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I\SSTHACT 

OBJECIIVES,Tlll' purp()se ()Itllis work was to ,ISS('SS till' 1()llg-tl'r111 il11P,Ht ()r cilildlllHlli 

ll'<ld exp()sure llll the !1l'UrllsullStr,lte oll,lIlgU,lgl' IUlllti()Il .1llll bralll ()rgallil,lti()l1. 
\oVWW,fl"dl,nn: ,nf ;/1 q;/;joIFO' :),1)/ 

MHHODS, YOllllg ,1(itlits (roill til(' (illl'i11l1,lli Lead Study wnc ('l'lTuitnl to lIlllkrgll Pt '(j\j(H)(1 Ol)(i! 

IUllctillll,11 1ll,1gI1l'lir U'SOII,lll((' illlage sC1I1Ilillg w[lilc pnlol"lllillg ,1 Yl'rll gelll'r.l  <il'l 1(J, 1"~)/I)('"'' }(1:; Il~"i 

tiol1 task. Tlll'Sl' ,suhjects han' bl'l'll joll()\\('d Irol11 birth tilrough earty cilildho(ld KeyWords 
l'fl'/I!OlIIl1l'l'I,) il(j 1III,;",l, P()I\()ll111!j,

witll l'xtl'llsivl' donlllll'lll,ltioll 01 kad l'xposlirc. Ill'uroP:'I'ciwlogy. ,llld bl'h.1villL 
IlcH!: ,illl liJIfUj, d 'i!.ll\!t' dl'Vt'I\)Plflt 'lit, 

Forty-two slIbjects provided uscllIl i <1,1\,1, Till' I(h\lil'. QI'Cllglh. alld till' ;JC,diJ:f1l f(")'>JH' 

corrd,lli()11 !lctV\'l'l'll hraill lallg1wge ,1(IIV,ltioll alld dlildlw()d bl()od Il\ld COIlCl'11 Abbreviations 
!lV,,\ r;,d'~r('::cIratioll werc studied, 

Rl~UUS, Alter ZldjuQillg lor potcIltial (ol1loUlldcrs. the activJtiOl1 ill kll !rol1wl 

((lrtex. ,1dj,Kl'11l to BroC,l', ,1ITa, ':1I1d Iell middle H'lIlporal gyrus. il1dudillg \V('I' 

Ilickc'~ are,l, wt'rc ioumi to be Ik'lIllly a\sociatcd with dilllillisilni ,lrliv.1tiol1 
I() ,,\(II"IU)(':qJ'II('[I\

ill \uhjens with higlln Im'all rllildlJOod blood lead level;., wiler"'ls till' compl'lI  '·:01 "\'ljl(;!lUfo1{1'1{'')1 

salOr)' activatioll ill the ill'lIJispill'l'l' hOlllolog ol \VlTllickl"s .1ITZl \V,l'; ('11

ilcllln'd ill subjerls with I blood kad Ievt'ls, 

CONCLUSION,Thh stud), illdir,llt'\ thai childhood kad l'xpmur(' Itas a siglliric,lIli ,1iId 

persistl'llt impart 011 braill associated willI lallguage IUllnioll. 
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CH]] !)l]()()]) 11'/\1) IXI'OSlJlH' is illvl'r,cly a<;soci<lll'd 

wilil inu'lll'ltuai aiJililil's, acadeillic aChll'Vl'llll'1l1, 
,11111 psydWlll!ltor t!t-VdUPllll'l1L: 1 hTll Illw-kvcl kad 

.'Xlll'Slll"l' .,111 tH'g,ltivl'\y impan ,1 With- rallgl' (II logni

live iUIHli()n" such "s <llll'llliull. lallguage. llH'lllllry. 
cognilive fkxihility. alld ViSll,ll-llllllor illtegl'alioll h,lS,'d 

Oil v,lIioliS lype, 01 IH'uropsycllOlogir,ll and !H'llrolwllav

ioral Il'slillg,'" Ilowl'v('1', bCI'au"l' ur lhl' nature of llle 

research llll'llwdology. prl'viou" stlltiics wcn' un,llllt' III 

directly IIHalize 11IIlliiollai changes in lhe iJr<lill, Tht' 
UlldlTlyillg 1l1l'Ch,1IliSIll Ill' IVllicil lead disrupls hr,lin 
IUllclioll ill childrell, eSIH'ci,llly lor low k,ld lllllll'lllr,l

IIUIlS lilal d() 1101 produce IWliccahlc physical Siglls, IT· 

Ill,llIlS poorly understood. 

