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Abstract

The potentialhazarddrom exposureto beryllium or beryllium compoundsn the workplacewerefirst re-
portedin the 1930s.Thetritiated thymidineberyllium lymphogyte proliferationtest(BeLPT)is anin vitro
bloodtestthatis widely usedto screenberyllium exposedworkersin the nuclearindustryfor sensitvity
to beryllium. Newman[18] hasdiscussedhe clinical significanceof the BeLPT anddescribeda standard
protocolthatwasdevelopedin the late 1980s. Cell proliferationis measuredy theincorporationof triti-
atedthymidineinto dividing cells on two culturedatesandusingthreeconcentrationsf beryllium sulfate.
Resultsareexpressedasa “stimulationindex” (SI) which is theratio of the amountof tritiated thymidine
(measuredy betacounts)in the stimulatedcells divided by the countsfor the unstimulatedccells on the
samecultureday Severalstatisticalmethoddor usein theroutineanalysisof the BeLPT wereconsidered
in the early 19905 by Fromeet al. [7]. The leastabsolutevalues(LAV) methodwasrecommendedor
routineanalysiof theBeLPT. Thepurpose®f thisreportareto furtherevaluatethe LAV methodusingnen
data,andto describea nev methodfor identificationof anabnormalor borderlinetest. This new statistical-
biological positve (SBP) methodreflectsthe clinical judgmentthati) at leasttwo Sls shav a “positive”
responseo beryllium, andii), thatthe maximumof the six SIsmustexceeda cut point thatis determined
from areferencalatasetof normalindividualswhosebloodhasbeentestedoy the samemethodin thesame
serum.The new datais from the Y-12 facility in Oak Ridgeandconsistof 1080worker and33 nonexposed
control BeLPTs(all testedin the sameserum). Graphicalresultsare presentedo explain the statistical
method,andthe nev SBPmethodis appliedto the Y-12 group. Thetrue positive rateandspecificityof the
new methodwereestimatedo be 86 percentand97 percentrespectiely.

The Departmentof Enegy (DOE) hasdeveloped DOE-SPEC-1142-2001:BERLIUM LYMPHO-
CYTE PROLIFERATION TESTING [24] thatdescribeghe laboratoryprocedureand statisticalanalysis
basedon the SBP methodfor usein the BeLPT. DOE-SPEC-1142-2004andthe review procesghatwas
usedto provide commentsand improvementsare available in an “electronic notebook”. The electronic
notebookNotesConcerninghe Tritiated ThymidineBerylliumLymphocytéroliferation Test(BeLPTNB)
canbeaccessetlia the Internetat http://wwwcsm.ornl.ge/~ frome/BE/tnote.html.



1 INTRODUCTION

The potentialhazardsof exposureto beryllium compoundsverefirst reportedin the 1930s. The clinical
syndromeof chronicberyllium diseas€CBD)! wasfirst describedy Hardy and Tabersha in 1946[10].
Initial speculatiorontheimmunologicbasisof chronicberylliumdiseas€ CBD) occurredn the 1950920].
Thefirst in vitro obseration of beryllium-specificcell proliferationwasdemonstrateéh 1970[9]. CBD
mainly affectsthelung,andoccursin a smallpercentagef personsxposedo beryllium dusts.Most clini-
ciansrely onevidenceof berylliumhypersensitity asoneof severalcriteriafor diagnosiof thediseaseln
vitro proliferationof lung lymphogtesretrieved by bronchoaleolarlavageandexposedo berylliumis ex-
tremelysensitie to andspecificfor thediagnosiof CBD, butis notsuitablefor screeningincecell retrieval
is aninvasive procedure—se8tokesandRossmaii21]. A lessinvasie procedurdaseddntheproliferatve
responsef bloodcellsto berylliumhasbeendevelopedandis referredio asthebloodberylliumlymphogte
proliferationtest(BeLPT).Newman[17] hasnotedthatlymphogitesisolatedfrom alunglavageor periph-
eralbloodof CBD patientsshav anin vitro responseo beryllium stimulationthatdistinguishe<CBD from
othergranulomatousung diseasesuchassarcoidosis.The BeLPT wasfirst usedasa clinical diagnostic
tool in the 1980s,andthetritiatedthymidineBeLPT asusedtodaywasfurtherdevelopedin the late 1980s.
The historicaldevelopmentandsignificanceof thetritiatedthymidineBeLPTin identificationof beryllium
sensitizatiorand CBD was reviewed by Newman at a conferenceon Beryllium-relateddiseasesn 1994
[18]. Kreissetal. [12] provide areview of epidemiologicandexperimentalwork relatedto CBD andnoted
thatthelaboratorieghatperformthe BeLPThave formedaworking group(CABST, Committeeto Accredit
Beryllium Sensitvity Testing)to resole technicalproblemsrelatedto thetest. Beryllium hasbeenusedin
the nuclearindustryfor a numberof years.Kreisset al. [14] have examinedthe epidemiologyof CBD in
a stratifiedsampleof workers at a nuclearweaponglantanddiscussthe role of the BeLPT in beryllium
diseasesuneillancein thenuclearindustry TheU.S. Departmenbf Enegy (DOE)is operatingascreening
programfor CBD thatwill eventuallyincludeapproximately30,000currentandformerberyllium-eposed
workersat 20 DOE sites. The useof berylliumin several nev economicsectorsemphasizethe needfor
medicalsuneillancein theworkplacefor CBD, seee.g.Kreissetal. [13].

Methodsusedin the calculationof BeLPT testresultsareimportantsinceit is the primarytestthatis
usedin large populationscreeningandsuneillancefor CBD. The BeLPTreliesonreplicatemeasurements

for eachcalculatedvalue(12 replicatedor controlvaluesand4 replicatedfor beryllium-stimulatedzalues).

1Abbreviationsused: AB, abnormal:AUC, areaunderthe cune; Be, beryllium; BeLPT, beryllium lymphogte proliferation
test; CABST, Committeeto AccreditBeryllium Sensitvity Testing;CBD, chronicberyllium diseaseConA, concangalin-A; CV,
coeficient of variation;df, degreesof freedom;FPR falsepositive probability; FPR,falsepositive rate; LAV, leastabsolutevalues;
LPT, lymphogte proliferationtest; MAD, medianabsolutedeviation; ORISE, Oak Ridge Institute for Scienceand Education;
ORNL, OakRidgeNationalLaboratory;PHA, phytohemagglutining-g, quantile-quantileROC; recever operatingcharacteristic;
SI, stimulationindex; SLsi, standardizedln(SI); TPR,truepositive rate.



