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shapeof adeceleratingurvein all 3 studiesbl couldn't stopthinking aboutit becausé chal-
lengedthe wayweassesdsk. A dose-responser exposure-resporgurvethatis steepeat
thelowestdoseor levelsof exposuras calleda supralineator deceleratingurve(Fig 1C).
Overthepastl0or moreyears]'ve searchedor otherexample®f toxic chemicalghat exhibit
asimilar shapeandtried to understandhow theymight changehe waythe governmentgen-
ciesregulatechemicalsand,ultimately,preventdisease.

Toxic chemicaloftenexhibitadeceleratinglose-responser exposure-responsairve(Fig
2).A deceleratingesponse&urvehasbeenreportedfor ionizing radiationandlung cancerand
leukemig[5+7],leadandintelligencequotient(IQ) scoregFig 2A) [2+4,8+11],fine airborne
particles(particulatematter < 2.5micronsin diameter{PM, {) andmortality (Fig 2B)[12+
13],benzenaandleukemia(Fig 2C)[14], andasbestoand mesotheliomd15+16],aswellas
for tobaccoandair pollution andbirth weightor small-for-gestationadge{17+19].A deceler-
atingdose-responser exposure-responsairvehasalsobeenobservedor arsenicandlung
cancel20], tobaccoandreadingdeficits[21], and other occupationalljinduceddiseasegut
theyhavenot beenreplicated22+23].

Evidencehat sometoxic chemicalgonsistentlyexhibita deceleratingesponsehallenges
the centralconceptof toxicologyandrisk assessmenfor toxic chemicalghat arenot sus-
pectedof causingcancerthe EPAandotherregulatoryagenciesssumehat homeostatiand
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Fig 1. Examples of exposure respon se relationship s: Linear threshold (A); linear, no threshold (B); and decelerat ing (C).
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Fig 2. Examples of decelerat ing dose-resp onse or exposure-r esponse curves. (A) Blood lead concentration and intelligence quotient (1Q)
scores reused from [4]; (B) fine particulate matter (PM, 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].
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otherrepairmechanismén the bodyresultin apopulationthreshold(Fig 1A); low dosesor
exposuresrreassumedo beinconsequential24+25].For carcinogenshe EPAassumethat
theresponses linearandwithout athresholdbwhatradiationscientistxallthe linear,no
threshold(LNT) model(Fig 1B)[24+25].Theseconceptswhich aredeeplyentrenchedand
only occasionallyjuestionedwereadoptedbeforetherewasevidenceao supportthem.In a
serief studiesconductedoverthe past3 decadesnvestigatorsiavefound that neitherof
theseassumptionss valid for radon,lead fine airborneparticles asbestogpbaccoandben-
zeneandtheir associationsvith specificconditionsor causesf death.

Low-level ionizing radiation

In 1987 RickHornung and Ted Meinhardt,who wereatthe NationalInstitute for Occupa-
tional Safetyand Health(NIOSH), found that the associatiorof radonwith lung canceresem-
bledadeceleratingxposureesponseurve[5]. JohnGorfman,whowasthenaprofessomt
the Universityof California,Berkeleyraisedwarningsabouttherisk of cancerfrom low-dose
ionizing radiation,including evidencdor proportionatelyelevatedisk in the lowerrangesof
exposurg6]. Mark Little and his colleaguesyho areat the RadiationEffectsResearclfroun-
dationin Hiroshima,Japanconcludedhat the shapeof the exposure-responsairvefor leu-
kemiaamongatomicbomb survivorswasattenuatedat higherlevelqd7]. In contrastKlervi
Leuraudandher colleagueseportedalinearincreasen chronic myelogenougeukemiain
their studyof over300,00@vorkerswho weremonitoredfor extremelylow-levelradiation
exposure$26].

Lead and intellectual abilities

Our earlierobservation®f adeceleratinglose-responseurvefor childhoodleadexposure
andintellectualor academi@bilitieshavebeenreplicatedn overadozenstudieq2+4,8+11].
Theimpactof adeceleratingelationshipon lead-associatel deficitsis striking: anincrease
in bloodleadfrom <1 pg/dL to 30ug/dL (<10ppbto 300ppb)wasassociatedith a9.21Q
deficit, but the largestraction of the deficit (6.21Q points) occurredbelow10pg/dL (100ppb)
(Fig2A) [4]. David Bellingerwhois aprofessoiat HarvardUniversityand an expertin the
neurotoxicityof environmentalcontaminantsgestimatedhat, despitethe dramaticdeclinein
bloodleadlevels]eadexposureaccountsor alossof 23million 1Q pointsin a6-yearbirth
cohortof USchildren[27].

