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CHAPTER
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Execudve Function, Cognitive Conuol,
and Sequence Learning in Deaf Children
with Cochlear Implants

Davld B. Pisoni, christopher M. conway,william Kronenbergeri shirley Henning and Esperanza Anaya

Abttract
clinlcal res€arch oo deaf chlldren with cochlear implanrs has been imellecoally lsolated from dle

ruinstrdam of clrrent researEh and theory in neuroscience, cognhfre psychologr and dercloPrnenal

rrcuropcyclnlogl.As a consequence,the major dinical rcseardr Probtems have been rnnowly foosed

on surdtes of s*edr end hr€ua8e outcomes and the €ficlst of codlear lmplantation es r medical

treatmem for profound hearing loss. As noted In boti of the Nadonel lnstitutes of Heahfi (NlH)

consensus satements on cochlear implans In t 988 and | 995 (NlDCq | 988, | 995), lh:tle' lf any'

rcseadr lns irrestig{€d tfie underlying psycholoSical and neurccognhh/e factors dnt are resPonsible

for dlc ar|onnour indiYtdual differerrces and variabilit/ in drc eftctiltn€ss of codll€ar |trPhnts' In ttris

dnptec trc rcport some new rcsearch lindings on €recudw frrncrio.tr sequencc memory rnd cognit'rw

cootrol In prelinguaft deaf drildren who have receircd cod €ar itnPlanc. Our r€suhs demonstrate drt
sertral domaln-ganeral neurocognitive processes related to erecuthre funcdon and cognhfYe control

processes, sudr as ircrtlry memory caPaclty, fluency*peed, inhlbltioo, and organ'tration-lntegr'don

g sldlls,are suongly assocated widl tr.ditioml clhkal speedr and larguge outcome

These speaft neurocognhlve Processes re-flect dre global coordlmtion' im4sradorr and

functloml connecfuty of mutdple underlying brain sFt€ms used in sPeech Per€€PdoG Producti'on' and

spokeo hryIa8e processing.We aryue t'|at these executive frrncdon and or8anEatlon{otegradon

pro.esto 
"ont 

iU"tu an rdditional unique source of varlance to sPeech and languge outcomes aborc

and berf9rd 6e cocrentlonal demograPhk, medical, and educadonal hcton' Undersandltg dn
neurocotnhhre processes trsPonslHe for vzriaHtity in sPoke{t lansuaSg Proc€ssiry wfll helP Mr
dinijan3 and rFearchen explain rnd predlct indMdual ditrer€nces in sP€ech and lanttage ostcom€s

followirg cochlear imPlantation. Moreorc[ our results rlso harc dir€ct aPPllcation to lmProving tlrc

diagrostl g€atment, and carlt identjfication of young deaf chlldren who may be at hlgh rlsk for poor

outcomes follorvtrg codrlear implantation.

lct*ordr: cod ear implenq e(ecutive fundron, dcaf, cltldreo, tnerpry tPecch PercePdon' ht8uage

Our long-tcrm goal is to undcrsund and prcdict the
cnonnous vrriability in spccch arrd languagc out-
comcs ia dcaf chitdrcn who havc rcleivcd cochlcar

implanc as a trqltrncnt for profound dcaGress. As

nomd in both of thc Netional Institutc on Dcaftrcss

and OScr C-ommuaication Dircrdcrs (NIDCD)
@nscnsus stetcmcnts on codrlcar irnplans in 1988

and 1995, individual dnffcrcnco and variability in
rpccch and languagc outcomcs arc signifcant dinical

probtcms 6at havc not becn rddrcsscd adcquarcly

in thc past. Littlc, ifany, progrcss has been madc in
undcrstandiog thc ncurobiologk:l mcc,hanisms a.rrd

ncurocogoitivc proccsses drat arc rcsponsible for thc

nrirbility obscrrad in spcccli and languagc out-

comcs following cochlcar implanation.
Most of thc past work on coclrlcar implzrrtr has

bccn onccmcd primarilywith doormcnting thc'ctr-
cacy" ofcodrlcar implantation as a mcdical trcetmcnt



for profound dcafncrs, focusing rescarch cfons on

dernographic mcdical, and cducariond vadablcs as

prcdictors ofoutcomc and bcncfie Vith thc averagc

agc of implantatioa stcadily doacrsing bcause of
thc widcsprcad usc of univcrsal ocwtom hcaring
screening thi 

"bility.to 
rcliibly prcdict tlic "cfiii-

tivencss" ofcochlear implans &om bchavioral mea-

surcs obtaincd Fom infants and young childrcn
prior to implanurion bccomcs aitical o ptwidiag
approprietc habiliation follw'ing implantetion.
Undenanding sourccs of veriability in spccch and

la-nguagc outcomcs aftcr cocilear implaaation is a

complcx and challcnging ptoblcm rcquiring multi-
disa/inary rcscarcf, cffors ftom scicattsrs with
baclgroun& in ncuroscicne, cognitin€ Pcrrcholo6r,
and dordopmcntal ncutopq,chologr.

A Ncurocogildvc Approech to Individud
Diftrcoccs in Outoncs
To undcrsan4 crylein, and prcdicr rrriabil.iry in
outcomc arld bcnedt, it is ncccssary m situarc the

prcblcm ofindividu2l dtffcrctrccs in a much broadet

Aeorctical framcwork th:t crtcnds wdl bc;rond

the oenow dinical 6dds of audiologr aad spcccl
patholory and firlly acknowldgcs *ariability in
brain-Schavior rclations as a natural conscqucacc

of biological developmant of dl living s/stcms
(Spoms, 198). Doalopncnt invohcs intcractions
ovct timc bctw€cl drc biologicrl staa of drc indi'
-vidual Qcnctics, biological suucturrs, and charactcr-

istics) and lpccific cnvironmcntal eryeriarccs (rnsory
inpug cxtcrnal oms thet influcnce
such as uic cryosures). Thcrc is an iacrcasing rcog-
nition dret outomcs alc not qdusivd)' gcodicall),

or covironrncntally prcdarnined" Enviloamcntal
o(p€riencc allovr compla biological qntcms to
self-organizc during thc proocss of dcvclopmcnt
(Ihden & Srnith, 1994). Altcntion ia carly audi-
tory ogcricncc by clcical simulation through a
codrlcar implant supports a process of ncurobio-
logical rcorganization drat drews on and influenco
multiplc intcracting ncurocognitivc proccsscs and

domains and is not isolatcd o only spccch-languagc

functioning.
Thc cnormous wariability obscrvcd in a wide

range of spccch and laagua$ outcomc mca,turcs

following cochlear implanation mry not bc uniquc
to this partiorlar clinical population at dl but mey
rdcct instcad morc gcncnl undcdlng sourccs of
wariability obscrvcd in cpccch and leaguagc in
healthy typically dcveloping normal-hcaring dril-
drcn as wcll as edulc (Ccchcni & Grdq 2006).
Morcorcr, bccause of 6c impottent contributions

of leaming aird memory to thc devdopmcnt of
spokcn language processing, it is very likcly that-the

sources of thc individud diffcrcnccs obscrvcd io

spccd-r and hnguage outcomcs ia dcafchildrcn with

cocblcar implana also rcdcct wrierion in tic dcvcl-

opmcnt of domainicneral hcdiirtqfdre pt@el'
processcs that arc involved in linking and cooldinac

ing multiplc bnin ystens togcrher to form a func-

tionally intcgntcd information Proacssing s;Atcm

(Ilmao Sr Picrpont, 2005).
To invcstigatc thc sourccs ofvariability in pcrfor-

malcc and undcnand thc ncural and cognitivc

proccsses drat undcdie rrarietion in outcomc and

bcncfa folordng impbntation, it is ncccssary to

subatantidly broadco rhc bacrcry of outomc mea-

sutcs to asscss a wider nngc ofbchaviors and infor-

mation processing skills bqpnd simply thc

uzditlonel elinical audiotogicel spccch and languagc

a.srn@t rncasnrts 6at havc bccn rouindy uscd in

tlc pastbyrcscaldasworkingon cocl arimplala.
Furtlrcrmorc, it is dso imporant to rccognizc that a

childt failurc to obain optimal bcnc6a and achicve

agg-appropdetc spcccl and language milcstoncs

from his or hcr codlear implznt rmy aot bc due

dirccdy to 6c firnctioning of thc ooc$lcar impbrt
isdf but may ndcct complcr intcractions among a

numbcr ofoonaibur:ng facton (Gccrs, Brcnncr, &
Davidson, 2003).

In our rcscald ptognm, we adopt thc gcncral

wo*ing assumption drat many probundly dcaf

c.hil&en who rcceivc cochlcar implans' cspccially

children who erc pcrfonning poorly, may hevc othcr

conuibutiog ncunl, cognitiw, and aficciw scquc-

lae rcsulting Gom a pcriod ofdcaGrcs and auditory

dcprivation combincd with a language d&y bcfore

implantation, Thc enotmous mrirbility observcd in
spccch ahil tanguagc out@mcs may not bc duc to

hcariog pcr sc or to gocesscs involvcd in thc carly

scnsory encoding ofspocch at thc auditory pcriPh-

cry (tlawkcr, Ramirez-Inscoc, Bishop' Twomcy,

O'Donoghuc, 6c Moorc, 2008). Evidcncc is now

rapidly accumuletiag to sugtcst that othcr ccntral

cortical and subconical ncur,obiologicel and ncu-

rccognitive proccsscs contributc idditional uniquc

sourccs of veriability to out@mc and bcncfit drat

arc not assesscd by thc traditional b*tcry ofspcech

and language mcasures.

Bruin-B ebaoior Rc lztio*
Our approach to thc problcmr ofvariabiliry in out-

comc and bcncft following cochlcar irnplantation is

motivatcd by scvcml reccnt findings and new thco'

rctical dcvctopmcns that suggcst &at dcafircss ald
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bcaring impafumcnt in childrcn cannot bc vicwcd in
isoladon as a simplc scnsory impairmcnt (scc also

C.ow ad, 197 9 : I'vljq 1 97 3 ; My*JSwt, 19 5 4' 19 64;
Myklebust & Bruttcn, 1953). Thc cnotmous vari-

abiliry in outcomc and bencfit rcflccts nurnerous

complcx neural .nd cogaitive proccsscs that dcPcnd

trcavily on funcrional oonnccriviry of multiplc brain

aras working togethcr as a complcx intcgratcd

system (Luria, f973). As Naute (1964) Pointcd out
morc dnn 40 ycars ago, 'no pan of thc brein furrc-

tioni on ic ownr butonly through drc odrcr pars of
thc bnin widr which it is conncctcd" (p. 125). As

descdbcd h subsequ€ot scctions, wc bclicvc this

i5 a ptomising rcw direcion to Pursuc in c.linical

Escarch oo indiyidual diFcrcnccs in profoundly
dcafdrildrcn who usc cochlcar irnphns.

