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Abstract:

Poissonregressionmethodsare usedto describedose-
responserelationsfor cancermortalityfor asubcohortof
28,347whitemaleradiationworkers.Agespecificbase-
line ratesaredescribedusingboth internalandexternal
(U.S.white male) rates.Regressionanalysesarebased
on ananalyticdatastructure(ADS) thatconsistsof a ta-
ble of observeddeaths,”expected”deaths, andperson-
yearsat risk for eachcombinationof levelsof sevenrisk
factors.The factorsaresocioeconomicstatus,lengthof
employment,birth cohort, ageat risk, facility, internal
exposure, andexternalexposure. Eachobservation in
theADS consistsof theindex valueof eachof thestrat-
ifying factors,theobserveddeaths,theexpecteddeaths,
theperson-years,andthetenyearlaggedaveragecumu-
lativedose.Regressiondiagnosticsshow thatalinearex-
ponentialrelative risk modelis not appropriatefor these
data. Resultsarepresentedusinga main effectsmodel
for factorsother thanexternal radiation,andan excess
relativerisk termfor cumulativeexternalradiationdose.

Datasetsandcomputerprogramsareavailablevia the
Internetat �����������
	�����
�����������
�����������
�������� —see(Oak
RidgeMortality Study).

1. Intr oduction

Thisreportconsidersstatisticalissuesrelatedto combin-
ing datafrom multiple facilitiesto evaluatethepotential
adversehealtheffectsof low-leveloccupationalexposure
to ionizing radiation. A detaileddescriptionof the data
collectionandvalidationprocedures,aswell as tabular
andgraphicalsummariesof the resultingdatabaseare
presentedin companionreports[13, 12, 14]. The anal-
ysis files (which are SAS datasets,seeFigure 1) are
the startingpoint for the dataanalysisprocess. After
reviewing the radiationexposuredataandthe monitor-
ing andrecordingproceduresat eachof the Oak Ridge
plants,wedecidedto limit ourdose-responseanalysisto
the subcohortof white maleswho wereever employed
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Figure 1: ProcedureUsedto GenerateThe Analytical
DataStructure

at theX-10 or Y-12 plant. About thirty percentof these
workerswereemployedat morethanoneOakRidgefa-
cility. Mostof theworkersin thesubcohortworeperson-
nel monitoringdevices that recordedestimatesof their
externaldoseover their employmenthistory. For inter-
nalradiationexposurethemonitoringpoliciesandproce-
duresvariedconsiderablyamongfacilitiesandovertime
[13, 14]. In thiscombinedanalysistheinternalradiation
exposureIG waslimited to the threecategories(seeTa-
ble1).

2. GeneratingTheAnalytic DataStructure
(ADS)

The threeexposureanalysisfiles at the top of Figure1
containtheexternaldoseestimate,andtheinternalexpo-
sureindex for eachyearthat a personworked at X-10,
Y-12,or K-25. In additionto theusualtime related vari-
ables(i.e. birth cohort,age-at-risk)therewerethreetime
dependent covariates:



i) cumulativeexternaldosein yeart;

ii) sequentialinternalexposurecategory in yeart;

iii) facility in yeart (asdescribedin [7])

Theentryandexit datesfor thetimedependentcellsalso
includea lag of two, ten,or twenty years. The person-
epoch[3] approachwith groupingonthetimedependent
covariatesis usedto generatetheADS shown at thebot-
tom of Figure1. The factorsin Table1 areusedto il-
lustratetheprocedurethatwasfollowedto generatethe
ADS for ourdose-responseanalysisusingall cancerwith
a tenyearlag asanexample.

Thefirst stepin thedatareductionprocesswasto cre-
atethe“workingfiles” (seeFigure1) for thesubcohortof
X-10/Y-12whitemales.Thesefileswereneededto com-
binedatafor individualsemployedat morethanonefa-
cility. TheCumulative External Dose file containsyearly
cumulativeexternaldosedata(with a tenyearlag) from
all previousyearsof employmentat all OakRidgefacil-
ities.

