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Abstract:

Beryllium1 sensitivity testingis usedasa screeningtool
for possiblechronicberyllium disease,asa surveillance
tool in indicatinghazardousworking conditions,andas
partof thediagnosticcriteria for thedisease.Theblood
lymphocyte proliferationtest (BeLPT) is usedto deter-
mine if an individual is sensitizedto beryllium. The
Departmentof Energy (DOE) has developeda direc-
tive that describesthe laboratoryprocedureand statis-
tical analysisfor usein this work. This documentand
the review processthat was usedto provide comments
and improvementsareavailable in an ”electronicnote-
book”. The new procedurestandardizesthe interpreta-
tion of BeLPTresultsby usinga metricthatcontrolsfor
the inter-laboratoryandhostdifferencesinherentto this
test. The statisticalanalysistakesinto accountthe bio-
logical variability in the patienttest result and the dis-
tribution of themaximumtestresultin a referencedata
setof nonexposed(control)individuals.Resultsobtained
using this procedurefor a group of beryllium workers
arepresented.For additionalinformationseetheBeLPT
Notebook(BeLPT-NB) [2].

1. Intr oduction

The potential hazardsof exposureto beryllium com-
poundswere first reportedin the 1930s. The clinical
syndromeof chronicberyllium disease(CBD) wasfirst
describedin 1946[6]. Initial speculationontheimmuno-
logic basisof CBD occurredin the 1950s.The first in
vitro observationof beryllium-specificcell proliferation

1 From the 2001Proceedingsof the Statistics in Epidemiology
Sectionof the American Statistical Association.

wasdemonstratedin the 1970s. A review of the devel-
opmentof thebloodBeLPTis providedby Newman[7].
In responseto concernsover ”outliers ” the leastabso-
lute values(LAV) methodon the Ln of the well counts
wasdevelopedby Frome et al [4]. In thestandardproto-
col for theBeLPTa stimulationindex (SI) is calculated
for eachof threeberylliumconcentrationsontwo harvest
days.OnceSIshavebeencalculatedit is necessaryto de-
termineif theresultsindicatean”abnormal”responseto
beryllium. Threemethodswereconsideredin previous
reportsthatutilize a ”cut point” that is establishedusing
a referencedatabaseof BeLPTs( seeFrome et al [1] ).

TheU.S.Departmentof Energy is operatinga screen-
ing program for CBD that will eventually include
approximately30,000 current and former beryllium-
exposedworkers at 20 DOE sites. In Juneof 2000
the DOE decidedthat a Specificationfor the BeLPT
was neededto supportthe beryllium workers and for-
mer beryllium worker surveillanceprograms.A work-
ing group was establishedto write an initial draft ver-
sionof theBeLPTSpecificationandan”electronicnote-
book”2 wasusedto documentthedevelopment,review,
andrevisionof theBeLPTSpecification(seeBeLPT-NB,
FromeandCragle[2]). Figure1 shows thefirst pageof
thiselectronicnotebook.Thefinal versionof theBeLPT
Specification3 wascompletedin April, 2001[9] andis
availableon page21 of theBeLPT-NB. Previousmeth-
odsfor identificationof an abnormalBeLPTwerecon-
sideredunacceptableby theworkinggroupfor eithersta-
tistical or practicalreasons.A new methodis proposed
that combinesclinical judgmentandstatisticalanalysis
to identify anabnormaltest.Thisnew methoddescribed
in Section2.3 is referredto as the statistical-biological
positive (SBP)method.Datafrom a groupof beryllium
workersat theY-12plantin OakRidgeis usedto evalu-
atenew SBPmethod.

2SeeGeist and Nachtigal[5],or DOE 2000 ElectronicNotebook
Projectatwww.csm.ornl.gov/enote/.

3At tis.eh.doe.gov/techstds/standard/spec1142/SPEC11422001.pdf



Figure1: First pagein the TritiatedThymidineBeryllium Lymphocyte ProliferationTestElectronicNotebook(see
BeLPT-NB, FromeandCragle[2])



2. Materials and Methods

2.1 Beryllium LymphocyteProliferation Test

The tritiated thymidineBeLPT hasfolloweda standard
protocol for laboratoryprocedureand data collection
sincethe late1980s.A detaileddescriptionof lympho-
cyte culturemethods,quality controlmeasures,andex-
amplesof platemapsandprintoutsof raw datain useat
theORISEBeLPTlaboratorywasprovidedby Frome et
al [4]. Thisandseveralalternativeassaydesignsarealso
describedin the BeLPT-NB (see[2] pages2-5 ). The
detailsof this procedureandtheequipmentusedvary at
differentlaboratoriesthatareperformingtheBeLPT.

