


shapeof adeceleratingcurvein all 3 studiesÐIcouldn't stopthinking aboutit becauseit chal-
lengedthewayweassessrisk.A dose-responseor exposure-responsecurvethat issteeperat
thelowestdoseor levelsof exposureiscalledasupralinearor deceleratingcurve(Fig1C).
Overthepast10or moreyears,I've searchedfor otherexamplesof toxic chemicalsthatexhibit
asimilarshapeandtried to understandhowtheymight changethewaythegovernmentagen-
ciesregulatechemicalsand,ultimately,preventdisease.

Toxicchemicalsoftenexhibitadeceleratingdose-responseor exposure-responsecurve(Fig
2).A deceleratingresponsecurvehasbeenreportedfor ionizing radiationandlungcancerand
leukemia[5±7], leadandintelligencequotient(IQ) scores(Fig2A) [2±4,8±11],fine airborne
particles(particulatematter< 2.5micronsin diameter[PM2.5]) andmortality (Fig2B)[12±
13],benzeneandleukemia(Fig2C)[14], andasbestosandmesothelioma[15±16],aswellas
for tobaccoandair pollution andbirth weightor small-for-gestationalage[17±19].A deceler-
atingdose-responseor exposure-responsecurvehasalsobeenobservedfor arsenicandlung
cancer[20], tobaccoandreadingdeficits[21], andotheroccupationallyinduceddiseases,but
theyhavenot beenreplicated[22±23].

Evidencethatsometoxic chemicalsconsistentlyexhibitadeceleratingresponsechallenges
thecentralconceptsof toxicologyandrisk assessment.For toxicchemicalsthatarenot sus-
pectedof causingcancer,theEPAandotherregulatoryagenciesassumethathomeostaticand

Fig 2. Examp les of decelerat ing dose-resp onse or exposure-r esponse curves. (A) Blood lead concentration and intelligence quotient (IQ)

scores reused from [4]; (B) fine particulate matter (PM2.5) matter and natural logarithm (Ln) relative risks (RRs) for nonaccidental mortality

reused from [28]; and (C) benzene and natural logarithm (Ln) hazard ratios (HRs) for leukemia reused from [14].

https://doi.org/10.1371/journal.pbio.2003066.g002

Fig 1. Examp les of exposure respon se relationship s: Linear threshold (A); linear, no threshold (B); and decelerat ing (C).

https://doi.org/10.1371/journal.pbio.2003066.g001
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otherrepairmechanismsin thebodyresultin apopulationthreshold(Fig1A); low dosesor
exposuresareassumedto beinconsequential[24±25].Forcarcinogens,theEPAassumesthat
theresponseis linearandwithout athresholdÐwhatradiationscientistscallthelinear,no
threshold(LNT) model(Fig1B)[24±25].Theseconcepts,whicharedeeplyentrenchedand
only occasionallyquestioned,wereadoptedbeforetherewasevidenceto supportthem.In a
seriesof studiesconductedoverthepast3 decades,investigatorshavefound thatneitherof
theseassumptionsisvalid for radon,lead,fine airborneparticles,asbestos,tobacco,andben-
zeneandtheir associationswith specificconditionsor causesof death.

Low-level ionizing radiation
In 1987,RickHornung andTedMeinhardt,whowereat theNationalInstitute for Occupa-
tional SafetyandHealth(NIOSH), found that theassociationof radonwith lungcancerresem-
bledadeceleratingexposureresponsecurve[5]. JohnGorfman,whowasthenaprofessorat
theUniversityof California,Berkeley,raisedwarningsabouttherisk of cancerfrom low-dose
ionizing radiation,includingevidencefor proportionatelyelevatedrisk in thelowerrangesof
exposure[6]. Mark Little andhiscolleagues,whoareat theRadiationEffectsResearchFoun-
dationin Hiroshima,Japan,concludedthat theshapeof theexposure-responsecurvefor leu-
kemiaamongatomicbombsurvivorswasattenuatedathigherlevels[7]. In contrast,Klervi
Leuraudandhercolleagues,reportedalinearincreasein chronicmyelogenousleukemiain
their studyof over300,000workerswhoweremonitoredfor extremelylow-levelradiation
exposures[26].