In the secondstep the variablesin thesetwo work-
ing fileswereusedto divideeachindividualinto pseudo-
persons accordingto changesin category membership
for the time-dependentcovariates. Eachrecordin this
file hadan entry dateandexit datefor oneof the time-
dependentstrataandall additionalinformationthatwas
neededby mortalityanalysissystem(MAS) [9] for exact
computationof person-years.In thisexamplethe28,347
workers are partitionedinto 61,597pseudo-individuals
for processingby MAS.

In thethird steptheMAS programwasusedto gener-
atea person-yearsmatrix for five yearageandcalendar
yearintervalsfor all possiblecombinationsof factorsof
interest(seeTable1). Eachof thesematriceswasthen
multipliedby theappropriateratetablefor eachcauseof
deathcategory. This resultsin a sevendimensionaltable
that contains4,230cells with personyearsgreaterthan
zero. Eachcell in the ADS containsthe index values
for eachof thefactors,theperson-years,theperson-year
weightedaveragedose,theobservedandexpecteddeaths
for eachcauseof deathcategory. TheADS usedto ob-
tain theresultsin TablesVI—VIII of Fromeet al. [7] is
availablethroughCEDR[2]. Theall cancersubsetused
in this reportcanbeobtainedat theURL in theAbstract.
TableAIV in ORNL-6785[7] shows the marginal dis-
tribution of person-yearsby facility anddosegroupfor
X-10/Y-12workers(whitemales)with a tenyearlag.

2.1 Fitting The Main EffectsModel

ThegeneralPoissonregressionmodelis

E . y jk /10 n jkλ jk 0 n jkλ0
jkR . Z j 2 Xk / 2 (1)

Table1
FactorsUsedto DefineADS for Dose-Response

Analysisfor WhiteMalesEmployedat theX-10 or Y-12Facility

Factor Levels Description

A 15 Attainedage:Five-yearintervals
B 5 Birth cohorts:Ten-yearintervals
S 2 SES- Paycode:Monthly vsNon-Monthly
L 2 Lengthof employment:

lessthan1 yearvs oneyear+

IG 3 InternalExposure:
EN - Eligible andNot monitored
EM - Eligible andMonitored
NE - Not Eligible

F 3 Facility: X-10, Y-12,or Other
X 10 Externalradiationdosegroupcutpoints(mSv):

0, 5, 10,20,40,80,160,320,640+.

whereλ jk representsthe unknown mortality rate,y jk is
the numberof deaths,andn jk denotesthe person-years
at risk in the jkth cell of anADS. The j subscriptindi-
catesthedimensionsof theADS thatcorrespondto fac-
tors of secondaryinterest(e.g., birth-cohort,SES)and
thek subscriptindicatesexposurerelatedcovariatesthat
are of primary interest,i.e. facility, internal exposure,
andexternaldose.

Eq.(1) wasusedto describethe joint effectsof each
of theexplanatoryvariablesof intereston cause-specific
mortality. Maximumlikelihoodestimatesof theparam-
etersand likelihoodratio test (LRT) statisticswereob-
tainedusingPoissonregression[6] Thebaselinerateλ0

jk
representsthe age-specificdeathrate for individualsat
the referencelevel of eachof theexplanatoryvariables.
In previousreportsontheX-10 only subcohort[15, 16] a
parametricmodelwasusedto describethebaselinerates,
i.e.

λ0
jk 0 exp 3αk 4 θ log . A jk 5 526 5/87 2

whereA jk = ageat interval mid-point. In Fromeet al.
[7, 8] theexternal/internalmodel([1], Chapter4)

λ0
jk 0 λ 9 jkexp . Z jα / 2

in which the baselineratesare assumedto be propor-
tional to the known external standardratesλ 9 jk (U. S.
whitemalerates)wasused.

To contrast and further explain thesetwo models
both of them wereapplied to the data for the sevendi-
mensionaltable of observed and expecteddeathsfor
all cancersfor the X-10/Y-12subcohort.

For the internalanalysestheERRmaineffectsmodel
is expressedas

r jk 0 exp 3 AL 4 B 4 S 4 L 4 IG 4 F 7 . 1 4 D / 2
where r jk 0 y jk 5 n jk is the observed cancerdeathrate
per thousandpersonyearsat risk in the jkth cell, and
AL 0 log . A jk 5 526 5/ . In thisspecificationall of theterms
arefactors(oneparameterfor eachlevel) exceptfor AL
and dose(D), and birth cohort is the “referent factor”.