Air pollutants and cardiovascular disease (CVD) mortality

Arden Pope whois aprofessoiof economicsat BrighamYoungUniversityin SaltLakeCity,
carefullyevaluatedhe exposure-responseirvefor fine airborneparticlesandcardiovascular
mortality andshowedt wasdecelerating12]. Sincethen,otherinvestigatordhiaveconsistently
observeddeceleratingxposure-responsmirvefor fine airborneparticlesand CVD mortality
[13,28].In alargenationalstudyof CanadiansPinaultand coworkersfound elevationsn
nonaccidentaimortality downto levelsof 1 ug/mgs (Fig 2B)[28]. A similar picturehasemerged
in citiesaroundtheworld for CVD deaths(Seeair pollution video)

Naturalhistory studiesof banson smokingin public placeshavefound surprisinglylarge
reductionsin heartattacksandpretermbirths[29+30].In Scotlandfor examplethe banled
to a20%reductionin heartattacksamongnonsmokingadultsanda 15%reductionin preterm
births amongnonsmokingpregnantwomen[31+32].Thesaeductionswhich areassizableas
thoseachievedy manypharmacologi@gentsprovidefurther evidencehat exceedinglyow-
levelexposure$o airborneparticlesor secondhandgmokesubstantiallycontributeto death
anddisability.
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Benzene and leukemia

Jellevlaandererand RoelVermeulenwho areat Utrecht Universityin the Netherlandsalong
with aninternationalteamof scientistspooleddatafrom 9 cohortand case-controstudiesof
benzene-exposesdorkers.A deceleratingexposure-respongrirvefit their databetterthana
linearone(Fig 2C);theyobservedelativerisksof 1.52(95%CI 1.08+2.15)1.73(95%Cl 1.27+
2.34),and2.11(95%CI 1.51+2.96%or cumulativebenzenexposuresf 10,20,and40ppm-
yearsrespectivelyFig 2C)[14].

Asbestos and malignant mesothelioma

Asbestoproductionandusehasdeclinedin affluentcountriesoverthe pastseveratiecades.
Still, becausef its long latencyperiod,deathsrom mesotheliomareonly now peakingin
North Americaand Europe;deathsfrom mesotheliomavill continueto risein industrializing
countriesthatallowthe useof asbestoddodgsonand Dartnon conducteda meta-analysisf
asbestoandmesotheliomandfound that the shapeof the exposure-resporsesemblec
deceleratingurve[15]. WayneBermanand Kenny Crump, who conductedareanalysi®f 5
cohortsof asbestos-exposearkers,observed deceleratinggexposure-respomeurvein
everycohorttheystudied[16].

Mechanism for the decelerating response curve

Whatisthe mechanisnfor the deceleratingesponseurvedt maybedueto abiologiceffect.
For examplethereis an exposure-relategroduction of the toxic metaboliteof benzene:
muconicacidandhydroquinoneproductionis attenuatedat higherexposureso benzend33+
34]. Theunderlyingmechanisnthat produceghe deceleratinghapés lessapparentor the
othertoxic chemicalsUnmeasurea:onfounderscould biasor distort the shapeof the dose-
respons@r exposure-respongelationship butit is unlikely that somanystudiesrom differ-
entpopulationswould all besubjectto the sametype of bias[35]. Moreover if confounding
doesexplainthe deceleratingesponseit is morelikely to explainthe attenuatedelationship
observedt higherexposure®ecausenanyof therecognizedonfoundersaremorecommon
amongpopulationsthat aremore heavilyexposedo chemicalg35].

Industry-fundedcritics havearguedthat the deceleratinglose-responser exposure-
responseepresentsistatisticafrtifact,but thereis no evidencdor this assertior{35+36].
Poorermeasurementf exposuresit higherconcentrationgi.e.,exposuremisclassificationjs
anotherpossibleexplanationput this is unlikely atthe rangesof exposurestudied.lt is likely,
howeverthat manystudiesdid not identify adeceleratingesponseurvebecaus¢heydid not
testfor it or therangeof exposurevastoo limited. In apooledstudyof childhoodleadexpo-
sure for examplewefound thatthe dose-responseurvewasdeceleratingn thelargersample,
which hadbloodleadconcentrationsup to 30pug/dL (300ppb), but it waslinearfor the smaller
subsetf childrenwho hadbloodlead<7.5ug/dL (<75ppb) [4]. Other possibleeasons
includethe healthyworker effectand depletionof susceptibl@persong22].

Residual questions and quandaries

Thesestudiesndicate for agivenlevelof exposurethatthereareproportionatelygreater
harmsor steepeincreasesn risk atlowerlevelsof exposurdor someof the mostextensively
studiedtoxic chemicalsandpollutants.Indeed this arrayof studiesndicatesthat epidemiolo-
giststoxicologistsandrisk assessosavemarkedlyunderestimatedhe contribution of toxic
chemicalgo the developmenbf prevalentchronicdiseasesncluding CVD, mesothelioma,
leukemiaandlearningproblems Somescientistawill undoubtedlyarguethatit is necessario
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identify the underlyingmechanisnof toxicity beforethe EPAor otherregulatoryagencies
promulgatestricterenvironmentahealthstandardsilt is usefulto know the mechanismand
weshouldinvestin studiesto identify them,but it is not essentia]37]. Indeed,it is oftendiffi-
cult to isolatea singlespecificmechanisnof toxicity becausenanytoxic chemicalsaresys-
temictoxicants.