D o mainacacral & gni rtu kctots
Our rccent work widr prcimplant virual-motor intc-
gration (VMI) tcsts drat use only visud pattcms and

rcquire rcproduction and construction proccsscs has

fould significant orrcIatiors with a rangc of con-

vcntional clinical speech and langu€c.outcomc
rncesurcs obtained from dcaf dil&cn following

implanation. Similarly, our rcent findings on non-
rord rcpctition, ellrcr disctimination, arrd imPlicit
lcemiogofprobabitistic soqucntid pattcrns prtscntcd

ia 6c scctions to follm' suggcst dar :n imporuat
additional sourcc ofwariancc in spccdt ad lrnguagc

outoomes in dcaf childrctr wifi coc.blcar implans
is csociaad wi6 dom:inaeocral nonlinguistic

ceortive-organizational-int4ntivc @OI) prcccsso

dar involve cxcortivc firncion @F), cognitirc con-

rol (CC), lnd sclf-regulation (Blair & Raza-Pctcrs'

2007; Figuera, Edwads, & Iangdon, 2008; llauscr'
Lukomsh, 6c Hillruan, 2008).

Ihere is now good agrcemcnt among cognitive
scicntists drat thcse so-callcd "control proccsscs" rcly
oitically on global systcmwide cxccutivc atrcntion
proccsses that r,eflccr organization-intcgration, coor-

dination, fuactioad odnnectivity, and closc inerrc-
tioru ofmultiplc ooral ciroria and subqntcms that
arc widely distributed ecros meny arcas ofthc bnin
(Spoms, 2003). Althoug! thcsc F.OI proccsscs ovcr-
lap panially with elcrncnts of thc tnditional con-
structofglobal intelligarcc thcse two broad domains

of oognitivc funaioning crn bc distinguishcd in
scacral ways.

First, global intelligcncc indudcs firnctions and
abilitics, such as crystallized knowlcdge, rcasoning
long-tcrm memory and conccpt formation, dret trc
not gcnenlly thought to bc a part ofEOI proccsscs
(Kau6nan & Lichtenbcrg,q, 2006ilaa19 Howic-son,

Iaring & Hannq,20O4). Sccond, EOI proccsscs

arc minimirlly dcpendcnt on rhc cpccific contcnt of
rhe information bcing proccsscd; that is, thcy can bc
applicd to almost any kind of ncural or cognitivc
reorcscntation such ar vcrbal, nonvcr$al, visual-

"p",i"|, 
*r"o.y--otor ftIughcs & Graham, 2002:

Van dcr Sluis, dcJong & van dcrlcij, 200fl. Global
intdligcnce includcs a componcnt ofcontcnt in thc
form of oglicit dccleretivc knowlcdgc, acormulated

oEcricncc, end acquircd .lgptiduns fot problcro

sotviog. 'Ihi!d, rcccot lrctuoimrging smdics havc

found difi:tcoo in EOI proccssing ability eod is
rclarionship to bnia firnction, qrcn in grouPa ofsub-
jocrs that arc matAcd on mcafluEs of global intd-
lcctual ability (c.g., Mathcws, Kroncnbcrgct' Vang,
Ilrito, lowc, & Dunn, 2005).

Evc{ri a. - Ortzt itz M In t gratirtc
Abilitics in hcbbar Impbnt Outcomcs
IFc hypothcsizc that EOI abilitics arc panicula-tly

important for spccch-languagc dcvclopmcnt follow-
ing codilcat imphnt bccansc of strong reciprocal

rclatioas bcmcen thc dcvclopmcnt of spokcn la.n- '

guagc prooiog shlls and the dcvcJopmcnt of EOI .

abititia @cary, Stnnd Smith, 6c Fcnandcs, 2007;

Hohm, Jcancn-Srclnmctz Schsridt' & bucht'
2007). Spokcn laoguagc eot vubal mcdiation pro-

ccsscs prwidc &e schcmes end knowlcdgc snuc-

turcs for symbolic rtprcscntarions dret can bc uscd

for omplchcnsion-iatcgntion (ag.' mcoal rcprc-

scntetion using langu2gc) ald oognitivc conuol
bod ofwhicl arc importaat EOI ebilitics (Bodron

Sa I.conC, )-N7; Uamood" Bamctt, Thomes, &
Munro, 2007; l:mm , ZAvD, e L<rgtis, 2006) .

,ddditionally carly auditory cxpcricncc promotcs

the ability to integratc tcmporal scqucnes ino
wholcs (c.g., chunking auditory paacrns into mean-

irgful souads and linguistic units) and to cngags ia
flucnt proccssing of teraporal pattcrns. Eneo.rtive-

organizational-iotcgntivc proccssing also allows for
6c active conrrol ofsclcctivc atrcntion, usc ofwor&-

ing mcrnory flucnt specdcd proccssing and intcgn-

tion ofmultiplc sourc ofinformation during spolen

Lngurgc proacssing. Morc cficicnt EOI processing

thcl6rc promotes bcttcr spokcn language skils,

whcrcas bencr languegc prwidg drc kcy building

blod<r for the dcvclopmcnt ofEOI abilitics through

verbd mcdiation and fccdback proccscs (Bodrova

6c L-rS, 2007). Bccausc hcaring loss, qvcn mild
hcaring loss, intcrfcrcs with critical carly spokcn-

larguagc orpericnccs, wc slggcst that dcvclopment

of key EOI skills may bc at risk in dcaf chil&cn'
A cochlcar irnplant rcstorcs some ofthc componcnts
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of auditorl clrpcricncc to a 'fragilc' EOI systcm,
whicfi in um, bccomec a fun&sicnul iafiucncc on
thc ability m usc spot<cr languagc m buitd spccch
and languagc proccssing skills that arc kg' outcomcs
followirg coc$lcar implent

Pldinlnety f,ndirry fron our rcscarch, t*ar
togedrcr with thc thcoretical apprech aniorlarcd ear-
lict, suggct .l',. foul kcy.EOl arcas aray bi inrolrcd
in spoodllanguagc outoomc following cochlear
implanc rvo*ing mcmory flucncy-clEcicnrcy.spco4
@nGrtridon-vigihre-bhibition, atd organization-
intcgntion. Thesc abilities dlor spokcn bnguage o
bc proccsscd npidly (fl"cnq*f'<icacy*pccd) ino
4caniDgftl stu$olic unis (orgurization-inrcgruion),
stordl (qlo*Lrg mcraory), aod actirdy assigned

.mcaairg (o€aoizarion-inEgmbd u,tilc dtc indi-
yidual rneiatafuu a focrs on 6c rclcqnt stimulus
inbrrnation (oncraetion-vigiLac) and rtsists dis-
trqiry impulscs (inhibidon). Thc rrcod o proc
anormous amounts of novrJ auditorysaroryinput in
drc devcloprncnt of Aocch-tanguage ddlls folhryiDg
odrlcar irnplant thcrtforc draws hcavib on dlcsc
domaiajcncal EOI areas, A dildt abiftty to cfto-
tivdy inqtue, and utilizc S6c EOI
abilitia will inpact on spccd-bnguegc orrlomcs.

Thc hypothcsir motivating our r€6car& pnryram
is thet maoy dcafchildr,cn vrho usc cochlcar irnplaas
may display d&ys or dysfirncrions in serrcnl' ncu-
roaognidyc information procosing domaias in
r.ldition m thcir primary hcaring loss and l"agu€c
dclay. Somc dcaf clildrEn wi& oochlcar implans
rnay not show 'agcapproprietc, sorcs on e vrricry
ot convcntional ncumpsychological tcsts dEt, on
thc surfacc appcat o have litdc, ifanythin& dircctly
to do with domain-spccfic scosory aspocts ofhcar-
ing or specch pcrccption ind spokcn laquagc pro-
cesring but rcdcct instcad domainjcncnl procscs.
Variebilfty in thesc basic clcmcntary iaformation
proccssing skills may ultinatcly bc r,csponsiblc for
some of &c in&vidu:l diFcrcnccs obccrwd h eudi-
ological, spccch, and la[gu€c outcomc merurcs.

Mnworrd Rcpctitio! and Phonolotlcal
Dccomposldon
To obain ad&tional knowtcdgc about thc undcdy-
ing @gnitiv! and li[guisric proccs d'"t ars Espon-
siblc for thc variation in cpcech and languzgc ourcomcs
folowing implanatiol and to broadcn thc infor-
mation proccssing domains usd in asrcosrncnr, wc
carricd out an unconrrcntiond nonworrd reFtition
snrdy with a lerge group ofdcafchildrcn to rraminc

!9- ,fry usc sublqical phonological knowlcdgc
(Clcary, Dillon, & Pisoni,2002; Dillon, Bud<holdcr,

Clcary, & Piaoni, 20@l). Whcn wc first proposcd
using this nord crpcrimcotrl proedurc, rfic coc}lc1
implent dinicians in our ocnrcr argucd that dcaf
children would not bc able to do a ask likc this.
bcceusc dcy did not lcrow aoy ofthc nonwords anj
drcy could onlydo lmhcdr:atc EFtiblon antl rcpro-
duction usks with worrds dnt thcy werc Amiliar
with and had in thcir mcntal lcxions. Vc crplaincd
thar nongrord r?ctition has bccn shown in nurncrous
snrdirs o be a valuablc mc6odolo6r
and rccardr ool that ould provide ncw fundamcu-
ally differcnt information dret was not availablc
ftom any of thc othcr saodald dinical asrcsmcnt
futstrumcnts crrrcndy in usc. Morcovcr, scvcral
studic6 h.vc Eported that aonwold r,cpctition rcorcs
werc sooogly oncletcd with vocabulary dodop
mcnt and othcr languagc lcarning mllcstoncs in
hearing childrco and othcr dinical populations
(Gathcrolc 6c Badddcy, 190; Gatfictcole HiajL
Servicc, & Mania, 199D.

In our frst nonwold rqrtition study (Clcary,

Dillon, & Pisoni, 2002), 88 pcdiatric coclrl.car
implant uscrs wcrc askcd to listcn to rccordcd noo-
scnsc wonds dret onforrrcd to &rglish phooologr
and phonoactics (c.g., ilrupaory") and immdi-
atcly rtlcat back wf,et thcy hcard ovcr a loudspcakcr
!o 6c .-mtn.. Sevcral mcasurcs of thcir pcrfor-

ttrencc on this ask werc obtaincd and thcr corrc-
larcd wfd opcn-sct word rcognition sorcs fiom
tf,c l,cxical Ncighbofiood Tcst (IN"D, I€rsarrd
Digit Span, Spccch lordligibility, Spca.king Fatc,
![old Atad<, and Rhync Errors. thc Vond Am&
and Rhyme Enon wcrc obtaincd fiom an isolatcd
singlc-word rcading task rhat w:s ollcctcd as part
ofa larycr rcscuch projcct carricd out byA,nn Gccrs
and hcr colleagucs (sec Gccrs & Brcnncr, 2003).