I "lIlgUdgc, a uilique IlUlll<l1l lH'urocogllilhT IUllC
litH]' is Olll'I1 lile l',lIlil'SI lllarkn lor Illl' pn';,enn' DI ,1 

dl'vl'lopllH'IlI<11 ()r a.'quirt'll Ill'llWlogic disordn. Till' ,);,

soualioll h,'t,Vt'l'll 1("ld ('XIHISUIT ,lild language [ullclio!] 

diso!'d,'j' Ilas bcell slutlinl extl'llsivcly III lugl1iliv., re
<;{,Mcll, , I,' In lhl' 1)1('<;('111 :,,[tIlly, wc used lUIHliollal MI~1 

(Uv11~1) .1I1d illve~tig,lll'd till' Illlpa('1 oj l',lI'ly CI1ildI1')(lll 

il'dd exposure llll thl' c()rlil"11 ()rganiZali()1l (11 III 
yOUllg adults who l'xpnicl](cd ,1 wide range 01 kat! 
cx P()'U j"(' kveh dll I"lng devcl (I[lIlH'nl, ,vka,u rCll]('1l1 (II 

Iclllgll.1g" ,llliv,lti()1l P,lltcrlls ill vanulis [)!'.1ill n'gilllls 01 
11](',1' ytlllllg ,ldullS \\',1, ['XI1('[I('(1 to help us IU IOc.llile 

till' lh-It-lniolls l'lll'lIS Oil 1'lllgll.1ge :ullctiOIl ,lilt! 1.111

gII,'ge 1'l'()!'g.111iZ.1li()11 .1ss(lt"ialni wilh lead eX[l0;,lIrc, \oVc 

il)'lHllIH'si/l' Ih,lI 1.'<ld exposure dllrlllg childllllOd sigllil 

icallt!y illfllll'llCt'S hr,lill dl'v<'lopllll'lll ,llld orgclllil<lll()l1 

()Il,lllguagc IUllltiull, Further. Cllllllll'lls,llory Ill'aill 1.111

guage 11I1Ictillilai n'organiz.ltillil is ('Xllelil'li as ,1 COl1se

qUl'lln' ul till' subtit' br<lill insull ,lssociall'd with chdd
IlllO.! kad l'XI)()SUIT, 

METHODS 

Subjects 
livl' )'uullg adull'> willt dUCUIlll'lltl'd cllildllOod 

kad l'XpOSUIT from lhl' Cincilll1,lli Lead Siudy (CIS) 

W('IT r('nuiled lor lhl' sludy, The CI.S, J hirth c()hort 

]"l'lTUill'd 11'0111 J 979 [() I ').'{4. l'nrollt'd pr('gllJlll WOlllell 

who lived ill ncighburilOuds wilh high r,lle, ()Ichildlwud 

kad poisoning, Till' prcgnanl IVOlllen werc ('xriudnl il 

llll'\, wcre kllown to \)(' .1ddirl('(1 lu drugs, diaht'llc, ur 

h,](1 ,lilY kllolVn Ill'urologic 01 psychialric 1ll,11ady. Ill

lilll1\ wert' l'xcludnl il their hirth '..veigh! was I SOO g or 

il gl'lletic Dr ()till'l' sniDlls llll'dic,ll issues \Vl'I'l' prc<;l'lll ,11 
I)irth. 

TI1<'st, sllhj('( IS ilave bl'l'1l lollolV('d ['roll1 birth Ihrough 

cilrly cilildhood wilh eXlellsivc dUl'tln]('lltaliol1 01 I (';lll 

eXjlosurl', social ,11ld llledical hislurv, illldknll,ll at

I a i 1l1111'IlI, IH'U wnwto!' III Il rt i() Il, ,ll',llkill i C ,ll'11 il' Vl' Illl' Ill. 
and b..h<lVi()r',I; Blood kad COlll'l'lltraljons lVl't"e dl'll'I

Illim'd Oil ,1 ljUJrtcrly basis IWIll binillll1lil S '{l'iUS 01 .1gc 
and ag,lill al '). S, (d)' <lllli (J. ') vCdrS, Till' 1l1C<1l1 cllildhuud 

blood k,ld (()IHl'lltr<llioll. lH'gilllling <11 ) 11l0111i1s ,lilt! 

('(lillinuing thwIlgh 7'1:1, 111011lh.., 01 age, WilS cO!lsidned It> 

be l1lore rqllTSl'nt,lliv(' of the ,l\--crag" exposure or the 

pOIHIiatioll ,111.1, tilus, lVelS dlOSCII as Ollr kad level oi 

inll'rl'st ill Ihe silitiy. II should 1)(' !lOll'll Ih,11 resulls 

Similar III tlldl rq)orll'liiall'r in this sHidy welT i<Hllld ill 

Silllil,H braill regions ior 1l1,11ly 01 lht' otllcr age tillll' 

POil1tS, T,lble I hriell), ,Ul11111,uizl'S :11L' delllOgrdpllic itl

iUI"Ill.1!ioll 01 Ihl' suhjl't"ls ,llld Ihe s()cial. 1,1I11il)" ,1Illl 

illdividual lallo]"s that may pOlell!ially t"()1110Ulld lill' 

assucialioll helwlTll oU/UHlIe <lilt! t'xposurc ill our ,lutiy, 

Each sullinl Clll11plt'll'd a urillL' scrl'cning lor drugs 01 

"huSt, ,11 the lime oj imagillg, i\ll posilivl' resull, (N '.e, 

22) indicaled lil(' l)J"es(,IHT 01 ldllll,lbillOids, Bl'l',lll,(' 

Illariju<lIla \V,b Ihl' oilly drug tll'lt'lIed ,lilt! u;,(,d IVilh 

,lilY Irnju('l1cy ill lhis sample, il IV,lS Ihl' ollly drug I('sln! 

