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Abstract:

Poissonregressionmethodsare usedto describedose-
responseelationsfor cancemortality for asubcohorbf
28,347white maleradiationworkers. Age specifichase-
line ratesaredescribedusingbothinternaland external
(U.S.white male) rates.Regressionanalysesare based
on ananalyticdatastructure(ADS) thatconsistf ata-
ble of obsened deathsexpected’deaths, andperson-
yearsat risk for eachcombinationof levelsof sevenrisk
factors. The factorsare socioeconomistatus lengthof
employment, birth cohort, ageat risk, facility, internal
exposure, and externalexposure. Eachobsenation in
the ADS consistof theindex valueof eachof the strat-
ifying factors,the obseneddeathsthe expecteddeaths,
theperson-yearsgandthetenyearlaggedaveragecumu-
lative dose.Regressiordiagnosticshow thatalinearex-
ponentialrelative risk modelis not appropriatdor these
data. Resultsare presentedisinga main effects model
for factorsotherthan external radiation,and an excess
relative risk termfor cumulative externalradiationdose.

Datasetsandcomputeiprogramsareavailablevia the
Internetat <www.epm.ornl.gov/~frome/>—see(Oak
RidgeMortality Study).

1. Intr oduction

Thisreportconsiderstatisticalissuegelatedto combin-
ing datafrom multiple facilitiesto evaluatethe potential
adwersehealtheffectsof low-level occupationaéxposure
to ionizing radiation. A detaileddescriptionof the data
collectionandvalidation proceduresas well astakular
and graphicalsummariesof the resultingdatabaseare
presentedn companionreports[13, 12, 14]. The anal-
ysis files (which are SAS datasets,seeFigure 1) are
the starting point for the dataanalysisprocess. After
reviewing the radiationexposuredataandthe monitor
ing andrecordingprocedurest eachof the Oak Ridge
plants,we decidedo limit our dose-responsanalysigo
the subcohortof white maleswho were ever employed
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Figure 1: ProcedureUsedto GenerateThe Analytical
DataStructure

atthe X-10 or Y-12 plant. About thirty percentof these
workerswereemployedat morethanoneOak Ridgefa-

cility. Mostof theworkersin thesubcohortvoreperson-
nel monitoring devices that recordedestimatesof their
externaldoseover their employmenthistory. For inter-

nalradiationexposurehemonitoringpoliciesandproce-
duresvariedconsiderablyamongfacilitiesandovertime

[13, 14]. In this combinedanalysistheinternalradiation
exposurelG waslimited to the threecategories(seeTa-

ble1).

2. GeneratingThe Analytic Data Structure
(ADS)

The threeexposureanalysisfiles at the top of Figure 1
containtheexternaldoseestimateandtheinternalexpo-
sureindex for eachyearthat a personworked at X-10,
Y-12,0r K-25. In additionto the usualtime related vari-
ables(i.e. birth cohort,age-at-risktherewerethreetime
dependent covariates:



i) cumulatve externaldosein yeart;
i) sequentiainternalexposurecategyoryin yeart;
i) facility in yeart (asdescribedn [7])

Theentryandexit datesfor thetime dependentellsalso
includea lag of two, ten, or twenty years. The person-
epoch[3] approactwith groupingonthetime dependent
covariateds usedto generatehe ADS shovn atthe bot-
tom of Figure1. The factorsin Table 1 are usedto il-
lustratethe procedurehat wasfollowedto generatehe
ADS for ourdose-responsmnalysiqusingall cancemith
atenyearlag asanexample.

Thefirst stepin thedatareductionprocessvasto cre-
atethe“workingfiles” (seeFigurel) for thesubcohorbf
X-10/Y-12white males.Thesdileswereneededo com-
bine datafor individualsemployed at morethanonefa-
cility. TheCumulative External Dosefile containsyearly
cumulative externaldosedata(with atenyearlag) from
all previousyearsof employmentat all Oak Ridgefacil-
ities.

In the secondstep the variablesin thesetwo work-
ing fileswereusedto divide eachindividualinto pseudo-
persons accordingto changesn category membership
for the time-dependentovariates. Eachrecordin this
file hadan entry dateandexit datefor oneof the time-
dependenstrataandall additionalinformationthatwas
neededy mortality analysissystem(MAS) [9] for exact
computatiorof person-yeardn this examplethe 28,347
workers are partitionedinto 61,597 pseudo-indiiduals
for processindgy MAS.

Inthethird steptheMAS programwasusedto gener
atea person-yearmatrix for five yearageandcalendar
yearintervalsfor all possiblecombinationf factorsof
interest(seeTable 1). Eachof thesematriceswasthen
multiplied by theappropriateatetablefor eachcauseof
deathcategory. Thisresultsin a sevendimensionatable
that contains4,230cells with personyearsgreaterthan
zero. Eachcell in the ADS containsthe index values
for eachof thefactors the person-yearghe person-year
weightedaveragedose theobseredandexpectedieaths
for eachcauseof deathcategory. The ADS usedto ob-
taintheresultsin TablesVI—VIIl of Fromeet al. [7] is
availablethroughCEDR[2]. Theall cancersubseused
in thisreportcanbeobtainedatthe URL in the Abstract.
Table AIV in ORNL-6785[7] shawvs the maminal dis-
tribution of person-yearsy facility anddosegroupfor
X-10/Y-12 workers(white males)with atenyearlag.