As shown in Tiblc 29. I , thc arnscdption scorcs

6r both consonants and vowets, as wdl as drc pr-
ccpnul ntings of the nonwon& obainod 6om .
goup of normd-hcaring eduls wcrc dl 

"t-oglfcorrdatcd with thc naditional dinical outcomc mc.-
surcs wc cramincd, suggcstiog that a common sct of
phonotogical rcprcsentetions and proeing *iI!
arc uscd acros a wide nngc of diftrent languag
processiag F"lr., gvcn singlc-word rcding tasl:s.

Aldro"eh nonword rcpctidon appcars at first
glancc to bc a simplc information proccssing ask' it
is acudly a complcx paptrolinguistic prcccss rtrlt
rcquircs drc child to Frform d or ea"h of *"
individud --porr*i processcs involving s@
pcrception, phonological ocoding and dcomposr-
tion, vqbd rehcarsal and maintcnancc in wo*ing
mcmory rdxiqal and phonological rcasrcnbl,
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1ebtc29.l Nonword tqraition rcorcl

Coruonaatr (lV- 70 Vow€b (JV- 76) Acotrcy ltrring! (lV- 70

IJ,II carf vor,& +.78"'

r,l.lT htdrods +.71''

MINT +.77" +.74"'

f.orwrd Dlgit SF! +.62-

gcc<tr tftdtgibitty +.91.. +.88"'

SpaUag Rrte -.81-'

Vord Attrc! (Rcadiog) +.75"' +.78"'

Rhyuc Emoo (Rcedl4) -.61. --54'

.r<.0t, sF.or,aF.mr
idi;".bd;'b**..o nonrod ftpcridon r@,.5 rad rvc.l act<[ rd Lrauas oucco-mc aiczsu*s (codrolros 6r ryq -Il.!ala,.sF
i.-"r* Ja-f".. -a -.o,o,d..d; dod.) tE ol -, O-rr, rfi.r," ,"a g-"r (-2002); 6.n a DiIo& .nd P&oni (2002); Dillon' clarv'

PtuDnl,.!d On r (4oO; rod D lo& Budrloldcq CL:'v' rd Pt ooi (200{)'

phonctic implcrncotation, and spccch production.

i4or-".r, thc nonword rcpctition trsh likc othcr

imitation or rqroducrion tcstt, lcquilcs additioDal

orgaorzatioael-inegntivc proocs thet li"L dcsc

irdividual compolcnt Foocssc6 mgdc( rc Pro-
ducc e unitarf vcrbal rcsPonse as

outPut.
Vhet uniquc and spcciel propcttics docs thc

nonvod rrpctitio! task hvc 6at othc( coN€o-

tiond clinical spccch and languagc tcstt le&? Frsc'

thc stimuli uscd in nonword lcpctition asls arc

uovcl sound paactns rf,at childreo h:r'c not hcatd

bcforc. Thus, dildrcn must oelc usc of rotust

adaptivc bchaviots and laoguage proclry suer-
gics t$ar draw on past linguistic agcricncc in novd

ways. Scond, thc nonwod rcpctitio! ask rcquires

rhe child m consci,ously oontrol and foc'us his or hcr
atteotiond rcsourc.E .rclusivdy oa t[c phonologi-

cal souad propcnics ofthc stimulur pettcmr nthcr
dran thc sfmbolidtinguistic ataibutcs ofthc mcan-

ings ofthe words bccausc tlcrc is no laical cntry in
the mcnul lexioon for tlcsc partiorlar stimulus pat-

tcrns. Findly, thc lonwond lcpctition ask' likc
othcr opcn-sct spokan worrd rccognition tcsa and

rcproduction tasks rcauiro thc sublcct o rapidly

carry out phonological dccomposition, rcassembly

of thc structural dcscription of the souod pamm,
rnd vcrbal rcha$al of a novd and unfamiliar pho-
notogical rcprcsentetion in wo*ing mcmory, as wdl
as imptcmcntetion and rcconsmrcdon of a vocal

anicrlatory-+notor tcsponsc linking pcrccption and

action. Givcn thcc spccific proccadng activitics

and thc hcavy dcrnands on cognitivc concol and

cxccutivc attcntion, it is not at a[ surptising that

noaword rcPctition has provcn m bc wry good et

ul;erFosing a widc nnge of largu2ge disoldcrs and'

dclivs dui in"olvc disnuSanccs ir rapid phooologi-

cal iroccsing of spokcn langu:gc (Gathscolc &
Badddcry, 1990; Gathcrcolc, Hitch' Scrvioc' 6'
Merdn, 1997).

Erccrrtive Function end
Orraniz:tiond-Integrrtion Processcs

Ini;bition hpccsscs it Spcc& Pcwcpttion

Our intcrrst in ocqrtivc ftnction ald cognitivc

conuol proccsscs bcgan dmost by accidcot witl a

sqrall-scalc pilor smdy carricd out by Minnde

Clcary thet wzs originally dcsigned to assccs thc

talkcr- recognition sLill' of dcaf childr€n widr

cocllcar im;bns (Clearf & Pisonl 2002)' Usiryo

sue-difilint discrimioatiott ..dq cbil&q hc{d
two short tncaningftn Eoglish scntcnccs in a niq
one aftcr thc othcr, and werc askcd to dctcrminc if
thc scntenccs wcre produccd by the samc tdkcr or

difcrcnt talkcrs. Half of thc eentcncec in cach sct

wcre produccd by thc samc tdkcr and halfwuc pro-

duj bv diffcrcnt ralkcn. Mthin cach sa, hdf of
thc sentenccs werc linguisdcally idcntical and half

werc difcrcnt. The rcsuls oftfiis study are shorn in

Fizurc 29.1 for two groups of childrcn' 8' and

glverold dcaf childrq widr cochlear impbos'

"rrd " 
yout go gloup of 3- to 5-yeer-old nonnd-

ttcaring, r/picafly devcloping childrcn who scrvcd as

a compadson grouP.
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Q; Zf,f DiCtodoo of'rlediGrrit' rcame dilcdoirutlm soons 6r co&lcar iopbnt nscts ead normdJrcariag contnr& in
6rd. rnd vrriod-ecaoc cooditiocr harcd oo &r: qorad by Clcarf aad Prpoi (2002).

Al&ough drc hcaring 3- o 5-ycar-olds hed litdc
difioilty idcd&hg wh.dcr two scotroccs wer!
produccd by diFcrmt tallcrs in ihe vrried-scnrcnoc
ondition as showa in thc right-hend pand of
Egur€ 29.1, dc dcafchildrcn tith crichlcar implant
hadonsideebly mcc diffiorltyin cenying out tlis
toclr If drc linguirtic ontcnt of thc two uttcranccs
wrr dc sanc 0"e pq!. d), dildrco *ith cochlcar
implants pcrformcd dc -lLcr-discrimination task

. bcttcr dan chracc {67% concct)- Howcr, whcn
the linguirtic oontcat ofdrc nib rcntcnccs differcd
in thc yrricd scotcncc ooudition (mtddlc pand), drc
pctfonnancc of dcafdildrcn wi6 coclrlcar implanu
did not di&r 6om clranc (58% corrccd and
wrs rtgufficandy worsc t!o" thc group of youngcr
normel-hcaring childrcn (89% corrc<r),

Thc trlkcr discrimirretfoa fndings obaincd by
Clcar/ and Pironi (2002) are thcoretically signi6-
cant bqusc 6cy suggcst that pcdieuic cochlear
implant uscn havc considcrablc dilfiarlty inhtbiring
irrdctant linguistic informetion in this scatcncc
proccssing ask \Phcn both scntcnccs arc linguisti-
celly thc samc ia drc Grod-centcncc oonditions, thc
child can simplyjudgc whcthcr thc voicc is thc same
in both oonditioos bqusc thcrc is no @mpctiog
scmantic infonnation to rfcct thcir discrimination
rcsponsc Ia drc nricd*cntcooc conditio& how-
cver, tlrc child must be ablc to consciously conrol
hir or hcr attcntion and .crivdy ignorc elrd inhibir
thc dl$crcnccs in rcntcncc mcaning thc morc dom-
inaat rcqponrc mode, ia ordcr to dcctivcly focru
ettcntion on drc sound structurc to makc a dccision
ebout thc spcakcr's voica

An cramtnetion of thc .crrors produccd in thc

r:ricd-scntcncc oaditior shwcd tliat drc cochlcar

implant uscrs displayod e signtficant lcsponsc bi:s
o inorrecdy rcslond 'difltrcot' morc oftco t!, "
"samc" for thesc paia'of sdntcres. [n contrast, drc

notrnal-hcaring dildt€a showcd no cvidcoe ofanl
rcsponsc bias in dris condition. The diFcrcnces

obocrvcd in alkcr disctininerioa pcformanc acrw
thoc two scntcncc condidons suggcst that basic

scnsoty-euditory disainfuntivc a{rccitics arc not

thc primary factor thet @nuols pcrfonnencc in thc

samc-dlfcrcat scntancc discdminetion task Retf,cr'

discdmin:tion pcrforuunce is inf,ucnccd by diffcr.
cnc6 &twrn tlc tcb groupc in thcir ability o
activdy usc cognitivc onuol snatcgics m crroda
mainain, monitor and manipulatc Eprrs@tatiols
of the talkcrt voicc in worfting mcmory .rtd
sclcctivcly attcnd to a spccific componcnt Per€cP
nul dimcnsion of tlc fccch signal. Thcsc Gndirip
wcrc cr,cn morc rcmarkablc bccausc thc congol

group of normal-hcaring dd- -"" I y-tt
yr*rg* .tt- th" gtoup of dcaf childr,en wl6
oochlcar implanc. 'ILir inid2l study was follorrcd
up with a ttrorc erccnsivc inrctigtion of alkcr
dirsimination skills of dcaf childrcn with cocltlcar '
imptants, which rwcalcd stsong @rrchtions bctwEq

ulkcr discrimination and a widc rengc of"P"-h 4
languagc outcomc mcaslres (scc Clcary, Pisoru, e
Kirk, 2005).