lor pOI(,llli.11 ulIliulllltiing l'1kll, <lllhough pUlelllicllly 
olher drug, Illiglll also allen 111l' 1)J".1in iUIlCtioll. ;\114,) 

()f Ihl' subiel'is lilli,hed Ihl' v\'lll gl'nl'l,llioll t,lS].; SUl'l'l'SS

lully, II()wL'vlT,'I subjl'clS WL'rl' re1llovcd IrOlll till' <111,11

ysis bn,-'l11Sl' oj excessive head 1ll0tiOll (I), d,na (orrup

li()ll (I), or ,I sigl1ili,",1111 dl'lllOgr.1pllir rClllnl (I), 

Tllndllll', only 42 s[lbiel'is' rl'sulls 1l'1l1<lilll'd lor SI,ltis· 
lical allalysi;, (N 112; 22 mail'S; Ill("lIl lhildiw()t! hlood 

kad level ~ ji!.l;'; (,,'>2 Vg/d!.-; r,uIgl': '1,77-31,0(, 

Vg /dL ), 
Till' sludy was cOllliuL'ied ullder the ('!hiedl guidelines 

01 IIll' Cirrcinllali Chiltlrell';, Hospiul J\'1nlic,'1 CClller ,llld 

thl' Univl'l"silY oj Cincillildti illSlilllliull,ll revlcw b()MtlS. 

A certificale oi lonfidl'liliality lVas oblained Imm the 

~alion,ll InstitUll's 01 Ill'altll. ;\11 ul tltv subjects g<1\'e 

TABLE 1 42) 

No, Mean SD 

!.: (I', ;: 

'I 

1,I s:o 
V" ,lilt)' 

il! 
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Wrill1'11 inforlllni ('<,nS\'111 ilfln Ih(' 1l,1111IT ,md pos\ibk 

um\cqu\'!H'CS 01 Ill(' <audi\'s \\n(' explained 

The Language Task and Experimental Paradigm 

The l;"v1l<l \'XpcrillH'lltill p,lradiglll lollowed .1 standard 

hlod; pniodk design in which "t('<;[" period nc1S inln

1\',1v\,d willl "nlillml" period, TI1\' tcst illlnhli c()l1sisted 

o[ d W-s('(und p\'riod ul verh gelH'l\llion 1,1S\.; 10 C()llecl 

I,lnguage aniV.lli\H1 data, During l'ach ll'st jll'riud, a Sl'

ri\'s oj 11011l1S W\Tl' PITs(,lltnl tu tl1\' suilj('\'l ()Ill'(' (,V('I'), 5 

S('COIHb. Till' sul'lee! was illSlrllnl'd to silelltly gl'lH'r,lI(' 

vcrhs .lSS()\ iilled with each noull pn'S\'lllnL h'r l'Xdlll

pi\', ill!lc noun "I'ali" was PITSl'lllnl, the subjl'CI sl10uid 

gl'll\'l'c1Il' lhl' verbs "Ihrow," "\.;ick, " or "hit." TlH' subject 

W,1' inslrUrled 10 Ihink ,:lllOullhcsl' verl)s sikllll)' 111slead 

()[ S.lYlllg thelll .1[oud tu avoid lI1111l'C\'SSMY Illotion ani 

I.lll, Tile det,1ils ()I tllis tilsk Il,1\'e l'l'l'n 1',lSl'l1 ()II ,11](1 

d()ClIllH'lllnl ill det.li1 ill pl"\'vi()us \ludies," " 

11il,lt('l',11 lingn 1'1ppillg was u\l'd ,1S 11](' COlliro! Idsk 

during l'alh )()-sl'l()l1d I"\'Stillg period, This tas].; W,]S de
Signed to \ untrol lur 11ll' auditor)' proll1pt l]snl ill lilt' 

verb W'IH'l'alioll la,k, to di'>lract \ubjel't lrolll ullinl,'11 

lioll,llly cOlltillunl l'llg,1gnllelll in llie veriJ gl'llcrati()[l 

1.1'].; during rest intCfval. and 10 provide activation 01 

l:lUtor \Irip ,1\ rcll'r\'ll\c data [or carh \uiJje\ L 

AI Ihe beginning uf c,]cll ('XfHTillll'Jll, ,1 '1ll-,ccond 

dllllllllY S\,111 was l'l'nductl'd to alll)w the lllagtH'li/.ltiol] 

to J'('.1ch lll.1gll\'tiC l'\jllilihrillm, rivc cycin 01 tesl ,1I1d 
((llllrill della wn,' 'lil';.e\jUl'nlly colkltni. !ll 1',1(11 01 

Ihe'I' ~()-S(T()11d pnilHis, 2,1 illl,lgC slice;. W('I"\' colle\ lnl 

(lIHT (,VIT)' 'I 'l'CUJ1(is. Tl1crl'iun', tlH'll' .1[1' J I () lilll\' 

poillt;. ul data, ollcClnl ill 5 lllitlll\CS and '\() S\'cotHh lor 

11H' ta,k imaging, Till' initial 10 illlages durillg 

Ihl' dlltlllll)' ,call wen' disl'.Hdnlwitll 100 tillll' poilltS 01 
data tTtllaining 1m till' lollmving dat,l ,1Ilaly,i" 

