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Abstract

Thepotentialhazardsfrom exposureto beryllium or beryllium compoundsin theworkplacewerefirst re-
portedin the1930s.Thetritiatedthymidineberyllium lymphocyte proliferationtest(BeLPT)is anin vitro
blood testthat is widely usedto screenberyllium exposedworkers in the nuclearindustryfor sensitivity
to beryllium. Newman[18] hasdiscussedtheclinical significanceof theBeLPTanddescribeda standard
protocolthatwasdevelopedin the late1980s.Cell proliferationis measuredby the incorporationof triti-
atedthymidineinto dividing cellson two culturedatesandusingthreeconcentrationsof beryllium sulfate.
Resultsareexpressedasa “stimulation index” (SI) which is theratio of theamountof tritiated thymidine
(measuredby betacounts)in the stimulatedcells divided by the countsfor the unstimulatedcells on the
samecultureday. Severalstatisticalmethodsfor usein theroutineanalysisof theBeLPTwereconsidered
in the early 1990’s by Fromeet al. [7]. The leastabsolutevalues(LAV) methodwasrecommendedfor
routineanalysisof theBeLPT. Thepurposesof thisreportareto furtherevaluatetheLAV methodusingnew
data,andto describeanew methodfor identificationof anabnormalor borderlinetest.Thisnew statistical-
biological positive (SBP)methodreflectsthe clinical judgmentthat i) at leasttwo SIs show a “positive”
responseto beryllium,andii), that themaximumof thesix SIsmustexceeda cut point that is determined
from areferencedatasetof normalindividualswhosebloodhasbeentestedby thesamemethodin thesame
serum.Thenew datais from theY-12 facility in OakRidgeandconsistof 1080worker and33nonexposed
control BeLPTs(all testedin the sameserum). Graphicalresultsarepresentedto explain the statistical
method,andthenew SBPmethodis appliedto theY-12group.Thetruepositive rateandspecificityof the
new methodwereestimatedto be86percentand97percent,respectively.

The Departmentof Energy (DOE) hasdevelopedDOE-SPEC-1142-2001:BERYLLIUM LYMPHO-
CYTE PROLIFERATION TESTING [24] that describesthe laboratoryprocedureandstatisticalanalysis
basedon the SBPmethodfor usein the BeLPT. DOE-SPEC-1142-2001andthe review processthat was
usedto provide commentsand improvementsare available in an “electronicnotebook”. The electronic
notebookNotesConcerningtheTritiated ThymidineBerylliumLymphocyteProliferationTest(BeLPT-NB)
canbeaccessedvia theInternetat http://www.csm.ornl.gov/ û frome/BE/tnote.html.
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1 INTRODUCTION

The potentialhazardsof exposureto beryllium compoundswerefirst reportedin the 1930s. The clinical

syndromeof chronicberyllium disease(CBD)1 wasfirst describedby HardyandTabershaw in 1946[10].

Initial speculationontheimmunologicbasisof chronicberylliumdisease(CBD) occurredin the1950s[20].

The first in vitro observation of beryllium-specificcell proliferationwasdemonstratedin 1970[9]. CBD

mainlyaffectsthelung,andoccursin asmallpercentageof personsexposedto berylliumdusts.Mostclini-

ciansrely onevidenceof berylliumhypersensitivity asoneof severalcriteriafor diagnosisof thedisease.In

vitro proliferationof lung lymphocytesretrievedby bronchoalveolarlavageandexposedto berylliumis ex-

tremelysensitive to andspecificfor thediagnosisof CBD,but is notsuitablefor screeningsincecell retrieval

is aninvasiveprocedure—seeStokesandRossman[21]. A lessinvasiveprocedurebasedontheproliferative

responseof bloodcellsto berylliumhasbeendevelopedandis referredto asthebloodberylliumlymphocyte

proliferationtest(BeLPT).Newman[17] hasnotedthatlymphocytesisolatedfrom a lung lavageor periph-

eralbloodof CBD patientsshow anin vitro responseto berylliumstimulationthatdistinguishesCBD from

othergranulomatouslung diseasessuchassarcoidosis.TheBeLPTwasfirst usedasa clinical diagnostic

tool in the1980s,andthetritiatedthymidineBeLPTasusedtodaywasfurtherdevelopedin thelate1980s.

Thehistoricaldevelopmentandsignificanceof thetritiatedthymidineBeLPTin identificationof beryllium

sensitizationandCBD wasreviewed by Newmanat a conferenceon Beryllium-relateddiseasesin 1994

[18]. Kreissetal. [12] provide a review of epidemiologicandexperimentalwork relatedto CBD andnoted

thatthelaboratoriesthatperformtheBeLPThaveformedaworkinggroup(CABST, Committeeto Accredit

Beryllium Sensitivity Testing)to resolve technicalproblemsrelatedto thetest.Beryllium hasbeenusedin

thenuclearindustryfor a numberof years.Kreisset al. [14] have examinedtheepidemiologyof CBD in

a stratifiedsampleof workersat a nuclearweaponsplant anddiscussthe role of the BeLPT in beryllium

diseasesurveillancein thenuclearindustry. TheU.S.Departmentof Energy (DOE)is operatingascreening

programfor CBD thatwill eventuallyincludeapproximately30,000currentandformerberyllium-exposed

workersat 20 DOE sites. The useof beryllium in several new economicsectorsemphasizesthe needfor

medicalsurveillancein theworkplacefor CBD, seee.g.Kreisset al. [13].

Methodsusedin thecalculationof BeLPTtestresultsareimportantsinceit is theprimary testthat is

usedin largepopulationscreeningandsurveillancefor CBD. TheBeLPTrelieson replicatemeasurements

for eachcalculatedvalue(12 replicatesfor controlvaluesand4 replicatesfor beryllium-stimulatedvalues).

1Abbreviationsused:AB, abnormal;AUC, areaunderthe curve; Be, beryllium; BeLPT, beryllium lymphocyte proliferation
test;CABST, Committeeto AccreditBeryllium Sensitivity Testing;CBD, chronicberyllium disease;ConA,concanavalin-A; CV,
coefficientof variation;df, degreesof freedom;FPP, falsepositive probability;FPR,falsepositive rate;LAV, leastabsolutevalues;
LPT, lymphocyte proliferation test; MAD, medianabsolutedeviation; ORISE,Oak RidgeInstitute for ScienceandEducation;
ORNL, OakRidgeNationalLaboratory;PHA, phytohemagglutinin;q-q,quantile-quantile;ROC; receiveroperatingcharacteristic;
SI, stimulationindex; SLsi,standardizedLn(SI); TPR,truepositive rate.
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In responseto concernsover the effect of “outliers” in the BeLPT data,a new statisticalapproachwas

developedandpresentedat the 1994conferenceby Fromeet al. [7]. Two outlier-resistantmethodswere

usedto estimatethestimulationindices(SIs)andthecoefficient of variation. A majoradvantageof these

resistantmethodsis thatthey make it unnecessaryto identify outlyingdatavaluesamongthereplicatewell

counts.Themethodthatwasrecommendedby Fromeet al. [7] for routineanalysisof theBeLPTusesthe

leastabsolutevalues(LAV) methodontheLn of thereplicatecounts.Thisnew LAV methodwasdeveloped

on a small databasefrom the lymphocyte proliferation test (LPT) laboratoryat Oak Ridge Institute for

ScienceandEducation(ORISE).It waspresentedto CABST in April 1994,andfurtherevaluationof the

LAV methodat anotherlaboratorywasrequested.The LAV methodwasfurther “field tested”usingdata

from the LPT laboratoryat the NationalJewish Medical andResearchCenter(NJC).The resultsof this

evaluationsupportedthe earlier conclusionthat the LAV methodis a simple and effective methodthat

requireslessjudgmentfor routineanalysisof the BeLPT (seeFrome,NewmanandMroz [6]), and was

includedin theprotocolfor BeLPTtestingthatwasbeingdevelopedby CABST.