2.1 Fitting The Main Effects Model

ThegeneralPoissorregressiomodelis

E(yjk) = njiAjk = MidiR(Z;, %), (1)

Table1

FactorsUsedto DefineADS for Dose-Response
Analysisfor White MalesEmployedat the X-10 or Y-12 Facility
Levels

Factor Description

A 15 Attainedage:Five-yearintervals
B 5 Birth cohorts:Ten-yearintervals
S 2 SES- Paycode:Monthly vs Non-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 Externalradiationdosegroupcut points(mSv):

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

where jx representshe unknavn mortality rate, yj is
the numberof deathsandnjx denoteghe person-years
atrisk in the jKI" cell of an ADS. The j subscriptindi-
catesthedimensionof the ADS thatcorrespondo fac-
tors of secondaryinterest(e.g., birth-cohort, SES)and
thek subscriptindicatesexposurerelatedcovariateshat
are of primary interest,i.e. facility, internal exposure,
andexternaldose.

Eq.(1) was usedto describethe joint effects of each
of the explanatoryvariablesof intereston cause-specific
mortality. Maximum likelihoodestimateof the param-
etersandlikelihoodratio test (LRT) statisticswere ob-
tainedusingPoissorregressior[6] The baselinerate)\?k
representshe age-specifiadeathrate for individuals at
thereferencdevel of eachof the explanatoryvariables.
In previousreportsonthe X-10 only subcohor{15, 16] a
parametrienodelwasusedto describghebaselingates,
i.e.

A9 = explo + 0log(Ajk/52.5)],

whereAjx = ageat interval mid-point. In Fromeet al.
[7, 8] theexternal/internamodel([1], Chapterd)

)‘(j)k = Njkexp (Zja),

in which the baselineratesare assumedo be propor
tional to the known external standardratesAj, (U. S.
white malerates)wasused.

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

For theinternalanalysethe ERR main effectsmodel
is expresseds

rik=exp[AL+B+S+L+I1G+F|(1+D),

whererjk = yjk/njk is the obsered cancerdeathrate
per thousandpersonyearsat risk in the jK" cell, and
AL = log(Ajk/52.5). In this specificatiorall of theterms
arefactors(oneparametefor eachlevel) exceptfor AL

and dose(D), and birth cohortis the “referentfactor”.



For corveniencein describingresultsthe corvention—
[4] Chapter22—of dropping Greekletters (that repre-
senttheunknowvn parametersandlisting theexplanatory
variablesthat define the relative risk function is used.
This corresponddo standardGLIM notation[5] for a
log-linearmodelwith factorsB, S, L, I1G, andF (seeTa-
ble2.).

The baselineratesare describedby the first six esti-
matesin column?2 of Table2, e.g. for the 1910-19birth
cohortthe estimateaselineratesarelog(rate)= 0.728
+ 5.20*log (age/52.5). Consequentlythe estimatedor
thefactorB in columntwo (lines 2 through6) of Table
2 representhe log of the all cancermortality rate for
eachof the five birth cohortsat the referenceage52.5
(i.e. they aretheinterceptparameters)Theestimatesor
eachlevel of thefactorsS, L, I1G, andF arerelative risks
in L% units (seeTornquvistet al. [11]), with the first
level of eachfactorasthereferentcatgyory. The next to
lastvaluein columntwo is the estimatedcoeficient for
externalradiationdoseandrepresentshe changein the
ERR per Sv. Estimate®of the standarderrorsof eachof
the parameteestimatesare givenin column3 of Table
2, andlikelihood ratio based95% ClI are given for the
ERRin thelastrow. The 95 percenttonfidencentervals
were obtainedusing the bounds commandin epicure
[10] (atthe URL in the abstracteeaf-tabv.txt at “Data
andComputerPrograms”).

For the “external/internal’analysis

fik = &p[A+B+S+L+1G+F+D](1+D),

wherer jx = yjk/njkh%, is the SMR for the jki" stratum
and A = (age- 52.5)/100. The main differencesbe-
tweenthis and the internalanalysisarein birth cohort
andageterms.The estimatedor referentfactorB (birth
cohort)in column4 lines 2 through6 of Table 2 repre-
sentthe SMRfor eachbirth cohortin L% units,i.e. exp(-
10.1/100)= 0.919is the estimatedSMR for the 1910-19
birth cohort at the referencelevel of eachof the other
factors.Interpretatiorof the levels of the referentfactor
is straightforvard. Theseestimateglines 2 through6 in
column4 of Table2) shaw, thatthe all cancemortality
ratesfor thereferentgroup(X-10 only nonmonthlylong
termworkersthatwereeligible but not monitoredfor in-
ternalradiationexposure)are lessthanthe U. S. white
male rates,and that the decreases larger for younger
workers,i.e. the morerecentbirth cohorts. The param-
eterestimatedor the factorsS, L, IG, andF (in column
4) have the sameinterpretationasin the internalanal-
ysis, andare almostidenticalin numericalvalueto the
correspondingstimatedrom the internal analysis(see
column 2). The estimatefor the ageterm in column
4 describeqandadjustsfor) ary systematiage-related
differencein the externalratesand the study cohortin
percenfperyearunits.

