causes of Perinatal Morbidity and Mortality

16. Accidents, Poisonings and Violence (Nature of Injury)

17. Accidents, Poisonings and Violence (External Cause)

Our analysis proceded along the coarsest level of grouping possible,

so as to leave no question remaining about the effect of low levels of

ionizing radiation on the probability of death by cancer. Therefore, we

grouped the data into two classes for cause of death. These were: neoplasms

(noting that benign neoplasms rarely cause death and that general population

data are available for the U.S. census on death by malignant neoplasms for

purposes of comparison), and other. We realize that this is not the

customary division. We point, however, to the success obtained by the method

-5-
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Cause of Death Classification

in establishing the relationship of radiological exposure to subsequent

death by cancer as its justification.

The Nuclear Regulatory Connission provided data on the cause of

death for each individual in the cohort. The causes of death were

classified according to the International Classification of Diseases

(ICDA - adapted for use in the United States - 8th edition).

.

9
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Univariate Summary

| In order to familiarize ourselves and the reader with the data

provided by The Nuclear Regulatory Commission, we performed basic tabu-

lations of the important variables and computed the following statistics:

mean.

variance.

median.

mode.

The variables studied in the statistics listed above were:
.

age at death.

total years of employment.

primary cause of death examined in two ways:.

by whether or not the person died of cancer-

by the seventeen major categories of the International-

Classification of Diseases, adapted for use in the,

United States.

race.

sex.

exposure.

cumulative lifetime dose.

cumulative dose at 3, 5 .... 25 years before death,

year of death.

maximum radiation dose in a given year.

average radiation dose in a given year.

-7-
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'Table.1,

.i

NRC HAN70RD LOW LEVEL RADIATION DATA - UNIVARIA Z SLMAILY

.

- Age at Death -

I RELATIVE CW.
. A3 SOLUTE FRIQ FREOAce at

s ea c.. FEQ (?CT) (?CT)

20 - 24 11 0.3 0.3,
~' -

25 - 29 37 0.9 1.1 .
,

30 - 34 73 1.8 3.0
t |

35 - 39 109 2.7 5.8

40 - 44 199 5.0 ,10.7 .

45 - 49 318 8.0 18.7

50 - 54 404 10.1 23.8

55 - 57 534 13.4 42.2 *

60 - 64 539 13.5 55.7
.

65 - 69 603 15.1 70.8
*

70 - 74. 435 12.1 83.0-

;

75 - 79 379 9.5 92.5
3

80 - 84 186 4.7 97.1

85 - 89 97 2.4 99.5
'

, ;
'

90 - 94 14 0.4 99.9'

i4

'' 95 - 97 2 0.1 99.9
.

100 - UP 2 0.1 :,00.0
,

1.

'
t

10TAL 3992 100.0 '

: !

Maan 59.5

7ariance 176.1

], Median 60.3
,

Mode 65
.

'

8. .

'

.
. _ _ - - _ _ _ _ _ . _ _ . _ _ . _ _ - - _ . _ _ - - - _ - _ _ _ _ _ - _ . - - _ _ _ ___
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Table 2
.

NRC HANFORD LOW LI7EL RADIATION DATA - UNITARIATI SUMMARY
.,

- NUMBER OF TIAAS WORKID AT EANFORD

RELATI7E CUMyUyyER ABSOLUTI FREO TREQ0e trARS
w v r.s:.u FREQ (PCT) (PCT)

0-4 ,2072 51 .9 ,. 51.9
,

5-9 721 18.1 70.0,

>

10 - 14 ~ 501 12.6 82.5* *

15'- 19 378 9.5 92.0
l'

20 - 24 219 5.5 97.5,

25 - 29 82 2.1 99.5 *

..

30 - 34 14 0.4 99.9
.

TOTAL 3987 100.0
.

.

Missing Cases 5 -

.

Mean 5.3 ) *
3

,

iMedian 2.3
.

Mode 0-4.

.

$

.

8
9

k

4

.

B

' *.g.

- _ _ _ - _ _ _ _ - _ - _ _ - - _ _ _ _ - _ _ _ _ _ - _ _ _ _ _ _ - _ _ _ _ _ _ _ - _ - _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ - _ - - -__-___-__
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Tablo 3 *-

.

NRC HAN70RD LO'4 LEVEL RADIATION DATA - UNIVARIATE SUW.ARY

~,

CANCER-

*

RELATI'F., ADJUSTED CUMPRES C'
ABSOLUTE FREQ FREQ FREQ

caliCER FRIQ (PCT) (PCT) (PCT)

NOT CANCZE - 0 3177 79.6 79.6 79.6
-o

"

"
CANCER 1 815 20.4 20.4 100.0

,

TOTAL 3992 100.0 100.0
.

S

9

e

e

&

.

e

t

.

. *
g
.

; -
.

.

S

0

e

O

*
e
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Table 4

NRC HANFORD LOW LEVEL R DIATION DATA UNI 7ARIATE SU29fARY '

. .

- ICD CODE IDR CAUSE OF DEATH

R E TIVE CUM .

ABSOLUTE FRIQ FREQ
ICD FREQ (?C"*) _

, (?CT)

INTECTIVE PARASITIC , 1. 37 0.9 0.9

NEOPLASMS 2. 815 20.4 21.3
.

INDO NUTRI METABOLIC 3. 69 1.7 23.1

BLOOD ORGANS 4 6 0.2 23.2
'

.TTIAL DISORDERS 5. 17 0,4 23.6 -,

NERVOUS SENSE ORCANS 6. 25 0.7 24.3 .

CIRCULATORT 7. 2022 50.7 75.0

RESPIRATORY 8. 207 5.2 80.2
* *

DICESTI7E 9. 16 /. 4.1 84.3
'

.
.

...

CENIT0 URINARY 10. 49 1.2 85.5

S'd21SU3 CUTANEOUS 12. 2 0.1 85.6
.

MSXZL CONNECT:7t 13. 11 0.3 45.8,
,

CONCENITAL ANOMALIIS 14 10 0.3 86.1
. '

ST!f! CMS CCNDITIONS 16. 40 1.0 87.1'

,

ACCIDENT POISON VIOL 17. 515 12.9 100.0 '

! .

TOTAL 3992 100.0
4 ..

+

4

ee

8

e

.

e

11
.
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Table 6

NRC HANFCRD LCW LIVIL RADIATION DATA - UNIVARIATE SUSStARY

MALI CR FI11AIJ.

.

'

Relative Cum
Absolute Freq Treq

leg Free (PCT) (PCT)

,TEMALI 0. 382 9.6 9.6

MALE 1. 3610 90.I. 100.0*

.

TOTAL 3992 100.0

.

9*

*

* .

e

e

t

I 9

.
o

6

0

e

*
.

6

s

.

'
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*

- . . _-



T
, .o

*

- .o

i

t

|
'

Table 7
,

NRC HANFORD LOW LEVEL RADIATION DATA - UNIVARIATE SUMMARY

*

F.DCPOSID OR NOT EXPOSED
s

.