In the standardprotocolfor the BeLPT a stimulationindex (SI) is calculatedfor eachof threeberyl-

lium concentrationson two harvestdays.OnceSIshave beencalculatedit is necessaryto determineif the

resultsindicatean“abnormal” responseto beryllium. Threemethodswereconsideredin previous reports

that utilize a “cut point” establishedusinga referencedatabaseof BeLPTs(seeFromeet al. [7],[6]). A

set of BeLPTsperformedas part of a study of workers at the Y-12 plant in Oak Ridge is usedhereto

furtherevaluatetheLAV method,andthe procedurefor identifying anabnormaltest. Thepurposeof the

Y-12 study[3] wasto examinethe workplacecharacteristicsof individualssensitizedto beryllium within

a researchcohortof 1,151currentandretiredworkersenrolledin a medicalexaminationprogram.Results

presentedhereare limited to BeLPTsfor workersandcontrols(N=1113)that weredonein the samelot

of ABi Serum(3040083)aspart of the Y-12 study, andonly the first test in this serumis includedif a

worker hadmorethanonetest. If a worker’s first testwasconsideredabnormalor borderlineanda repeat

testwasdonein thesameserum,only thefirst testwasincluded.This serumwasusedin over 97 percent

(N=1080)of theBeLPTsin theY-12 study, and33 nonexposed(control)BeLPTs.A draft reportwascom-

pletedin Novemberof 1999andtheresultswerepresentedto theORISEBeryllium Advisory Committee

(http://www.csm.ornl.gov/ û frome/vgLPT/TTLPT/2). The resultsin this draft reportwerebasedon sum-

marystatisticscomputedby theORISELPT laboratory. Thefirst objective of thedraft reportwasto present

graphicalsummaries—usinghistogramsand normalquantile-quantile(q-q) plots—of the SIs in original

units andin logarithmicunits to verify the assumptionthat the variability in SIs is bestdescribedby the

normaldistribution ona logarithmicscale,i.e. a lognormaldistribution. A detailedaccountof theconstruc-

2Seeview-graphsanddraftY-12reportwith resultsof methods1 and2 at thisURL
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tion andinterpretationof normalq-qplots(alsocallednormalprobabilityplots)is providedby Chamberset

al. [2]. Thesecondobjective of thedraft reportwasto comparetwo previously describedmethodsfor the

identificationof anabnormaltest.

In July of 2000DOE decidedthat a Specificationfor the BeLPT wasneededto supportthe worker

surveillanceprograms. A working groupwasestablishedto write an initial draft versionof the BeLPT

Specification,andan electronicnotebook(seeGeistandNachtigal[8]) wasusedto documentthe devel-

opment,review, andrevision of the BeLPT Specification—see[5] BeLPT-NB [4]. A draft protocolwas

provided to DOE by CABST, andthe initial draft Specificationwascompletedin September, 2000,and

sentto anexpertreview panel(seepages9 and10of theBeLPT-NB [4]). Commentson theinitial draftare

providedonpages13- 19of theBeLPT-NB, andareviseddraftwassubmittedfor furtherreview in January,

2001(seeBeLPT-NB page20). Thefinal versionof thespecificationwascompletedin April, 2001[24] and

is availableonpage21of theBeLPT-NB [4].

The two methodsconsideredin the draft versionof this reportwerebasedon “cut points” that were

calculatedfrom theLn(SI)s in thereferencedataset,andthe internalvariability in eachtestwasnot taken

into consideration.Thesemethodsfor identificationof anabnormalBeLPTwereconsideredunacceptable

by theworking groupfor eitherstatisticalor practicalreasons.A new methodis proposedthat combines

clinical judgmentandstatisticalanalysisto identify an abnormaltestor an individual that needsa closer

level of monitoringin the future. This new methoddescribedin Section2.3 is referedto asthestatistical-

biological positive (SBP)method. The SBPmethodrequiresestimatesof standardizedLn(SI)s andthese

valuesare bestcomputedfrom the raw datafor eachBeLPT. Only a portion of the raw datasetswere

availableduringtheinitial developmentof theSBPmethod,soestimatesbasedon summarystatisticswere

usedin the draft Y-12 report. In December2000the raw datafor all of the 1113BeLPTs(1080workers

and33 controls)wereobtainedin electronicform andareusedin this report. For this reasontheresultsin

thisreportmaydiffer slightly from theinitial resultsin thedraftY-12reportthatappearin theBeLPT-NB—

FromeandCragle[4] seepage7.

2 MATERIALS AND METHODS

2.1 BERYLLIUM LYMPHOCYTE PROLIFERA TION TEST

ThetritiatedthymidineBeLPThasfollowedastandardprotocolfor laboratoryprocedureanddatacollection

sincethe late1980s.A detaileddescriptionof lymphocyte culturemethods,quality controlmeasures,and

examplesof platemapsandprintoutsof raw datain useat theORISEBeLPTlaboratorywasprovidedby

Fromeet al. [7]. This andseveralalternative assaydesignsaredescribedin theBeLPT-NB[4]—seepages

2-5. The detailsof the procedureandthe equipmentusedvary at different laboratoriesandthe essential

3



requirementsaredescribedin DOE-SPEC-1142-2001[24]. TheORISEprotocolis briefly summarizedas

follows:

1. A 30 ml bloodsampleis obtainedfrom eachpatientusingsodiumheparinasananticoagulant.The

mononuclearcellsareseparatedusingdensitygradientandcentrifugation.

2. Lymphocytesareculturedusingstandardmethodsat a final concentrationof 2 ü 5 ý 105 cellsperwell

in 96-well flat-bottommicrotiterplates.For eachBeLPTassay12 replicatecontrolwells, andfour

replicatesfor eachberylliumconcentration(i.e.,1, 10,and100µM of BeSO4) aresetup in duplicate

andharvestedafterfive andsevendaysof incubation,respectively. Mitogen-stimulatedcontrolsare

alsosetup to testthecellsability to grow in culture.

3. Cellsareincubatedat37þ C for fiveandsevendaysandapulseof tritiatedthymidineis deliveredprior

to harvest. Cells areharvestedon filter paperandcountsaremeasuredin a PackardMatrix 96 gas

ionizationcounter. Eachfilter is countedfor 10minutesandtheresultsorganizedasshown in Exhibit

A1 in theAppendixfor statisticalanalysis.

2.2 STATISTICAL ANALYSIS OF THE BELPT

As theresultof biologicalvariability in thewell countstherearedifferentlevelsof uncertaintypresentin

eachBeLPT. This internalvariability is describedby the standarddeviation of the Ln well counts,andis

equivalentto thecoefficientof variationontheoriginalscale.This“internalanalysis”of theBeLPTis based

onestimatesof theLn(SI)sandtheirstandarderrors.Theseestimatesarecalculatedusingtheleastabsolute

values(LAV) methodasdescribedby Fromeet al. [7]. This approachonly requirestheability to calculate

mediansandcanbe donein a spreadsheet(e.g.,Excel, seepage14 of the BeLPT-NB [4]) or statistical

program(e.g.,Splusor R). TheLAV analysisis basedon theassumptionsthat:

1. theLn of thewell countsfollow thenormaldistribution;

2. standarddeviationsof Ln countsareconstantwithin harvestdays;

3. multipleoutliersmaybepresentin theLn well counts;and

4. if “respondercells” arepresent,anincreasein cell proliferationrelative to thecontrolwellswill occur
in cultureswith beryllium.

Thedetailedcalculationsfor theLAV analysisareprovidedin theAppendixwith anexample.Thesteps

in theanalysisaresummarizedasfollows:
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1. CalculatetheLn of thewell counts.

2. For each“treatmentgroup”calculatethemedianof theLn counts.

3. For eachberyllium concentration,calculatethe Ln(SI) by subtractingthe medianof the thecontrol
well Ln countsfrom themedianof theBestimulatedLn counts.