Lead and intellectual abilities
Our earlierobservationsof adeceleratingdose-responsecurvefor childhoodleadexposure
andintellectualor academicabilitieshavebeenreplicatedin overadozenstudies[2±4,8±11].
Theimpactof adeceleratingrelationshipon lead-associatedIQ deficitsisstriking:anincrease
in bloodleadfrom<1μg/dL to 30μg/dL (<10ppbto 300ppb)wasassociatedwith a9.2IQ
deficit,but thelargestfractionof thedeficit (6.2IQ points)occurredbelow10μg/dL (100ppb)
(Fig2A) [4]. DavidBellinger,whoisaprofessoratHarvardUniversityandanexpertin the
neurotoxicityof environmentalcontaminants,estimatedthat,despitethedramaticdeclinein
bloodleadlevels,leadexposureaccountsfor alossof 23million IQ pointsin a6-yearbirth
cohortof USchildren[27].

Air pollutants and cardiovascular disease (CVD) mortality
ArdenPope,whoisaprofessorof economicsatBrighamYoungUniversityin SaltLakeCity,
carefullyevaluatedtheexposure-responsecurvefor fine airborneparticlesandcardiovascular
mortality andshowedit wasdecelerating[12]. Sincethen,otherinvestigatorshaveconsistently
observedadeceleratingexposure-responsecurvefor fineairborneparticlesandCVD mortality
[13,28].In alargenationalstudyof Canadians,Pinaultandcoworkersfoundelevationsin
nonaccidentalmortality downto levelsof 1μg/m3 (Fig2B)[28]. A similarpicturehasemerged
in citiesaroundtheworld for CVD deaths.(Seeair pollution video)

Naturalhistorystudiesof banson smokingin publicplaceshavefoundsurprisinglylarge
reductionsin heartattacksandpretermbirths [29±30].In Scotland,for example,thebanled
to a20%reductionin heartattacksamongnonsmokingadultsanda15%reductionin preterm
birthsamongnonsmokingpregnantwomen[31±32].Thesereductions,whichareassizableas
thoseachievedbymanypharmacologicagents,providefurther evidencethatexceedinglylow-
levelexposuresto airborneparticlesor secondhandsmokesubstantiallycontributeto death
anddisability.
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Benzene and leukemia
JelleVlaanderenandRoelVermeulen,whoareatUtrechtUniversityin theNetherlands,along
with aninternationalteamof scientists,pooleddatafrom 9 cohortandcase-controlstudiesof
benzene-exposedworkers.A deceleratingexposure-responsecurvefit their databetterthana
linearone(Fig2C);theyobservedrelativerisksof 1.52(95%CI 1.08±2.15),1.73(95%CI 1.27±
2.34),and2.11(95%CI 1.51±2.96)for cumulativebenzeneexposuresof 10,20,and40ppm-
years,respectively(Fig2C)[14].

Asbestos and malignant mesothelioma
Asbestosproductionandusehasdeclinedin affluentcountriesoverthepastseveraldecades.
Still,becauseof its longlatencyperiod,deathsfrom mesotheliomaareonly nowpeakingin
North AmericaandEurope;deathsfrom mesotheliomawill continueto risein industrializing
countriesthatallowtheuseof asbestos.HodgsonandDartnonconductedameta-analysisof
asbestosandmesotheliomaandfound that theshapeof theexposure-responseresembleda
deceleratingcurve[15]. WayneBermanandKennyCrump,whoconductedareanalysisof 5
cohortsof asbestos-exposedworkers,observedadeceleratingexposure-responsecurvein
everycohorttheystudied[16].