In responsdo concernsover the effect of “outliers” in the BeLPT data,a new statisticalapproachwas
developedandpresentedit the 1994 conferenceby Fromeetal. [7]. Two outlierresistantmethodswere
usedto estimatethe stimulationindices(Sls) andthe coeficient of variation. A majoradwantageof these
resistanimethodss thatthey make it unnecessario identify outlying datavaluesamongthereplicatewell
counts.The methodthatwasrecommendetly Fromeetal. [7] for routineanalysisof the BeLPT usesthe
leastabsolutevalues(LAV) methodontheLn of thereplicatecounts.Thisnewv LAV methodwasdeveloped
on a small databasefrom the lymphogyte proliferationtest (LPT) laboratoryat Oak Ridge Institute for
Scienceand Education(ORISE).It waspresentedo CABST in April 1994,andfurther evaluationof the
LAV methodat anotheraboratorywasrequested.The LAV methodwasfurther “field tested”usingdata
from the LPT laboratoryat the National Jevish Medical and ResearctCenter(NJC). The resultsof this
evaluation supportedthe earlier conclusionthat the LAV methodis a simple and effective methodthat
requireslessjudgmentfor routine analysisof the BeLPT (seeFrome,Newmanand Mroz [6]), andwas
includedin the protocolfor BeLPT testingthatwasbeingdevelopedby CABST.

In the standardorotocolfor the BeLPT a stimulationindex (SI) is calculatedfor eachof threeberyl-
lium concentration®n two hanestdays. OnceSlshave beencalculatedt is necessaryo determindf the
resultsindicatean “abnormal” responséo beryllium. Threemethodswvereconsideredn previous reports
that utilize a “cut point” establishedisinga referencedatabaseof BeLPTs(seeFromeetal. [7],[6]). A
setof BeLPTsperformedas part of a study of workers at the Y-12 plantin Oak Ridgeis usedhereto
further evaluatethe LAV method,andthe procedurdor identifying an abnormattest. The purposeof the
Y-12 study[3] wasto examinethe workplacecharacteristicef individuals sensitizedo beryllium within
aresearctcohortof 1,151 currentandretiredworkersenrolledin a medicalexaminationprogram.Results
presentechereare limited to BeLPTsfor workersand controls(N=1113)thatwere donein the samelot
of ABi Serum(3040083)as part of the Y-12 study and only the first testin this serumis includedif a
worker hadmorethanonetest. If aworker's first testwasconsideredabnormalor borderlineanda repeat
testwasdonein the sameserum,only the first testwasincluded. This serumwasusedin over 97 percent
(N=1080)of the BeLPTsin the Y-12 study and33 noneposed(control)BeLPTs.A draft reportwascom-
pletedin Novemberof 1999andthe resultswere presentedo the ORISEBeryllium Advisory Committee
(http://iwwwcsm.ornl.ge/~frome/vgLPT/TTLPT/?). Theresultsin this draft reportwere basedon sum-
marystatisticscomputedy the ORISELPT laboratory Thefirst objective of thedraftreportwasto present
graphicalsummaries—usingpistogramsand normal quantile-quantilgg-q) plots—of the Slsin original
units andin logarithmicunits to verify the assumptiorthat the variability in Slsis bestdescribedby the

normaldistribution on alogarithmicscalej.e. alognormaldistribution. A detailedaccouniof theconstruc-

2Seeview-graphsanddraft Y-12 reportwith resultsof methodsl and2 atthis URL



tion andinterpretatiorof normalg-q plots(alsocallednormalprobability plots)is providedby Chambergt
al. [2]. Thesecondobjective of the draft reportwasto comparetwo previously describednethodgor the
identificationof anabnormatest.

In July of 2000 DOE decidedthat a Specificationfor the BeLPT was neededo supportthe worker
suneillance programs. A working group was establishedo write an initial draft versionof the BeLPT
Specification,and an electronicnotebook(seeGeistand Nachtigal[8]) wasusedto documenthe devel-
opment,review, andrevision of the BeLPT Specification—se¢] BeLPT-NB [4]. A draft protocolwas
provided to DOE by CABST, andthe initial draft Specificationwas completedin September2000, and
sentto anexpertreview panel(seepages® and10 of the BeLPT-NB [4]). Commentntheinitial draftare
providedon pagesl3- 19 of theBeLPTNB, andareviseddraftwassubmittedor furtherreview in January
2001 (seeBeLPTNB page20). Thefinal versionof the specificatiorwascompletedn April, 2001[24] and
is availableon page21 of theBeLPTNB [4].

The two methodsconsideredn the draft versionof this reportwere basedon “cut points” that were
calculatedrom theLn(Sl)sin thereferencedataset,andtheinternalvariability in eachtestwasnot taken
into consideration Thesemethoddor identificationof anabnormalBeLPT wereconsideredinacceptable
by the working groupfor eitherstatisticalor practicalreasons.A nev methodis proposedhat combines
clinical judgmentand statisticalanalysisto identify an abnormaltestor an individual that needsa closer
level of monitoringin the future. This nev methoddescribedn Section2.3is referedto asthe statistical-
biological positive (SBP)method. The SBP methodrequiresestimatesf standardized.n(Sl)s andthese
valuesare bestcomputedfrom the raw datafor eachBeLPT. Only a portion of the raw datasetswere
availableduringtheinitial developmentof the SBPmethod,so estimatedasedon summarystatisticsvere
usedin the draft Y-12 report. In December2000the raw datafor all of the 1113BeLPTs(1080workers
and 33 controls)wereobtainedn electronicform andareusedin this report. For this reasorthe resultsin
thisreportmaydiffer slightly from theinitial resultsin thedraft Y-12 reportthatappeain theBeLPT-NB—

FromeandCragle[4] seepage?.