For conveniencein describingresultsthe convention—
[4] Chapter22—of droppingGreekletters(that repre-
senttheunknownparameters)andlisting theexplanatory
variablesthat define the relative risk function is used.
This correspondsto standardGLIM notation[5] for a
log-linearmodelwith factorsB, S,L, IG, andF (seeTa-
ble2.).

The baselineratesaredescribedby the first six esti-
matesin column2 of Table2, e.g. for the1910-19birth
cohorttheestimatedbaselineratesarelog(rate)= 0.728
+ 5.20*log (age/52.5).Consequently, the estimatesfor
the factorB in columntwo (lines 2 through6) of Table
2 representthe log of the all cancermortality rate for
eachof the five birth cohortsat the referenceage52.5
(i.e. they aretheinterceptparameters).Theestimatesfor
eachlevel of thefactorsS,L, IG, andF arerelative risks
in L% units (seeTörnquvistet al. [11]), with the first
level of eachfactorasthereferentcategory. Thenext to
lastvaluein columntwo is theestimatedcoefficient for
externalradiationdoseandrepresentsthechangein the
ERRperSv. Estimatesof thestandarderrorsof eachof
the parameterestimatesaregiven in column3 of Table
2, and likelihoodratio based95% CI aregiven for the
ERRin thelastrow. The95percentconfidenceintervals
were obtainedusing the bounds commandin epicure
[10] (at the URL in the abstractseeaf-tabv.txt at “Data
andComputerPrograms”).

For the“external/internal”analysis

r jk 0 exp 3 A 4 B 4 S 4 L 4 IG 4 F 4 D 7 . 1 4 D / 2
wherer jk 0 y jk 5 n jkλ 9 jk is the SMR for the jkth stratum
and A = (age - 52.5)/100. The main differencesbe-
tweenthis and the internalanalysisare in birth cohort
andageterms.Theestimatesfor referentfactorB (birth
cohort)in column4 lines 2 through6 of Table2 repre-
senttheSMRfor eachbirth cohortin L% units,i.e. exp(-
10.1/100)= 0.919is theestimatedSMR for the1910-19
birth cohort at the referencelevel of eachof the other
factors.Interpretationof the levelsof thereferentfactor
is straightforward. Theseestimates(lines2 through6 in
column4 of Table2) show, that theall cancermortality
ratesfor thereferentgroup(X-10 only nonmonthlylong
termworkersthatwereeligiblebut notmonitoredfor in-
ternal radiationexposure)are lessthanthe U. S. white
male rates,and that the decreaseis larger for younger
workers,i.e. themorerecentbirth cohorts.Theparam-
eterestimatesfor the factorsS, L, IG, andF (in column
4) have the sameinterpretationas in the internalanal-
ysis, andarealmostidentical in numericalvalueto the
correspondingestimatesfrom the internalanalysis(see
column 2). The estimatefor the age term in column
4 describes(andadjustsfor) any systematicage-related
differencein the external ratesand the studycohort in
percentperyearunits.

Table2
Comparisonof ParameterEstimatesFor ERR Main EffectsModel All Cancerwith TenYear Lag

(N=28,347)White MalesEver Employedat X-10 or Y-12Between1943and 1984

Internala External/Internalb

Term Estimate SE Estimate SE
Age 5.20 0.22 -0.27 0.38:

1900 0.538 0.132 -9.2 13.4
1900–09 0.731 0.102 -4.3 10.3

B 1910–19 0.728 0.093 -10.1 9.3
1920–29 0.565 0.103 -23.0 10.3
1930+ 0.072 0.181 -66.2 17.8

Sc NonM 0 . 0 .
M vs NonM -41.0 8.3 -41.3 8.3

L Worked1 Yr + 0 . 0 .
Worked¡ 1 Yr 11.8 9.1 11.3 9.1

IG Elig Not M 0 . 0 .
Elig M 5.8 7.5 4.3 7.5
Not Elig 2.6 8.7 2.9 8.7

F X-10 0 . 0 .
Y-12vsX-10 15.6 8.6 15.3 8.6
Mult vsX-10 6.1 7.8 5.9 7.8

De Ext Dose(Sv) 1.52 0.82 1.45 0.81
95%CI (0.18,3.59) (0.15,3.48)

a
For internalanalysisbaselineratesareestimatedusinglog (age/52.5)for theageterm,sothatfor B=