Ncurocogntds Mcasunca
To broadcn drc mcasurcs ofoutcomc and bandt
lowrng implantation bqpnd thc traditioml
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spccch and langu:gc asscssmcns, wc rcccndy

6omplctcd a ncw study that was dcsigncd to obtain

l&tional ncuropqrchologicel mcasurcs of EF, CG
4d EOI proccsscs ftom a group of 5- to lO-ycar-

old dcaf childrcn with oochlct imphnts. All but
onc ofth6€ childrcn rcccivcd thcir cochlcar implana
bcforc 3 ycars of aga A group of chronologically

egc-matchcd typically dcvdoping normal-hcadng
childrcn wzs also rccruitcd to scrvc as conooLs. Both

groups rcccivcd a battcry ofncuropsychological tcsa

doigncd to esscss sclcctod aspccts of EF ad CC
including vcbal and spatid working memory eP.c'
ity, inhibition, and proccssing spccd, as wcll as 6nc

motor contnol.
ln addition to convcntional pcrformanoc

mcasurcs ofEF and CC obaincd in thc laboratory
wc also obcaincd scvcral additional mcasurcs using

ducc parcnal r,qon bcluvionl rating scelcs to astcss

EF and bclnvionl rgulation, lcaming and cxccutivc

aceotion, and ancntion:l contr,ol and sclFrguletion
in cvcry&y rcal-world rttings. Morc dctails of this

study arc cponcd by Conway ct al. (in prcan). For

now, hcnvqrcr, wc summarizc a subsct of thc 6nd-
ings hcrc for thrcc ofthc notoognitirc pcrformanc
tcsrs, Engcrtip T?piry (FfD, D6ign CoPying
(DC), aad Sooop Color-word Naraing (Stroop)

dnt rwcalcd &ff:ttrrc in EOI funaioning bctwccn

thc two groups of clrildrcn (scc also Frgucras ct al.,

2008; Hauscr ct al., 2008, Pisoni ct d., 2008). In
thc ncrt sccrion, wc rcpon thc rcsuls of thc ducc
bchrvior reting scalcs.

NEPSYFhgcrr;p fappUg @t) aad
DaignCo?ting@C)
Two of thc pcrformance mcalucs ftom thc NEPSY
ncuops5rchological baacry, thc FTT and DC tcss,
rcvcaled di&rcoocs in pcrformancc bctwccn thc
oclrlcar implant and normd-hcaring groupc. Thc
FTT subtcst is pcn ofthc NEPSY sarsory funaiors
oorc domain and is dcs@cd to asscss fingcr dctcrity
and moor spccd" In drc Rcpctitivc Fnger %Pping
condition, drc child is askcd o makc a cindc with his

or hcr thumb and inda 6ngcr opcning end dosing
it as fast as hc or shc can. Ia thc Scqucntial Fingcnip
Gpping oondition, thc drild apa thc tips of his or
hc thumb to thc indo<, middlc, ring and pinky
making a circlc with cach 6ngcr. Bod tcsts arc car-

ricd out with thc pn{cmcd and nonprcfcncd h:n&.
Thc DC subrcst of thc NEPSY is pan of 6c visu-

ospatid proccssing domain that is usod to asscss a

childi nonvcrbal visuospatid skills such es body

movcmcnt and hand-<yc cooldination. DC mca.

surcs thc drildt ability to rcproducc and orutruct

visual pettcms. Thc childrcn wcrc givcn l8 gcomctric
dcsigrs and wtrc askcd to copy cach dcrfgr usfurg

papct and porcil" thc DC is similar to thc VMI that
wc uscd with youngcr dril&cn in our prcvious wort,
which was'succcssfirl in uncovcdng prcimplant
bchavionl prcdicron of outcomc (Hom, Fegan,

Dillon, Pisoni, & Mifamoto, 20Ol). Thc rcsuls for
both thc FTT and DC tcrts indicaad dret dcaf dril-
drcn with cochlcar implnts pcrformcd morc poody
dran agc-rnatchcd normzl-hcaring control drildrcn.
Morcorrcr, thc mcan scorcs for thc cochlcar impl.ant

group on thc FTT rrcrc not only slgntficandy lowcr
dran thc normd-hcaring dril&cnt sorts, but drcy
wcrc dso atlpical relativc to drc publishcd normativc

&ta- Thcsc restJs rsvcalcd wcakncsscs and d&ys in
sctrsotr'motor and visu:l-spatid domains drat arc

consistcnt with our hypodrcsis drat dornain-gcacrd
organizationd-intqretivc proccsscs arc at risk in dcaf

childrcn with cod car implerrs.

Satop 6lor Wotd N*iog
Both groupa ofclildrcn wcrc also administcrcd thc

Suoop C,olor lford Ti:st (SCVT), which coruists of
drcc subtcsts: a wond rcading subtcst drat rcquircs

rcading a scrics of 100 altcrneting words (cithcr rcd, '

grccn, or bluc) aloud as guickly as possiblc, e colot
naming subtcst tbet rcquircs naming a scrics of 100

altcrnating olors (iadicatcd by Xl in thc oolors of
rcd, grccn, or bluc), aod r olor-wold subtrst that
rcquLcs naming tlc olor ofink uscd m print cach

of thc worlls (tcd, geq or bluq whcn thc word

namc and inl olor arc diffcrcnt). Bccausc it is much

casicr to rcad wonds than rnmc colors, drc olor-
word subtcst of thc SCWT is coruidcrcd to bc an
qccllcnt mcasurc of thc ability to inhibit a morc

automltic domioant rcsponr (wond r€ading) in
favor of a morc cfonfirl color ruming rcsponsc-

Automaticrrorrd rcadiog intcr6res widl olor naming

on thc color-wold subtcst beuse thc printcd word
and drc olor of 6c iak are diff:cnt and compctc

widr each othcr for artcntion and prooing rcsourccs.

Vorrd rcading causcs inrcrfcrcncc wittr thc morc dif-
fic'ult ontrollcd-procing usk of color narning.

Howsvct, this intcrfcrcncc cftcr ooclrs only to thc

cxtcnt th.t wosd rcading is morc fluent and euto-

metic than color naming.
Individuals with lcss flucnt rcading skilb or

ddayod phonological proccssing skills oftcn pcr-

form bcttcr on thc color-word subtcst bccausc thq
lcss intcrfcrcnce 6om thc (norurally

automatic) word rcading componcnt ofthat subtcst

(Goldcn, Frcshwatcr, & Goldcn, 2003). Incrascs in
rcading profcicncy causc grqtct intcrfcrcncc and,

PTSONI, CONWAY, KRONBNBBRGBR' HBNNTNG' ANAYA



in.turn, grcetcr rclativc impairmcnt in color-word
suDtcst scoa6.

Rcsula of thc SCIZT rcvcalcd similar pcrfor_
mzncc spccd on tbc color-word subtcst for drc nvo
grouF, drholgl thc coclrlcar implant group pcr-
forncd significen y morc slowly on thc word- rtad_
ug subrcs.. Howcvcr, rhc two goup,s did not diffcr
on rhc oolor naming subtcst. Thc pattcm of diffcr-
cnccs in word and color naoing scorts is consistcnt
with,lcss.profcicat phonotogiJ proccsing in thc
coc[car rmpLnt group and indicatcs thzt thc word
rcading r^.k wzs lcrs automatizod for thc dcafchil_
drcn with cocbler implants. Thc coclJcar implant
group showcd lcss intcrftrcncc Gom thc word rcad_
ing oomponcnt of thc color-word ask and would
havc bccn crpcctcd to do bcttcr on thc color_word
rask comparcd to Ac normd-hcariag group, a par_
tcrn that.is corsist or with Gnding dat lcs pro6-
cicnt rcadcn do bcttct r$rn mq6 pio6cicn, rcadqs
on rJrc color-wod trsk (assuming thet othcr cogni_
rivc abilitics arc meahcd bctwccn rhc goups). ihc
failurc to 6ad difcrtncts bctrrccn gronps on thc
color-word subtcst mey also ndccr grcatcr rcsistaacc
to lntcrlssrcc in thc normd-hcaring gr,oup than in
thc ochlcar implaat g"up. fh" patt"m of Snoop
word rcadiDg subtcst rcsuls obsenrcd with thc
ochlcar implaot group firdct suggcss lcss robusr
eutornedzed lcrical rtprcscaations of color wpnrls
in mcmory, as vdl as pocsiblc dclqn in wrbal 0u_
cncy and atypical ettcntiond switching ski|| in
rcading isolatcd color mnds aloud.

BNEF, LFA$ drrt CIIAOS Rtting
Scalcs of F*cttJm futctin
To obtain mcasurcs of cxccutivc function as thcy
arc tal.izd, in cvcqday rcal-wortd cnvironmcnB
likc homc, school, or prcschool scttings, ousidc thc
highly conuollcd con&tiorx of thc aridtolog, dinic
or rcscarch laboratory, rrc usod a ncuropqrchilogical
instrumcnr callod tf,c Bdnvior Ratinglnruroi of
Excqrtivc Function (BRIEF'). Thcc &f".cr,t form"
ofthc BRIEF are ayeileblc commcrcially ftom pAR,
with appropriatc norms (pr!rcholoqical Asscssmqt
Rcsourccs [PAR], Inc, tgOj. Onc-form wes dcvd-
opcd for prcschool childrcn (BRIEF-P: 2.0_r.l I
)tars); anothcr fo. r school<god cJrildrcn (BRIEF: Ftg
)talsr, and hnaly onc wes also dcvclopcd for aduls
(BRIEF-A 18-90 yca6). Thc BNEF fimily ofprod_
ucts was dcsigncd to asscst cxccutivc functioning in
l.Vdaf.clyr"amcns (scc Gioia, \uith, Gu; S.
Icnwonhi 2000).

Thc BRIEF consirts of a ratins-scalc bchavior
inrrcnrory that is 6lled out by parcni, tcachcrs, and./

or daycarc providco to a.s.scss a child's crcqrtivc
firnctioru and sclf-rcgulation skills. It conaim cight
clinical scalcs thet mcasurc spccific aspccts ofcxccu-
tivc function rclatcd to inhibirion, shifting ofatrc1-
tion, cmodonal control, working mcnrory planning
and organization, among othcrs. Scora from thcsc
subscalcs arc thcn combincd to corxtruct two aggrc-
gatc scalcs for thc Bchaviorel Rcgulation Indcr
(BRI) 

"nd 
thc Mcacognitivc Indcx (MI). Each

rathg invcntory also providcs an ovcnll Global
Excortivc Compositc (GEC) scorc.