2 MATERIALS AND METHODS

2.1 BERYLLIUM LYMPHOCYTE PROLIFERATION TEST

ThetritiatedthymidineBeLPThasfollowedastandargrotocolfor laboratoryprocedurenddatacollection
sincethelate 1980s.A detaileddescriptionof lymphog/te culturemethodsguality controlmeasuresand
examplesof platemapsand printoutsof raw datain useatthe ORISEBeLPT laboratorywasprovided by

Fromeetal. [7]. Thisandsereralalternatve assaydesignsaredescribedn the BeLPT-NB[4]—seepages

2-5. The detailsof the procedureandthe equipmentusedvary at differentlaboratoriesandthe essential
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requirementaredescribedn DOE-SPEC-1142-200[R4]. The ORISEprotocolis briefly summarizedhs

follows:

1. A 30 ml bloodsampleis obtainedfrom eachpatientusingsodiumheparinasan anticoagulantThe

mononucleacellsareseparatedsingdensitygradientandcentrifugation.

2. Lymphogtesareculturedusingstandardnethodsat a final concentratiorof 2.5 x 10° cellsperwell
in 96-well flat-bottommicrotiter plates. For eachBeLPT assayl2 replicatecontrol wells, andfour
replicatedor eachberyllium concentratiorfi.e., 1, 10,and100uM of BeSQ,) aresetupin duplicate
andhanestedafterfive andseven daysof incubation,respectiely. Mitogen-stimulateatontrolsare

alsosetup to testthe cellsability to grow in culture.

3. Cellsareincubatedat 37°C for five andsevendaysanda pulseof tritiatedthymidineis deliveredprior
to hanest. Cells arehanestedon filter paperandcountsare measuredn a PackardMatrix 96 gas
ionizationcounter Eachfilter is countedor 10 minutesandtheresultsorganizedasshavn in Exhibit

Al in the Appendixfor statisticalanalysis.

2.2 STATISTICAL ANALYSIS OF THE BELPT

As theresultof biological variability in the well countstherearedifferentlevels of uncertaintypresentn
eachBeLPT This internalvariability is describedoy the standarddeviation of the Ln well counts,andis
eguialentto thecoeficientof variationontheoriginalscale.This“internalanalysis”of theBeLPTis based
on estimate®f theLn(Sl)sandtheir standarderrors. Theseestimatesrecalculatedusingtheleastabsolute
values(LAV) methodasdescribedy Fromeetal. [7]. Thisapproactonly requiresthe ability to calculate
mediansand canbe donein a spreadsheet(e.g., Excel, seepagel4 of the BeLPT-NB [4]) or statistical

program(e.g.,Splusor R). TheLAV analysiss basedn theassumptionshat:

. theLn of thewell countsfollow the normaldistribution;
. standarddeviationsof Ln countsareconstantithin hanestdays;

. multiple outliersmaybepresenin theLn well counts;and

AW N P

. if “respondecells” arepresentanincreasen cell proliferationrelative to the controlwells will occur
in cultureswith beryllium.

Thedetailedcalculationdor the LAV analysisareprovidedin the Appendixwith anexample.Thesteps

in theanalysisaresummarizeasfollows:



1. CalculatetheLn of thewell counts.
2. For each'treatmentgroup” calculatethe medianof theLn counts.

3. For eachberyllium concentrationgcalculatethe Ln(SI) by subtractinghe medianof the the control
well Ln countsfrom the medianof the Be stimulated_n counts.

4. Calculatehestandarcerrorof eachLn(SI).
5. Calculatehestandardizedin(Sl): SLsi= Ln(Sl)/ StErr[log(SI)].

2.3 IDENTIFICA TION OF ABNORMAL BELPTS USING THE SBPMETHOD

This newv SBP methodreflectsthe clinical judgmentthati) atleasttwo setsof beryllium stimulatedwells
shouldshav a positive responseandii) the requirementhatthe maximumSI| mustexceeda cut point that
is determinedrom areferencalatasetof normalindividuals. A BeLPTis consideredibnormaif boththe

following statisticalandbiologicalcriteriaaresatisfied.

1. Statisticalanalysisof the BeLPT indicatesa positive responsdo beryllium. A positive responsdo
beryllium occursif at leasttwo SLsis are greater than 2.53. This is referedto asa “statistical

positve” testandhasa falsepositive probability (FPP)of about0.001(seeAppendixfor details).

2. Thelog of the maximum SI—Ln(SImax)—eaceedsthe 99.9th percentileof a ReferenceData Set
(RDS),indicatinga positive responseo beryllium, with a FPPof 0.001. This is calleda “biological
positive” testsinceit is basedon the distribution of the Ln(Simax) valuesin the RDS of normal
tests.The Ln(SImax)valuesfor theRDS areassumedo follow the normaldistribution with location
parameteM and scaleparametelS. The 99.9 percentilecut point is estimatedas Cp99.9= M +
3.09*S,whereM andS areestimatedrom the RDS of normalBeLPTs. An equivalentevaluationis
to calculatethe metricZmax=[Ln(SImax)- M ]/S anddetermineif it is greaterthan3.09,which s

the 99.9percentileof the standarchormaldistribution.

If only oneof thesecriteriais met, andthe datais otherwiseacceptablethenthe testis consideredo
be a “borderline” test. If neithercriteriais metthe testis normal. If a patients first testis not normala
secondevaluationis requestedandtwo repeatBeLPTsare donein differentlaboratoriesor in the same
laboratoryusing different sera. If at leasttwo of the threeBeLPTsare abnormalthe patientis deemed
beryllium sensitized. Sincethe criteria for a single abnormalBeLPT is basedon an approximatefalse
positive probability of 0.001,the chanceof calling a persona “sensitizedresponder’is very small (less
thanonein tenthousand). This is basedon the assumptiorthat all noneposedindividualswill shav a
normalresponseo beryllium. In practiceit is known that someindividuals with no known exposureto

beryllium will have anabnormalBeLPT. Thesearereferredto as“biological falsepositves” (seepage6
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of the BeLPTNBJ4] for a detaileddiscussiorof a biologicalasopposedo statisticalfalsepositive testand
relatedstatisticalissues).Consequentl\the obsered FPRwill be higherthanexpectedbasedn statistical
considerationslone.A persormaybea“sensitizedresponderandnothave CBD. If apersonis identified
assensitizedthenfurther medicalevaluationis availableto determineif the worker hasCBD—see,e.g.
StolkesandRossmarj21] for details.