2.2 Statistical Analysisof The BeLPT

As the resultof biologicalvariability in thewell counts
therearedifferent levels of uncertaintypresentin each
BeLPT. This internalvariability is describedby thestan-
darddeviation of the Ln well counts,andis equivalent
to thecoefficient of variationon theoriginal scale.This
”internalanalysis”of theBeLPTis basedonestimatesof
theLn(SI)sandtheirstandarderrors.Theseestimatesare
calculatedusingtheleastabsolutevalues(LAV) method
asdescribedby Frome et al [4]. This approachonly re-
quiresthe ability to calculatemediansandcanbe done
in a spreadsheet(e.g.,Excel,seepage14of theBeLPT-
NB [2] ) or a statisticalprogram(e.g.,Splusor R). The
LAV analysisis basedon theassumptionsthat i) theLn
of thewell countsarenormallydistributed; ii) thestan-
darddeviationsof Ln countsareconstantwithin harvest
days;iii) multiple outliersmaybepresentin theLn well
counts;and iv) if ”respondercells” are present,an in-
creasein cell proliferation relative to the control wells
will occur in cultureswith beryllium. The stepsin the
LAV analysisaredescribedin detailanda numericalex-
ampleis providedin BeLPT-NB [2] andin theAppendix
of [1] and[9] .

[9]

2.3 Identification of an Abnormal BeLPTs Using
the SBPMethod

Thisnew SBPmethodreflectstheclinical judgmentthat
i) at leasttwo setsof beryllium stimulatedwells should
show a response(statisticalpositive),andii) therequire-
mentthat themaximumSI mustexceeda cut point (bi-
ologically positive) that is determinedfrom a reference
datasetof normal individuals. A BeLPT is considered
abnormalif boththestatisticalandbiologicalcriteriaare
satisfied(seeFrome et al [1] [3] for details).

If only oneof thesecriteriais met,andthedatais oth-
erwiseacceptable,thenthetestisconsideredtobea”bor-
derline” test.If neithercriteriais meetthetestis normal.

If apatient’sfirst testis notnormalthenasecondevalua-
tion is requested,andtwo repeatBeLPTsareevaluatedin
differentlaboratoriesor in thesamelaboratoryusingdif-
ferentsera.If at leasttwo of thethreeBeLPTsareabnor-
mal thepatientis deemedberylliumsensitized.A person
may be a ”sensitizedresponder”andnot have CBD. If
a personis identifiedassensitized,thenfurthermedical
evaluation( seeStokesandRossman[8]) is availableto
determineif theworkerhasCBD.

3. Results

Datafrom agroupof berylliumworkersat theY-12plant
in OakRidgeis usedhereto evaluatenew SBPmethod.
The raw datafor 1113BeLPTs( 1080workersand33
controls)wasobtainedin electronicform from the Oak
RidgeInstitutefor ScienceandEducation(ORISE)LPT
laboratory(see[1] for details).

3.1 Results For Beryllium Workers and Nonex-
posedBeLPTs

Histogramsand normal q-q plots for the SIs for each
day andBe concentration(beryllium workersandnon-
exposedcombined)for the BeLPTdataareprovided in
Frome et al,[1]. For theserumsupplementusedin this
studySIs above threewereabnormallyhigh, indicating
a responseto beryllium. Theq-q plots indicatesthat the
SIs arebestdescribedby thenormaldistribution on the
log scale. This is further supportedby Figure2 which
shows lognormal q-q plots for the beryllium workers
andnonexposedcontrol SIs for eachof the threeberyl-
lium concentrationson day 5 andday 7. In eachof the
six plots the data—orderedvaluesof the Ln(SI)s—are
shown on theverticalscaleon theleft, andthequantiles
of thestandardnormaldistributionareshown onthehor-
izontal scale.The relationbetweentheempiricalquan-
tiles andtheoreticalquantilesis approximatelylinear in
the centerof the distribution for eachpanel in Figure
2, indicatingthat the distribution is Gaussian.This re-
flectstheassumptionthatmostberylliumexposedwork-
ers do not show an abnormalresponse,i.e. they look
like the nonexposedgroup. For example,considerthe
plot for day5 Be-10in Figure2. TheLn(SI)sappearto
beapproximatelynormalin thecenter, for boththenon-
exposedcontrolsandthe beryllium workers. Thereare
severalvaluesthatarelargerthanexpected(thesearethe
pointsabove thelines)for theberylliumworkers.These
”outliers” areSIs that indicatehypersensitivity to beryl-
lium. Therearealsoseveralpointsbelow theline which
indicatecell killing.
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Y-12 Study: Gaussian Q-Q Plots of Ln(SI)s For Nonexposed and Beryllium Workers