Mechanism for the decelerating response curve
What is themechanismfor thedeceleratingresponsecurve?It maybedueto abiologiceffect.
Forexample,thereisanexposure-relatedproductionof thetoxic metabolitesof benzene:
muconicacidandhydroquinoneproductionisattenuatedathigherexposuresto benzene[33±
34].Theunderlyingmechanismthatproducesthedeceleratingshapeis lessapparentfor the
othertoxic chemicals.Unmeasuredconfounderscouldbiasor distort theshapeof thedose-
responseor exposure-responserelationship,but it isunlikely thatsomanystudiesfrom differ-
entpopulationswouldall besubjectto thesametypeof bias[35]. Moreover,if confounding
doesexplainthedeceleratingresponse,it ismorelikely to explaintheattenuatedrelationship
observedathigherexposuresbecausemanyof therecognizedconfoundersaremorecommon
amongpopulationsthataremoreheavilyexposedto chemicals[35].

Industry-fundedcriticshavearguedthat thedeceleratingdose-responseor exposure-
responserepresentsastatisticalartifact,but thereisno evidencefor thisassertion[35±36].
Poorermeasurementof exposuresathigherconcentrations(i.e.,exposuremisclassification)is
anotherpossibleexplanation,but this isunlikelyat therangesof exposurestudied.It is likely,
however,thatmanystudiesdid not identify adeceleratingresponsecurvebecausetheydid not
testfor it or therangeof exposurewastoo limited. In apooledstudyof childhoodleadexpo-
sure,for example,wefound that thedose-responsecurvewasdeceleratingin thelargersample,
whichhadbloodleadconcentrationsup to 30μg/dL (300ppb),but it waslinearfor thesmaller
subsetof childrenwhohadbloodlead<7.5μg/dL (<75ppb) [4]. Otherpossiblereasons
includethehealthyworkereffectanddepletionof susceptiblepersons[22].

Residual questions and quandaries
Thesestudiesindicate,for agivenlevelof exposure,that thereareproportionatelygreater
harmsor steeperincreasesin risk at lowerlevelsof exposurefor someof themostextensively
studiedtoxic chemicalsandpollutants.Indeed,thisarrayof studiesindicatesthatepidemiolo-
gists,toxicologists,andrisk assessorshavemarkedlyunderestimatedthecontribution of toxic
chemicalsto thedevelopmentof prevalentchronicdiseases,includingCVD, mesothelioma,
leukemia,andlearningproblems.Somescientistswill undoubtedlyarguethat it isnecessaryto
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identify theunderlyingmechanismof toxicity beforetheEPAor otherregulatoryagencies
promulgatestricterenvironmentalhealthstandards.It isusefulto knowthemechanism,and
weshouldinvestin studiesto identify them,but it isnot essential[37]. Indeed,it isoftendiffi-
cult to isolateasinglespecificmechanismof toxicity becausemanytoxic chemicalsaresys-
temictoxicants.

Thesestudiesraiseseveralintriguing questionsandquandaries.Forsometoxicchemicals,
like lead,it isplausiblethatchronic,low-levelexposurescouldbetoxicbecauseour single-celled
ancestorswereexposedto exceedinglylow concentrationsof themin primordial watersand
humansdid not developtolerance.Butwhyhaven'thumansdevelopedmechanismsto tolerate
exceedinglylow-levelexposuresto toxicchemicalsweevolvedwith, like particlesgenerated
from combustion?Clearly,further researchisnecessaryto clarify theroleof exposureassess-
mentin thedeceleratingresponsecurve,elucidateunderlyingmechanisms,andverifywhich
toxicchemicalsexhibitadeceleratingresponse.A scientificcommitteeshouldbeconvenedto
reviewtheevidence,quantifytheaddedimpacton populationhealth,andmakerecommenda-
tionsaboutfurther researchandhowregulatoryagenciesshouldmodify risk assessment.

Implications for public health
Overthepastcentury,asexposuresto toxicchemicalshaveexpandedbeyondtheworkplace,
thenumberof peopleexposedhasincreaseddramatically,evenif at lowerlevelsof exposure.
For toxicchemicalswithout athresholdÐandespeciallyfor thosethatexhibitadecelerating
shapeÐwewill inevitablyfail to preventmostdeaths,diseases,anddisabilities,like obesity,
heartdisease,diabetes,andcancer,until weexpandour focusto includepopulationstrategies
that targetpeoplewhohavelow-to-moderateexposures.Forexample,if welimit our effortsby
exclusivelyprotectingthe500,000(approximately2.5%)USchildrenwhohaveabloodlead
concentrationhigherthanthecurrentactionlevel,which issetat5μg/dL (50ppb),wewould
only preserve3 million (18%)of the23million IQ pointslostin a6-yearbirth cohort[1].