2.4 RECEIVER OPERATING CHARACTERISTIC (ROC) CURVE

Theseconccriteriain Section2.3is basedon resultsobtainedusinga singlecut-point(c,) for a biological
positive test. The ROC cune is a graphicaltool that hasbeendevelopedto evaluatethe accurag of a
diagnostictestwhenthe testresultis on a continuousscale,i.e Ln(Sl)s, by consideringall possiblecut-
points—se&wetsandPickett[22]. StokesandRossmarj21] consideredrOC analysidn berylliumtesting
andZouandZhou[25] provide arecentreview. A nonparametriestimateseee.g.Lloyd [15], of theROC
curwe is obtainedby plotting the empiricalproportion#L;s > ¢,/n; agains#lgs > ¢, /ng for varyingcp.
TheljsaretheLn(Sl)sfor thoseindividualsthatare“cases”(i.e. they aresensitizecand/orhave CBD) and
Lo aretheLn(Sl)sfor thenormalindividuals. Thevaluesontheverticalaxisof theROC curve areestimates
of thetrue positive rate(TPR),andthe horizontalaxis valuesestimatehe falsepositve rate (FPR)for each
cut-point. The casestatusof eachworker wasnotknow atthe time the testwasdoneandwasestablished
by following the groupof Y-12 workersfor five yearsasdescribedn Section3.4. In ROC analysishearea
underthe cune (AUC) is consideredcasan overall “index of accurag”, seee.g. SwetsandPickett (chap.
1)[22] of atest. Pepe19] considetthe partial AUC asanalternatve summarymeasuref accurag. It has
beenamguedthata FPRabose somethresholdwould not be usedin practiceand,thereforethe ROC curne
is of no interestbeyondthis point. If ¢, is the largestFPRof practicalinterest thenthe partial AUC is the
areaunderthe ROC cune overthesubinteral (0,c,). In theresultsc, = 0.05is usedto calculateasummary
measureover a practicallyrelevant rangeof operatingpointsfor the BeLPT. A consisteninonparemetric

estimateof the partial AUC is obtainedusingthe methoddescribedy Pepd19].

3 RESULTS

3.1 GRAPHICAL RESULTS FOR MIT OGEN CONTROL BELPT DATA

In the ORISEprotocoleachBeLPTincludestwo setsof four wells for the mitogencontrols—concanalin-
A(ConA) andphytohemagglutinin(PHA)Graphicasummarie®f themitogencontrolSisfor 1113BeLPTs
areshavn in Fig. 1 andFig. 2. In anormalg-q plot, if therelationbetweerthe empiricalquantilegon the

vertical axis) and theoreticalquantiles(on the horizontalaxis) is linear, this indicatesthat the dataare



describedy a Qaussiar{normal)distribution. Eachfigure displaysthe datain a histogram(left panel)and
a normalg-q plot (right panel). The upperpanelsshav Sls after a naturallog (Ln) transformationsand
thelower panelsareuntransformedbls. In both figuresthe normalg-q plotsfor the Ln(Sl)s (seetop right
panelsn Fig. 1 and2.) stronglysupportthe useof thelognormaldistribution to describehevariationin the
Slswhenthe agentis stronglymitotic. The only departurérom thelognormaldistribution is in the lower
tail. Thisis dueto the mitogenstimulatedculturesbeingwell pastthe peakof their gronth cune. If there
is a strongmitotic responseandcell overgronth occurs,the SI may be artifically low. If this occursthe
wells have a distinctyellow appearancthatindicateshe presencef deadcellsastheresultof depletionof
cell nutrientfrom the grovth medium.In over 6000teststhe ORISELPT laboratoryhasnot encounterea

singleBeLPTin which themitogencontrolsfailedto shav aresponse.

3.2 GRAPHICAL RESULTS FOR BERYLLIUM WORKERS AND CONTROLS

Histogramdor the Sls for eachhanestday andBe concentratiorfor the BeLPT dataareshavn in Fig. 3
(datafrom beryllium workersand nonexposedcontrolsare combined).For the serumsupplementisedin
this studySlsabore threewereabnormallyhigh, indicatinga responséo beryllium. For plotting purposes
Sls greaterthanfour have beensetequalto four. Figure4 shavs the histogramdor the Ln(Sl)s for the
samedata.Comparinghehistogramsn Fig. 3 and 4 indicateghatthe Slsarebestdescribedy thenormal
distribution onthelog scale.Thisis furthersupportedy Fig. 5 which shavs lognormalprobability plotsfor
the beryllium workersandnonexposedcontrol Sis for eachof the threeberyllium concentrationen day 5
andday7. In eachof thesix plotsthe data—orderedaluesof the Ln(Sl)s—areshavn ontheverticalscale
ontheleft, andthequantilesof the standardhormaldistribution areshavn onthehorizontalscale.Eachplot
includesthemedian(labeledM) andthe MAD estimateof thestandardieviation (labeledS) for theLn(Sl)s
for the berylliumworkers(shavn ascircles)andthe nonexposedog(Sl)s(shavn astriangles.)Thelinesin
eachplot (solid for nonexposedanddottedfor beryllium workers)shav therelationthatis expectedif the
Ln(SI) valuesarefrom a normaldistribution with locationparameteM (which determineshe intercept)
andstandardieviation S (which determinesheslope).

Figure5 reflecteheassumptiorthatmostberylliumexposedvorkersdonotshav anabnormatesponse,
i.e. they look like the nonexposedgroup. The relation betweenthe empirical quantilesand theoretical
guantileds approximatelylinearin the centerof thedistribution indicatingthatthedistribution is Gaussian.
Forexample considetheplotfor day5 Be-1in Fig. 5. TheLn(Sl)sappeato beapproximatelynormalin the
centeyfor boththe nonexposedcontrolsandthe berylliumworkers. Thereareseseralvaluesthatarelarger
thanexpected(thesearethe pointsabove the lines). These‘outliers” are Sisthatindicatehypersensitity

to beryllium. Therearealsoseveral pointsbelav the line which indicatecell killing. Theeffect of outliers



ontheseestimatefhasbeenminimizedsinceresistaniethodsvereusedto estimatethelocationandscale
parameterdVl andS, respectiely. Theresultsin Fig. 5 aresimilar to plotsfor previous ORISEdata—see

[7] Fig. 5, andsimilar BeLPTtestresultsfrom The NationalJevish Center—se€[6] Figs.5 and6.