4

r. *

Relative Cum
Absolute Freq Traq

Exposure Free (?CT) (PCT)

NOT EXPOSED 0. 1638 41.0 41.0
'

EXPOSED 1. 2354 59.0 100.0
.

TOTAL 3992 100.0
.

.

9

.

9

e
,

.

. $

l
I*

|

|

I

e

0

*
0

4

6 e

{

| -14 .

__ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ . -



y _ . _ _ _ _ - - - . - .
_ _ _ - -

,

., .,

'

Table 8
.

NRO EANFORD LOW LEVEL RADIATION DATA - UNIVARIATE SQtfARY
,

- YEAR OF DEATE
i

i

RILATIVY. CTMYEAR ,

A3 SOLUTE FREQ TRIOOF
DEITH FPIQ (PCT) (PCT)

45 - 49 73 1.8 1.8

50 - 54 303 7.6 9.4

55 - 59 478. 12.0 '21.4
'

60 '64 797 20.0 41.4 ,

65 - 69 1003 25.1 66.5.

70 - + 1338 33.5 100.0
,

..

TOTAL 3992 100.0 ,

!

-

. .

.

t

8 6

) . .

'

. .

?

h

'.

. * a

I
'
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Tablo 5
t

.

NRC HANFORD LOW LEVEL RADIATION DATA - UNIVARIATE SUW.ARY
,

RACE CODE

f

-
.

* Ralative Cum'-

' ~

Absolute Freq Freq
,.

Race Free (PC"*) (PCT) [

i

NONWRITE O. 28 0.7 0.7.

k~dITE 1. 3964 99.3 100.0
,

* .

TOTAL 3992 100.0''

.

O i

4

* s

| e

!

| .

* .

h

! '

'

.

e

.

l
.

t

1

,

*

.

.

|
'

| .

..

[

\
*

i

.

12
'

,
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5 Table 9 !
'

.'
! . s

FRC HAN70RD LOW LEVEL EADIATION DATA - UNI 7ARLLSSUMfA.it! e

( .

\

LIFETDfE RADIATION LOSE v s-

gg d '.>
,

.
.

ABSOLUTE FF20 EQ ''
s

CODE' _7EI (?CT) (PCT)

0-9 ' 1867 J 46.8 46.8
, ,

8.3 55'J10 - 19 330 #'

\.
'

'

20 - 29 216 .Sr . 4 60.4
, a. -y

30 - 39 205 5.1 65.6s ,

40 - 49 164 4.1 69.7 '

,
,

s ,

50 - 59 123 3.1 72.8

".60 - 69 108 2.7 75.5
.

*
570 79 86 2.2 77.6 ',

'

80 - 89 ,92 . 2.3 79.9 \- *.

90 - 99 73 .d.8 81.8.

'
'

l00 - 199 25 2 6.3 88.1' .

.-

200 - 299 183 $ ,4. 6 92.I
'

'

.

300 - 399 75 1.9 94.5

400 .499 40 1.0 95.5
.

i
500 - 599 23 0.6 96.1'

'

s.

600 - 699 35 0.9 97.0
.

700 - 799 14 0.4 97.3 g

97.6 \800 - 899 12 0.3 -

900 - 999 8 0.2 97.'8 -

|

11000 - 1999 26 0.7 98.5
'

\
2000 - 2999 30 TT. 8 99.2 Maan 93.5

'
. Variance 119637.4*

3000 - 3999 25 0.6 99 9 Median 8.9s q

4000 5 0.1 100.0 s.
TOTAL "TITl TUC5' -

.
.

'
'

-16-'
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Table 10

NRC HATIORD LOW LIVIL RADIATION DATA - UNIVA. . ATE SLW.ARYU

- TOTAL DOSE 3 YEARS 3E70PI DEATH
'

PSI.ATIVE CUM
A3 SOLUTE FFIO F?IQ

CODE FREO (?cT) (?C-)
,

0-9 1943 48.7 48.7

10 - 19 324 8.1 56.8

20 - 29 221 5.5 62.3

30 - 39 206 5.2 67.5
.

40 - 49 165 4.1 71.6

50 - 59 121 3.0 *74.6

60 - 69 109 2.7 77.4

70 - 79 89 2.2 79.6
.

80 - 89 93 2.3 81.9

90 - 99 75 1.9 83.8

100 - 199 208 5.2 89.0
.

'

200 - 299 179 4.5 93.5

300 - 399 65 1.6 95.1

400 - 499 37 0.9 96.1

500 - 599 19 0.5 96.5

600 - 699 32 0.8 97.3,

700 - 799 7 0.2 97.5

800 - 899 13 0.3 97.8

900 - 999 8 0.2 98.0

1000 - 1999 29 0.7 98.8

2000 - 2999 26 0.7 99.4

3000 - 3999 19 0.5 99.9 Mean 87.5
,

4000 4 0.1 100.0 variance 99174.6

Total 3992 . 100.0 Median 6.6
.

-17 .
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NRC RANFORD LOW Lk;Vt;L uu1Ariva unA-univmar., s ur_m.. ..

Tablo 11

TOTAL DOSE 5 TEARS 3EFORE DEA 2H

A3 SOLUTE RELATIVE CLM

CODE I?IQ FFIQ FREO

(?CT) (?CT)

0-9 2011 50:4 50.4 {
)

10 - 19 325 8.1 58.5 ''

20 - 29 233 5.8 64.4

30 - 39 200 5.0 69.4
|

40 - 49 167 4.2 73.5 1

50 - 55 123 3.1 76.6

6b - 69 108 2.7 79.3

81.370 - 79 80 2.0 .

80 - 89 90 2.3 83.6

90 '99 69 1.7 85 .3
.

100 - 199 220 5.5 90.8

3.6 94.5200 - 299 145 -

300 - 399 53 1.3 95.8
'

400 - 499 25 0.6 96.4
,

500 - 599 25 0.6 97.0

600 - 699 23 0.6 97.6
.

700 799 12 0.3 97.9
-

800 - 899 10 0.3 98.2

900 - 999 9 0.2 98.4

1000 - 1999 23 0.6 99.0
j.

2000 - 2999 27 0.7 99.6

3000 - 3999 13 0.3 100.0

4000 - 1 0.0 100.0 Mean 76.

TOTAL 3992 100.0 7,71,3c, 73949,

Median 4

..

-18 .
-
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Table 14 '

NRC EANTORD LC'J LDl? RADIATICN DATA - UNIVARIATE SUlefARY

TOTAL DOSE 20 YEARS BEFORE DEA ~2

.

' ?" ATIVE CUM
ABSOLUTE FREQ FREQ

CODE FREO (PCT) (?CT)
.

0- 9 3274 82.0 82.0

10 - 19 196 4.9' 86.9

20 - 29 114 2.9 89.8

30 - 39 38 2.2 92.0

40 - 49 61 1.5 93.5 -

.