Image Acquisition 

i\ll uf IIII' illlagl', \\TIT .:!cqllil'cd ill1 a 1,0 T Bru].;n 

Bio,pl'c'IO/(,O ,'v11~1 scalliler (Brukn BioSpill ["11~1. 111(', 

Billerica, ,\1/\), /\ 1-1'lalle gradiellt cclio scm was 1)('1" 

IUrllll'd to provide a rcierl'IlCC lor till' aliglll11l'lll ,1Ild 

IOC,lliz,llion 01 the braill rullmvcd by .1 ,him procedure to 

optillli7l' a llotllOgl'IlCOliS Illaglll'tic licld, A '1'2*, 
wcigillcd gradicllt-cellO ccho pl.:maf imaging ([PI) ,c
ljllcncc \V,]S usnj during the 'libsellllCIll lttllctioll,iI s(',
SIUI1S (J'l'pctitiull tillll'icci]() tillle: )OOO/3~ millisecollds; 

field o[ vicw: 25,6 X 25,(, lIll; tll,llrix: (>4 >< (,.1; slkl' 

lllickIlC;": ) 11l11l; .llld IiiI' '1Ilgle: <)()O), TIll' wlllllc-br,lill 

Iligh,resolutiull TI-weighted i.lllalOlllic dati.l ,et was (lb, 

lJillcd 1I,ing .1 modified drivl'll c\juilibriulll Fourier 

1J'.1lls1urlll plIl;;c ,equellce Wilh the following pLlraml'

tcr,; iOll timc/cdlO tilllC: 15,7/4,') millisecolld,; 

iIlV('f,ioll lillie: )50 milliseconds; field 01 vicw: 19,2 X 

25,(, I (),O elll; Illatrix: 25(, X 192 X 128; alld inlclgillg 

t:lllC: 14 lllillule" 40 SCCllllds), 

Data Processing and Analysis 

Image fCCotlSlruuiotl, postproCl'S<;lIlg, JlId group stalis, 

tiCdl dnillysh wcre pcrlortlled Wilh CUSIOlli soltWdH' 

(Cincillll,1[i Childrcll's Hospil,ll I I)roccssillg Sult

WatT) wriltell ill Illlcr,lClivc Ddt,l (1{(,SCd I'll I 

Systcms Inc, BOllldn, CO), 

l~aw FI'I ddt,] \\'LTC I'CClHlslrUCll'd usillg the Illullicci10 

plJase rl'ILTl'IlCC SClJl 10 lDrtnl lor 01yqllist glwstillg ,md 

gl'ollll'lrilili dislOnilJll anilacts,'" Thc I"\'CollstrllClcd 1'1'1 

IIVun tillle 'lTil" \\Inc 111\'11 \()ITI'\'lcd lor hilscline tll'ill 

IISillg a quadratic baseline cOIT('cli()11 algl!ritiJlll Ilt1 .1 

pixel hy-pixI'1 hasi" ,v1otiol1 ,1I'Iil.111S \\'CI'I' corrnlnl ll'

a pyralllid iln.1liv(' Uli'l'gislrdlioll ,1Igorili1m,'" The 

illlagl'\ WIT\, thcll translorIlH'd Into Talair,ll'h cllllrdl 

11,1te) for till' sUh'I'qlll'111 group 

Tile IMI~I d,ll,l wnl' fir,t postprtlil'ssed \\1111,1 g(,I1('1',11 

lillcar lllodcl," 10 n'latl' the time snil's Wilh hrain ,l\'ti

v,llion 1)11 i1 pixel-I))'-pix('1 ",Isis, F()r carll ;'lIiljl'll. i1 

I'C.J!";'OIl'S COITd,lIillll Cl}('ifiricilt 1ll'1 \VI'l'1 I hr,1ill cll'liv.J

lioll .llld titlll' ellllr,e was (',dClll,lICd I()r cdci1 pixel, alld 

tilell a, ,('orc was derived 1J'(1I11 till' (lll'1firiellt by Fhli 
n's - lrall,lonliatiPIl, Du till' glllUp ,1llalysis, <l 

I tcst IVa;. pnlon]lni for earh piA,'1 ,1('[I)\', .111 "I 

Ihe suhjecls III tl',t 111l' lire 1)1 1111' pixl'! ill Illl' 

groujl, Alter transforllling I stati,tics to:: scorl', a st,lli,,

liral pMalll\'trir Illap (composite --SCOI'C map) C,1Il Ill' 

geller,ltnl 10 idl'lllily brain vvith the lllo,t 'ignd· 

k,1I11 c()lltrasllH'tw\'I'1l lallgll,lg\' w,k alld cUIltrull,l,k 101' 

Ihl' l'lllirl' group, This IVa, ,I r,llldulll,(,[kcl ,ltlalysis lll,11 

dCl'llllllied lor till' illllTsuilWct varianc\', ;\ cluqn 

lllelhod \\I,1.S uscd to 1l11jlrnv(' spl'dlleitv .!IHI adjust lor 

till' illll,lIn! n Iwm Illllitipll' c0ll1pdris()tls,.'1 MOille C,]rlo 

Sillllll;llioll pcrfortlll'd un Ihl' d,lld sct .. llOlYcd llul a 
cluster or ~ alld lloillillal • '\ would ie,Hllo a COrl\'( ted 

l' ,DO! 