3.3 IDENTIFICA TION OF ABNORMAL BELPTS USING THE SBPMETHOD

The SBPmethoddescribedn Section2.3wasusedto evaluateeachBeLPT Thefirst stepwasto calculate
the SLsi for eachberyllium concentratioron Day 5 andDay 7 (seeline 3 of AppendixIl for anexample).
If atleasttwo of the SLsisaregreaterthan2.53thenthetestis a statisticalpositive. The examplein the
Appendixhastwo SLsisgreaterthan2.53soit is consideredh statisticalpositive test. The secondstep
requiresestimatesf the location and scaleparameterdgor the RDS. The BeLPTsfrom the noneposed
controlswereusedasthe RDS. The Ln(SImax)valuesfor the nonexposedcontrolsandberyllium workers
areshawvn in box plots (left panel)andnormalg-q plots (right panel)of Fig. 7. A detailedexampleand
explanationof boxplotsandg-q plotsis providedin the BeLPT-NB (see“click herefor details”in Item 1
on page7). The Ln(SImax)for the nonexposedcontrolsappeatinear andthe Kolmogora-Smirnor test
indicatesthatthe lognormaldistribution cannotbe rejected. The g-q plot for the beryllium workersshavs
thatmostof thetestresultsaredescribedy the samdognormalmodel,but therearea numberof teststhat
have Ln(SImax)valuesthatareeithertoo large (positive test)or too small (astheresultof cell killing). This
is furthersupportedy thefactthattheoutlier resistanestimate®f thelognormalscale(M)andlocation(S)
parameterfor thenoneposediataarealmostidenticalto thosefor theberylliumworkersdata. Theestimate
of M from theRDSis 0.0812andtheestimateof Sis 0.34. A biologicalpositve testoccurs(seecriterion2
in Section2.3)if Zmax= [Ln(SImax)- M]/S is greaterthan3.09. For theexamplein the AppendixZmax=
[ 0.98- 0.0812]/0.34= 2.64,indicatingthatthisis not a biological positive test. Consequent|ythe example
is considered “borderline” test,andtwo additionalBeLPTswereobtainedfor this worker. Both of these

wereabnormakotheworker is consideredgensitizedo berylliumasdescribedn Section2.3.

3.4 IDENTIFICA TION OF CASESAND ROC CURVE ANALYSIS

All of the BeLPTsin the Y-12 groupweredonebeforeJuly, 1996,andall of the workerswith a positive
testandmostof the 944 workerswith aninitial normaltestwerefollowed andre-testecver the next five
years. Theresultsof this follow-up areshavn in Columns2-7 of Tablel1. A total of 132BeLPTshadan
initial positive testby atleastoneof thecriteriain Section2.3. Therewere80 BeLPTsthatwereabnormal,
38testswith Zmaxgreaterthan3.09 (biologicalpositive only), 16 testswith atleasttwo SLsisgreatetthan
2.53(statisticalpositive only), and948normaltests.Thesegroupsareidentifiedin thefirst columnof Table

1. The classificationof individuals in the columns2-6 of Table 1 wasbasedon the criteria beingused



by the ORISE LPT laboratory at the time the testswere done (notthecriteriain Section2.3). A worker
wasclassifiedassensitized SENS)if aninitial testwasrepeatedwice andatleasttwo of thethreeresults
wereabnormal.A BeLPTwasabnormal(A) if at leasttwo Sls exceededa cut point of 2.42. This cut
point wascalculatedusingthe Simaxfor eachBeLPTin the RDS, andis equalto the mean+ 2*(standard
deviation). The meanSIimaxwas1.27 andthe standarddeviation was0.576. A testwasborderline(B) if
only oneSl exceededhe cut point, andthe datawasotherwiseacceptablelf only oneBeLPTwasdonethe
follow-up statusis unknavn (Un). If aworker wasidentifiedassensitizedthenfurther medicalevaluation
wasavailable. If a sensitizedvorker wasevaluatedclinically anddiagnosedvith CBD they arein column
6 of Tablel, otherwisethey arein columnb5. If a sensitizedvorker did not have a clinical evaluationtheir
CBBD statusis not knowvn andthey areincludedin column5. If a worker wasneitherabnormalor normal
they areconsideredorderlineandfurthermonitoringis indicated.A worker would bein this classification
if, for example they hadaninitial abnormaBeLPT, andthesplit testswereborderlineandnormal.

Theresultsof the SPPmethodsummarizedn Tablel canbeusedo estimatehetruepositive rate(TPR)
andfalsepositive rate (FPR)for afirst abnormal BeLPT in a specificserum. Theresultsin Table1 were
further summarizedy assuminghati) individualsfollow-up statusreflectstheir conditionat the time the
first testwasdone;ii) individualswith unknavn statuswerenormal(thesearemostly retiredworkerswith
anormalfirst testthatareasymptomatic)iii) individualsthathase CBD aresensitizedandiv) individuals
thatwerenot sensitizedo berylliumarenormal. The TPR of thefirst BeLPTin Serum3040083s 48/560r
85.7percentandthespecificity(1-FPR)s 992/1024or 96.9percent.The ORISELPT laboratoryidentified
abnormalBeLPTsusingthe methodsand criteriain placeat the time that eachtestwasdone. Usingthe
informationfrom the ORISE historical databasethe TPR was 78.6 percentand the specificity was 98.3
percent. If individuals with unknavn status(seeii above) are not includedin the calculationsthenthe
specificity for the SBP methodis 96.0 percent,and the specificity for ORISE historical methodis 92.7
percent.

Tablelis basednresultsobtainedusingasinglecut-point(cy) for abiologicalpositve testasdescribed
in Section2.3. The ROC curwesfor eachhanestday andberyllium concentratiorareshavn in Fig. 8. The

AUC andthepartial AUC overtheintenal (0,0.05)aregivenfor eachcurve (seeSection2.4).