4. Calculatethestandarderrorof eachLn(SI).

5. CalculatethestandardizedLn(SI): SLsi= Ln(SI) / StErr[log(SI)].

2.3 IDENTIFICA TION OF ABNORMAL BELPTS USING THE SBPMETHOD

This new SBPmethodreflectstheclinical judgmentthat i) at leasttwo setsof beryllium stimulatedwells

shouldshow a positive response,andii) therequirementthatthemaximumSI mustexceeda cut point that

is determinedfrom a referencedatasetof normalindividuals.A BeLPTis consideredabnormalif boththe

following statisticalandbiologicalcriteriaaresatisfied.

1. Statisticalanalysisof the BeLPT indicatesa positive responseto beryllium. A positive responseto

beryllium occursif at least two SLsis are greater than 2.53 . This is referedto asa “statistical

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

2. The log of the maximumSI—Ln(SImax)—exceedsthe 99.9thpercentileof a ReferenceData Set

(RDS),indicatinga positive responseto beryllium,with a FPPof 0.001.This is calleda “biological

positive” test sinceit is basedon the distribution of the Ln(SImax) valuesin the RDS of normal

tests.TheLn(SImax)valuesfor theRDSareassumedto follow thenormaldistribution with location

parameterM and scaleparameterS. The 99.9 percentilecut point is estimatedas Cp99.9= M +

3.09*S,whereM andS areestimatedfrom theRDSof normalBeLPTs.An equivalentevaluationis

to calculatethemetricZmax=[Ln(SImax)- M ]/S anddetermineif it is greaterthan3.09,which is

the99.9percentileof thestandardnormaldistribution.

If only oneof thesecriteria is met,andthedatais otherwiseacceptable,thenthe testis consideredto

be a “borderline” test. If neithercriteria is met the test is normal. If a patient’s first test is not normala

secondevaluationis requested,andtwo repeatBeLPTsaredonein different laboratoriesor in the same

laboratoryusing different sera. If at leasttwo of the threeBeLPTsareabnormalthe 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

thanone in ten thousand).This is basedon the assumptionthat all nonexposedindividualswill show a

normalresponseto beryllium. In practiceit is known that someindividualswith no known exposureto

beryllium will have an abnormalBeLPT. Thesearereferredto as“biological falsepositives” (seepage6
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of theBeLPT-NB[4] for a detaileddiscussionof a biologicalasopposedto statisticalfalsepositive testand

relatedstatisticalissues).Consequently, theobservedFPRwill behigherthanexpectedbasedon statistical

considerationsalone.A personmaybea “sensitizedresponder”andnothave CBD. If apersonis identified

assensitized,thenfurther medicalevaluationis available to determineif the worker hasCBD—see,e.g.

StokesandRossman[21] for details.

2.4 RECEIVER OPERATING CHARACTERISTIC (ROC) CURVE

Thesecondcriteria in Section2.3 is basedon resultsobtainedusinga singlecut-point(cp) for a biological

positive test. The ROC curve is a graphicaltool that hasbeendevelopedto evaluatethe accuracy of a

diagnostictestwhenthe test result is on a continuousscale,i.e Ln(SI)s, by consideringall possiblecut-

points—seeSwetsandPickett [22]. StokesandRossman[21] consideredROCanalysisin berylliumtesting

andZou andZhou[25] providea recentreview. A nonparametricestimate,seee.g.Lloyd [15], of theROC

curve is obtainedby plotting theempiricalproportion#L1is ÿ cp � n1 against#L0is ÿ cp � n0 for varyingcp.

TheL1isaretheLn(SI)sfor thoseindividualsthatare“cases”(i.e. they aresensitizedand/orhaveCBD) and

L0i aretheLn(SI)sfor thenormalindividuals.Thevaluesontheverticalaxisof theROCcurveareestimates

of thetruepositive rate(TPR),andthehorizontalaxisvaluesestimatethefalsepositive rate(FPR)for each

cut-point. Thecasestatusof eachworker wasnot know at the time the testwasdoneandwasestablished

by following thegroupof Y-12workersfor fiveyearsasdescribedin Section3.4. In ROC analysisthearea

underthecurve (AUC) is consideredasanoverall “index of accuracy”, seee.g. SwetsandPickett (chap.

1)[22] of a test.Pepe[19] considerthepartialAUC asanalternative summarymeasureof accuracy. It has

beenarguedthata FPRabove somethresholdwould not beusedin practiceand,therefore,theROC curve

is of no interestbeyondthis point. If co is the largestFPRof practicalinterest,thenthepartialAUC is the

areaundertheROCcurveover thesubinterval (0,co). In theresultsco = 0.05is usedto calculateasummary

measureover a practicallyrelevant rangeof operatingpointsfor the BeLPT. A consistentnonparemetric

estimateof thepartialAUC is obtainedusingthemethoddescribedby Pepe[19].

3 RESULTS

3.1 GRAPHICAL RESULTS FOR MIT OGEN CONTROL BELPT DATA

In theORISEprotocoleachBeLPTincludestwo setsof four wells for themitogencontrols—concanavalin-

A(ConA) andphytohemagglutinin(PHA).Graphicalsummariesof themitogencontrolSIsfor 1113BeLPTs

areshown in Fig. 1 andFig. 2. In a normalq-q plot, if therelationbetweentheempiricalquantiles(on the

vertical axis) and theoreticalquantiles(on the horizontalaxis) is linear, this indicatesthat the dataare
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describedby a Qaussian(normal)distribution. Eachfiguredisplaysthedatain a histogram(left panel)and

a normalq-q plot (right panel). The upperpanelsshow SIs after a naturallog (Ln) transformationsand

the lower panelsareuntransformedSIs. In bothfiguresthenormalq-q plots for theLn(SI)s (seetop right

panelsin Fig. 1 and2.) stronglysupporttheuseof thelognormaldistribution to describethevariationin the

SIswhentheagentis stronglymitotic. Theonly departurefrom the lognormaldistribution is in the lower

tail. This is dueto themitogenstimulatedculturesbeingwell pastthepeakof their growth curve. If there

is a strongmitotic response,andcell overgrowth occurs,the SI may be artifically low. If this occursthe

wellshaveadistinctyellow appearancethatindicatesthepresenceof deadcellsastheresultof depletionof

cell nutrientfrom thegrowth medium.In over 6000teststheORISELPT laboratoryhasnot encountereda

singleBeLPTin which themitogencontrolsfailedto show a response.

3.2 GRAPHICAL RESULTS FOR BERYLLIUM WORKERS AND CONTROLS

Histogramsfor theSIs for eachharvestdayandBe concentrationfor theBeLPTdataareshown in Fig. 3

(datafrom beryllium workersandnonexposedcontrolsarecombined).For theserumsupplementusedin

this studySIsabove threewereabnormallyhigh, indicatinga responseto beryllium. For plotting purposes

SIs greaterthanfour have beensetequalto four. Figure4 shows the histogramsfor the Ln(SI)s for the

samedata.Comparingthehistogramsin Fig. 3 and 4 indicatesthattheSIsarebestdescribedby thenormal

distributiononthelog scale.Thisis furthersupportedby Fig.5 whichshowslognormalprobabilityplotsfor

theberyllium workersandnonexposedcontrolSIs for eachof thethreeberyllium concentrationson day5

andday7. In eachof thesix plotsthedata—orderedvaluesof theLn(SI)s—areshown on theverticalscale

ontheleft, andthequantilesof thestandardnormaldistributionareshown onthehorizontalscale.Eachplot

includesthemedian(labeledM) andtheMAD estimateof thestandarddeviation(labeledS) for theLn(SI)s

for theberylliumworkers(shown ascircles)andthenonexposedlog(SI)s(shown astriangles.)Thelinesin

eachplot (solid for nonexposedanddottedfor beryllium workers)show therelationthat is expectedif the

Ln(SI) valuesarefrom a normaldistribution with locationparameterM (which determinesthe intercept)

andstandarddeviationS(whichdeterminestheslope).