'Wi' also conducted" randolll-ellen group .11l,1i)"'h 10 

Ie" the ,]SS()cialioll 1ll'IIVC\,1l blood UXygl'll kvl'l,dqH'll

dalll iBOI.I)) sign,]1 ,1ltiv,]liOIl alld lllcan c!lildlillod 

blood kad kvds d('(oullling jor likely cOlllulIml\-rs, Tilis 

atl,liysis illVolvl'l1 tll\' rolluwillg ~,[l'pS: (I) 111\' Ill'dill al'lj~ 

Vdlillll ill f\'" !1o 11\\' 10 v\'rh gCIll'J"<1lioll {dsk IVdS tirst 

>lutlil'll illdqwlldcll lor its n'Ic111ollSllip witli \Ilild

hood lead l'XI)(l,UIT hy pixl'iwist' silllpk lincar rcgresslOll 

witli J (orrl'r1l'd l' ,05 (clustn <) based 01] 

l\lolltC Cario simlliatioll), (2) lll'cc1ll,l' tlie k.:!d exposure 

Inighl hI' ,]',Sorialcd with other lactors tiJ,1\ could al,o 

Cl)lllributl' totiJe modificatioJ] o[ BOLD signal p,lllt'!'m, (, 

such variables, including slIbjcl'\s r,llllil)"s socioecollomic 

sialus (SLS), suhjects' lull-Stale illtciligl'I1Cl' ljull[il'lll 

(lQ), birth wl'iglll, gel](icr, 1II'Ug (lllariju,1Jla) usagl', clild 

gCS1.1liul1.11 JgI', wcre prclested separalely [Ill' tlleir I'll' 

tCllli,J! clliliolindillg ildlliClllT to 1,]llguagc [UIlCliOlL /\/

tt'!' ,hiding cl putative cOlliuullllcr into tlte uthl'rwisl' 

lincilr l'l'gITsSjoll betwel'll BOLD ilnd Illean child

hood blood lead ll'veL the change 01 rcgrl'c,sjoll codti

cielll (/3) for kad expo'lIl't' wa:, calculated 011 a pixcl 
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pixd hasis I{) eVdiu,lle Illl' il1lll1l'llCl' oltlH' correspolldillg 

v,II'iabk, Tills lesting was UlIldlllll'd vvithill tile cortical 

areas tlhll had Iwell testnlto cOI'relate sigllificant:y willI 

childhood blood kad level ,IS lkt('rtnilll'd in the previous 

"ep, TIll' v,lriallll' was kept lor suhsequl'llt iill,11 Illul!i 

v,lria!(' ,1IhIIYSIS if addil1g Ihis vMiahll' caused ",20% oi 

till' pixels witilill Ille Illl'det(,rtIlilll'd RO] 10 h,1\'e over ,1 

10% c1hlllge ill tlH' 1:3 v,]lue; (0,) the fillal step or this 

group analysis W,lS 10 pcrlonn J IllUllipk regreSSion 

,1Ilaly,>is ttl ('valliate the main dkrt of early cl!ildllUod 

!<-,HI exposure Oil lallguag(' fUllctioll ell young adulllHH)ll 

with elll u[ the sigilific,llit UI' tllargillally sigllificallt «ll!

IUlInticrs, B('C,lllS(' IQ has always been il major iIllieX ill 

I[ll' literature [or lead heil,lVloral sludit's, we look all 

('Xlr,] slep 10 dell'rlllilll' il adding It) 10 tilt, il-lnlll IT

grt'ssioll (BOL]) vnslis blood keld, will! hirth weighl and 

lllariju,lIl,l ,IS cOIII()undn~1 w(\lIld appreciably aller Iill' 

exp(\SlIrt' ('lket. B(,(,lllse 11ll' ITsu11 WelS llegativl', IQ, 

togetlier will] gellder, SLS, ,1I1li gesl,lliolui age, \\',lS 

dis(,mkd, 

RESULTS 
I'igllre I (lITS('IlIS a stalistical P<lr<lIIH'tric map (compusill' 

?-score lllclp) thai represl'lIts lill' sigllilicllll i,lllgll<lgC 

,lnivcllioll (Iwlllinc11 z ~ 3; clusler ), curreeled jl 

,0(1) an{ISS litt' cntire subjecl group Itl (HII' sludy "It('l 

corrcCli(lIl I(l[ Illulliple COllllhlrisol1s, The fllllrtiolhli M

cas lor 1,1Ilgllclge reporled USillg Ihl' verb gel 1

l'rcltioll t,IS[.;"'" are i111 ,1CliV,lIcd ill our U,S cohort: Bro

C,l'S arca (nA ,1,1 ,lilt! BA ,1'5) ill 111l' Idt inferim fl'(lllt,d 

gyrus and Wl'rllici-;('" area (BA 21 ,111(1 HA 22) al I ill' Idl 

sliperiur 1l'l!lpOral gyrus alld lile Icil Illiddll' lelll]Hlral 

gyrus, as well as SOll1l' 11OIlloiogucs lil,l[ cH(' located 

c()lltlalalcrally in lil(' righl Ill'lllisplln(', A slwng lefl 

h('lllispilnit dominallt(' or frolllal clild t('lllporal 1.111

gU,l).;(' activatioil is ,'lso u\Jsl'rvnl ill lilis Clllll]l(ISile IlUP, 

To lesl till' sigllilicJII((' of the rcl,lIiollsllip Ill'lwe('ll 

FIGURE; 
; f)lli~j()',II('LVY:d~,lv nI(Hj~:'dP\!lI~H'\'I'rl)ql'!"'II(jOliLI\~ ,'H;Wlllfj/ ",{il!' ';1'1 