4 DISCUSSION

Thegraphicalresultsin Figs. 1-7 of Section3 provide empiricalevidencethattheassumptionslescribedn
Section2.2 arereasonableTheresultsin Tablel indicatethatthe SBP method,usingthe LAV approach
to estimatethe Sls, is at leastasgoodascurrentmethoddor evaluatingthe BeLPT. The “outlier rejection

method”thatis usedby somelaboratorieshasno logical statisticalbasis(seepage16 of the BeLPT-NB



Table 1 Summary Follow-Up Data For Y-12 Group

Follow-UP Results

Group B2 N UN SENS CBD" Total
AbnormalTest 7 21 4 27 21 80
Biological Positve 6 22 6 1 1 36
StatisticalPositve 0 10 4 2 0 16
Normal 6 629 309 3 1 948
Total 10 682 323 33 23 1080

aB-BorderlineN-NormalUn-Unknavn SENS-sensitized
bCB seeSection2.3for explanation.

notebool4] for furtherdiscussion)Furtherevaluationof this approachs currentlyundervay usingresults
from ORISEobtainedin several differentseraafter 1996,andusingdatafrom at leasttwo additionallab-
oratories.Theresultsof this work andary additionalinformationrelatedto the tritiated thymidineBeLPT
will beaddedo the BeLPTNB.

The ROC analysisin Fig. 8 indicatesthatresultson Day 5 aregenerallymoreaccuratehanDay 7 and
thatthe 10 uM BeSQ, challengeprovidesthe bestresulton both days. A possibleverificationbiasoccurs
sinceall workerswith a normalfirst testdo not receve additionaltestsduring follow-up. This problem
primarily occursin the group of retired workers with a normalfirst testthat are asymptomatic. Active
workersin the beryllium suneillance programwere re-testedon a regular basis. For this ROC analysis
it is assumedhat retired workers that are asymptomatiovould be normalin subsequentestingfor this
analysis.The“gold standard’usedto identify “cases”is thereforeimperfect,sincea worker is considered
“sensitized"to berylliumif they have atleasttwo abnormaBeLPTs,i.e. clinical verificationof CBD status
is optional—se&ou andzZhou([25] for furtherdiscussion.
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Y-12 Beryllium Workers Study (Serum 2): Results For PHA

Histogram For Log(S|S) LOg-NOrmal Quantile'Quantile P|O'[
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Fig. 1. The panelson the left show the histogramsof the Sls. The top left is for Ln(Sl)s and the bottom left is
for the Sls. The panelson the right are normal g-q plots. If the data in the histogram (on the left) is normally
distrib uted then the normal g-q plot (on the right) shouldlook lik e a straight line. Theseplots clearly shaw that
Ln(SI)s follow the normal distrib ution, i.e. the Sisfollow the lognormal distrib ution.
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Y-12 Beryllium Workers Study (Serum 2): Results For CONA

Histogram For LOg(S|S) LOg-NOrmaI Probablllty P|Ot
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Fig. 2. The panelson the left shaw the histogramsof the Sls. The top left is for Ln(Sl)s and the bottom left is
for the Sls. The panelson the right are normal g-q plots. If the data in the histogram (on the left) is normally
distrib uted the the probability plot (on the right) shouldlook lik e a straight line. Theseplots clearly show that
Ln(SI)s follow the normal distrib ution, i.e. the Sisfollow the lognormal distrib ution.
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Y-12 Study: BeLPTs In Serum 2 For 1080 BWs and 33 NEs
Sls Greater Than 4 Set Equal To 4

Day 5 Be 1 Day 5 Be 10 Day 5 Be 100
(M,S)=( 0.93, 0.23) (M,S)=( 0.63, 0.29) M,S)=( 0.7, 0.44)
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NOTE: M is Median SI and S is MAD estimate of Scale for Sls

Fig. 3. Histograms of the Sisfor the beryllium workers and nonexposedBelLPTs. Numbersin parenthesisare
the outlier restiantmedian(M) estimateof location and Sthe MAD estimateof the scaleparameter. The mean
and standard deviation (SD)for eachdistrib ution are alsogiven.
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Fig. 4. Histograms of the Ln(SI)s for the beryllium workers and nonexposed€8eLPTs. The outlier restiant
estimateson the Ln scaleof location M (the median) and Sthe MAD estimateof the scaleparameter for each
distrib ution aregivenin parenthesis.
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Y-12 Be Study: Gaussian Probability Plots (Log SIs) For Nonexposed and Beryllium Workers
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Fig. 5. Normal g-q plots of Ln(si)s for eachberyllium concentrationon day 5 and day 7 for beryllium workers
and nonexposedcontrols. The data valuesare showvn on the vertical axis. The median (M), MAD scaleesti-
mate(S)of the Ln(si)s and exp(M) arelisted on eachplot. Valuesof M and Sfor beryllium workers (circles)are
in upper left and nonexposedcontrols (triangles) arein lower right of eachpanel.
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Y-12 Beryllium Workers Study: Results For MAXIMUM SI
NOTE:SIs Less Than 0.25 Replaced with 0.25 Sls Greater Than 4 Replaced with 4
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Fig. 6. Histogram and Normal Q-Q Plotsfor Ln(SImax) for beryllium workersand nonexposecdcombined. The
Median (M), and MAD scaleestimate(S)of the Ln(Sl)s are shown.
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Simax for BeLPTs: Beryllium Workers (1080) Nonexposed(33)
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Fig. 7. Boxplots (left panel) and normal g-q plots (right panel) for Ln(SImax). In the right panel summary
statistics for nonexposedcontrols (circles)are shavn in lower right, and for beryllium workers (triangles) in
upper left of g-q plot. A small P value for Kolmogorov-Smirnov (KS) goodness-of-fitest indicates departure
from normal distrib ution for LN(SImax).
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Y-12 Study: Empirical ROC Curves For Ln(Sl)s
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Fig. 8. Empirical ROC curvesfor Ln(Sl)s for Each Beryllium Concentration on Day 5 and Day 7. AUC is the
areaunder the curve. The partial AUC shown in eachplot is basedon a nonpametric estimateof the areaunder
the ROC curve from 0 to 0.050n the x-axis (i.e., maximum FPR of practial interestis 0.05).
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A APPENDIX

A.1 LEAST ABSOLUTE VALUES ANALYSIS FOR BELPT

Themainresultsfrom Fromeetal. [7] aresummarizedhere.Let y; denotethewell count(seeExhibit A1)
for the k" replicateof the jtM setof cultureconditions(seeColumni Exhibit A1). Thedatain Exhibit Al

aretheraw countsfor worker ID= 271 andareusedhereto demonstratéhe calculations.