50 - 59 43 1.1 94.6
'

60 - 69 34 ~0.9 95.4
'

70 - 79 25 0.6 96.1,

9,6.'930 - 89 32 0.8

90 - 99 24 0.6 97.5

100 - 199 54 1.4 98.8

200 - 299 36 0.9 9.9. I-

i

200 - 399 3 0.2 99.9

400 - 499 1 0.0 99.9

500 - 599 2 0.' '00.0

TOTAL 3992 100.0

MEAN 9.1

VARIANCE 1C07. 7.
.

.e.: DIAN 1.1
'

,

*
.

-21-
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NRC EANFORD LCW LEVEL RADIATION DATA - UNTVARIATE STJhWULY

'

- TOTAL DOSE 10 YEARS 3EFORE DEATH

RELATn'E CI.H
A3 SOLUTE FREO TREQ ,

CODE FREQ (?CT) (?CT)

0-9 2328 58.3 58.3

10 - 19 ~305 7.6 66.0

20 - 29 223 5.6 71.5

30 - 39 189 4.7 76.3

40 - 49 15 S 4.0 .80.2

50 - 59 114 2.9 83.1

60.- 69 95 2.4 85.5

70 - 79 66 1.7 87.1
,

80 - 89 78 2.0 89.1
'

90 - 99 53 1.3 90.4
, ,

100 - 199 145 3.6 94.0
.

200 - 299 99 2.5 96.5
-

.

300 - 399 45 1.1 97.6

400 - 499 19 0.5 98.1

500 - 599 16 0.4 98.5
:600 - 699 16 0.4 98.9

700 - 799 7 0.2 99.1

800 - 899 4 0.1 99.2

900 - 999 3 0.1 99.3

1000 - 1999 18 0.5 99.7 Mean 42.9

2000 - 2999 10 0.3 100.0 variance 23239.3

3000 - + 1 0.0 100.0 Median ,3.57

TOTAL 3992 100.0
-

.
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Table 13
.

NRC HANFORD LOW LEVEL FADIATION DATA - UNIVARIATE SU).N..ARY

TOTAL DOSE 15 YEARS 3E70P2 DEN 3
,

RELATIVE CLH ,

ASSOLUTE FREQ FREQ
CODE FREQ (?CT) (?CT)

0 -9 2733 68.5 68.5

10 -19 266 6.7 75.1,

20 -29 181 4.5 79.7
.

30 -39. 163 4.1 83.7

40 -49 118 3.0 , 86.7

50 -59 72 1.8 88.5
..

60 -69 63 1.5 90.1
'

70 -79 46 1.2 91.2

80 -89 51 1.3 92.5<

.

90 -99 38 1.0" 93.5
'

100 -199 116 2.9 96.4.

200 -299 77 1.9 93 .3'

300.-399 33 0.S 99.1

400..499 9 0.2 99.3
.

500 -599 8 0.2 9,9.5

600 -699 8 0.2 99.7

700 -799 3 0.1 99.8

800 -899 1 0.0 99.8

900 -999 3 0.1 99.9

1000 -1999 3 0.1 100.0

TOTAL 3992 100.0 -

.

*

MEAN 23.0
VARIANCE 5175.6 .

.._DIAN 2.3 < 0,-"

. _ = . . . . _ _ . . . .- - . -_- -
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Table 15

NRC IL2.NFORD TE 12 VEL RADIATION DATA--UNIVARIATE SUMMARY

TOTAL DOSE 25 YEARS BEFORE DEATH
..

RELA ~IVE CUM
ABSOLUTE FREO ??20

CODE FREO (PCD (?C*)

0- 9 375'O 93.9 93.9

10 - 19 87' 2.2 '

96.1.

20 - 29 36 0.9 97.0

30 - 39 25 0.6 97.6

40 - 49 20 0.5 98.1
-

50 - 59 10 0.3 98.4.

60 - 69 8 0.2 98.6

70 - 79 9 0.2 98.8
.

80 - 89 11 0.3 99.1

90 - 99 9 0.2 99.3
--

100 - 199 18 0.5 99.8
'

200 - 299 8 0.2 100.0
-

300 - 399 1 0.0 100.0
.

MTAL 3992 100.0
.

E

.

1

MEAN 2.5
l

VARIANCE 221.2

MEDIAN 0.32

.

. ; .
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~The Method of Proportional Mortality
;

. The' method of proportional mortality, a statistical technique,

is used for a major portion of the analysis in this report. The method,

while. highly useful, must be applied carefully.

It is particularly useful in cases whose morbidity or mortality

data is available but not data on the population at risk where the

diseases or deaths occurred. This is the situation with the NRC data.

The analysis cannot, therefore, consider absolute rates of death

from a particular cause. Instead, the relative death rates from a

cause or group of causes can be shown. '

In some cases, the method can artifically show a high death rate.*

For instance, where two populatiois have identical cancer death rates,

and the first is fortunate in a particularly low rate of death from

other causes. There, the first group would falsely appear to have a

proportionally higher cancer death rate. In the Hanford data, such a

death rate may appear proportionally higher in the exposed group than

the non-exposed.

In spite of .the drawbacks of the method, the nature of the data4

necessitated its use, and the results contained herein must be viewed

with caution.

Mantel and others have pointed out that while the method is widely

- used it should only be taken to provide leads for rigorous research. In

general, a single retrospective study should not be taken as conclusive.

4

..

4

-23-
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Tests for Covariates

There are radiological and demographic variables in the data file

provided by The Nuclear Regulatory Commission for this study. This section

describes statistical tests which were performed in order to determine

which of the demographic variables are related to death by cancer.

It is widely known that cancer death rates differ for various sub-

groups of the population of the United States. For example, the U.S.

Decennial Life Tables for 1969-1971 show that the chance of eventually

dying of a malignant neoplasm is:

16.3 percent for the total population
.

.

16.9 percent for white males.

15.9 percent for white females.

15.3 percent for non-white males.

.

13.5 percent for non-white females..

, These variations indicate that sex and race should be taken into

account in the analysis to follow.

Another important source of heterogeniety in cancer death rates is

age. Death rates, generally, increase with age and, in particular, cancer

death rates rise rapidly with age. The cancer death ratio (i.e., the

fraction of total deaths which are cancer deaths) also varies with age.

The question which we address in this section is a simple one:
lwhat important intervening factors effect the probability of death by

cancer? The primary statistical method which was employed to answer this

question was that of simple cross tabulation. The cancer vs. not cancer

cause of death indicator was cross tabulated by each of the covariates of

interest. The results of these cross tabulations together with statistical

tests of significance are presented below.
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Tests for Covariates

A Chi square test of a four-fold table with not-cancer / cancer vs.

male / female was performed:

Table 16

female male

not cancer 265 2912 3177

cancer 117 698 815

382 3610 | 3992

The results of the Chi square test of the hypothesis that sex and

death by cancer are unrelated were:

Chi square = 26.4.

df = 1.

p (Chi square > 26.4)<.0001.