\\J\;: '\ I ddl;i:' v/ii: 1\ h,'dl ;t)(,d It'dd \ 'XI 1)',(,:(, MI:\1 11:'11111' ,Jl \ i'/,d; 'il ,111 ,l\ 111' i(;dl' 

nunl ,I,·j! Ith,lli,J! '!"III)\j~'l' lJfil!\ jl d (iqllt 1:,<'(1,,:1 \n!1p,!;,d 

{d \1>' IIl:(Iijl'\ ',Ulll:i!l(jl' ( rllll:!1 

IlH'illl cilildlwud blood lead icvel, alld hrain langllc1g<' 

aniv,llion, we ('olltiullnj Illulli\'ari,lbk regressioll clllcli 

cOlllrollillg lor tilicalll pOlelllial rOlllolilltins, As 

ShoWll ill Fig 2, mallY corti("ll areas dCI1l0IlSlr,11(' Sigllll

iCcllll ,1ssociation (nlrrecl('d /' ,0 I hased Oil ,\\0111(' 

Clrlo sililulalioll wilh clusler (J) lH'tW(Tll lallgllc1gt' 

artiv,lIi{11l (ill, S(OIT) ill till' br,lill ,llld illl\lll cilildhllod 

blood le,HI level ,Iller ,ldjllslillg lor Ihe 2 sigtlilicclllt COli 

!UUlltiltlg laClors (subjects' binll w('ig!tt ,lilt! !llcHiju,1Ih1 

lllllSlllllPlioll) ,IS silowl1 llsillg lil(' parli,ll currcl,l1iull 

c<lelficiclll coded ill (olor ,11 III overlaid 011 the struclur,ll 

IIlIages, Tlte color 01 light blue represellts iJigiler Ulrrc' 

lalioll, aIld dark blue represellts lowcl' cOffcl,llioIl, lor 

(,(lI11parisoIL llle (onic,]1 cllTcl, tilal h,w(' a sigllilic,lIll 

Sil11pil' COITeL'lioll codlidellt helWcl'11 l)r,lil1 clctivcltioll 

,lnd IlICdll cltildlwod blood le,ld level MC olltlillcd I)), lill' 

white lilll's, 

As ShOWll ill Table 2, Ihl' highlighted elIT,IS ill 

repreSl'lll 4 separate regiOIls or inlerest (ROls) ROI 

,1IId ROI_4 currespolld Wilh br,]in regiolls ill lill' Idt 

11'0111,11 cortex, ,lllli I{Ol,2 and ROI,,3 ('ulTespolJd Willi 

right temporal lobl' ,lIld Iclt I l'lI1po!",1i lobe, lcspctlin'ly, 

Till' inllllcllCl' ollhe conlullllllillg [dCtU!"S call bc Illlerrnl 

lronl Ihe diffclTllce hetWL'l'11 Ihe sill' of hrdin regiolls 

tilat exllihit sigllilicdlll correlalioJ1 witl! 1e,1t! exposure 

before (Iotal pixel Iluiliber, 11 = 119) and aller lhc COII

loullders were conlrolled lor (II KI), Iluwcvcr, Ihl' 

illciliSioll olille 2 cOlliOll11dcrs ill [Ill' Illul[ivcll'i<lle <111,11· 

ysis docs 1l0! Cil,lllgl' the luei lor these ROIs (exccpt [(II 

Ihe sligh I Chi1l1gc ill ROl_4), 

A closer l'X,lll1inatioll of hg 2 silow, tildl, ill sOllle 
cll'('as ill lile lefl inil'rior alld l11iddle I roll 1,11 gyrus {l3A '\(1, 

47, C), ,1l1d 10), wiliell arc adjacenl \0 Broca's ,1ITa for 

speech gcneratioll, ,1Ild in SOIl1C otiler Mcas ill till' lefl 

IlIiddk temporal gyrus (11;\ 21), ,1 rl'gioJl lypicaliy ill

volved ill laJ1guage alld ,]uditory procl'ssillg, lile IHiJill 

FIGURE 2 
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Jild IPdd \>\':\'1 (0: 11(;1.1IId~ 'I', l·;!'-I'II il'!\) '1' \ tll uti ,If!' «)( h'll ',,\'1(1: (( d " ~j1id (J\~! 'rL1L!;)' 

1"qi()lr, lll.l! ILl'!,> '.Hl!l:lil,Hl', ()[i\'i,Jliu 
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TABLE 2 Individual ROI 

ROI Conesponding Conesponding Range of I Without Confounders With Con/ounders,' 

Cortical R~'liom Brorlmann Ar~a, (oordin,He 
Size (Pixels) fOCllS Size (Pixels) 

.)', '" 
;·1111 

.Hlivatioll levels ar(' invlTsely correlated witl1 11]('.111 

childlwod blood kad kvt'l alln ,ldjuslllH'1l1 lor till' 2 

Sigililic,lllt ('111lIo1l1Hlns, TI)(' aniv,lliOIl level> ill SOlllt' 

,Hl',lS ill tile slIjl('l'ior/llliddk [l'lllpor,ll !BA22 

alld 112), cOlltr,l ialcr,li [olilc [raditi()l1al Wcrtlickc', an\l, 

which is lIslI,llly regarded as being ITSI)(lll\ibk 1m s]HTcll 

perccptiol1, is jlositively correiatt'd Wililllll\ll1 lllo()d 1,\ld 

levd al'!n adjm[lllt'tlt for sigllificatlt lOll[olltlllns (Fig 2). 