Treatment Well Counts

day5 controls 1220 2391 1774 947
day5 controls 1499 1568 1410 1131
day5 controls 969 2265 1743 728
dayb5 bel 1777 1890 1702 1885

day5 bel0 3368 7221 1473 3097
day5 bel00 3631 3655 2452 1634
day7 controls 3616 17410 3989 3144
day7 controls 669 1257 1497 4460
day7 controls 2897 4174 1366 1152
day7 bel 1670 2186 629 1264

day7 bel0 330 598 254 264
day7 bel00 3611 4436 14452 14892
PHA 102160 44223 59344 51088

CONA 115673 104146 252237 159421

Exhibit A1. Well CountsFor BeLPT Assay271

Theexpectedcountin eachwell canberepresentedy alog-linearregressiorfunction:

E(yjk) = Aj = exp(X;B), (1)

wherej=1,...,10andk=1,...,12for thecontrolsandk = 1, 2, 3, 4 for theberyllium stimulateccellsand
the positive controls(seecolumnl of Exhibit A1). In equation(1), X; is arow vectorof indicatorvariables
andp is thevectorof regressiorparameterg¢seebelow). It is furtherassumedhatthe varianceof thewell

countsis proportionalto the squareof the expectedcount,i.e. the standardleviation is proportionalto the

mean:

Var(yji) = (gA;)>. 2)

Equationsl and 2 togetherarereferredto asa generalizedinear modelwith constantcoeficient of

variationg (seeMcCullaghandNelder[16, chap.8] ).



1) Thefirst stepin the LAV analysisisto takethe Ln of the countsin Exhibit Al (seeColumns2-4of
Exhibit A2). Thisis thevariance-stabilizig transformatiorandleadsto a linearmodelin sayzjx = In(yj),
with Var(zjx) ~ ¢?>. The Ln of the countsare shavn in columns2-5 of Exhibit A2. If outliersare not
presentapplyingordinaryleastsquareso thetransformedlatawill yield consistenestimatesor theLn(SI)
parameter$l6]. The effect of outliersis minimizedby usingleastabsolutevalues(or someotherrobust
method)onthe z.

2.) The secondstepis to calculatethe median of the Ln countsfor eachTreatmentGroup. Let Z;
denotethe medianfor the j!" beryllium concentratiorand, denotethe medianof the Ln well countsfor
thecorrespondingontrolwells (seeColumn6 of Exhibit A2).

3.) Stepthreeisto calculatethe LAV estimateof the ji" Ln(SI), Bj = Zj — Z,. For example,on Day
5Be100theLn(SI)=8.0010- 7.2819= 0.7191 andtheestimateof the Sl is exp(0.7191)=2.05.

Treatment Ln(well counts) Median
Group
dayb controls 7.1066 7.7795 7.4810 6.8533 7.2819
dayb controls 7.3126 7.3576 7.2513 7.0309 7.2819
dayb controls 6.8763 7.7253 7.4634 6.5903 7.2819
dayb bel 7.4827 7.5443 7.4396 7.5417 7.5122
dayb5 bel0 8.1221 8.8847 7.2951 8.0382 8.0801
dayb5 bel00 8.1973 8.2039 7.8047 7.3988 8.0010
day7 controls 8.1931 9.7648 8.2913 8.0533 8.0123
day7 controls 6.5068 7.1365 7.3112 8.4029 8.0123
day7 controls 7.9714 8.3366 7.2196 7.0493 8.0123
day7 bel 7.4206 7.6898 6.4441 7.1420 7.2813
day7 bel0 5.7991 6.3936 5.5373 b5.5759 5.6875
day7 bel00 8.1917 8.3975 9.5786 9.6086 8.9880

PHA 11.5343 10.6970 10.9911 10.8413 10.9162
CONA 11.6585 11.5535 12.4381 11.9793 11.8189

Exhibit A2. Ln of Well CountsFor BeLPT AssayORISE ID= 271

4.) Thefourth stepisto calculatethe standard error of eachLn(SI). Thisrequiresanestimateof ¢
thestandardieviation of theL.n counts(corresponds CV onoriginalscale).An outlierresistanestimate—
seeFromeetal. p. 959[7]—"“phitilde” of @is = 1.48x \/n/(n— p) x medan{|zjx — Z;|}. Estimatesof
@ arecalculatedor Day 5 andDay 7, sinceit hasbeenobsered thatthereis generallymorevariability on
Day 7. Theestimatedstandarcerrorof Ln(Sl) is StErr=@,/diag(V), whereV = (11/2)(X'X)~1. UsingDay
5 asanexample theresidualsuj, = zjx — Zj areshavn in Exhibit A3, and@= 1.48x /24/20x (0.1963 =
0.3183, wheremedian|zjx — Zj|= 0.1963. The standarcerror of Day 5 Ln(Sl)’s is StErr=@,/diag(V) =

0.3183x +/1.571x 0.25=0.230



5.) Divide the Ln(SI) by its standard error to obtain the standardizedLn(SI). Dividing eachLn(SI)
by its standarderrorresultsin astatisticthatis in “standardneasuré, having mean0 andstandardieviation
1 (seeKotz,S.andJohnsonp. 631[11]). TheLAV estimateof thestandardizedln(SI) For Day 5 Be100is
SLsi=Ln(Sl)/ StErr[Ln(SI)]= 0.7197/0.230= 3.13. If outliersarenot presentandthe z.s arenormally
distributed, thenthe leastsquare®stimateof the jth Ln(SI)= [3,- = 2j — 2,, i.e. thetreatmeneffectson the
Ln scale. Herez; denotethe meanfor the jt" beryllium concentratiorand 2, denotethe meanof the Ln
well countsfor the correspondingontrolwells, i.e. thesearethe “leastsquaresestimate®f locationand
scale. Underthe null hypothesisof no treatmenteffect, Hy : B = 0, dividing the Ln(SI) by its standard
errorresultsin astandardizedln(SI) thatwill follow Studentst distribution with n— p degreesof freedom
(df). TheLAV estimatesreasymptoticallyGaussiamwith covariancematrix ¢ —seeBassetandKoenler
[1]. In large sampleghe outlier resistanstandardized.n(SI) will follow the standarchormaldistribution.
The small sampledistribution of the outlier resistant_n(SI) is not know. For this applicationwe will use
the appropriate-distribution (with df= 20) asa referencalistribution to identify a large valuefor this test
statistic. The critical valueor “cut point” of 2.53is selectedsothat underH, the probability thatthe SLsi
exceeds2.53is approximatelyl percent.For a BeLPT assayto be called“abnormal” at leasttwo SLsis
must exceedthis value, sothe statisticalfalsepositive probabilitythata normaltestis calledabnormalis

about0.1 percent.