Figure5 reflectstheassumptionthatmostberylliumexposedworkersdonotshow anabnormalresponse,

i.e. they look like the nonexposedgroup. The relation betweenthe empirical quantilesand theoretical

quantilesis approximatelylinearin thecenterof thedistribution indicatingthatthedistribution is Gaussian.

Forexample,considertheplot for day5Be-1in Fig.5. TheLn(SI)sappearto beapproximatelynormalin the

center, for boththenonexposedcontrolsandtheberylliumworkers.Thereareseveralvaluesthatarelarger

thanexpected(thesearethepointsabove the lines). These“outliers” areSIs that indicatehypersensitivity

to beryllium. Therearealsoseveralpointsbelow theline which indicatecell killing. Theeffect of outliers
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on theseestimateshasbeenminimizedsinceresistantmethodswereusedto estimatethelocationandscale

parameters,M andS, respectively. Theresultsin Fig. 5 aresimilar to plotsfor previousORISEdata—see

[7] Fig. 5, andsimilarBeLPTtestresultsfrom TheNationalJewishCenter—see[6] Figs.5 and6.

3.3 IDENTIFICA TION OF ABNORMAL BELPTS USING THE SBPMETHOD

TheSBPmethoddescribedin Section2.3wasusedto evaluateeachBeLPT. Thefirst stepwasto calculate

theSLsi for eachberyllium concentrationon Day 5 andDay 7 (seeline 3 of AppendixII for anexample).

If at leasttwo of the SLsisaregreaterthan2.53thenthe testis a statisticalpositive. The examplein the

Appendixhastwo SLsisgreaterthan2.53 so it is considereda statisticalpositive test. The secondstep

requiresestimatesof the locationandscaleparametersfor the RDS. The BeLPTsfrom the nonexposed

controlswereusedastheRDS.TheLn(SImax)valuesfor thenonexposedcontrolsandberyllium workers

areshown in box plots (left panel)andnormalq-q plots (right panel)of Fig. 7. A detailedexampleand

explanationof boxplotsandq-q plots is provided in theBeLPT-NB (see“click herefor details” in Item 1

on page7). The Ln(SImax)for the nonexposedcontrolsappearlinear andthe Kolmogorov-Smirnov test

indicatesthat the lognormaldistribution cannotberejected.Theq-q plot for theberyllium workersshows

thatmostof thetestresultsaredescribedby thesamelognormalmodel,but therearea numberof teststhat

haveLn(SImax)valuesthatareeithertoo large(positive test)or toosmall(astheresultof cell killing). This

is furthersupportedby thefactthattheoutlier resistantestimatesof thelognormalscale(M)andlocation(S)

parametersfor thenonexposeddataarealmostidenticalto thosefor theberylliumworkersdata.Theestimate

of M from theRDSis 0.0812andtheestimateof S is 0.34.A biologicalpositive testoccurs(seecriterion2

in Section2.3) if Zmax= [Ln(SImax)- M]/S is greaterthan3.09.For theexamplein theAppendixZmax=

[ 0.98- 0.0812]/0.34= 2.64,indicatingthatthis is not abiologicalpositive test.Consequently, theexample

is considereda “borderline” test,andtwo additionalBeLPTswereobtainedfor this worker. Both of these

wereabnormalsotheworker is consideredsensitizedto berylliumasdescribedin 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 the944workerswith an initial normaltestwerefollowedandre-testedover thenext five

years.Theresultsof this follow-up areshown in Columns2-7 of Table1. A total of 132BeLPTshadan

initial positive testby at leastoneof thecriteriain Section2.3. Therewere80BeLPTsthatwereabnormal,

38 testswith Zmaxgreaterthan3.09(biologicalpositive only), 16 testswith at leasttwo SLsisgreaterthan

2.53(statisticalpositive only), and948normaltests.Thesegroupsareidentifiedin thefirst columnof Table

1. The classificationof individuals in the columns2-6of Table1 wasbasedon the criteria beingused
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by the ORISE LPT laboratory at the time the testswere done(not thecriteriain Section2.3).A worker

wasclassifiedassensitized(SENS)if aninitial testwasrepeatedtwice andat leasttwo of thethreeresults

wereabnormal.A BeLPTwasabnormal(A) if at least two SIs exceededa cut point of 2.42. This cut

point wascalculatedusingtheSImaxfor eachBeLPTin theRDS,andis equalto themean+ 2*(standard

deviation). ThemeanSImaxwas1.27andthestandarddeviation was0.576. A testwasborderline(B) if

only oneSI exceededthecutpoint,andthedatawasotherwiseacceptable.If only oneBeLPTwasdonethe

follow-up statusis unknown (Un). If a worker wasidentifiedassensitized,thenfurthermedicalevaluation

wasavailable. If a sensitizedworker wasevaluatedclinically anddiagnosedwith CBD they arein column

6 of Table1, otherwisethey arein column5. If a sensitizedworker did not have a clinical evaluationtheir

CBD statusis not known andthey areincludedin column5. If a worker wasneitherabnormalor normal

they areconsideredborderlineandfurthermonitoringis indicated.A worker wouldbein thisclassification

if, for example,they hadaninitial abnormalBeLPT, andthesplit testswereborderlineandnormal.

Theresultsof theSPPmethodsummarizedin Table1 canbeusedto estimatethetruepositiverate(TPR)

andfalsepositive rate(FPR)for a first abnormal BeLPT in a specificserum. Theresultsin Table1 were

furthersummarizedby assumingthat i) individualsfollow-up statusreflectstheir conditionat thetime the

first testwasdone;ii) individualswith unknown statuswerenormal(thesearemostlyretiredworkerswith

a normalfirst testthatareasymptomatic);iii) individualsthathave CBD aresensitized;andiv) individuals

thatwerenotsensitizedto berylliumarenormal.TheTPRof thefirst BeLPTin Serum3040083is 48/56or

85.7percent,andthespecificity(1-FPR)is 992/1024or 96.9percent.TheORISELPT laboratoryidentified

abnormalBeLPTsusingthe methodsandcriteria in placeat the time that eachtestwasdone. Using the

informationfrom the ORISEhistoricaldatabasethe TPR was78.6 percentandthe specificitywas98.3

percent. If individuals with unknown status(seeii above) arenot includedin the calculations,then the

specificity for the SBP methodis 96.0 percent,and the specificity for ORISE historicalmethodis 92.7

percent.

Table1 is basedonresultsobtainedusingasinglecut-point(cp) for abiologicalpositive testasdescribed

in Section2.3. TheROC curvesfor eachharvestdayandberylliumconcentrationareshown in Fig. 8. The

AUC andthepartialAUC over theinterval (0,0.05)aregivenfor eachcurve (seeSection2.4).

4 DISCUSSION

Thegraphicalresultsin Figs.1-7of Section3 provideempiricalevidencethattheassumptionsdescribedin

Section2.2 arereasonable.Theresultsin Table1 indicatethat theSBPmethod,usingtheLAV approach

to estimatetheSIs, is at leastasgoodascurrentmethodsfor evaluatingtheBeLPT. The“outlier rejection

method”that is usedby somelaboratorieshasno logical statisticalbasis(seepage16 of the BeLPT-NB
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Table1 Summary Follow-Up Data For Y-12Group

Follow-UP Results
Group Ba N UN SENS CBDb Total

AbnormalTest 7 21 4 27 21 80
BiologicalPositive 6 22 6 1 1 36
StatisticalPositive 0 10 4 2 0 16
Normal 6 629 309 3 1 948

Total 10 682 323 33 23 1080

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

notebook[4] for furtherdiscussion).Furtherevaluationof thisapproachis currentlyunderwayusingresults

from ORISEobtainedin several differentseraafter1996,andusingdatafrom at leasttwo additionallab-

oratories.Theresultsof this work andany additionalinformationrelatedto thetritiatedthymidineBeLPT

will beaddedto theBeLPT-NB.