, This indicates that sex is a significant covariate of death by

cancer in the Hanford cohort. It is to be noted that the table contains

thirty-nine more cases of death by cancer for women than would be expected

if there were no relationship between cancer death and sex.

It is also of interest to note the cancer death rate for the women

of the Hanford cohort is higher than thirty percent. This is substantially

higher than the 15.9 percent for white females which was reported in the

Decennial Life Table as mentioned earlier.

In order to detemine if race is a significant covariate of cancer

death, a Chi square test was per:ormed on a four-fold table with not-cancer /

cancer vs. race as non-white / white. The resulting table is shown below.

-25-
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Tests for Covariates

Table 17

non-
white white

not-cancer 25 3152 3177

cancer 3 812 815

-

28 3964 3992

A Chi square test of the hypothesis that race and cancer death are

unrelated was performed. The results of that test were:
,

Chi square = 1.09.

df = 1.

p (Chi square > 1.09) = .297.

This result must be regarded with caution for two reasons:

The lowest cell frequency is only 3, and the chi square test.

generally requires 5 or more in each cell to be accurate.*

In general, there are very few non-whites in the cohort..

For practical purposes the race variable will be disregarded in

subsequent analysis, but in no sense is this a generalizable conclusion.

Next, stratifying age into moderately broad intervals, the relation-

ship betweer, cancer death and age was investigated. Since sex was found

to be an important covariate, this test was performed for each of the sexes.

The contingency tables for age at death vs. not-cancer / cancer are

presented along with the Chi square test of the hypothesis that age at

death is unrelated to the cancer death ratio (i.e. probability of death by

cancer given death at age t). It is seen that, for both sexes, the cancer

death ratio is strongly dependent on age at death. Therefore, all subsequent

-26-
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Table 18

MALES.

Age at Death

25-34 35-34 45-54 55-64 65-74 75-84 85-94 95-104 105-115-

Not Cancer 66 169 439 717 797 554 154 5 1- 2912..
.,

Cancer 2 31 92 191 253 113 16 0 0 698

68 200 531- 908 TT30 677 170 5 1 3610

.

$
Chi square = 47.12 -

.

df = 8.

p (Chi square > 47.12) < .00009.

.
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Tests for Covariates

analysis -shall ~ statistically adjust for age at death.

To sumarize the results of this section, the subsequent analys'is

will:

Control for sex-based differences in cancer death..

. Control for age at death.

Disregard race since few.non-whites are in the cohort..

.

m-

h

i
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Basic Statistical Tests

This section describes the application of various conmonly used

statistical tests to the Hanford data. Its primary purpose is to explore

the relationship of certain of the independent variables which describe the

character of exposure to low level ionizing radiation in the cohort to

death by cancer. The analyses described in this section are primarily

bivariate tests of one of the exposure variables at a time as it relates

to death by cancer. These analyses are grouped under the specific questions

which each is designed to investigate, and which were set forth in the

section on the goals of the study and specific questions to be investigated.

One statistical procedure was also performed to assess the relation-

ship between exposure and subsequent death by cancer as it is shown in a

set of four-fold tables which result from the stratification of the cohort

into several age brackets. This is the Mantel-Haenzel procedure. It is

used,to assess two factors of interest to this study. These are:

The average degree of association of exposure with death.

by cancer.

The degree of homogeniety across the age brackets into which.

the cohort was stratified.

The details of the Mantel-Haenzel procedure will be summarized in
.

the text of the report. Further explanation can be found in Fleiss which

is listed in the bibliography.

One of the simplest and most important questions under investigation

in this study is: is the probability of death by cancer different for

exposed versus unexposed populations in the Hanford cohort. First the

relationship in the aggregate population was investigated.
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Basic Statistical Tests

A Chi square test of a four-fold table having not-cancer versus cancer

crossed with not-exposed versus exposed was performed. The table which

resulted follows:

Table 20

Exposed Not-Exposed

Not-Cancer 1311 1866 3177

Cancer 327 488 815

1638 2354 3992 -

A Chi square test of the hypcthesis that exposure and cancer death

are unrelated in the total population under study was performed. The

results of that test were:

Chi square = .304.

df = 1.
.

p (Chi square > .304 ) = .58,

This can be interpreted to mean that simple occupational exposure

is not significantly related to subsequent death by cancer or that any

such relationship as exists is not clear until some of the covariates

which effect cancer death rates are taken into account.

Next,the cohort was stratified by sex to clarify the nature of

relationship between exposure and cancer death rates for each of the sexes.

The data provided on the Hanford cohort contains almost four thousand

cases and over eight hundred deaths by cancer. This allows the question under

investigation to be investigated using asymtotically normal procedures.

That is to say, the difference in the mean rates of death by cancer for the

exposed vs. the non-exposed populations is normally distributed. This

-31-
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Basic Statistical Tests

difference can be normalized to unit variance and zero mean in the usual

way. The statistical tests of hypothesis which is thus generated are

equivalent to Chi' square test of the corresponding four-fold tables. However,

the rate tables given more easily lend themselves to interpretation.

- These rates are described in the following table:

.

Table 21

. rp (cancer) e n

.

?!ot-exposed .1996 .3998 1638

Exposed .2073 .4055 2354

Total 2042 .40]l 3992
d = P not exposed - P exposed

The normalized difference observed for the two proportions and the

test of the hypothesis that they are equal resulted in the following:

'. d/c = .5935
d

p (| d/g | > .5935) = .554

.

This can be interpreted to indicate that cancar death rates were not

significantly different for exposed versus non-exposed populaticos. As

might be expected, this statistic is in nearly perfect agreement with the

previous chi square test. However, sex was found to be a significant

intervening variable with death by cancer. Therefore, the above test was'

repeated for males only, and females only, with the following results,.

,

f

-32-
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Basic Statistical Tests

Table 22

Males Only d = P not-exposed - P exposed

p (cancer) a n

Not-exposed .1786 .3831 1372

Exposed .2024 .4019 2238

Total .1934 .3950 3610

The normalized difference and the test of the hypothesis that the

cancer rates are equal for the exposed and unexposed population resulted

in:

d/g=-1.75.

p (j d/g | >1.75) = .08.

This may be interpreted to indicate that there is a difference in

the cancer rates, which is at raost marginally significant, for exposed

versus non-exposed males.

The classical values used to indicate significance are, of course,

.05 and .01. This p-value is not as small as either of these. In cases

where loss is very high (such as increased cancer deaths) such a result

might at least prompt interest and further investigation even though risk

seems low or uncertain.

The cancer rates in the females of the cohort were tested by identical

means. The results of that test are presented below:

-33-
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Table 23

Females only d = P not-exposed - P exposed

p (cancer) a n

Not-Exposed .3083 .4626 266

Exposed .3017 .4610 116.

Total .3063 .4622 382

The normalized difference and the test of the hypothesis of equality

of cancer rates for exposed versus non-exposed women resulted in the following:

d/g=.13.