Thc BRIEF has bccn showa in a numbq of
rcccnt srudics to bc ucful in cnaluating childan
with awidc spcctrum ofdcvclopmcnal and acquircd
ncurcoognitivc onditioos, elthough it has not bccn
uscd with d€afchil&rn vrho usc oochlcar implants.
From our prcliminary work so fu, wc bclicvc thet
this instrumcnt may providc ncw additional oon-
vcrging mcasurcs of qcqrtiw fuaction and bchav-
ior rgulation that arc associatcd with convtntional
spccch and languagc mcasurs ofoutcomc and bcn-
cft in this dinical populetion. Somc of rhcsc mca-
sulcs can bc obaincd prcinplant and &crcforc may
bc uscful rs bchavionl prcdioon of outcomc and
bcocfit aftc implantetion. Othcrs arc obaincd eftcr
implerrtation and havr turncd out to havr cxccllcnr
dinical utility in thc tn n€crDcnt and @unscling of
dtildtrn with coclrlcar implants, crpociatl), poocr-
Frfonning djldrcn.

thc BNEF Frcnr rcport raring invcotort
oornbincd widl dftncal obscrruions, Frcnt intcr-
vicws, and spoodr pcrocption, and languagc and
spoccJr production asscsmcos, has eddcd an impor-
ant ncw clinical componcat to our rcscarch end has

gcncntcd nu-mcrous disotssions with our oollcaguc
in pcdiatric Somc prcnts of
youngct drildrcn oftcn tnquire whcthcr thcir childb
bdravion arc similer o othcr childrcn of thc samc

agc. Parcnts of oldcr childrcn havc rcported dnt
thcir child is having mort diffGdty socially or ecr-
&mically, and can lirt concretc c[ang6 in bchavior
at homc rnd pcrformancc in school. In both cascs'

parcns arc looking for normatiw bcnchmdb and-

spccifc suggcstions bccausc thcy cithcr dont knorv if
their cJfldt bclnvior is typical for thcir agc, or dcl
went to know how to addrcss manifc*cd problcnn

Thc infotmation on crccutivc funcdon and cog'

nitivc control providcd by thc BRIEF clinical scala
providcs e quantiGablc pledorm for broadcning otit
discussions wirh parcns to includc possibtc undcr-
lying causcs of panicllar bchaviors and thc &
ofthosc bchavion on cvc.ry&y rcat-wodd activiticft
as srcll a,r tcst pcrformanca 'Ihcsc discussions otq
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lced to suggcstions for intcrvcntion arrd aurel rcha-

bilitation. Dirclrssions havc indudcd book tccom-

rncn&tions, thc rolc of parcnt tnining in cffcctivc

bchavior managcmcnt, and rcfcrrals to child bchav-

ior spccidists in our autism and attcntiondcficit

hypcractivity disordcr (ADHD) clinic Thc BRIEF

has :ho bccn uscd in out ccntcr to track changcs in

crccutiw function and cognitivc oontrol ovcr timc

21rd docrrmcnt improvcmcnr from onc asscssmcnt

inrcnnl to thc nqt.
Our initid andpis of tcot€s obtaincd on thc

BRIEF from 30 normal-hcaring 5- to 8-year-old

drildrcn and t9 hcaring-imFir€d 5- to l0-ycar-old

dildrcn with ochlcar implants rcv,calcd dsretcd

scorts oo scvccd subscalcs. Figurc 29.2a shom a sum-

m:ry of drc BRIEF T:Scores for thc GEC oomPcitc

scalc and the t$/o aggr€gatc scalcs, drc MI and thc

BRI. Thc GEC, MI, and BN sorcs wcrt dl
significandy dcvatcd for dcaf chndcn with coc}lcar

implants than for nonnal-hcadng dtil&n, although

nonc ofthc rncans for drc ooc}lear implant goup fdl
widrin thc dinically significant nngc.

Pancb b and c io Figuc 29.2 show thc T:scorcs

for thc individud dinical scalcs of thc BNEF.

Examination oft}c cight individual dinical stdscalcs

showcd satisicatly signiGcant ditrcrurco in 6,c of
Ac BRIEF scalcs: initiation (INI), working mcrnory
(VlO, plannng and organization (PO), $ifdng
(SH), and cnotional consol (EC). No diff:reno
lvuc obocrrrcd in organization of rnearials (OM),

monitoring (MNIR), or inhibition (INH). Thc

BRIEF scorts providc additiond @nvdging cvi-

dcncc from mcasrrcs of cvcry&y rcal-world bcluv-
ion thet multiplc prccing qnams arc linlad
togcthcr in dcvdopmcnt and drat dimrrbanccs

rcsulting from dcafncss and lenguege dday arc not
domain-spccific and only narrowly rcstrictcd to hcar-

ing audition, and thc procsing auditory signals.

Ihc cftcs of dcafrrcss and lenguagc d&y appcar o
bc morc widcly disaibutcd among many &ffqcnt
ncural systcms and ncurooognitivc domairu.

Iwo othcr parcnc and tcachcr-rcPon chcckliss

hevc bcn dcvcloped at ourADHD clinic to cvduatc

cxcantivc functioning rclatcd to lcaming 0-camiog
F-xccutivc and Ancntion Funcrioning scalc [-ECII)
and bchavior problcms (Conduct-Hypcracrivc-

Ancntion Problcm-Oppositional Scalc [CHAOS])
(Kroncnbcrger & Dunn, 2008). ComParison of&e
CFIAOS and LEAF scorcs bctwccn thc cod ear

implent and normal-hcaring goups rcvcalcd claatcd
s@rrs on most of thc dinical subscalcs fur thc

chil&cn wid! oclrlcar implaats. In puticular, as

shown in Fgurc 29.3aand b, satisticellysignificant

&ftrcnccs wcrc obscrvcd on rhc lcaming mcmory
attcntion, spccd of proccssing, scqucntid proccss-

ing, comptcr informetion proccssing and novcl

prcblcm-solving subscalcr on thc LEAF, and on
thc ancntion problems and hypcractivity scalcs on

rhc CttAOS shown in Figurt 29.3c No diftrcnacr
wcrc obscrvcd for organization and rcading on thc
LEAF or for drc oppositiond problcms and conduct

disordcr subscalcs on thc CIIAOS.
'fhccc ncw findings sugcst dnt a Fdod of

profound dcafncss arrd as.sociatcd languagc dday

bcfore coclrlcar implantation not only afccts basic

domain-spccific spccch and languzgc proccsscs but
also .fccrs df-rcgulation and cmotional conttol,

proccss€s not typically considcrcd to bc comorbid

with dcafncss and scnrcry dcpriration. Thc soores

on thc BRIEF, LEA.F, and CHAOS rating scales

providc.ddiciond convcrging cvidcncc and support

ior rh. gcncnl hypothcsis that multiplc proccssing

qrtcmi arc linkcd togcthcr in dcvclopmcnt, and

that dismrbanccs rcsulting &om dcaGlcss and lan-

guegc ddays arc not domain-sPccific end rcstrictcd

only to hcaring, spccc.h pcrccption, and procing
spokcn l.nguagc. Thc disnubanccs appcar to bc

morc broadly distributcd among many diffcrcnt '

brain systcms that arc uscd in languagc ptoc€ssing'

induding orhcr domairu auch as problem solvin6

writing, and numcrical cognition' es wdl as crno-

tional controt, sclf-rqiuletion, end ontrol ofaction

in novcl situadons rcquiring adaptivc bchaviors.

Implicit Learning of Scqucatial Pattcms
Vcry litdc is orrrcndy knovn ebout hqw lcaming of
oompkr scqucnrial pattcrru ontributcs to larguagc

outomcs following od car implanation. At a firn-

&mcnal lcvel of analysis, all spokcn languagc on-
siss of soqucnc of linguistic unis (phoncrncs,

ryl.lablcs, and wolds) built Gom a smdl invctrtory of
clcrnanury spccch sounds organizcd in e lincarly

oldcrcd tcmporal scguarcc (Lashlcy, l95f). Th6e

unis ofspokcn languagc do not ocu randomly, but

arc fubly rcgular and tighdy structurcd accolding to

complo< probabilistic rcletions thet makc human lan-

eurer pEdioablc and lcamablc (Millcr s. Scl6idgg'

iSS-o, if"bo*.i", 1973). Aftcr acquiring k""*l"d€p
about thc probabilistic rclatioru gorcming word

ondcr, an individuall knowlcdgc of thcsc squcntial

lrobabilitics in language can cnablc a listcncr o rcli-

ably idcntifi and prcdict rhc nbn wond that will bc

spokc.n in a rnrcnc (Elman, f 99O; Kdikoq Stctrtts'

& zuon, t9Z; Millo & Sctfridgc, 1950).

Scrycral rcscarchcrs hevc argucd reccndy that

languagc dcvelopmcnt rdccts thc opcradon of

PISONI, CONVAY, KRONBNEBRGER' HBNNTNG' ANAYA



Panol A: BRIEF OvBrall Summary

50

NH CI
MNTR

Panel C BREF BRI

NH
SH

!o
P.o

$eo
Pso

NH CI NH CI NH CI NH CI
INT WM PO OM

filo
Peo

clclNH
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icpon bddonl ndag invcatory. Plnd A rhowr thc TJoonr for thc Global Esordvc C-ocrpositc (GEC), M... Cognldw Ind.r
(MD .nd dr Bcbwiot R.guhtion Indd (BRD. And B rhows drc 6rc individud MI cllntcd rcalcr: Initiadon oND, lfo*hg
Mcoory (vM)' PLnatag a||d Org.nir.riod (PO), O€alir.tioo of Metcfials (OM) aad Monttortry (MNIR). P.rd C.lolvt .lr
drcc irdirid'd BRI dinLal rcrlcr: Inhibition (INtl), Sttfting (StO and EbodoD.l Contml (EC).
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Eg, 293 Mc.! r.tiogt for 6c oorm:l+cariog.c[ildfta rad dczf<f,ildrta wirf, ochlar irrpLaa obtaincd &om dc LEAF .

F roa-rcport bdavfud nriog iovtnory. hld A 6ons 6c mcza sorts foc Llam.lng Maoort,ltlcadoo, Mlg &..4
Ort nt doa .d Sa$|.adj Plt rritrg .d PioccadtrA Feod D Sows tf,c mcea rorcr 6t: Co|Dpld InforD.doo Pro6iog, l'Itt d
Problca Solvlog, Nur1.ticJ Corc?t , R..dirg rld Midrg; had C slrows 6c mcra red!$ fo. rf,c rrotn l'lrcart€ cliHlca riDd

dafcfifdfto y,l6 @dL.r imphars obtriacd fiom 6c CFIAOS Frtot-npon bcf,evionl retirrg iay.ltory foc Att tr.ion,

Hypoedvity, Oppodtiond ed Corldtra Dliotd.rr.

fun&mcnul leaming prcccsses rclatcd to aoquiring
kaowlcdge ofcomplcprobabilisticpamms, Implicit
or "statistical lcaming" is orrrerrdy Sought to bc onc
of 6c basic lcamiag mechasbms used in languagc
aaquiririon(Aftmul200?Clccrcarans,Dcucbcoqa
6c Boycr, 1998; Srftan, Scnghas, &liucswell,2001;
Ullrnan, 2004). Thcrc arc rnany publishcd qamplcs
of infana (Saft:a, Aslin, & Newpon' l9O' chil-
drcn (Mculcmaar & Van dcr Lindcn, 1998), aduhs
(Conway & Ch,ristiaascn, 2005), ncurel naworks

(Elmaa, t990), aad cvcn nonhumanr (Heuscr,

Ncv4on, & ArLin, 2000) dcmonstrating lrnplicit
lcaming capebilitics.