TheROC analysisin Fig. 8 indicatesthatresultson Day 5 aregenerallymoreaccuratethanDay 7 and

that the10 µM BeSO4 challengeprovidesthebestresulton bothdays.A possibleverificationbiasoccurs

sinceall workerswith a normalfirst testdo not receive additionaltestsduring follow-up. This problem

primarily occursin the group of retired workers with a normal first test that are asymptomatic.Active

workers in the beryllium surveillanceprogramwerere-testedon a regular basis. For this ROC analysis

it is assumedthat retiredworkers that areasymptomaticwould be normal in subsequenttestingfor this

analysis.The“gold standard”usedto identify “cases”is thereforeimperfect,sincea worker is considered

“sensitized”to berylliumif they have at leasttwo abnormalBeLPTs,i.e. clinical verificationof CBD status

is optional—seeZouandZhou[25] for furtherdiscussion.
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NOTE: In Bottom Panels SIs Greater Than  1200 Replaced with  1200

Fig. 1. The panelson the left show the histogramsof the SIs. The top left is for Ln(SI)s and the bottom left is
for the SIs. The panelson the right are normal q-q plots. If the data in the histogram (on the left) is normally
distributed then the normal q-q plot (on the right) should look lik ea straight line. Theseplots clearly show that
Ln(SI)s follow the normal distribution, i.e. the SIs follow the lognormal distribution.
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Fig. 3. Histograms of the SIs for the beryllium workers and nonexposedBeLPTs. Numbers in parenthesisare
the outlier restiantmedian(M) estimateof location and S the MAD estimateof the scaleparameter. The mean
and standard deviation (SD) for eachdistribution arealsogiven.

13



SIs Log Scale

P
er

 C
en

t

Day 5 Be 1  
LN(M,S)= (  -0.08 ,  0.25 )

0 %  <  0.03125 
 2.34 % >  4

0.03 0.06 0.12 0.25 0.5 1 2 4

0

5

10

20

SIs Log Scale

P
er

 C
en

t

Day 5 Be 10 
LN(M,S)= (  -0.47 ,  0.46 )

0 %  <  0.03125 
 3.5 % >  4

0.03 0.06 0.12 0.25 0.5 1 2 4

0

5

10

20

SIs Log Scale

P
er

 C
en

t

Day 5 Be 100 
LN(M,S)= (  -0.36 ,  0.71 )

0 %  <  0.03125 
 5.93 % >  4

0.03 0.06 0.12 0.25 0.5 1 2 4

0

5
!
10

20

SIs Log Scale

P
er

 C
en

t

Day 7  Be 1  
LN(M,S)= (  -0.32 ,  0.4 )

0.36 %  <  0.03125 
 1.53 % >  4

0.03 0.06 0.12 0.25 0.5 1 2 4

0

5

10

20

SIs Log Scale

P
er

 C
en

t

Day 7 Be 10 
LN(M,S)= (  -2.05 ,  1.3 )

12.6 %  <  0.03125 
 2.07 % >  4

0.03 0.06 0.12 0.25 0.5 1 2 4

0

5

10

20

SIs Log Scale

P
er

 C
en

t

Day 7 Be 100 
LN(M,S)= (  -1.64 ,  1.62 )

11.81 %  <  0.03125 
 2.8 % >  4

0.03 0.06 0.12 0.25 0.5 1 2 4

0

5
!
10

20

BeLPTs For 1080 Beryllium Workers and 33 Nonexposed
SIs Less Than 0.03125 Replaced with  0.03125  SIs Greater Than  4 Replaced with  4
"

NOTE:  M is median Ln(SI)  S is MAD estimate of Scale for Ln(SI)

Fig. 4. Histograms of the Ln(SI)s for the beryllium workers and nonexposedsBeLPTs. The outlier restiant
estimateson the Ln scaleof location M (the median) and S the MAD estimateof the scaleparameter for each
distribution aregiven in parenthesis.

14



 

L
o

g
(S

I)

-2 0 2

-6
-4

-2
0

2
4

6

Be Workers (M,S)=  
#
  ( -0.076  ,  0.255 ) 

 exp(M)= 0.93

Nonexposed (M,S)=
$
 ( -0.083  ,  0.329 ) 

 exp(M)= 0.92

Day 5 Be 1

 

L
o

g
(S

I)

-2 0 2

-6
-4

-2
0

2
4

6

Be Workers (M,S)=  
#
  ( -0.463  ,  0.46 ) 

 exp(M)= 0.63

Nonexposed (M,S)=
$
 ( -0.565  ,  0.283 ) 

 exp(M)= 0.57

Day 5 Be 10

 

L
o

g
(S

I)

-2 0 2

-6
-4

-2
0

2
4

6

1/16

1/4

1

4

16

64

256

Be Workers (M,S)=  
#
  ( -0.363  ,  0.71 ) 

 exp(M)= 0.7

Nonexposed (M,S)=
$
 ( -0.395  ,  0.443 ) 

 exp(M)= 0.67

Day 5 Be 100

S
I

 

L
o

g
(S

I)

-2 0 2

-6
-4

-2
0

2
4

6

Be Workers (M,S)=  
#
  ( -0.313  ,  0.415 ) 

 exp(M)= 0.73

Nonexposed (M,S)=
$
 ( -0.195  ,  0.24 ) 

 exp(M)= 0.82

Day 7 Be 1

 

L
o

g
(S

I)

-2 0 2

-6
-4

-2
0

2
4

6

Be Workers (M,S)=  
#
  ( -2.022  ,  1.304 ) 

 exp(M)= 0.13

Nonexposed (M,S)=
$

 ( -2.2  ,  1.396 ) 
 exp(M)= 0.11

Day 7 Be 10

 

L
o

g
(S

I)

-2 0 2

-6
-4

-2
0

2
4

6

1/16

1/4

1

4

16

64

256

Be Workers (M,S)=  
#
  ( -1.607  ,  1.614 ) 

 exp(M)= 0.2

Nonexposed (M,S)=
$
 ( -2.004  ,  1.039 ) 

 exp(M)= 0.13

Day 7 Be 100

S
I

Note: M = Median[ Log(SI) ]      S = S-Mad[ Log(SI) ]

Y-12 Be Study: Gaussian Probability Plots (Log SIs) For Nonexposed and Beryllium Workers
%

Fig. 5. Normal q-q plots of Ln(si)s for eachberyllium concentrationon day 5 and day 7 for beryllium workers
and nonexposedcontrols. The data valuesare shown 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) are in lower right of eachpanel.

15



SIs Log Scale

P
er

 C
en

t

Histogram For Log(SI) 
LN(M,S)= (  0.06 ,  0.35 )
&

0.36 %  <  0.25 
 7.37 % >  4

0.25
'

0.5
'

1 2
(

4
)

0
'

5
*

10

20
(

Standard Normal Quantiles
+

Ln
(S

I)

-2 0
'

2
(-1

.5
-1

.0
-0

.5
0.

0
0.

5
1.

0
1.

5

0.25
'

0.5
'

1

2
(

4
)

M = 0.06    S = 0.35

Normal Q-Q Plot 

Y-12 Beryllium Workers Study: Results For MAXIMUM SI
,

NOTE:SIs Less Than 0.25 Replaced with  0.25  SIs Greater Than  4 Replaced with  4

Fig. 6. Histogram and Normal Q-Q Plots for Ln(SImax) for beryllium workersand nonexposedcombined.The
Median (M), and MAD scaleestimate(S)of the Ln(SI)s areshown.