,

p ( | d/g | > .13) = .9.

This indicates that females who are exposed to low level ionizing

radiation die of cancer less frequently than those who are not. However,

there is no reason to reject the null hypothesis of equality of the rates.

Therefore, th'e observed difference is quite possibly accidental.

To summarize the above results: Simple occupational exposure

to low-level ionizing radiation does not appear to be related to the chance

of death by cancer.

The final analysis of this section which is addressed to the

question of the relatedness of simple exposure to death by cancer employs

the Mantel-Haenzel procedure. This will provide even further stratification

of the cohort to remove the effects of the significant covariates discovered

earlier. To this end a set of four-fold tables were generated. One of these

for each of a set of moderately broad age strata, and of course, for each

The tables were then combined into the following layouts and thesex.
!

Mantel-Haenzel statistics computed. The Mantel-Haenzel (M-H) procedure

addresses three questions:
.
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Is there evidence that the degree of association is consistent.

from one age group to another?

If the degree of association is consistent is it also.

statistically significant?

Assuming that the common degree of association is significant,.

what is the best estimate of its magnitude?

To answer these questions the M-H procedure involves the computation

the three Chi square distributed statistics. These are:

X2 total " N M with g degrees of freedomi.

1=1 -

9 9
X2 *(5 N M )2/ (p Wj) with one degree of freedom. ijassoc

1 =1 1=1

2 2 2X homog = X total - X with g-1 degrees of freedom. assoc

This becomes the M-H procedure with the defintion of:

"I*-1 P)_Pi2j
mj = dj=

71 7i
*

,

and

wj = Fj Uj njj ni2

Nj-1

This requires the definition of:

E=N jjP j+ Ni2 Pj i2t

Ni

and
gj=1-P9

Further in the ith group, njj is the number of people not exposed

jj is the proportion of the unexposed subjects with cancer as cause ofand P

death. The quantity ni2 is the number of subjects in the ith group who

were exposed, and P is the proportion of exposed subjects with canceri2
as cause of death. The total number of subjects in the ith group is given

-35-
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as nj = ng) + n12-

Proceeding now by sex we obtained the following results by the

application of the M-H procedure:

Table 24

Males

Not Exposed Exposed.

Age Group njj P11 n Pi2 i2 n d wg9, 4

S' 25-34 29 .069 39 0 68 2.41 3.7

35-44 84 .143 116 .164 250 .16 6.38

45-54 203 .118 328 .207 531 .621 17.94

55-64 340 .215 568 .208- 908- .042 35.28

'65-74 375 .235 675 .244 1050 .049 44.1

75-84 267 .146 410 .180 677 .244 22.49

85-94 70 .1 100 .09 170 .177 3.51

95-104 4 0 1 0 5 0 0

105-114 0 0 1 0 1 0 ~0

From this we have (discarding ages 95 and above for insufficient data):
2X total =- W d' = 30.13.

9
i=1

7

j ({ y ) , 9 /133.4 = .607X assoc = (I W d )2 2
9j.

i=1 i=1

2 2X homog = X total - X assoc = 30.13 .607 = 29.52.

Testing the hypothesis that the degree of association is homogenous from age

bracket to age bracket we have:

Chi square = 29.52.
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df = 7-1 = 6.

p (Chi square > 29.52) < .001.

This strongly indicates.that the degree of association varies from

age bracket to age bracket. Therefore, it is not possible to analyze the

common degree.of association. The degree of significance of association

between exposure and subsequent cancer death must be examined for each

individual age bracket. Since the actual four-fold tables can be recon-

structed from the above layout only the Chi square statistics and the
..

significance of each is shown below.

Table 25

Males

Ace Group Chi Square Sianificance

25-34 .88 .347
35-44 .042 .837
45-54 6.34 .011
55-64 .027 .869
65-74 .078 .779
75-84 1.14 .285
85-94 .002 .962

.

From the above it can be seen that there is a statistically significant

degree of association in only one age bracket: namely 45-54. The four-

fold table for that age bracket is presented below.

Table 26

Males Age 45-54

Not Cancer Cancer

Not Exposed 179 24 203

Exposed 260 68 328

439 92 531
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As mentioned above:

Chi square 6.34.

df = 1.

p'(Chi-square > 6.34) = .011.

The odds ratio for this age bracket is given as:

g(1-P 2) .118 (1 .207)P

0= = .51=

Pg (1-Pg) .207 (1 .118)
,

*' This indicates that subjects who were not exposed in this age
'

bracket died of cancer only fifty-one percent as often as those who were

exposed. More directly: 11.8 percent of those who were not exposed

died of cancer, while 20.7 percent of those exposed died of cancer. To

sumarize: given death between the ages of 45-54, simple occupational

exposure is associated with a two-fold higher cancer death rate than the
rate for unexposed men in the cohort.

Applying the M-H procedure to the age stratified wcmen of the

cohort, the following layout was ot,tained: (see next page).

.
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TABLE 27

Fe::: ales

not exposed exposed
Age Group

nj) Pi1 ni2 Pi2 ni dj Wj

25-34 8 0 5 .4 13 -2.83 .434

35-44 40 .375 8 .375 48 0 1.596

45-54 54 .37 33 .273 87 .432 4.6. . .

55-64 59 .475 28 .429 87 .185 4.77

65-74 53 .189 26 .231 79 .26 2.86

75-84 41 .22 14 .214 55 . 035 1.81

85-94 12 0 2 0 12 0 0

105-114 1 0 0 0 1 0 0

From this we have (discounting ages 85 and above for insufficient data):
7

2 Wdj2=4.69x total = I i.

i=1

7 7
2 Wjd )2 (I Wj) = (.961)2 (16.07) = .057x assoc = ( I i / /.

i=1 i=1

2 2x homog = x total -x2 asscc - 4 96 .057 = 4.63.

Testing the hypothesis that the decree of association is homogeneous

from age bracket to age bracket we have:

Chi square = 4.63.

df = 7 .1 = 6.

p(chi square >4.63) %.59.
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~We find no reason to reject the hypothesis that the degree of association

between exposure and subsequent cancer death is homogeneous from age bracket

to age bracket.

The hypothesis that this average degree of association is zero resulted

in the following:

'. chi scuare = .057

df = 1.

.o .

p(chi square > .057) % .81 *

.

This does not indicate that, for the women of.the cohort, simple

occupational exposure is associated with subsequent cancer death.

Next, we shall describe the analysis done to investigate the question:

Is the rate of desage related to the incidence of death by cancer? The rate

of dosage was derived from the data available on the cohort as follows:

dose rate = (cumulative lifetime dose)/(total years of exposure)

It must be observed that this indicator is, at best, a crude estimate,

and that the dosages involved were certainly not accumulated uniformly

over the course of exposure. However, in the interest of such information

as is contained in this index, we performed the following analysis. The

difference in mean dosage rates per year for the cancer vs. the non-cancer

groups was tested for statistical significance. We proceeded, as usual, with

the. total population first, then the male and female populations separately.