Thesestudiesraiseseveralntriguing questionsand quandariesk-or sometoxic chemicals,
like lead,it is plausiblethat chronic,low-levelexposuresould betoxic becauseur single-celled
ancestorsvereexposedo exceedinglyow concentrationf themin primordial watersand
humansdid not developtolerance But why haven'thumansdevelopednechanismso tolerate
exceedinglyow-levelexposureso toxic chemicalsveevolvedwith, like particlesgenerated
from combustionClearly further researchs necessario clarify therole of exposureassess-
mentin the deceleratingesponseurve elucidateunderlyingmechanismsandverify which
toxic chemicalexhibitadeceleratingesponseA scientificcommitteeshouldbeconvenedo
reviewthe evidenceguantifythe addedimpacton populationhealth,and makerecommenda-
tionsaboutfurther researctand how regulatoryagencieshouldmodify risk assessment.

Implications for public health

Overthe pastcentury,asexposureso toxic chemicaldraveexpandedeyondtheworkplace,
thenumberof peopleexposedasincreasediramatically evenif atlowerlevelsof exposure.
Fortoxic chemicalavithout athresholdbandespeciallyor thosethat exhibitadecelerating
shapebwaewill inevitablyfail to preventmostdeathsdiseasesnddisabilitiesJike obesity,
heartdiseasediabetesand canceruntil weexpandour focusto includepopulationstrategies
thattargetpeoplewho havelow-to-moderateexposured-or exampleijf welimit our effortsby
exclusivelyrotectingthe 500,00qapproximately2.5%)US childrenwho haveabloodlead
concentratiorhigherthanthe currentactionlevel whichis setat5 pg/dL (50 ppb), wewould
only preserve8 million (18%)of the 23million IQ pointslostin a6-yearbirth cohort[1].

Therisk of developingadiseas®r dyingis obviouslyhigherfor more heavilyexposegop-
ulations,but the largernumberof peoplewho havelow-to-moderateexposuresandwill ulti-
matelydevelopadiseas@verwhelmghe smallernumberof casesmongpeoplewho aremore
heavilyexposed38]. Thisconceptwhichis calledthe preventionparadoxjs not universalit
doesnot applyif thereis athresholdand only asmallfraction of the populationis exposedo
higherlevelsof atoxic chemicalor if mostpeoplearedefinedashighrisk. (Segorevention
paradoxvideo)Still, in the latter caseywewould prescribeapopulationstrategyMoreover,
unlesswveimplementpopulationstrategiegpeoplein the low-to-moderateexposuregroupwill
continuallyreplenishthe high-risk group.Finally,in ahigh-risk or clinical strategyphysicians
typicallywait for signsor symptomsof adiseas¢o developin apatientbeforetheyintervene.

The patternof toxicity observedor theseubiquitouschemicalgjuestionghe basicassump-
tionsabouthow agenciesegulatechemicalsandraise< distinct but relatedissueskFirst, con-
sistentwith assumptionsve makeaboutcarcinogensno thresholdappeargo existfor some
ubiquitous,noncarcinogendf so,this raisefundamentaljuestionaabouthowwe conduct
risk assessmetaindregulatenoncarcinogenichemicalsThis is consistenwith the National
Academyof Scienceeport®AdvancingRiskAssessmentWhich concludedthatthe USEPA
shouldassumehatthereis a safdevelof exposurdor noncarcinogensnly if thereis strong
evidencdor athreshold[25]. Secondthe steefncreasan risk atthelowestievelsfollowedby
theflatteningor attenuationat higherdoser levelsof doseor exposurdor carcinogeniand
noncarcinogenit¢oxicantswill challengeegulatoryagencie$o promulgatesubstantialljarger
reductionsin exposures$o toxic chemicalsincrementalreductionswhich havetypicallybeen
promulgatedn the past,arenot sufficientto protecthumanhealth.
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Thepolicyimplicationsof thesestudiesarestaggeringln theory,theyindicatethatregula-
tory agencieshouldstriveto achievenear-zercexposures$or radon,lead,airborneparticles,
asbestogndbenzendo protectpeople'ealth.Regulatingcriteria pollutantsthat fall under
the CleanAir Actbwhich includesleadandPM, Pwould beespeciallpnerousbecaus¢he
USEPAadministratoris requiredto 2protectpublic healthwith anadequatenargin of safety.°

Regulatoryagencietiave? often-conflictinggoalsaboutwidespreaskxposures$o toxic
chemicalsto protectthe healthof the public andto makethe public feelprotectedlf aregula-
tory agencysuddenlydeclaredhat millions more peopleareatrisk for deathor diseasérom
ubiquitousexposureso toxic chemicalsit would not bepopular;exposureso manyof these
chemicalsarewidespreadandit would bedifficult to rapidly banor eliminatethem.Unfortu-
nately,eventhoughpopulation-levelnterventionsto preventdiseasanddisabilityaremore
likely to becost-beneficiabr cost-effectivéhanthosethattargetl personatatime [39], they
aredifficult to implementin ahealthsystendominatedby the freemarketbecauséhe benefits
of preventionarehardto privatize.lt won't beeasybut regulationgo reducewidespread
exposureso toxic chemicalawill ultimatelybeenactedbecauséhe hazardsaretoo greatand
thebenefitstoo large.
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