A I11C,ll1 aniva[ioll val lit' (meal] scorc) \Va, calnl' 

1,1ted alTDSS ,111 ()f lile pixd, ill eacil of till' 1\ rcgiol1s (,lS 

defilled ill Table 2) lor c,Kll sullject re l ;\ ,1tld B 

show the scattn plots, .1l011g wilil tlte 11,lI'ti,1I COITdatioll 

cildlici('lj[ (partial R), or till' Illl'all Ill',lill aClivaliol] 

within till' (orrCspo11tiing HOI versus the Illean cllild· 

hood blood It-,ld (OIHt'lltr,lli(lIl .In,)ss subjects lor ROI_I 

(HA46, B/\47, and Fli\ I 0: partial R O.l2; /' .(4) 
,1J]ti I{OI_2 (BA22 ,lllti 13;\42: partial R D. )); l' ,(3), 

ITSIH'ctivt'iy. Tilt' rorrdalioll hl'l\\'C('ll the Illean ,1Cliv,1 

tiOll verSllS llll\ll! childhood bl()ud I('ad nmcl'lltraliulI is 

also signilicalllior ROI_3 (13;\21: partial R (),l\; l' 

0)) Illit !lot lor HOI 4 (1~;\4() and 1');\,): Ihutial Ii ~~ 

() 30; /' .(8). 

DISCUSSION 
COllsist"11l witll our hypothesis allli nisti11g lillT,HUlT, 

we lound ,1 SiglliliL',lI11 111VnSl' dssoci,llioll 01111(',111 child 

l](loti blood lead level witlt br,li11 activatiol1 ill lite lelt 

ironlal gyrus alld Idt llliddle teIllporaI gyrus, regiolls 

Ir,1(iitiollally associated with semalltic language IUllctioll 

IROI_l alld ROI_ ') ill Figs 2 ,111(\ 3;\), Till' dimillisiled 

activali(lll ill t!tese regiolls itl subjects witl1 Iligl1er c!tild· 

hood blood lead level suggests that kelt! exposure durillg 

eMIl' childllOod (!i:,rupts develojlllll'llt oj the lHHmc1tive 

lleural substrates 01 lallguage alld leaves ,1 l(lllg-term 

illlP.1d 011 the IU1lctiull,11 1l1'uroall.1lO111Y of language. 

Iluw('vl'r, tlte u\JslTvalioll that these young adults still 

usc COIlVCllliolldl braill circuitry ill support 01 till' verb 

gCllcr,ltioll lask, as SlHlWl1 ill I, indicates that the 

elleCl 01 lead exposure Oil lile lleural slillstrates or Ian· 

gU.lgl' is sign if ic,lll I but llot as severe ,1S tlt,ll observed 

witl1 llWrl' dramatic brain injllril's, for l'Xdmple, strokl' or 

brain tralllll<l, ,1t kast llot for our coltort with low· to· 

nlOtier,ltcly eicy,lll'd l'Ilildlwod blood lead levels. 

We also fOlll1d a positive corrl'latioll between child· 

hood lllcan blood 11',1(1 level witll lll,lin activation ill the 
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right hCl11ispl1l'IT IWlllologs or Werllicke's arca, d, 

ShUWll ill I<OI.2 (Figs 2 alld 3B), Titis slIgg(',ts th,1[ a 

compcllsatory Illec\l.1nislll Illay be at work at tltt' level of 

the lleural circllitry supporting language. A, lallguage 

begins to ellingl' in early childlloml, there is a dOGI' 

Illclltcd tfelld toward in(l't',lsillg foclIs of lallgudgc·n.'· 

latl'd activity ill till' Iell telllPoral illld lrolltallobe regiolls 

in tlurlllally developing cllildrt'll, I"!' If till'se regions arl' 

!lot availaille ('illwr Ill'C,l11SC or impairl'd lOllllt't'tivity or 

o 
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rnillcl'li IH'mOllell capacilY, lill' brait, depluys lleIV arca, 