Thoc nrdics herc deuronstretcd drat human+ at
lcast undcr ty2ical (i.c., 'normal) onditions ofdod-
opmcna arc cquipped wi& Sc nccxry raw lcaming
capabilitics m acquirc the complo< probabilistic smrc-

turc fouad in language. Furdrcrmorc, rcccnt Gndings

ftom our rcscarch gxoup hera rcr,ealcd a dosc anpiri-
cal link bcts/€cn indn/idual diftrcnccs in inplicit

Panel C: C'IAOS (A H, O, C)
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sequcnac Laming and spokcn languagc ptoccssing
abilitics (Conrvay, Beurcnsclmidt, Huang & Pisoni,
2010; Conway,lQrpidrc, 6. Pisoni, 2007).

In our initid stirdio, louog hcalthy adula carricd
out a visuzl implicit squcacc lcaming F.k aod 1
scntcn€c pqpqrrion task dnt requirod l.istcncn to
recognizc words uadcr degredcd listcning conditions.
The tcst scntcnccs'werc ulcn fiom thc Spccc[
Perceptioir in Noisc Tist (SPIN) arrd wricd on drc
prcdictabiliry of thc 6nel word (lGlikowct al., 197D.
Perfonn2ncc on drc implicit scqucnce lcaming task
was found to bc significandy orrelatcd with pcr6r-
tnan@ on thc spccd pcrogption task--spcAfcdly,
for dc high prcdictability SpIN scotcncc dnt hed e
higtil/ prcdicablc 6aal rrcr<l This rcsult was
btrerrrcd cvcn aftcr conttolling for aomrron sour6
of vzriancc aJsodatcd with nonvcrbal intclligcncq
short-rcrm mcmory rc*ing monory and ancntion
inhibition (scc Conway ct aL, 2010).

Thc findings obtaincd with adults suggesr
that gocral abilitics relarcd m implicit lcaming of
scqucndal pamrns arc doscly couplcd rrith thc abil-
ity m acquirc and usc information about thc prc- -

- 
dictrbility of worrrls occrrrring i! thc spcccll stlram,
Lnowlcdgc that is criticd for thc succcssful :oquisi-
doo oflinguistic comprctcne. Ihc morc knc,lcdgc
drat aa individud acguircs about thc undcilying
scquential pattcrns of spokcn languagc, thc bctter

9nc is ablc to usc ooct long-tcrm knowlcdgc of
'thosc pattcrns to pcrceivc and undcrstand novcl

spokcn uacranccs, cspccidly undcr higlrly dqradcd
or cballenging lioaring oonditionr. Although thcsc
inidal snrdics providod cvidcoe for an impomnr
cmpirical link bctwccn implicit lcaming and
langu.gc proo6srilrg in normal-hcaring adults, in
order to bcttcr undcnand thc dsvelooment of
inplicit lcarning it is ncocasar),.o investigaic implicit
scqucnoc learning proccsscs in bodl qpically dcvct-
opurg and aq'pically dcvctoping populations, spc-
cifcally, profoundly dcef chil&en who havc bccn
deprived of sound and thc normal cnvironmcntal
conditions ofdcv.clopmcnt conducivc to and appro,
priaa for laoguagc lcaming.

. In a rcccnt snrdy, wc mcasurcd implicit scqucncc
leaming in a group of dcaf children with cocJrlcar
implana and e chonologically agc-marchod control
gr_ oup of normd-hcaring typicatly dodoping dril-
d-ren to asscss thc cffccts tlat a ocriod of audiory
dcprirration and ddry in language nuy havc on lcarn-
ing of complc visual scqueotial paacrns (Conway
e aL, in prtss-b). Somc cvidcne alcady crists dnt a
pcriod of eudimry oerrring c.dy in

rnly hevc scon&ry cognitivc and

neural scquclac in addition to thc obvious first-ondcr

hcaring-rcLtcd scnsory effocs (sce Connd, 1979;
Luria 1973; Mytlcbust&Bruttar, 1953). Spc<i6celly,

becausc sound is e phpical signd distdbutcd in rt"rc
l""t of opericncc with sormd mey aGc lrov vrdl a
child is a$lc to coodc, process, and lcam scquortial
pamms and cnode and storc temponl information
in mcrnory (Fusrcr, lD5, 1997, 2O0l;
2006; Rilcigh & Odon 1972:Todnaa&.Scodhousc,
194). Eryosurc to sound may also providc a kind of
"auditory scaffolding" in which a child gairu spccfic
crpericnccs and practie with lcaming and manipu-
lating scqucntial pattcrns in dre cnvircnmcnt.

Basod on our Eccnt implicit visual sequcne
l€amilg rEscaicl widr aduls, rc prcdictcd that dcaf
chil&cn with codrlcar implans would show disnu-
baacc in visud implicit scqucncc Icarning bccausc

of thcir lack of s<pcricncc with auditory tcmporal
patterns early on in dcvcJopmcnt Wc also prcdictd
that scqucncc lcarning abilities would bc associatcd

with several diftrcnt mcasucs oflenguagc dcvclop
mcnt in both groups of dildrcn-

Tro groups of5- m f Gycar-old childrco ponici-
pated in this surdy. Onc gmup consistcd of25 dcaf
childrcn with cochlcar implants; drc sccond goup
coruisad of27 typically dcvcloping
normal-hcaring chi.ldren. All childrcn carricd out
two bchavionl usks; an implicit visud scqucncc

lcaming task and a scntcncc pcrccption taslc Scrrcnl

dinical mcasurcs of language outcomc q,erc awil-
ablc for thc coclrlcar implant drildrcn from our

largcr longirudind study. Soores on thcsc tcss wcrt
also obaincd for dc normal-hcaring drildlao
Our hypothcsir wes that ifsomc aspccts oflanguagf
dcvdopmcnt dnw on gcneral leaming abilitics,

then rlc should obscrvc corrclations bctwccn pcrfor- .

manoc on the lmplicit visual sequence lcamipg u* .

arrd scvcrat diFcrcnt mcasurcs of spolrcn languaS!

Mcasurcs of vocabulary knowlcdgc ar{
immediatc mcmorl span werc also collcctcd fio4,
dl panicipants in this mrdy, to rule out obvioq! '

-.di"tittg ""tiablo 
rhat might bc rcsponsibtc fx

any obscrvod corrclations. Thc prcscricc ofoncJr'
tions bcnvccn thc two tasls cven aftcr partialing oul

thc oommon sourccs of variarrcc associatcd *ld.;thc @mmon soutccs ol variinac associatcd wrsli
thcse othcr mcasurcs would providc suppon for dt i
h/pothesis that implicit latfing is dtuctl1
ated wirh spokcn languagc devclopmcnt,
tha.tr bcing mcdiatcd by a thild connibuting

Wflal Inelicit &gencc laoniq Tdtk
-Two rnifcial gnmrners (Gnmmars A and B)

uscd to gcncntc thc colorcd squenccs uscd in

4to I ExlcuTlva tuNcTloN, cocNITIva CoNTROL, AND SAQUTNCE LBARNING
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implicit lceming tesk- Thcsc grammarc spccificd thc

grobability ofa paniorlar oolor ocouring givcn drc

prcooding color in scqucne. Scqucncc prcscnation

6onsistcd ofolorcd squarEs aPPcadng onc at a timc'

in onc offour possiblc positions in a 2 x 2 mauix on

l compurcr to;clucrecn. Thc four clcmcns (1-4) of
6abh gramma.r wcrc randomly mappcd onto cach of
thc four scrccn locations es wdl as four possible

colors (rcd, bluc, ycllow, and greco). Thc assignmcnt

ofstimulus clemcnt to position/color wzs randomly

dctcnnincd for cach subjccc howwcr, for c*[ suF
jc<+ thc mapping rcmaincd consistcnt across all

trials. Gramrnar A wes used to gcncratc 16 unique

scqucnccs fot thc lcaming pbasc and 12 scaucnces

foi rlre tcst pharc. Gnmrnar B was uscd to gcncrate

12 novd scqucnccs for thc test phasc

For thc irnpticit lcarning asls thc clildrcn werc

otd tlut thcy would sce sequenccs of four cololcd

squarcs displaycd on the touch scrccn' Thc squarcs

-ould flrsh 
"" 

6" tcto" in a pancm, arld thcir job

was to rcmcmbcr thc pattcrn ofolon on thc scrccn

aod rcproducc cech pattern at the cnd ofcach trial'

the proccdurcs for both the lcaming and tcst phascs

werc idcntical and, fro- thc pcnpccrivc of the

srrbicq, thcrc was no indicarion ofsepante phas at

dt The only diffemrc bemeen drc wo phrscs was

whid scquances werc uscd- In 6c Lcaming Pha'8c,

&c 16 lcaming scqucnccs ftom Gnmmar A wcre

prtsentcd first. Aftcr complaing rlc rcProduction

usk for alt ofdrc lcaming scqucnccs, thc epcrimcnt

rcanrlcssly trensitioncd to thc Ti:t Ph.sc, wHc[
uscd th" i2 novcl *qu.ttocs from Gnrnmar A and

12 novcl Grarnmar B tcst tequcnc6.

hard (ic., low wold &cquorcy, high ncEhbofiood

dcnsity) mcaningfirl Eoglish scntanccs. Thc scntcoccs

*sc prcs"ntcd th-ugh a loudspca[cr at 65 dB SPL

Thc i, drcn *crc ittsr.rlccd to listcn closcly to cach

sentcncc and thcn rcPeat back what thcy hcard to

thc oemincr, cvcn if thcy wcrc only ablc to Pctccive
onc word of rhc scntcncc. All ofthc tcst s€ntcncq

wcre prcscntcd in random ordcr to cach child'

Resoonscs wctc rccoldcd onto digital eudio taPc

,rri *.r" l"t"t scorcd ofline bascd on numbcr of
kcyvords orrcctly rcPcatcd for cach scntcne- The

scntcnocs wcrc playcd in rhc quict, without any dcg-

n&rion to thc dcafchildren wi6 coc[lcar implans'

For the normal-hcaring c[ildren, thc origind scn-

rcnccs wcrc spcctrally degraded to simulatc a ochlcar

i-olent with a four-clunnel sinc-wevc vocodcr

(Shannon, Zcng; IGrneth, Wygonski, & Ekcli4 195;
*w*.Trgcrspccch.Com) to reduce thcir pcrformence

fiom cciling lsvcls.