16



-4
-2

0
2

4
6

o

oo
oooo
ooooooo

oooooooooooooooooooooooo
ooooooooooooooooo
oooooooo
ooooo
ooo
oooo
ooo
ooo
oo
oooo
oo
oo
oo
oo

o

   NE   BE

Box Plots

0.
01

0.
10

1.
00

10
.0

0
10

0.
00

10
00

.0
0

Standard Normal Quantiles
-

Ln
(S

Im
ax

)

-2 0
.

2
/

-4
-2

0
2

4
6 M= 0.06   Mean=0.27

S= 0.35   StD= 0.82
-
 KS test P-value=  0

M= 0.08   Mean=0.16

S= 0.34   StD= 0.38
-
 KS  P-value > 0.1

0.
01

0.
10

1.
00

10
.0

0
10

0.
00

10
00

.0
0

Normal Q-Q  Plot 

SImax for BeLPTs:  Beryllium Workers (1080) Nonexposed(33)     

Fig. 7. Boxplots (left panel) and normal q-q plots (right panel) for Ln(SImax). In the right panel summary
statistics for nonexposedcontrols (circles)are shown in lower right, and for beryllium workers (triangles) in
upper left of q-q plot. A small P value for Kolmogorov-Smirnov (KS) goodness-of-fittest indicatesdeparture
fr om normal distribution for LN(SImax).

17



••

•
•
•

•

•

•••
••
••
•••
•••••

•
• • •

• •

•

•

• •

• • • • • • • •••••••••••••••••

False Positive

T
ru

e 
P

os
iti

ve

0.0 0.2 0.4 0.6 0.8 1.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Day 5 Be 1  AUC=  0.869

Partial Area=  2.84 %

••
•

•

•

•

•

•

•
••••
••
•••
•••••••••

•• • • • •
• • • • • • • • • • • • • • • • •••• •••••••••••••••••••••••••••

False Positive

T
ru

e 
P

os
iti

ve

0.0 0.2 0.4 0.6 0.8 1.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Day 5 Be 10  AUC=  0.934

Partial Area=  3.96 %

••
•
•

•
•

•

•

•
••
••

••
•
•••••

•••

••••••••••••• • •• • • • • • • • • • • • • • • • • • ••••••• ••••••••••••••••••••••••••

False Positive

T
ru

e 
P

os
iti

ve

0.0 0.2 0.4 0.6 0.8 1.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Day 5 Be 100  AUC=  0.943

Partial Area=  3.29 %

••
•

•

•

••
••
•
•
••
••
•••
••
• • • • •

• •

•

• •
•

• • •
• • • • •• •••••••••••••••••••••••••••••••••••••••••••

False Positive

T
ru

e 
P

os
iti

ve

0.0 0.2 0.4 0.6 0.8 1.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Day 7 Be 1  AUC=  0.82

Partial Area=  2.62 %

••
••
•
•

•

•

•••
•••
•
•••
•••
•••
••••

•••••••••
•••

••••• •••
• ••• •• ••••••••• ••••

•• ••••
• • ••••••• ••• •••••••••••••••••••••• •••••••

False Positive

T
ru

e 
P

os
iti

ve

0.0 0.2 0.4 0.6 0.8 1.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Day 7 Be 10  AUC=  0.889

Partial Area=  3 %

••
•

••
•

•

•
••••
•
•••
••••
••••••••

••
••••

•••
•••••

•
•••

•••••••• •••••••
••••••

••••••
•••••• •• •••••••••••••••••••••••••••••••••••••••••

False Positive

T
ru

e 
P

os
iti

ve

0.0 0.2 0.4 0.6 0.8 1.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Day 7 Be 100  AUC=  0.896

Partial Area=  2.37 %

roc5pt6.f0Note: AUC= Area Under ROC Curve   Partial Area is Over(0, 0.05)

Y-12  Study: Empirical ROC Curves  For Ln(SI)s 
1

Fig. 8. Empirical ROC curvesfor Ln(SI)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 nonpametricestimateof the areaunder
the ROC curve fr om 0 to 0.05on the x-axis (i.e.,maximum FPR of practial interestis 0.05).

18



5 ACKNOWLEDGMENTS

This researchwassupportedby theOfficesof OccupationalMedicine,Environment,SafetyandHealth,of

theU. S. Departmentof Energy undercontractDE-AC05-00OR22725with UT-Battele,LLC. Theauthors

thankORISE,Centerfor EpidemiologicResearchandORNL,ComputerScienceandMathematicsDivision

staff for assistancein preparingthis report.

Thework hasbeenauthoredby acontractorof theU.S.Government.Accordingly, theU.S.Government

retainsa nonexclusive, royalty-freelicenseto publishor reproducethepublishedform of this work, or to

allow othersto dosofor U. S.Governmentpurposes.

References

[1] G. Basset,Jr. andR. Koenker. Asymptotictheoryof leastabsoluteerror regression.Journal of the

AmericanStatisticalAssociation, 73:618–622,1978.

[2] J.M. Chambers,W.S.Cleveland,B. Kleiner, andP.A. Tukey. GraphicalMethodsfor Data Analysis.

Duxbury Press,Boston,1983.

[3] D.L CragleandW. G. Tankersley. Examinationof workplacecharacteristicsof workerssensitizedto

beryllium at theY-12 plant. Technicalreport. To bepublishedat OakRidgeInstitutefor Scienceand

Education.

[4] E.L. FromeandD.L. Cragle,editors.BeLPT-NB:NotesConcerningTheTritiated ThymidineBeryllium

LymphocyteProliferation Testat http://www.csm.ornl.gov/ 2 frome/BE/tnote.html. OakRidgeNational

Laboratory, OakRidge,TN, 2001.

[5] E.L. Frome,D.L. Cragle,S.P. Colyer, andP.F. Wambach.Developmentandevaluationof a screening

testfor beryllium sensitization.In Proceedingsof theStatisticsin Epidemiology Section, Alexandria,

VA, 2001.AmericanStatisticalAssociation.

[6] E.L. Frome,L.S.Newman,andM.M. Morz. Resultsof theanalysisof thebloodlymphocyteprolifera-

tion testdatafrom TheNationalJewishCenter,1997.TechnicalReportORNL/TM-13338,OakRidge

NationalLaboratory, 1997.

[7] E.L. Frome,M.H. Smith, L.G. Littlefield, R.L. Neubert,and S.P. Colyer. Statisticalmethodsfor

the blood beryllium lymphocyte proliferationtest. EnvironmentalHealth PerspectivesSupplement,

104:957–968,1996.

19



[8] A. Geist and N. Nachtigal. Oak Ridge National Laboratory Electronic NotebookProject at

http://www.csm.ornl.gov/ 2 geist/java/applets/enote/. OakRidgeNationalLaboratory, OakRidge,TN,

2000.

[9] J.M. Hanifin, W.L. Epstein,and M.J. Cline. In vitro studiesof granulomatoushypersensitivity to

beryllium. Journalof InvestigativeDermatology, 55:284–288,1970.

[10] H.L. HardyandJ.R.Tabershaw. Delayedchemicalpneumonitisoccuringin workersexposedto beryl-

lium compounds.Indust.HygineToxicol., 28:197–211,1946.

[11] S.Kotz andN.L Johnson.Encyclopediaof StatisticalScience, Vol 8. JohnWiley & Sons,New York,

NY, 1988.

[12] K. Kreiss,F. Miller, , L.S. Newman,A. Oj0-Amaize,M. Rossman,andC. Saltini. Chronicberyllium

disease—fromtheworkplaceto cellularimmunology, molecularimmunogenetics,andback. Clinical

Immunology andImmunopathology, 71:123–129,1994.

[13] K. Kreiss,M.M. Mroz, B. Zhen,J.W. Martyny, andL.S. Newman. Epidemiologyof beryllium sen-

sitizationand diseasein nuclearworkers. AmericanReview of Respiratory Disease, 148:985–991,

1993.