Table2
Comparisonof Parameter EstimatesFor ERR Main Effects Model All Cancerwith Ten Year Lag
(N=28,347)White Males Ever Employedat X-10 or Y-12 Between1943and 1984

Internal® External/inter nalP
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
€ NonM 0 . 0 .
M vsNonM -41.0 8.3 -41.3 8.3
L Worked1 Yr + 0 . 0 .
Workedj 1Yr 11.8 9.1 11.3 9.1
IG Elig NotM 0 . 0 .
EligM 5.8 75 4.3 75
Not Elig 26 8.7 29 8.7
F X-10 0 . 0 .
Y-12vs X-10 15.6 8.6 15.3 8.6
Mult vs X-10 6.1 7.8 5.9 7.8
D& Ext Dose(Sv) 152 0.82 1.45 0.81
95%ClI (0.18,3.59) (0.15,3.48)

aForimernaIanaI iner imatedisinglog (age/52.5for theageterm,sothatfor B=
1910-19,exp (.743)= 2.11cancerdeathgper 1000. Notethatfor U.S. white malesbornin 1915the cancer
mortality rateatage52.5is 2.24/1000.

For External/Internamodelbaselineratesare estimatedusinglog ()‘T) asan “offset” aspartof the
ageterm(\* areknown ratesfrom vital statisticsfor U.S.white males).Consequently, for B = 1910-19exp
(-8.5/100)= .907,is the estimatedSMR for the 19 15 birth cohortat the referencdevel of the otherterms.
Theagevariable definedas(age- 52.5)/100wasincludedto reflectedary systematiagerelateddepartures
from theexternalrates.

CThe coeficientsfor thefactorsS, L, |G, andF arerelative risk estimatesn L% units, i.e. thecancer
relative risk estimatefor monthly vs non-monthlyworkersis exp (-41.9/100)= 0.66.

d ERRper Svwith 95%likelihood basedconfidencentervals.

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 + 153

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

+ 0o = 95 110
+ 15 = 110 112
+ 0o = 318 073
+ 15 = 303 0.74

The relative risk estimatedor the exposurevariables
IG, F, andD areadjustedor effectsof the confounding
variablesage,B, S,andL. Theirvaluesarereadilycom-
binedto obtainanestimateof the SMR for any combina-
tion of factorlevelsanddose.Considerfour individuals
in the 1910-19birth cohort, who were long-termY-12
only workersandwere monitoredfor internalradiation
exposure. Further supposehat the first two werenon-
monthly, andthatthe secondwo weremonthly, andthat
two of themrecevedcumulative externalradiationdoses
of 0.01Sv. Usingthe parameteestimategrom column
4 of Table2 we obtaintheresultsin Table3.



Relative Risk For All Cancer With Ten Year Lag Using Unadjusted Doses
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Figure2: Fitteddose-respondenctions.

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

In previousreports[15, 16], the exponentialrelative risk
function,exp(pD), wasusedto describetheeffectof cu-
mulativeradiationdoseon cancerisk. Onewayto check
thevalidity of the exponentialrelative risk functionis to
plot estimate®f therelativerisk versugheaveragedose
in eachof the dosecateyories(seeFigure 2). Another
approachs to useregressiordiagnostictechniqueghat
describethe influenceof individual data points on pa-
rameterestimategl, 6]. Thediagonaltermfrom the hat
matrix h; providesa measureof the influenceof each
cell in the ADS. Theleft handpanelof Figure3 shavs
theh; values—scaledsothataverage(h) = 2— plotted
againstthe dosevalue for eachof 4160 cells that were
usedin the example. This plot indicatesthattherearea
smallnumberof cellswith high relative influencein the
highestdosegroup. To directly evaluatetheinfluenceof
eachcell in the ADS on the dose-responseoeficient 3,
themaineffectsmodelwith exponentiakelative risk was
fit to eachtableobtainedoy deletingthe jth cellto obtain
B(j)- Therelatve percentchangein B (RCB) dueto the

jth cellis then
rce=100( PP
SE3

Theright handpanelof Figure3 shavs the RCB values
plotted versusdosefor this example. This plot shavs
that thereare a small numberof cells with high lever

agevaluesfor the linear exponentialdose-responseo-
efficient. This suggestshatthe exponentialrelative risk

dose-responseelation may not be appropriatefor this
data. Table XI in [7] providesa more detailedevalua-
tion of alternatve dose-respondinctions,andFigure2

furtherdemonstrat¢his point.
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