In drc inplicit lcaming task' a scqucncc wes

scorcd corrcct if thc panicipant rcproduccd cach

test scqucncc corrccdy in is entircty' Scqucncc span

scorcs wcrc thcn calcllatcd using aweightcd mcthod

in which thc total numbcr ofcorrcct tcst scqucnccs

at a eiwn lcngth was multipl.icd by rhc length, and

.tt*-t-.cs foi .tt I*g.Irs wcrc addcd togcthcr (ecc

Clcarv, Pisoni, & Gcen, 200i)' V.c calculatcd.tcPa-

ftrrc scqucnoc sPan scorcs for Grammar A and

Grammer B tcst scqucnces for cac'h subjcct'

For cadr $$iod, w also calorlatod an imPlicit

lcamim sorc flRN), which was thc diftttnc io +en
scorts irrrcn dr lcamcd gnmnrer (GtamnarA) and

drc nwdgnmmar (Gramm:r B)' Thc IRN sorc mca-

sures etna'eliration indicating drc crtcrt 6ar coqucncc

mc"nJrv soaru improwd for sequcnccs thet had been

orwioudr opedctroed during drc inidal trarnng
'pft * fi* sorc ndcc hoiv well rncrnory spans

imororc for zarzl soquenc dnr wrc corsmrod by

6. saotc gnmotar dur srbiecs bd prwioudy cryeri'

c"rccd in fc f.cami"g Phasc rrlatirc to qpan s@r6 fot

novd ccqucnc crtatcd by de ncw gnmnue

For thc Eiscnbag sortenc perocption od<'pcrctrt

kcrn*'ord corrcct scor"s wee caloilatcd scpantcly for

...v and hald scnrnccs. Each drild rtccivcd a forward

"rrl 
bndo,o.d digit tpn" scorc rcdccing thc numb€r

of dieit ti$s orl;dy rcpearcd' Each drild also rcaivcd

a sJndarrdizod kabody Picrurc Vocabul2ry Tcst

(PPVI) sorc bascd on how meny piolts ttrc or'
recdv idcntiGcd and thcir cfudological €c'

Gmup Difac*as in Im2licit boning
Fien;29,4 shows thc avcrags implicit lcaming

(LiN) scorcs for both groups of dril&cn' For rhc

Thc colorcd squarcs appearcd onc at a time, in

onc of four possible positiotii on thc touchscrccn'

thc four colors (td, blue, yellow, and grccn) ofeach

grerunar wcrc nndomly mappod onm cach of the

fo* rcr""tt locadon. Thc assigomcflt of stimulus

clcmcnt to position/olor was nadomly dctermincd

for cach subjcct; howercr, for cach subjcct, thc

mapping remaincd consistcnt across dl trials' 'Ihc

.hiid-t"o wct" not told that thcrc was an undcr$ng
gramnat for any of rhc lcarning or tcst scqucnces or

ilot rh"r" *"t" rwo rypcs of scqucnccs in thc Test

Pharc. Thc chitd simply obrcrvcd thc pamrns and

drcn rcpmduocd thc visual sequcnccs.

E*cnbcr* Setmcc PctwPtton Tiuh
For this taik, wc uscd a sct of English lcrically con-

trollcd scnrcnccs dcvclopcd by Eiscnbcrg' Maninez"

Holowccky, and Pogorelsky (2002)' Thc sdmuli

consiscd of 20 lcxically easy (i.e., high word fu-
quency, low ncighborhood dcnsiry) and 20 lcxically

PtSONI, CONVAY' KRONBNBERGAR' HENNING' ANAYA
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E& 29.4 td A Aoryi 6r .vcregc virud r-dtcit tczrntog sconr for moad-hcadq djldrto (el) .nd dcaf c[iLlno wid codLer
i!ryf.ac (rldr. Prrd B *oxls dc inpliat lczrnlng 5@Gr for tudividud <[tldca ta de Frnd-hcaring gmup (P.".1EIt.Dt
coctlar lophnt group (?arlAr, rrnLd odqld &oo towrst to lighcsc Paad C s[o*s dc rord ftcogntrion scons for aorner_.
bc.ribgitrd and cochlcar impLnt cllkrco (ertu) .. e funcrion ofretd pqrttioo withia sarccncps for Vord I , Vod e .d Vord
3. thcotdia:tc dora r dilfotac rcorc 6et b coopoad by divlling tf,c rcorc ar cacf, wold F.irio! by 6..ort et rd I, Fr 6c
oorrni-hcrringand codL.r'rnpLnt groupc ocpcntdy.

normalhcaring childrcn, drc evcngc implicit lcam-
ing soorc (2.5) was significaady grcater than 0, (25)
= 2.24, p <,o5, deinonstrating that, a5 a group, rhc
normd-hcaring childlcn showcd bcmcr leaming of
tcst sequcnces with thc samc strtistical strucn[c at
thc scqucnco fron 6c Lcaming Phasc. On thc
othcr hand, drc avcr:gc implicir lcarning scorc for
the cocllcar implant drildren was -1 .43, a yeluc thar
w:s not strtistic.lly diftrcfit from0, t(D) = -.91, p =
.372. Vc also conductcd a univrriate ANOVA with
thc factor of group (normal-hcariag cochlcar
implaaQ, which revcalcd a sadstically significant
clfcct of group on drc implicit lcaming scorcs,

fll, 4n = 4.3, p <.05. On awragc' thc nod
hcaring group showod gr€atd imPlicit lcarnrng 

'han
the Jiear implaot g;.,p, rvho in tum "sscnd'lt
showcd no irnplicit lcarning on this aslc

In addition m compariig g-up mcans' t'tt f
e-oincd thc di"tributioo Jiioditidual scorcc.ro'

cach of thc two groupu of children * +" itry,,::
lcaming taslc fig,r* Zf .aU 5[pws thc t4p4o'

*;;; r'l-J i"a"ra"a F'ary":
thc noimal-hcaring group (top) .nd 6:^,ry#l
implant group (bonom). Vhcrcas 19 ot mtvq-

"f 
.l'" 

"o.-j-ho'i"g 
*a*" :t#rieffi

lcarning soorc ofO or highcr, only 9 <

"fll""----
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jrc oochlcar implant childrcn showcd e d:orc

&vc 0. Chi*quarc tcss rcrealcd dnt thc proponion

oflcamcrs to nonJcamcrs was significandy di$crcnt

6er tlrc normd-hcaring childrcn' X"0) = 5.54'
p <.05, bur not for thc codrlear implant childrcn,

lrtt) = t.OA,p = 0.297.'Ihar is, morc than halfof
gc normd-hcaring dtildteo shoqfd an implicit
lcaming cfcct, whcreas t[is s,as not thc casc with
irc cochlcar implant childrcn.

, The prcscnt rcsuls dcmonstratc that dcaf chil-

&cn with codrlcar irnplants show atypical visual

implicitscqucncc lcaming comPar€d to €c-matched
normal-hearing childrcn. 'Ihis result is consistcnt

5,itl thc hypothcsis dut a period of dcaGrcss end

languagc dclay rna)' cautc sccondary disnubqno
andlor ddays in thc dcvclopment ofvisual scqucnc-

ing skills. ln eddition, for drc cochlcar implaat

dildren, wc computcd a partial corrclation bctween

6cir implicit lcaming scorc and agc at implanta-

don, with chronological age panialcd out. InPlicit
lcamiag was ncgativcly cortclatcd with thc age at

wfiich drc drild rccdvd his or hcr imphnt and

poritively conclatcd with thc duntion of implant
use- 'Ihat is, the longcr drc dild was dcprivcd of
auditory stimulation, thc lowet thc visual implicit
lcamiag scorcs; corrcspondingly, thc longer thc

cfild had qpcricncc wi& sound via his or hcr
implert, drc higher the implicit lcarning scorcs.

thcre onclations suggcst rhat cryosurc to sound
(vie a cochlcar implant or odrcrwisc) has sccon&ry
hdiftcr cFecrs on basic lcaming proccsscs &et are

rot dirccdy associatcd with hcadn& spccch pcrccp
tion or laaguage dcvclopmcnt per se; longcr impbrir
ui€ appca$ to b€ asrociatcd with bcttcr ability to
implicidy leam compla visual sequcntirl Pattcrns
rndaoquireknowlcdgeaboutthc undcdlngalstnct
gnmmzr that gcncratcd 6c Pancms.

Implicit Lcatzing and Sctttcncc Pareption
The observed indMdual di$erenccs in implicit
lcaming were dso corrclated with performancc on
the Eiscnbcrg scntcncc preption uslq which
measurod how wcll a clild can pcrccivc words ia

scntcnccs, a lrnguagc proccssing task

that hvolvcs thc usc of both bottom-up scnsory
pcrccptual proccsscs as wdl as topdown conccptual

knowledgc of languags. Bescd on our carlicr work
with adula, wc hypothcsized that irnplicit sequencc

lcaming would bc dirccdy datcd to thc usc of top-
down knowlcdgc in spccch pcrocption and, thcldorc,
rtrc prdicod a significant asrociation bctwecn thcsc

two trsls. Ib asscrs this predicion, rc caloJead par-
tial corrclations bctwccn drc implicit lcarning sorc

and thc two scntcnc pcrccption scorcs (lcrically

casl lcnenccs and lcxically herd scntcnccs), wlflc
controlllng for thc common variancc a.ssociatcd widr
clronological ag€, forwad digit spaa, badcrvard

digit span, and PPVII, and, for thc codrlear inplarrt
childrcn, agc at implantation and artiorlation abili-
tics as mea.surcd by scor,cs obtaincd ftom thc
Goldman-Fristoc Test of Aniorlation (GF[A).

Vc found dnt implicit lcaming scores for dcaf
childrcn with cochlcar implana werc associatcd

with thcir ability to cffectivcly usc scnrcncc contct
to guide spcech pcrception, as rcflccted by thc scn-

rcncc pcrccption difercncc score for combined loci-

cally casy and hard sertenccs. Implicit lcaming was

significandy corrrJated with thc scnteoce pcrccption

diffcrcne scorcs, spccifically, for thc lcxically iald
scntcnccs, Thcsc resula suggcst that bcttcr implicit
lcaming abilities rcsult in morc robust knowlcdgc of
tlc sequcntial prcdictability ofwolds in scntenccs,

whic,h tcads in tum m bcttcr usc ofscntene contcxt

to aid spccch pcrocption, as ldcctcd in tle scntcnoc

pcocption &ftrencc scora
thcrc rtsuls sugest dnt for thc oodlcar implznt

childrcn, implicir leam.ing is uscd to acquirc iafor-

mation about word prcdictability in languagc' '

knowledge that can be brought to bcar undcr condi-

tions in which scntencc contoct can bc uscd to hdp
prccivc thc no<t wold in an uncrarrce- If dr.is is drc

casc, thcn wc would crycct dat tf,c ocllear implant

chitdrca, who soored wotsc .:t a grouP oYcrall on

implicit lcaming will also bc impeircd on Scir abil-

ity m meke usc of&e prcccding contcrct ofa sentcn@

to hclp thcm perccivc the no<t word.