[14] K. Kreiss,L.S. Newman,M.M. Mroz, andP.A. Campbell.Screeningbloodtestidentifiessubclinical

berylliumdisease.Journalof OccupationalMedicine, 31:603–608,1989.

[15] C. J.Lloyd. Usingsmoothedreceiver operatingcharacteristiccurvesto summarizeandcomparediag-

nosticsystems.Journalof theAmericanStatisticalAssociation, 93:1356–1364,1998.

[16] P. McCullaghandJ.A.Nelder. GeneralizedLinearModels. ChapmanandHall, London,1989.

[17] L.S.Newman.Beryllium diseaseandsarcoidosis:clinical andlaboratorylinks. Sarcoidosis, 1996.

[18] L.S. Newman. Significanceof thebloodberyllium lymphocyte proliferationtest(BeLPT). Environ-

mentalHealthPerspectivesSupplement, 104:953–956,1996.

[19] M. S. Pepe. Threeapproachesto regressionanalysisof receiver operatingcharacteristiccurves for

continuoustestresults.Biometrics, 54:124–135,1998.

[20] J. SternerandM. Eisenbud. Epidemiologyof beryllium intoxication. Arch. Ind. Hyg. Occup.Med.,

4:123–157,1951.

20



[21] R.F. StokesandM.D. Rossman.Bloodcell proliferationresponseto beryllium: Analysisby receiver-

operatingcharacteristics.Journalof OccupationalMedicine, 33:23–28,1991.

[22] J.A.SwetsandR.M.Pickett.EvaluationofDiagnosticSystems:MethodsfromSignalDetectionTheory.

AcademicPress,New York, NY, 1982.

[23] L. Tornquist,P. Vartia, and Y. Vartia. How shouldrelative changesbe measured? The American

Statistician, 39:43–46,1985.

[24] P Wambach,editor. DOE-SPEC-1142-2001:BERYLLIUM LYMPHOCYTEPROLIFERATIONTEST-

ING at http://tis.eh.doe.gov/techstds/standard/spec1142/SPEC11422001.pdf. U.S.Departmentof En-

ergy, Washington,D.C.,2001.

[25] H.K. ZouandX. A. Zhou.Receiveroperatingcharacteristic(ROC)analysis.Statisticsin Epidemiology

Newsletterat http://www.csm.ornl.gov/asasie/newsletter/SIEv2001n1.pdf, 2001.

21



A APPENDIX

A.1 LEAST ABSOLUTE VALUES ANALYSIS FOR BELPT

Themainresultsfrom Fromeetal. [7] aresummarizedhere.Let yjk denotethewell count(seeExhibit A1)

for thekth replicateof the jth setof cultureconditions(seeColumn1 Exhibit A1). Thedatain Exhibit A1

aretheraw countsfor worker ID= 271andareusedhereto demonstratethecalculations.

3547698;:=<>6@?A: BC6AD9DFE5G=H5?7:JI
KA8;L7MONPG=?7:947GAD7I Q=R9R9S R9T9U>Q QWV5V9X U9X5VKA8;L7MONPG=?7:947GAD7I QWX5U5U Q=M;Y5Z Q[X\Q]S Q9Q]TJQKA8;L7MONPG=?7:947GAD7I U9Y5U R5R;YAM QWV9XAT VAR;ZKA8PLCM_^C6>Q Q]V9V5V Q]Z9U5S QWV5SAR QWZ5Z5MK58;L7M`^a6JQ]S T5T9Y5Z VAR9RJQ Q[XAV5T T9S5U9VKA8PLCM_^C6>Q]S9S T5Y9T>Q T5Y5M5M RPX7M5R QWY5T;XKA8;LAVbNPG=?7:947GAD7I T5YJQ]Y Q]V9X>Q]S T9U5Z5U TJQWX9XKA8;LAVbNPG=?7:947GAD7I Y9Y5U Q=R9M9V Q[XAU5V X9XAY9SKA8;LAVbNPG=?7:947GAD7I R9Z9U5V X\QWV9X QWT5Y5Y Q9Q=M9RKA8PL7Vc^C6>Q Q]Y9V5S RJQWZ5Y YAR;U Q]R9Y;XK58;LAV_^a6JQ]S T9T5S M9U5Z R5MPX R9Y;XKA8PL7Vc^C6>Q]S9S T5YJQ5Q X5X5T5Y QWX9X7M5R QWX5Z5U5Rd;e7fgQ]S5RJQWY5S X5X7R9R9T M9U9T9X5X MJQWS5Z9ZEAh@iAfgQ5Q]M9Y9V5TjQWS9X\Q[XAYkR9M5R9R9T5VlQ=M9U;X7RaQ

Exhibit A1. Well CountsFor BeLPT Assay271

Theexpectedcountin eachwell canberepresentedby a log-linearregressionfunction:

E m yjk npo λ j o exp m Xjβ nrq (1)

where j o 1 qtststsrq 10andk o 1 qtststsuq 12 for thecontrolsandk o 1 q 2 q 3 q 4 for theberylliumstimulatedcellsand

thepositive controls(seecolumn1 of Exhibit A1). In equation(1), Xj is a row vectorof indicatorvariables

andβ is thevectorof regressionparameters(seebelow). It is furtherassumedthatthevarianceof thewell

countsis proportionalto thesquareof theexpectedcount,i.e. thestandarddeviation is proportionalto the

mean:

Var m yjk nvo m φλ j n 2 s (2)

Equations1 and2 togetherarereferredto asa generalizedlinear modelwith constantcoefficient of

variationφ (seeMcCullaghandNelder[16, chap.8] ).
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1) Thefirst stepin theLAV analysisis to taketheLn of thecountsin Exhibit A1 (seeColumns2-4of

Exhibit A2). This is thevariance-stabilizing transformationandleadsto a linearmodelin sayzjk o ln m yjk n ,
with Var m zjk nxw φ2. The Ln of the countsareshown in columns2-5 of Exhibit A2. If outliersarenot

present,applyingordinaryleastsquaresto thetransformeddatawill yield consistentestimatesfor theLn(SI)

parameters[16]. The effect of outliersis minimizedby usingleastabsolutevalues(or someotherrobust

method)on thezjk.

2.) The secondstepis to calculatethe median of the Ln countsfor eachTreatmentGroup. Let z̃j

denotethemedianfor the jth beryllium concentrationandz̃o denotethemedianof theLn well countsfor

thecorrespondingcontrolwells (seeColumn6 of Exhibit A2).

3.) Stepthreeis to calculatethe LAV estimateof the jth Ln(SI) , β̃ j o z̃j y z̃o. For example,on Day