Therisk of developingadiseaseor dyingisobviouslyhigherfor moreheavilyexposedpop-
ulations,but thelargernumberof peoplewhohavelow-to-moderateexposuresandwill ulti-
matelydevelopadiseaseoverwhelmsthesmallernumberof casesamongpeoplewhoaremore
heavilyexposed[38]. Thisconcept,which iscalledthepreventionparadox,isnot universal:it
doesnot applyif thereisathresholdandonly asmallfractionof thepopulationisexposedto
higherlevelsof atoxic chemicalor if mostpeoplearedefinedashigh risk. (Seeprevention
paradoxvideo)Still, in thelattercase,wewouldprescribeapopulationstrategy.Moreover,
unlessweimplementpopulationstrategies,peoplein thelow-to-moderateexposuregroupwill
continuallyreplenishthehigh-riskgroup.Finally,in ahigh-riskor clinicalstrategy,physicians
typicallywait for signsor symptomsof adiseaseto developin apatientbeforetheyintervene.

Thepatternof toxicity observedfor theseubiquitouschemicalsquestionsthebasicassump-
tionsabouthowagenciesregulatechemicalsandraises2 distinctbut relatedissues.First,con-
sistentwith assumptionswemakeaboutcarcinogens,no thresholdappearsto existfor some
ubiquitous,noncarcinogens.If so,this raisesfundamentalquestionsabouthowweconduct
risk assessmentandregulatenoncarcinogenicchemicals.This isconsistentwith theNational
Academyof Sciencereport ªAdvancingRiskAssessment,ºwhichconcludedthat theUSEPA
shouldassumethat thereisasafelevelof exposurefor noncarcinogensonly if thereisstrong
evidencefor athreshold[25]. Second,thesteepincreasein risk at thelowestlevelsfollowedby
theflatteningor attenuationathigherdosesor levelsof doseor exposurefor carcinogenicand
noncarcinogenictoxicantswill challengeregulatoryagenciesto promulgatesubstantiallylarger
reductionsin exposuresto toxicchemicals;incrementalreductions,whichhavetypicallybeen
promulgatedin thepast,arenot sufficientto protecthumanhealth.
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Thepolicyimplicationsof thesestudiesarestaggering.In theory,theyindicatethat regula-
tory agenciesshouldstriveto achievenear-zeroexposuresfor radon,lead,airborneparticles,
asbestos,andbenzeneto protectpeople'shealth.Regulatingcriteriapollutantsthat fall under
theCleanAir ActÐwhich includesleadandPM2.5Ðwould beespeciallyonerousbecausethe
USEPAadministratoris requiredto ªprotectpublichealthwith anadequatemarginof safety.º

Regulatoryagencieshave2 often-conflictinggoalsaboutwidespreadexposuresto toxic
chemicals:to protectthehealthof thepublicandto makethepublic feelprotected.If aregula-
tory agencysuddenlydeclaredthatmillions morepeopleareat risk for deathor diseasefrom
ubiquitousexposuresto toxic chemicals,it wouldnot bepopular;exposuresto manyof these
chemicalsarewidespread,andit wouldbedifficult to rapidlybanor eliminatethem.Unfortu-
nately,eventhoughpopulation-levelinterventionsto preventdiseaseanddisabilityaremore
likely to becost-beneficialor cost-effectivethanthosethat target1 personatatime [39], they
aredifficult to implementin ahealthsystemdominatedby thefreemarketbecausethebenefits
of preventionarehardto privatize.It won't beeasy,but regulationsto reducewidespread
exposuresto toxic chemicalswill ultimatelybeenactedbecausethehazardsaretoo greatand
thebenefitstoo large.
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