Figurc 29.4c shows thc pcrformanoe ofcorrectly

idcatifying the tlrec targct wot& in thc scntcncc

pcr,ccption tarlq as a function ofthc position in thc

scntcocc (6rsr, secon4 or thi!d)' for Se normal-

hcaring and o<fiIear implant drildrcn. Scntcncc

@ntc,c qln do vcry litdc to aid pcrccption of rhc'

6rst urgct word in thc scnrcncc; howevcr, cootoct is

uscfirl to help perceive thc sccond and riird urgct

wonrls, but only if thc drild has suficicnt top-dovln

k"o*ldSe of wond ordcr rcgularitics. Indeed' thc

normal-hcaring childrcn shonrcd aa improveincnt

in spcoch pcrception for thc sccond and thild targct

words. Thar performanoc on thc last word was ste-

tistically grcatcr than pcrforrnancc on t}le first wold,

425) = 4.2,2 <.001. In contrast, dre codrlcar

implent childror frilcd to show thc same contqnual

facjlitation. Their performancc on thc third word

r*es no difr;rcnt tian rh& pcrfonnance on thc first

word in cach sentcoos 422) = 'lM'P = '9z'unltk'
6c normal-hcaring cbildrcn, thc dcafdrildrcn widt
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oochlcar implana do not appcar to bc uriry scn-
tcnoc oonton prcdictably to hdp drcm pcrccivc thc
6nal nvond in thc ccntcnce. Thus, one way in which
vrcak implicit lcarning abilitics ruy rcveal thcmsclves
arc in rituari,ons io vrhich word prodictability and
scffc[cc contoc cr-q bc uscd togcdrct as a
hcuristic to guide spokcn languagc pcrocption.

Implicit I*arning ad t^aatae Ottcones
in Dezf Cbil&at wi* C-ocblczr Implanr
\[e also fouad that implicit lcarnlng vas positivdy
aad significantly corrdarcd with tbre subtcss ofdc
Glinicel Eraluetion of knguagc Rrnaion4
(CELF-1): Conccps and Following Dirccrions,
Formulatcd Scntcnccs, and Rccalling Sarrcnces
(Sqnd, Viig, & Sc@nd, 2O03). thcse subtcss
involrr undcrstadiog and/or producing scntanc
of varying omplexity, asl<s in nrhich knowlcdgc of
wond oldcr predicubility--tlet is, sntisics of
scquatid probebilitics in languagc,---str bc brcugbt
m bear to improrrc pcrformarie. [nplicit lcaming
was also positivcly and significandy corrclatcd with
aoptirclaaguageon thcVn&ndAdaptirc Bchevior
Scales (Sp:trow, Balla & Goecd, 1984).

Thc pattcm ofoorrclations obtaincd in our rccnt
study suggcsa drat implicit lcaming may bc most
suongly rcletcd to thc ability m usc knowlcdgc of
6c scquantid snucturc oflrnguagc to bcttcr proc6s,
undcrsand, and producc meaningfirl scntcncG,

. cspeially whcn scntcncc conto<t can be brought to
bcat o aid proccssing. lnporaadn &is asociation
docs not appcar to bc mcdiatcd by chronological
agc agc of implanation, shon-tcrm or working
mcmory vocabulery knowlcdge, or thc childt abil-
ity m goducc spcoch. Morcover, thcsc fiadings rerc
modality-indcpendcnt, Thc implicit scqucncc lcam-
ing task uscd only vi.sud paaerns, whcrear thc scn-
tcncc prccption task rclicd on an auditory-only
prrscntation of spokcn scntcn6.

It is posiblc drat cxpcricne with souad and
auditory pattcrns via a coch.lcar imple-nt, which
gcncnte compla, serially anayed sign:ls, providcs a
dcafddld with c.idcal orpcriarcc in pcreiving and
lcaming scqucntial pattcrns and csablishing strong
'links bctwccn spccch pcrccption and production.
A poiod ofdcahcss carly in devclopmcnt dcprivrs a
child ofqpcdcncc iq dcaling with complc scqucn-
tial audimry input, which affccts his ability to encodc
and proccss scqucntid patrcms in odtcr sdrsc modal-
itio as wcll (Myklebust & Bruttca, 1953). Oncc
clcctrical hcaring is inrroduccd via a ooclrlear implant,
a profoundly d€af cbild bqins for dre fint tirnc
to gain qpcricncc wi6 auditory scqucndal input.

Thc positirc oondetion bctrw Lcngth of ochhrr
implant usc and implicit leaming sorcs obaincd
aren whcn chronological agc rns panialcd out sug-

gcstr that carly ogcdcncc and intcrarrioru with
sound vh a oc car implant improvcs a deaf childir
ability to lcam ompla nonauditory visual scqucn-

tid patrcms. 'Ihus, it is possiblc drat, grven cnough
qpcurE and opcricnc with sound via a ocllcar
impl2!t, a dcaf 6ild! implicir haming abilitics will
cwnnrelly irnprove to agc-appropriaa lcvcls.

To rrplain thcse findings, wc srlggct that soutd
af,ccts cognitivc end linguistic dcrlopocnt by pr<!
vidiog a poeptual and cognirivc 'sca$olding' of
timc arrd scrial order, upon which tcmporal scqucnc-

ing fuactioru are bascd (Conwey, Pisooi, &
IGoncobcrgcr, 2009). From a ncuobiological stand-
point, it is known rhat lack ofaudiory sirnularion
cady ia devdopment rcsula in a dccrcase ofmyclina-
tion ard fcncr projcctiorx out of auditory ortcr
(Emmorey, Allcn, Brucs, Scbcn&cr, & Darn:sio,
2@3)-which may also includc oonnccrivity to thc
ftonal lobc. Ncural circuits in thc &ontal lobc, spc-

cifcally thc prc&onal cortc, arc bclicvcd to play a

critical rolc irr lcanrin& plaoning and -corting
scqucnccs of thoughts and acrions (F!stc(, 1995,

1997, 2001; Goldman-Rakic, 1988; Millcr &
Cahcn, 2001). It is rhcrcforc possible th,r thc Lr&
of audimry input and qoiurE to sourd sequcoc
carly oo in dcvelopmcnt, and thc concsponding
rcduction of auditory.fronal oonncctivity, fun&-
mcntelly dtes thc neural orgaoizatioa oftlc &onal
lobc and drc qtaxivc onncctioru it has wi& otha
brain circuis (Wolff& Thatchcr, 190), thus impac-
ing thc dcvclopmcnt ofscqucnciag firnctions rcgard'
lcs of iopuc modality (Millcr 6c Cohcn, 200 l).

Iheoretical end Clintcal Implications
Many of the dcaf chil&cn with coclrlcar irnplana
tcstcd in our studics also bevc comorSid disturbanccs

and/or delala in scvenl basic undedying neurocog-

nitive proccsscs drat subscrvc infonnation proccslr ;'

ing systons uscd in spokcn languegc proccssing ano

thcsc dirnubanccs appcar to bc, at lcast in prt' scc-

on&ry to thcir profound hcarhg loss and delay. itr

language dcvclopmcnt (C-onr.4 1979; Rour*q ;
1989, 1995). A pcriod of profound dcafucss {.
au&tory dcprintion during critical
pcriods bcforc implanation afccts
dcvclopment in a variety of wep. Diftrcnccs
ing 6om both dcaftess and su@ucnt ncural
gurization and plarticity of multiplc bnin
may bc responsible 6r thc cnormous
obscrncd in spccch and languagc outomc

4t4 | E](ECVTTUE PUN€TrON, COGNTTTVB CONTROL, AND SBQUBNCE LB^RNTNG



F
II
$ fotlolirg implantaton. Mthout knowing what spc-

[ 4ic undcrlying ncurobiological and ncuroognitiw

I gcton arc rtsponsiblc for thc individud diftrcnocs

I in rp"oh and lengurgc out@mcs, it is difficult to

: rcommcnd and sclccr .r epproPdatc and cfica-

, cious approadr to habilitation and spccch-languagc
. 6-6rapy aftcr a drild rwcivcc a cochlcar implant.

1[ore imporandy, thc dcaf childrcn who art pcr-
' forming Poorly with th& codrlcar implants arc not

a homogcncous group, and may diftr in numcrous

.telo &om onc anothcr, rc0ccting dysfunction of
multiplc brain qntcms associatcd with congctrital

dcafncss and profound hcaring los. From e dinical
pcrspectivc, it secrnr vcry unlikdy drat alr in&vidua.l

child will be abtc to achicvc optimd spccch and lan-

guagc bcncfis flom his or hcr cochlcar implant

without knowing why thc child is having +ccch and

languagc problcms arrd whic.h paniorlar ncurocog-

nitive domains undctlic thcsc problcms.

Morwct, fcw sqrdio have ancrnpted to idcotifi tdi-
ablc carly ncurocognitirc predictors ofoutcomc and

bancfit or systcmatically asscsscd dic cffccrirancss of
soccific intcrvention and habilitation stratqies rfter
implanration. Wc bclievc thesc are important ncw

arcas of clinical rcscatch on cochlcar implans that

draw hcavily on basic rcsearch alrd drcory rcPrcscnt-

inq thc intcrsccdon of scvcnl dosdy rdatcd djsd-
pti"o.lot deal widr thc rdations bctwcen brain,

bchavior attd dcvdopmcnt, mcraory and lcaming;

attcntion, ocecutivc funcrion, and cognitirc control.
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Some profoundly dcaf dfldtcn with cochlcar

implens do crtrcmdy wcll on aaditional audiologi-

cal spccch and languagc outcornc mcasurcs' whqcas

ot}cr childrcn havc much morc difror.lty. Thc cnor-

mous v?dlbiliry in out@mc and bcncnt follon'ing

coc car imphntetion ir a significant clinical ptob-

lcm in thc fd4 end it h:s not rccivcd adcquetc

ettcodon b1' rcrcalch scicntists ia thc past. Obaining
r bcncr uadcrstending ofdc rrcurocognitivr brsis of
in&vidu2l diftrcnc in outomcs will herrc dircct

implications for diagnosis, uarmcnt' and carly

idcntiGcation ofdcafchildrtn wlo mey bc at hlgh

risk for poor outcomcs aftct implantation. Ncw

knowlcdgc ebout 6c sourccs ofvariability io spccch

and languagc outcomcs will dso pley an imporant
rolc in intcrvcntion following implentation in rcrms

of sclecting spccifc mcthods for habilitation and

Ecatmcnt dtat arc approprietc for an individud
child. Wc havc now idcntiGcd two pocntial arcas of
ncurocognitirrc fuactioning that mey undcdic vrri-
ability in spccch end languagc outcomcs: EOI pro-
ocsses and irnplicit scqucncc lcarning ebilitics.

The bulk ofdinical rcscandr on cocllcar imPlants

has bccn intc[caudly isolatcd from thc mairsucam
ofcurrcnt rescalA and thcory in ncuroscicncc, oog-

nitivc psychologr, and devc,lopmcnul ncuropsychol-

ogy. .6s a conscqucncc, thc major dinical rcscarch

issues have bccn narowly focud on sPc€ch and

language outcomcs arrd cficacy of cochlear implan-
tltion aJ a medical trcatrncnr for Profound hcadng
los. Litdc basic or clinical r€scarch in thc past has

investigtcd thc undcdying ncurobiological and ncu-
rocognitivc bascs of drc individud dlfcrcnccs and

reriebility in thc cffcctivcncss of cochlcar implana.
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