ulj,k]
dayb controls -0.1753 0.4976 0.1991 -0.4286
dayb controls 0.0307 0.0757 -0.0306 -0.2510
dayb controls -0.4056 0.4434 0.1815 -0.6916
dayb bel -0.0295 0.0321 -0.0726 0.0295
dayb bel0 0.0420 0.8046 -0.7850 -0.0419
day5 bel100 0.1963 0.2029 -0.1963 -0.6022

Exhibit A3. ResidualsFrom Day 5 in Exhibit A2



A.2 SUMMARY LAV REPORT FOR THE BELPT

The resultsof all of the calculationsand additionalstatisticsare combinedinto a single laboratoryLAV
report (seeExhibit A4). Note that “CV-mad” (this is the resistantestimateg for eachtreatmentgroup)
andtheresidualsin the Panell of Exhibit A4 have beenmultiplied by 100, i.e., they arein Log percent
units (L%)—seeTornquistet al. [23]. For examplethe first residualfor the Day 5 controlwells is 100x
Ln(1220/14538) = —18L%. Panelll of Exhibit A4 lists the LAV estimatef the Sis, Ln(Sl)sand SLsi
for eachberyllium concentratioron day 5 andDay 7 andthe positive controls. The estimatef ¢ for the
controlwells andtreatedwells for Day 5 andDay 7 with andwithout “pooling” areprovidedin the Panel
Il of Exhibit A4. An “overall” pooledestimateis alsoprovided. Thesevaluesare usedto calculatethe
standarcerror[Ln(SI)] andto evaluatethe amountof variationwithin controlandtreatedgroupson Day 5
andDay7.

The LAV reportis usedfor quality control (e.g. to identify unacceptabléests)andto helpin theinter
pretationof acceptabldBeLPTsthat are not confirmedabnormalsr normals. The BeLPT in Exhibit A4
hastwo large standardizedLsis (D5bel0and D5bel100)indicating a statisticalpositive test(seeltem 1
Section2.3). The standardized.n(MaxSl) for this test, (seeSection2.3 Item 2) is Zmax=(0.98- M )/S
=(0.98- 0.081)/0.34= 2.64. This s below the cut point of 3.1 (seeSection2.3) for thereferencedataset.
The valuesof @ arehigh on Day 7 andthe standardized.n(SI) for D7be10is -3.98, indicatingcell killing
in atleastonewell. Basedon thecriteriain Section2.3this is a borderlinetestandwasalsointerpretedas
borderlineby the ORISELPT laboratoryusingthecriteriadescriben Section3.4. Subsequertestingfound
this patientto be SENSITIZED.



I- BeLPT ANALYSIS USING LAV ID= 0271

Treatment Grp Well Counts Residuals
FIT* CV-mad

dayb controls 1220 2391 1774 947  1453.8 34.9 -18 50 20 -43
dayb controls 1499 1568 1410 1131  1453.8 34.9 3 8 -3 -25
dayb controls 969 2265 1743 728 1453.8 34.9 -41 44 18 -69
dayb bel 1777 1890 1702 1885  1830.2 5.3 -3 3 -7 3

dayb bel0 3368 7221 1473 3097 3229.7 70.8 4 80 -79 -4
day5 bel00 3631 3655 2452 1634 2983.8 34.2 20 20 -20 -60
day7 controls 3616 17410 3989 3144 3018.0 84.5 18 175 28 4
day7 controls 669 1267 1497 4460 3018.0 84.5 -151 -88 -70 39
day7 controls 2897 4174 1366 1152 3018.0 84.5 -4 32 -79 -96
day7 bel 1670 2186 629 1264 1452.9 46.9 14 41 -84 -14

day7 bel0 330 598 254 264 295.2 22,4 11 71 -15 -11
day7 bel00 3611 4436 14452 14892 8006.8 103.7 -80 -59 59 62
PHA 102156 44221 59346 51090 55063.5 25.2 62 -22 7 -7

CONA 115673 104146 252237 159421 135796.6 36.4 -16 -27 62 16

xFIT = Fitted Value = expl[ median(log z)] for each treatment group
NOTE: CV-mad and residuals are in L}, units

II- STIMULATION INDICES (SI)

Day 5 Day 7 Positve Controls
D5bel D5bel0 D5bel00 D7bel D7bel0 D7bel00 PHA  CONA
SI 1.26 2.22 2.056 0.48 0.10 2.65 37.88 93.41
LogSI 0.23 0.80 0.72 -0.73 -2.32 0.98 3.63 4.54
SLsi 1.00 3.48 3.13 -1.256 -3.98 1.67 15.83 19.76
NOTE SLsi= LogSI/StERR is Standardized LogSI
Large POSITIVE value ( GT 2.5 ) Indicate POSTIVE Response
Large NEGATIVE value ( LT -2.5 ) Indicate Cell Killing

III- SUMMARY STATISTICS PHITILDE (Coefficient of Variatiom)*

Overall: 0.385
Day 5 Control: 0.349 Day 5 Treated: 0.23 Day 5 Pooled: 0.319
Day 7 Control: 0.845 Day 7 Treated: 0.855 Day 7 Pooled: 0.811

* Phitilde is MAD estimate of the standard deviation on log scale
(corresponds to CV on original scale)

Exhibit A4. LAV Report for BeLPT Assay271
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