(0 repl,lt'l' (he IOSI capanl)' lor language llorIually suh~ 
,nvnl Il\, tIH'S(' prt'inred IH'ural (,1l,(,lIits,"" j~egi()ns oj 

positin' corrdalion betIV('('!l k,ld t'\()()SllIT kVl'1 and 

latn l.lngu,l.~(' ,lniv,ltion lilal unllr in tilt' riglll l('mporal 

lo!>(' (ROL2 ill Fig 2) eorrl'spond ,losely \Vith till' IOl'cl 

tion of Wnni('f;l"s art'.] (I~A22) in tIll' kll lH'lllispilerl'. 
Tili, is lOllsist('nl witil prl'violls Ilt'liroilllagillg Sllldi,',s 

dl'stTillil1g tlH' illlP,let 01 dc\'('lo(ll11l'lllal anti/or dcqUlrt'd 
ksiul1s, lor l'\<1lllpk, tUIlWI·. epilepsy,)" slroK'·.··' ,1I1d 

dYSIeXI,l. I,· OIl langu,lgc 11I1H tiollal dl'\Tlojlllll'tlt Till' 

IH'urtlplaSlieit)' o\JslTvcd ill till' prl'Sl'lll '>tlldy i, l'ollsis
It'nt with ollr underslanding ahout [lIIlClIOIl 

reorgani/atioll: the brain ,1ltl'tllpts to COlllj)('lls.lle lor 

Injury to regiolls that art' slrul'lllr;llIy and IUIll'liol1.11Iy 
r('(I'uit support lrom otiler 

cortiC,ll rl'giuns. Til(' (,llgagl'l111'lIt 01 Ihl' 

lll'misplH'll' lnuporai loll(' in the (OIllI'l'llS,llWI1 proct'ss 

providl's l'vidt'Illt' lor a dormal1t langu,lgl' (irnlil in lill' 

IWIHloll!in.lllt Ill'l11i'plllTl' This h .1 hypothesis that it.1> 
lH'l'll prol'o,('ti .1Ilt! supported 
st udil's. <, L' 

Olll' p,)<;siilk ('\jlldlhllillll I,lr titl's\' findillgs is Illal 

k,ltl t'\IHlSllrl' dLlrillg carly ritildlJ(lod slll'cifil"llly Ill!

pedl" brain r"gi()lls tllal ,lre undergoing rJpid ,it-vl'lop

lllt'lll (() Sllpport nascent L1llgllage cap,lililitil's. This 

llIight ITSlllI in 1,1Ilgll,lgl' delay, in cllildrl'l1 t'xposed 10 

I(',ld during tile pl'l'sdwoi )'(',)rs laIn ill dlildllOod ,1' 

Illnl' Illildr"ll ('!ltl'!' killdngMt"ll ,1l1d arc lauglll (0 ITiltl. 
IVritl', ,1IId l,ll'Il! COl11plcl(' ,,'llt'·I1('(". dl'IlI,lIld for Ill'lIr,11 

SllP(l'lrl of 1,1I1gU.1gl' sf;ilh ,1\'('(''''r,llt's. forcillg Ihl' ilr.lill 

to COlIlPl'l1~"ltl' lor the illjury sunned during pr('school 

Yl·ars. i)Orll1.l11t. cOlltI'al,lllT,11 li1!lgllagl' circuits ill till' 

rlghl 11l'lllispirnl' \Vilh silllilar lytoarl'llill'llllH' arl' capa

ble or sui)slTvillg l.1nguagl' [UIH'liollS wllcll rClTlIllnl lor 

this (lllrpoS(' whell forillall'ducalioll bl'gills ill Ih(' d,lSS

roOll!. IltIWl'Vl'r, it slwuld Ill' Iloled Ihal lile lOlllIH'IIS,l

tory altnllaliyl' p,llltway docs II,H Iwet'ssMily i'i('id 

eljlliv.tknt pnIOrlll.1I1Cl' to 111,11 arllil'vl'd llsing tilt· nor

Illativl' ('(lrticai lor the saIll\' IUllctiuIL The dl' 

gre\, to wl1ich this romjll'nsatioll I1ll'rilallislll is able tll 

met't the dl'l1lalld lor lhl' dl'vdojl1111'1l1 ollJllgllJgl' IUllc

lioll is asslllllcd to be assuriated !lot Wilh the lype 01 
imuils, but also with the liming. duraliull . .llld illlemity 

ill tltl' insult requiring iUrlhCI invL'stig,ltioll. 

CONCLUSIONS 
This i.\11{1 stlldy oilers ,1 ncw ill,ight into the llellui 

'llbSlr,lll'S 01 Sl'llwillie 1,1llgllage [ullctioll lilal <HL' selec
tively infillcllCl'l1 by lead exposure durillg childhuod. 

Elevated ciIildl100d lead C\jlnslll'C eXl'rts ,1 SUhS\,llllial 
ildlUl'IHT llil tlte cortiral org,ltli/Jtioll of Sl'lll,llItic 1,111

guage IUIlctioll ill youl1g ,lliultilood, dClIlOlIstrated lly a 

sdl'ctivc. deleterious cfl<:n Oil IIlHmal lallguagc .HCdS 

lVith concomitallt recruitllll'l1t ot (olltralatl'r,li rcgiolls. 

rl'sliitillg ill striking, cxposlIrc-dc]1l'lIdcl1t pattcrns of rc-

uuitIlll'lll lor i,lllglldgl' Illllllioll. These illl,lgilig delld 

jllllvide fllrther lOlllirtll,lliull ()f till' ,IlIVlT<,C COll,e

qUl'llCl'S o[ cllvirOlllllclIt,11 !cad cxposlire Oll (oglll(I\'C 

dlliiitics. 
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