The analysis and results follows:
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TABLE 28

Total Population (d = 5 not cancer -R cancer)

mean
rate o n

not cancer 7.8 25.93 3177

cancer 8.2 24.93 815
I

all 7.8 25.73 3992
.

.

The test which was computed and the statistical significance of the

observed difference between the mean rates for the cancer vs. the non-cancer

groups were as follows:

d/ *~~'C,

d

P(|d/c|=.395)=.692.

d

H: d = o vs. Hj: d/0. o

There is a slight difference in the mean rates of exposure for the

cancer vs. the non-cancer groups. However, we would expect a result which

was this different, or more so, seven tries in ten by chance alone. This

da finitely gives no indication that H should be rejected in favor of H .g 1

Proceeding as above for males only we have:
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TABLE 29

Males Only (d = R not cancer -R cancer)

mean
rate a n

not cancer 8.36 26.97 3177

cancer 9.15 26.61 815

all 8.51 26.9 3992

.

The test statistic and the results of the test of the ' hypothesis that

the observed difference between the males who died of cancer vs. those who

did not is due to chance alone are presented below:
!

d/Cd = .697,

P(|d/o[>.697)=.1038.

H: d = o vs. d / o. o

This result indicates a marginal but not classical degree of signi-

ficance between the cancer vs. the non-cancer groups. Again, if the risk

is great, this degree of difference certainly prompts further research.

Now, for the female groups in the cohort we obtain:

TABLE 30

Females Only (d = 5 not cancer -5 cancer)

mean
rate o n

not cancer 1.82 5.35 ~ 3177

cancer 2.60 8.14 815
I

all 2.06 6.33 3992
i ,

An
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The test statistic and the results of the test of the hypothesis

that the observed difference is due to chance factors alone for females

who did not die of cancer vs. those who did are as follows:

d/od * - I II.

P(| dad |>1.11)=.2669.

.

H: d = o vs. d / o. g

Another non-significant result. Therefore we cannot reject H
o

~* with any confidence.
'

To summarize the results of the above analysis: The average rate

at which occupational exposure to low-level ionizing' radiation was incurred

does not appear to be significantly different for those who die of cancer

vs. those who do not. It is to be remembered that the variable used above

is only a crude estimator and that the dosages involved almost certainly

did not occur uniformly across the interval of exposure.

Next, we shall describe the analysis which was performed to in-

vestigate tne question: Is the total lifetime dose of radiation related'

to the probability of death by cancer?

Since it is difficult to compute the probability of death by

cancer as a function of the independent variable at hand, we will again

stratify the variable for those cases who died from cancer vs. those who
,

did not. This means we will test the hypothesis that the mean life-time

dose for the two groups is, in fact, equal. The difference of the mean

lifetime exposure for cancer vs. not cancer population was tested:

Table 31

Mean life dose o n

Not cancer 95.0 333.3 3177

Cancer 113.7 382.8 815

All 98.8 344.1 3992

.a1.



(
6 % -s

> -

t

Basic Statistical Tests
,

The results were:
s

d/od = -1.38. .,

P(|d/c|>1.38)=.1662.

d -

H : d = o vs. d / o. g

Which provides no evidence for the rejecticn of the null hypothesis
s

that. the group means are identical.

Proceeding as above for the male population in the cohort we found:
'

Table 32
e

' Males Only
\

d = 6'not cancer - D' Cancer s

Mean Life Dose _o n '\,

Not Cancer 101.77 343.81 2912

Cancer 126.41 407.34 698
'

All 106.53 359.38 3610 s

The test statistic and the results of the test of t'le hypothesis that
~ ,

\
. .,

'
'

the observec difference in the mean 1.!fetime, dose differs for males who

died vs. those who did not die of cancar resulted in the following:
,

d/ = -1.627.

d

P(|d/od|>l .627) = .104.

H : d = o vs. Hl: d/o. g
'

We can interpret this to give us at best marginal reason to reject
}the hypothesis that the lifetime dose of radiation in males differs by cause

'

of death. '

s

Proceeding as above for females in the Hanf:rd cohort we obtained:

- .-s

-44-
t -



s ca.

Basic Statistical Tests

Table 33

Females Only.

d = 6 not cancer - D cancer

Mean Life Dose a n

Not Cancer 20.85 70.08 265
'

Cancer 38.31 157.63 117

All 26.2 105.03 382

St The test statistic and the results of the test of the hypothesis

is tihat the mean dose for females who died of cancer is eq'ual to the mean

dose for those who did not die of cancer are below:

d/ d = - 1.497.

P(|d/od 1.497) = .1344.

H : d = o vs. H) : d/o. g

Which again provides no definite evidence of a difference in the

mean lifetime doses of the cancer vs. not cancer grvups. However, it must

be noted that the standard deviations in the lifetime dose for the cance'r

vs. the non-cancer groups are highly different (70.80 vs 157.63). The

statistical test which was used above is quite sensitive to differences

in the group standard deviations. The result which it gives cannot be

accurately interpreted. Therefore, an additional test statistic was

computed for this table. That statistic is the Welch-Alpin t-test. The

statistic is computed as follows:

Rn - Rc

!cn2 2
t + cc=

Rn Kc

-45-
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For the data in question this statistic evaluates :

20.85 - 38.31 -17.46 = - 1.15=

15.19

\j
kl (70.08)2 + (157.63)2t =

265 .117

That . statistic is distributed as Student's distribution for degrees of

freedom which depend on the standard deviation of the two groups. However,
"

even for infinite degrees of freedom the value -1.15 will not allow us to
,

reject the hypothesis that the group means are equal with the same degree

of confidence that the above procedure allowed. We find, therefore, no
i

reason to reject the hypothesis of equality. '

To summarize the results of the above analysis: The total lifetime

dose incurred by the cancer vs. the non-cancer groups of the population

, a.re not statistically different and we see no reason tc claim that the
; simple lifetime dose is related to death by cancer. This is, of course,
|

not to claim that the same would be true fcr all lifetime doses at all non-

Lethal levels only that it is true for the occupational levels encountered

by the Hanford ' cohort.
'

The final basic question with which this section shall deal is: Does.

age at death differ for exposed vs. non-exposed populations? We performed

' two basic types of analyses to investigate the question.
'

First the mean age at death was computed for the exposed vs. the non-
./ ,.

exposed groups with the following results:

.!

s. 4 <

,

-46-
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Table 34

d = 7I not exposed - 7I exposed

Mean Age
At Death a n

Not Exposed 59.1 7 13.66 2354

Exposed 59.72 12.87 1638

,
All 59.50 13.20 3992

The test statistic and the results of the test of the hypothesis that.

the observed difference in the mean age at death for exposed vs. non-exposed
'

.

population are shown below:

.-d/of=-1.29
.

P(|d/o|}>1.295)=.1953.