Figure2: Normalq-q plots of Ln(SI)s for eachberyllium concentrationon Day 5 andDay 7 for beryllium workers
andnonexposedcontrols.Thedatavaluesareshown on theverticalaxis. TheMedian(M) estimateof location,and
MAD (S) estimateof scalefor theLn(SI)sarelistedon eachplot. Valuesof M andS for beryllium workers(circles)
arein upperleft andnonexposedcontrols(triangles)arein lower right of eachpanel.Thelinesin eachplot (solid for
nonexposedanddottedfor berylliumworkers)show therelationthatis expectedif theLn(SI) valuesarefrom anormal
distribution with locationparameterM (which determinestheintercept)andstandarddeviation S (which determines
theslope).
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Figure 3: Normal q-q plots for Ln(SImax). Summary
statisticsfor nonexposedcontrols(circles)areshown in
lower right, andfor beryllium workers(triangles)in up-
per left of q-q plot. Small P value for Kolmogorov-
Smirnov (KS) test indicatedeparturefrom normaldis-
tribution for LN(SImax).

3.2 Identification of Abnormal BeLPTs Using the
SBPMethod

The SBPmethoddescribedin Section2.3 wasusedto
evaluateeachBeLPT. Thefirst stepwasto determineif
theBeLPTwasastatisticalpositivetest.Thisoccursif at
leasttwo standardizedLn(SI)sarelarge( see[1] [9] [2]
for detailsandanexample).Thesecondstepwasto de-
termineif theBeLPTwasabiologicalpositive test.This
requiresestimatesof the locationandscaleparameters
for the referencedataset (RDS). The BeLPTs fr om
the nonexposedcontrols were usedas the RDS. The
Ln(SImax)valuesfor thenonexposedcontrolsandberyl-
lium workersareshown in normalq-q plotsin Figure3.
Theoutlier resistantestimatesof M andS from theRDS
are0.0812and0.34,respectively ( see[9] AppendixB) .
A testis biologicalpositive (seecriteria2 in Section2.3
and [1]) if Zmax = [Ln(SImax) - M]/S is greaterthan
3.09. An exampleis provide in theAppendixof [1] and
[9].

3.3 Identification of Cases

All of the BeLPTsin the Y-12 studyweredonebefore
July, 1996, and all of the workers with a positive test
andmostof the 944 workerswith an initial normaltest
werefollowedandre-testedoverthenext fiveyears.The
resultsof this follow-up are shown in Columns2-7 of
Table1. A total of 132 BeLPTshadan initial positive
testby at leastoneof the criteria in Section2.3. There
were80BeLPTsthatwereabnormal,36testswith Zmax
greaterthan3.09(biologicalpositiveonly), 16 testswith
at leasttwo SLsisgreaterthan2.53 (statisticalpositive
only), and948normaltests.Thesegroupsareidentified
in the first columnof Table1. The classificationof
individuals in the columns2-6of Table1 wasbasedon
the criteria beingusedby the ORISE LPT laboratory
at the time the testsweredone( seeSection3 of Frome
et al [1] for details).

Theresultsof theSBPmethodsummarizedin Table1
canbeusedto estimatethe truepositive rate(TPR)and
thespecificity(1 - falsepositive rate)for a first abnor-
mal BeLPT in a specificserum. The resultsin Table
1 werefurthersummarizedby assumingthat i) individ-
ualsfollow-up statusreflectstheir conditionat the time
thefirst testwasdone;ii) individualswith unknown sta-
tus werenormal(thesearemostly retiredworkerswith
a normal first test that are asymptomatic);iii) individ-
uals that have CBD aresensitized; and iv) individuals
that were not sensitizedto beryllium are normal. The
TPR of the first BeLPT in Serum3040083is 48/56or
85.7percent,andthespecificityis 992/1024or 96.9per-
cent. The ORISE LPT laboratoryidentified abnormal
BeLPTsusing the methodsand criteria in placeat the
timethateachtestwasdone.Usingtheinformationfrom



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

a
B-BorderlineN-NormalUn-Unknown SENS-sensitized

b
CBD seetext for detailedexplanation.

theORISEhistoricaldatabasetheTPRwas78.6percent
andthespecificitywas98.3percent.If individualswith
unknown statusare not included( seeii above) in the
calculationsthe specificity for the SBPmethodis 96.0
percent,andthespecificityfor ORISEhistoricalmethod
is 92.7percent.

4. Discussion

Figure2 andresultsin Section3 of Frome et al [1] pro-
vide empiricalevidencethat the assumptionsdescribed
in Section2.2 arereasonable.Theresultsin Table1 in-
dicatethat theSBPmethod,usingtheLAV approachto
estimatethe SIs, is at leastasgoodascurrentmethods
for evaluatingtheBeLPT. The”outlier rejectionmethod”
thatis usedby somelaboratorieshasnologicalstatistical
basis( seepage16of theBeLPTnotebook[2] for further
discussion).Furtherevaluationof theSBPmethodis cur-
rently underway using resultsfrom ORISEobtainedin
severaldifferentseraafter1996,andusingdatafrom at
leasttwo additionallaboratories.
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