5 Be100theLn(SI)= 8.0010- 7.2819= 0.7191,andtheestimateof theSI is exp(0.7191)=2.05.

z={P|=}W~��A|[�@~ �[�v���;|@�]���[�[�=�@~9�@� �P|]�5��}[�� {@�[�=��=}W�P���[�[�@~]{P�@�P���v�����=�]� �v���]�=�=� �v���P A��� �p�� =�=¡=¡ �v��¢= 5����=}W�P���[�[�@~]{P�@�P���v��¡A��¢]� �v��¡]�=�=� �v�£¢=�A��¡ �p���=¡=�=� �v��¢= 5����=}W�P���[�[�@~]{P�@�P���v�� =�=�]¡ �v���]¢=�=¡ �v���P�=¡W� �p���=�=�=¡ �v��¢= 5����@}W�P�¥¤;|5���v�¦�P =¢]� �v���[�=�P¡ �v���P¡=�=� �p���W�C��� �v���A�§¢=¢�@}W�P�¥¤;|A�§�  v����¢=¢5�¨ v�� ] W�P� �v�£¢=�=�A�© p���=¡= =¢  v���= ]�A��@}[�P�¥¤;|A���=�  v�����=�]¡  v��¢]�=¡=� �v�£ =�W�P� �p��¡=�= =   v���=�5����=}W�P���[�[�@~]{P�@�P�� v�����=¡5�¨�v���]�W�P   v�£¢=�A��¡  p���=�=¡=¡  v���A�§¢=¡�=}W�P���[�[�@~]{P�@�P���v���=�=�]  �v���§¡=�=� �v�£¡A�=��¢  p�¦�P�=¢=�  v���A�§¢=¡�=}W�P���[�[�@~]{P�@�P���v���=�A���  v��¡]¡=�=� �v�£¢A���=� �p���W�P�=¡  v���A�§¢=¡�@}W�P�¥¤;|5���v�¦�P¢=�]� �v���] =�=  �v���=�=�C�©�p���r�P¢=� �v��¢= 5��¡�@}W�P�¥¤;|A�§� �v���=�=�5�¨�v��¡]�=¡=� �v�£�=¡=�=¡ �p���=�=�=� �v���= ]�=��@}[�P�¥¤;|A���=�  v�����A�§�  v��¡]�=�=� �v�£�=�= =� �p���=�= =�  v���= ] =�ª=«]¬�]�a���=¡W�@¡`���v���=�]�=�`���v���]�A�=�®���p�� W�C��¡`�§�v���A���]¢¯P°[± ¬�]�a���=�= ]�`�=�a���=�]¡=�`��¢v�¦�@¡= A�®�=�C���=�=�=¡`�]�a�� A�� ]�

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

4.) The fourth stepis to calculatethe standard error of eachLn(SI) . This requiresanestimateof φ

thestandarddeviationof theLn counts(correspondsto CV onoriginalscale).An outlierresistantestimate—

seeFromeet al. p. 959[7]—“phitilde” of φ is φ̃ o 1 s 48 ²´³ nµAm n y pn ² median¶5· zjk y z̃j ·¹¸ . Estimatesof

φ arecalculatedfor Day 5 andDay 7, sinceit hasbeenobservedthatthereis generallymorevariability on

Day7. Theestimatedstandarderrorof Ln(SI) is StErr=φ̃ ³ diag m V n , whereV o m π µ 2n m X º X nu» 1. UsingDay

5 asanexample,theresidualsujk o zjk y z̃j areshown in Exhibit A3, andφ̃ o 1 s 48 ²¼³ 24µ 20 ²¼m 0 s 1963n½o
0 s 3183,wheremedian · zjk y z̃j · = 0.1963. The standarderror of Day 5 Ln(SI)’s is StErr= φ̃ ³ diag m V n¾o
0 s 3183 ²À¿ 1 s 571 ² 0 s 25 o 0 s 230s
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5.) Divide the Ln(SI) by its standard error to obtain the standardizedLn(SI) . Dividing eachLn(SI)

by its standarderrorresultsin astatisticthatis in “standardmeasure,” having mean0 andstandarddeviation

1 (seeKotz,S.andJohnson,p. 631[11]). TheLAV estimateof thestandardizedLn(SI) For Day5 Be100is

SLsi = Ln(SI) / StErr[Ln(SI)] = 0.7197/0.230= 3.13. If outliersarenot present,andthezjks arenormally

distributed,thenthe leastsquaresestimateof the jth Ln(SI)= β̂ j o ẑj y ẑo, i.e. thetreatmenteffectson the

Ln scale. Here ẑj denotethe meanfor the jth beryllium concentrationand ẑo denotethe meanof the Ln

well countsfor thecorrespondingcontrolwells, i.e. thesearethe“leastsquares”estimatesof locationand

scale. Under the null hypothesisof no treatmenteffect, Ho : β j o 0, dividing the Ln(SI) by its standard

errorresultsin astandardizedLn(SI) thatwill follow Student’s t distribution with n y p degreesof freedom

(df). TheLAV estimatesareasymptoticallyGaussianwith covariancematrix φV—seeBassetandKoenker

[1]. In largesamplestheoutlier resistantstandardizedLn(SI) will follow thestandardnormaldistribution.

The small sampledistribution of theoutlier resistantLn(SI) is not know. For this applicationwe will use

theappropriatet-distribution (with df= 20) asa referencedistribution to identify a largevaluefor this test

statistic.Thecritical valueor “cut point” of 2.53is selectedsothatunderHo theprobability that theSLsi

exceeds2.53is approximately1 percent.For a BeLPTassayto becalled“abnormal” at least two SLsis

must exceedthis value, so thestatisticalfalsepositive probabilitythata normaltestis calledabnormalis

about0.1percent.

�ÂÁ£Ã½Ä�Å@Æ�=}W�P���[�[�@~]{P�@�P�ÈÇW�v�����=�]¡É�v�¦�P�=�]� �v�����]�A�ÊÇ]�v�¦�@¢= =��=}W�P���[�[�@~]{P�@�P���v���=¡=�]�É�v���=�=�]�ËÇ]�v���=¡]�=�ËÇ]�v��¢]�A����=}W�P���[�[�@~]{P�@�P�ÈÇW�v�¦�P�=�]�É�v�¦�=�P¡[� �v���� 5���ËÇ]�v���]�A����@}W�P�¥¤;|5�ÈÇW�v���=¢=�]�É�v���=¡=¢5�ÊÇ]�v���=�]¢=� �v�£�=¢=�=��@}W�P�¥¤;|A�§� �v���W�P¢]�É�v�� =�W�@�ËÇ]�v���= ]�=�ËÇ]�v���[�C����@}[�P�¥¤;|A���=� �v�����=�]¡É�v��¢=�=¢]�ËÇ]�v�����]�=¡ËÇ]�v���]�=¢=¢

Exhibit A3. ResidualsFrom Day 5 in Exhibit A2
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A.2 SUMMARY LAV REPORT FOR THE BELPT

The resultsof all of the calculationsandadditionalstatisticsarecombinedinto a single laboratoryLAV

report (seeExhibit A4). Note that “CV-mad” (this is the resistantestimateφ̃ for eachtreatmentgroup)

andthe residualsin the PanelI of Exhibit A4 have beenmultiplied by 100, i.e., they are in Log percent

units (L%)—seeTornquistet al. [23]. For examplethefirst residualfor theDay 5 controlwells is 100 ²
Ln m 1220µ 1453s 8nÌoOy 18L%. PanelII of Exhibit A4 lists theLAV estimatesof theSIs,Ln(SI)sandSLsi

for eachberyllium concentrationon day5 andDay 7 andthepositive controls.Theestimatesof φ̃ for the

controlwells andtreatedwells for Day 5 andDay 7 with andwithout “pooling” areprovided in thePanel

III of Exhibit A4. An “overall” pooledestimateis alsoprovided. Thesevaluesareusedto calculatethe

standarderror[Ln(SI)] andto evaluatetheamountof variationwithin controlandtreatedgroupson Day 5

andDay7.

TheLAV reportis usedfor quality control(e.g. to identify unacceptabletests)andto help in theinter-

pretationof acceptableBeLPTsthat arenot confirmedabnormalsor normals. The BeLPT in Exhibit A4

hastwo large standardizedSLsis (D5be10andD5be100)indicatinga statisticalpositive test (seeItem 1

Section2.3 ). ThestandardizedLn(MaxSI) for this test,(seeSection2.3 Item 2) is Zmax=(0.98- M )/S

= (0.98- 0.081)/0.34= 2.64. This is below thecut point of 3.1 (seeSection2.3) for thereferencedataset.

Thevaluesof φ̃ arehigh on Day 7 andthestandardizedLn(SI) for D7be10is -3.98,indicatingcell killing

in at leastonewell. Basedon thecriteriain Section2.3 this is a borderlinetestandwasalsointerpretedas

borderlineby theORISELPT laboratoryusingthecriteriadescribein Section3.4.Subsequenttestingfound

thispatientto beSENSITIZED.
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Exhibit A4. LAV Report for BeLPT Assay271
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