H : d = o vs. Hj : d/o. g

Again we have no reason to reject the hypothesis that the age at death

is, on average, equal.
,

In addition, we correlated age at death with lifetime dose with the

following results:

Table 35

2r r P(r) n

All .0104 .00011 .37 3992

Male .00729 .00005 .41 3610

Female .0822 .00675 .05 382

We note that over all and in the male sub-population that there is

no significant correlation between life span and lifetime dose. However,

there is a slight positive correlation in women at the .05 level of con-
'

fidence. . This indicates that longer life spans are weakly associated with

-47 .
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higher lifetime dosages. The source of this relationship is unclear at

present. As further data accumulate from other sites the i sue will,

presumably, be resolved.

With one noteworthy exception, the analysis described in this

section can be characterized as uninformative with regard to who will

die of cancer.

To summarize the analytical results of this section we found one

significant result and many non-significant results:

Men who died at ages from 45-54 and were exposed died from.

cancer almost twice as often as similar men who were not

exposed. There were 531 men in that age bracket and 20.7

percent of the exposed men died of cancer while 11.8 percent

of the non-exposed men died of cancer.

No significant relationship between exposure and cancer death.

in any other age bracket for men.-

No- significant relationship between exposure and cancer death.

for women.

No difference in the rate of dosage for subjects who died of.

cancer versus subjects who did not die of cancer. With rate

of dosage being computed as:

(lifetime dose) / (year: exposed).

No difference in the average age at death for exposed versus non-.

exposed populations.

No correlation between lifetime dose and life span for males..

A slight positive correlation between life span and total.

lifetime dose for females. It is to be emphasized that this

correlation is very weak and that it is certainly not clear

that higher lifetime doses cause longer life.
-48-
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This section describes the application of multivariate discriminant

analysis to the prediction of which subjects in the cohort died of cancer.

It does not attempt to develop a dose response for the population because

of the multivariate nature of the predictive model. The preserte of

non-radiological variables in the model also makes the interpretation of

any dose response relationship difficult and error pro ne.

The primary purpose of the section is to explore the relationship of

certain of the independent variables as they act in concert to predict who

in the cohort died of cancer. As was shown in the section in basic statis-

tical tests, these variables taken one at a time have little power to

predict who died of cancer except in one age bracket for the men of the

cohort. However, it is sometimes the case that the more complete description

provided by several variables will allow good predictions to be made even

when these same variables, individually, do not. ' There are a variety of

variables in the Hanford data which may act--both simply and jointly--in

explaining variaticns in the risk of cancer death observed in the cohort.

Since there are several relevant variables and some of these are continuous

in nature the method of multi-way contingency tables which is often employed

for multi-variate analysis is not practical. In this casa it would result

in more cells in the multi-way cross classification than there are cascs in

: the Hanford data. We will therefore employ a discriminant analysis which

! will develop a linecr ccmbination of variables which will maximally separate

the cancer from the non-cancer groups. We will then use this linear combina-

tion to classify the cases as cancer vs. non-cancer as cause of death. Several

analyses of this type were performed in the attempt to identify those variables

in the data that have tne best ability to separate the cancer from the non-cancer

deaths. The set of variables with which we began our discriminant analysis is

-49-
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.

comprised of:

Total life time dose.

~

The peak exposure rate.
,

Years exposed.

The cancer death ratio for women.

The cancer death ratio for men.

The year at death.

Average rate of exposure..

Several of these variables were derived from the data provided by the

commission. How each of these was derived is described below:

The peak exposure rate - The cumulative lifetime- dose is available.

at death, three years prior, five years prior, ten years prior,

fifteen years prior, tv,enty years prior and twenty-five years prior

to death. The average dose rate for each.of the intervals defined,

by these cumulative doses was computed as: (incremental exposure

in interval)/(years in interval). The maximum rate of the above set

is taken as peak exposure rate.

' Years exposed - Years excosed is found by examining each of cumula-.

tive lifetime exposures at the above described points. Tor example,

-if the dose twenty-five years before death is non-zero then the
-

years exposed variable is nominally defined as 25. If the twenty-

five years prior to death exposure is zero and the twenty years

prior to death exposure is non-zero then the years exposed variable

is defined as 20.

-50-
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,

The cancer death ratio for women - The cancer death ratio for women.

is computed as a function of age at death. For each of the age

brackets:

- 25-34

- 35-44

- 45-54

- 55-64

- 65-74

- 75-84 .

- 85-94

- 95-104

- 105-114

The cancer death ratio (CCF) was computed as follows:

CDRF= (# of female cancer deaths)/(# of female deaths).

' The cancer death ratio for men - The cancer death ratio for men was.

computed as above, except that male decths were used.

The average rate of' exposure - The average rate of exposure was '

.

computed as: (lifetime dose)/(years exposed).

Though this method is well established in the field of cardiovascular

P epidemiology, as can be found in the references, there are certain hazards
|

[ which must be guarded against in its use.
I

L ~ 0ne problem which may Cause difficulty i- the form of the cancer death
i

| ratio as a function of age at death. If this ratio is increasing with age
|

| at death, and the total lifetime dose is increasing with age ct death, increas-
|

ing risk of death by cancer may be falsely attributed to dose when the better'

.

-51-
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explanation is age.
' Another problem is that the individual variablesmay be highly inter-

correlated leading'to results which are difficult to int::rpret.

: Regarding the first possible problem, the form of the cancer death

ratio is of primary interest. The cancer death ratio for the male and female

general populations of the United States was computed. The results are<

4-

shown on the following pages. It is clearly observable that the cancer

death ratio is not increasing with age at death after age 60 for men and
1

after age 50 for women. The cancer death ratio which was derived for the men
;

and women of the cohort is shown on the same axes. This implies that,even
:
'

if lifetime dose and age at death are correlated, that confunding of the

effects of increasing dosage and increasing age is r.ot a problem of' practical

concern for this study.

To address the problem of the degree to which the independant variables

.

in the discriminant model are correlated, a matrix of correlation coefficients '

' was computed for the independent variables used in the discriminant models

; to be derived. The correlation matrix for males is given below.

TABLE 36

i Correlation Matrix for Males *
i

| life average peak years age at year of
i dose rate- rate exposed death death

.

life dose 1 .854 .929 .257 .034 .182
,

; average rate 1 .907 .129 .128 .082

1

* peak rate 1 .239 .076 .158

years exposed 1 .24 .494

;

age at death 1 .3827'

t
.

year of death 1,

*All correlation coefficients significant at .05.
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Some.important observations on this correlation matrix are:

Three of the radiological variables are strongly intercorrelated.
.

These are lifetime dose and the two variables which were derived

from it, so intercorrelation is not surprising.

' Age at death shows slight negative correlations with lifetime.

dose, average rate, and peak rate. This again points up the fact

that age and age correlated factors will not be confounded with

these three radiological variables. -

Age at death is correlated with years of exposure for the male.

subpopulation of the cohort.

Year Ot. death and age at death are correlated..