1910-19,exp (.743)= 2.11cancerdeathsper1000. Notethat for U.S.white malesborn in 1915thecancer
mortality rateatage52.5is 2.24/1000.

b
For External/Internalmodelbaselineratesareestimatedusinglog (λ ; j ) asan “offset” aspartof the

ageterm(λ ; j areknown ratesfrom vital statisticsfor U.S.whitemales).Consequently, for B = 1910-19,exp

(-8.5/100)= .907,is theestimatedSMR for the19 15 birth cohortat thereferencelevel of theotherterms.
Theagevariable,definedas(age- 52.5)/100,wasincludedto reflectedany systematicagerelateddepartures
from theexternalrates.

c
Thecoefficientsfor thefactorsS,L, IG, andF arerelative risk estimatesin L% units,i.e. thecancer

relativerisk estimatefor monthly vsnon-monthlyworkersis exp (-41.9/100)= 0.66.
d

ERRperSvwith 95%likelihoodbasedconfidenceintervals.

Table3

B S L IG F

-10.1 + 0 + 0 + 4.3 + 15.3
-10.1 + 0 + 0 + 4.3 + 15.3
-10.1 + -41,3 + 0 + 4.3 + 15.3
-10.1 + -41.3 + 0 + 4.3 + 15,3

log (1 + ERR)L% log (SMR) SM̂R
100log (1 + 1.5D) L%

+ 0 = 9.5 1.10
+ 1.5 = 11.0 1.12
+ 0 = -31.8 0.73
+ 1.5 = -30.3 0.74

The relative risk estimatesfor the exposurevariables
IG, F, andD areadjustedfor effectsof theconfounding
variablesage,B, S,andL. Their valuesarereadilycom-
binedto obtainanestimateof theSMRfor any combina-
tion of factorlevelsanddose.Considerfour individuals
in the 1910-19birth cohort,who were long-termY-12
only workersandweremonitoredfor internalradiation
exposure.Further, supposethat the first two werenon-
monthly, andthatthesecondtwo weremonthly, andthat
two of themreceivedcumulativeexternalradiationdoses
of 0.01Sv. Using theparameterestimatesfrom column
4 of Table2 weobtaintheresultsin Table3.
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Figure2: Fitteddose-responsefunctions.

2.2 Regression Diagnostics For The Exponential
RelativeRisk Function For All Cancer

In previousreports[15, 16], theexponentialrelative risk
function,exp . βD / , wasusedto describetheeffectof cu-
mulativeradiationdoseoncancerrisk. Onewaytocheck
thevalidity of theexponentialrelative risk functionis to
plot estimatesof therelativerisk versustheaveragedose
in eachof the dosecategories(seeFigure2). Another
approachis to useregressiondiagnostictechniquesthat
describethe influenceof individual datapoints on pa-
rameterestimates[1, 6]. Thediagonaltermfrom thehat
matrix h j providesa measureof the influenceof each
cell in the ADS. The left handpanelof Figure3 shows
theh j values—scaledsothataverage. h /A0 2— plotted
againstthe dosevaluefor eachof 4160cells that were
usedin theexample.This plot indicatesthat therearea
smallnumberof cellswith high relative influencein the
highestdosegroup.To directlyevaluatetheinfluenceof
eachcell in theADS on thedose-responsecoefficient β̂,
themaineffectsmodelwith exponentialrelativerisk was
fit to eachtableobtainedby deletingthe jth cell to obtain

ˆβ B j C . Therelative percentchangein β̂ (RCB) dueto the

jth cell is then

RCB= 100

D
ˆβ B j C�E β̂

SEβ̂ F
Theright handpanelof Figure3 shows theRCB values
plotted versusdosefor this example. This plot shows
that therearea small numberof cells with high lever-
agevaluesfor the linear exponentialdose-responseco-
efficient. This suggeststhattheexponentialrelative risk
dose-responserelation may not be appropriatefor this
data. TableXI in [7] providesa moredetailedevalua-
tion of alternativedose-responsefunctions,andFigure2
furtherdemonstratethispoint.
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