The correlation matrix for the independant variables used in predicting

which females in the cohort died of ::ancer is shown on' the accompaning Table 36.

Some important observations about this correlation matrix are:

There is no significant correlation between age at death and life-.

time dose, average rate of exposure, peak rate of exposure, and

years exposed.

As with the males, the radiological variables are inter-correlated
.

among one another.

|

at deathYears exposed is correlated with age.
.

I
These observations will be recalled in order to clarify the interpre-

,

tation of the discriminant models which have been contructed for this _ study.
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TABLE 37

Correlation Matrix for Females

life average peak years age at year of
dose ra te rate exposed death death

life dose 1 .881* .945* .426* .074 .09
.

average rate 1 .889* .389* .04 .039
I

peak rate 1 .423* .064 .065
.

years exposed 1 .095 .221*
.

age at death 1 .095*

year of death 1

I

*Signi.ficant at the .05 level of confidence.

In many cases, such as the highly correlated radiological variables

used here, the complete set of independent variables at hand contain

redundant information about the difference between the two groups being

investigated. In some cases the variables at hand may not be useful in

discriminating the members of one group from the members of the other.

Sequential selection procedures for variables to be used in discriminant

models have been developed. In this analysis 3 generalized distance measure

(V which was proposed by C.R. ,Peo) is used. The final discriminant model

is constructed in a step-wise manner one variable at a time. First. the

variable which produces the greatest distance between the groups is used to

create a single variable prediction for group membership. Thereafter, the

model is sequentially augmented by the variable from the full set which adds

most to the distance between groups already attained with the previous

-56-
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variables. Often a reduced set of variables can be found wnich is almost

as good, or even better than the full set. When no variable from the full

set can be. found which increases the di:tance of the two groups from one

another,the analysis is terminated. The interested readcr is referred

to the references listed under statistical methods in the bibliography.

The test of significance for each of the variates as they are added to the

model can be found in Cooley and Lohnes (1971 page 175).

The first discriminant analysis which was conducted was based on the

male population and the following set of variates:

Cancer death ratio for males (CDRM).

Peak exposure rate.

Lifetime dose *.

Average rate of exposure.

Year at death.

'. Years exposed

The actions taken in the step-wise procedure are summarized on Table 37.

Of the six available variables, three entered the model.

* Coded as 0=0, 1-99=1, 99+=2. The raw lifetime dosages never
entered into the models generated by step-wise methods. Raw dosages in fact
decreased the distance between the cancer and not-cancer groups.
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TABLE 38

Step-wise Discriminant Analysis-Males

steo variable entered Rao's V aV sienificance

1 CDRM 47.72 47.72 p<.00009

2 year at death 51.53 3.81 .05
*

3 life dose * 52.79 1.26 .26

* Coded as 0=0, 1-99=1, 99+=2. The raw lifetime dosages ne er entered into
the models generated by stepwise methods. Raw dosages in fact decreased the
distance between the cancer and not-cancer groups.

.

For the male subpopulation, in the aggregate, only one radiological variable

enters and it is not associated with subsequent death by cancer at an

even marginal level of significance. However, since significant variability

from ige bracket to age bracket was observed for the association of simple

exposure with cancer death using the Mantel-Haenzel procedure in the previous

section an age stratified analysis was undertaken herr. as well. For each of the

age brackets previously described, a step-wise discriminant analysis was performed.

The findings for each age bracket were:

25-34 - Only two cases of cancer caused death were found so no.

significiant findings were possible.

35-44 - No significant predictive variables were found..

45-54 - Years exposed is correlated (canonically) at the .001.

level of confidence with subsequent death by cancer. The average

rate of exposure enters the model but is significant only at .09.
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55-64 No variables were significantly associated with subsequent.

cancer death.

65-74 - No variables were significantly associated with subsequent.

cancer death.

. . 75-84 - The average rate of exposure was associated with subsequent"

cancer death with p-value .0001, and year of death at. 035~.

o
85-94 - No radiological variables were significantly associated.

with subsequent cancer death.

For each of the two age brackets in which significant findings were

uncovered, the step-wise analysis is presented in a table. First, for the

45-54 age bracket we have:

TABLE 39,

Step-wise Discriminant Analysis
Males ages 45-54 at death

step variable entered Rao's V AV sianificance

1 years exposed 10.55 10.55 001.

2 life dose 13.45 2.39 089.

Canonical Correlation: .157, significance: .001

.

6

6 e
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The power of this model to predict who in.this age bracket' died from

cancer is shown in the following four-fold table:

Actual Predicted

not-cancer cancer
.

not-cancer 082 157

he -
cancer 46 46

.

From which it can be seen that the model correctly predicts 328 of 531

or 61.77 percent of the cases.

As was noted earlier, the years exposed variable is correlated with

age at death, but _in a single age bracket this is of no great concern. It

is to be noted that increasing periods of exposure point towards increasing

risk of cancer death.

Turning now to the other age bracket in which significant results

were focused we have the following:
,

-
.

TABLE 40

Step-wise Discriminant Analysis
Males ages 75-85 at death

step variable entered Rao's V aV significance

1- average rate 15.68 15.68 .0001

2 year of death 20.11 4.4 .0353

Canonical Correlation: .17, significance: .0001

.

"
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The predictive power of this model is expressed in the following table:

Actual Predicted

not-cancer cancer

not-cancer 404 160

cancer 68 45

-o

'

From which it can be seen that the model correctly predicts 449 out of 677

or 66.3 percent of the cases correctly with high average rates pointing in

the direction of increasing cancer risk.

The method of step-wise discriminant analysis was applied to the women

of the cohort. The variables available for inclusion into the model are

the same as were available for the males except for the cancer death ratio

(CDRF).which was computed specifically for the female sub-sample. The lifetime

dose was again coded as was that for the males. When the raw lifetime dose

scores were made available to the step-wise discriminant procedure the

variable was not included in the model because it decreased the inter-group

separation rather than increasing it - even trivially. The table describing

the course of the stepwise discriminant analysis for the female subpopulation

is shown on the following page (Table 39). Two of the radiological variables

are associated with subsequent cancer death at a p-value of .06. This is

not quite significant to a classical degree of one chance in twenty. They are

significant to one chance in 16.67. This is obviously a borderline value.

It is to be observed, however, that this degree of association arises from
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TABLE 41

Step-wise Discriminant Analysis-Females

step variable entered Rao's V AV significance

1 CDRF 25.68 25.68 p< .00009

2 . peak rate 29.09 3.41 .06

3 years exposed 32.52 3.43 .06
,

4 average rate 33.86 1.34 .24

5 life dose 36.36 2.5 .11'
..- _ _ _ _

.

Canonical Correlation: .295, significance: p<.00009 -

the rather small set of cases available in the cohort which were female.

.This result must be called ambiguous 'at this time. As more data become
~

H available the question should be reinvestigated. The addition of a few

hundred cases may suffice to settle.the issue.

L

.
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I
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:
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