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Résume

L6i mpdamlt®ai re devient une ressource i mpor
a ®t ® d®montr® quobdune privation auditive
des systemes auditif et visudle but des études présentées dans cette thése est
do®vabuempact d®eVEU e pemiewnd tdek gystenesiadiditif at v e s u
visuel . En premier l i eu, | 6®t ude du do®Vvel
montr® que | es syst mes auditif et visuel
atteégnent leur maturité respective a des ages différents. Ces conclusions suggérent que

les mécanismes qui sotendent ces deux systemes sont différents et que leur
développement respectif estnd ®p endant . Aussi , t el gudo
comportementalet électrophysiologique, la discrimination fréquentielle auditive chez

|l es personnes porteuses doéun i mplant <cochl
de perception de la parole. Ces deux études suggerestitgi@ une privation auditive,

le tai t ement audi tif diff re dbébune personne
différences touchent les processus de-rbasaux, tel que suggéré par la disparité
présente dans les performances de discrimination fréquentielle. La derniére étude

o b s er vne prigatioh tauditive affecte aussi le développement de la modalité

vi suel | e, t el qgudindiqu® par une di mi nuti
observ®e chez des mal entendant s. Cette
développement normal de climcdes sens est requis pour un développement optimal

des autres sens. Globalement, les résultats présentés dans cette these suggerent que les



systemes auditif et visuel se développent de facon distincte, mais demeurent toutefois
interreliés. En effet, unprivation auditive affecte non seulement le développement des
habiletés auditives, mais aussi celui des habiletés visuelles, suggérant une

interdépendance entre les deux systemes

Mots-clés implant cochléaire, développement, audition, vision, discritiina

fréquentielle



Abstract

The cochlear implant is an important resource for deaf people, as it is known that an
auditory deprivation alters the auditory and the visual systems. We aimed to study the
impact ofdeafnes®n the development of the auditagpd visual systems. First, the study

of these systems in a hearing population has shown that both systems develop at different
rates and reach addike levels at different ages. These conclusions suggest that the
mechanisms underlying these treatments different and that their developments are
independent. Moreover, as shown with the behavioral and the electrophysiological study,
auditory frequency discrimination in cochlear implant users is altered and correlated with
the speech perception performan@hese two studies suggest ttudibowing deafnessthe
auditory discrimination is different from one individual to another, and also that these
differences affect lower processing, as shown by differences found in auditory
discrimination. Finally, a hesng deprivation also modifies the visual system, as shown by

a reduction in the visual frequency discrimination. This last study suggests that normal
development in one modality is required for the efficient development of the other
modalities. Globallythe results shown in this thesis suggest that the auditory and visual
systems have a distinct development, but are however linked and suggest the

interdependence of the two systems.

Keywords: cochlear implant, development, hearing, vision, frequencyidis@tion
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Blindness cuts us off from things, but

deafness cuts us off from people. Keller
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Préambule

Notre cerveau développe la capacité de traiter de faguutanée diverses informations
provenant desli f f ®r ent es modal it ®s sensorielles.
que les aires sensorielles primaires, celles qui soptiquées dans le traitement initial de

| 6i nf ormati on, sociealti srResspedanyemdmtn alsp®e
doéoi nformation sensor i el laasipepposedjuetseukes lasmiies e n ¢
associatives de haut niveau permettent | 0i
sens. Ce modéle repait majoritairement sur des études neuroanatomiques chez le chat et

le singe, observant de rargssinon absentes, interconnections entre les cortex
somatosensoriel, audi tif et vi suel et gu
unisensoriel Kuypers, Szwarcbart, MishkinRosvold, 1965Massopuset al, 1965).1l a

®t ® par | a suite g®N®r al ement accept® qub
|l 6on avait pens®es unisensorielles ®taien:
déonmati ons sensorielles. Aujour dahcoriex | es
serait multisensorielle (Ghazanfar & Schr
processus doi nt er a bldtammensl sembla quedeprocessus msuel a | i t
et auditif auraient un développement hiérarchique similaire (Barlow & Mollon, 1982; Stein,
2001) et certains auteurs proposent la présence de traitements communs-tprdsaient

le développement des systemes auditif et vigdetkfield & Sur, 1990; Stein, 2001). I
apparaitdonpr obabl e que | e d®vel oppement ddune

°tre en |lien avec | e d®vel oppement dbéune a



Cette these vient contribuer a une meilleure compréhension du développEsent
habiletés auditives et visuelles et de leurs interactions en explorant la question: le
d®vel oppement doéune -imoda®pe®darmnsoui eV el ¢
modal i t®? La partie pr®domi nante cde ddeaitntee
privation auditive sur | e d®sured deyelpppemema t f
fonctionnel de la vision. Afin de cerner des réponses a ces questions, nos études ont
observé une population de personnes ayant un développement audstieéhermal ainsi
gudune population de personnes sourdes por
groupe, |l a restauration de | 6audition au
| 6i mpact ddune privation auwsdi auyei sludi mpe
restaur at i osorledsystenedaditifd Untdévelappement normal des setils est
nécessaire pour une calibration des autres modalités comme le proposent Wihragton

et ces collegues (1994)? Le développement des habikuditive et visuelle setal

influenc® par la dur®e de | a privation a
| 6i mpl ant? Gl obal ement , cette th se vise
vi suel déune part, emocaconadi teitond 6chaut d @v elaa

auditive, permettant ainsi une meilleure compréhension de la réorganisation corticale.

Afin dbéaborder ces guestions, |l e do®vel
normauy, incluant une description de la distnation fréquentielle auditive et visuelle, est
déabor d abord® dans | e Chapitre . Aussi

développement des diverses capacités auditives et visuelles chez des individus



malentendants avec et sans implant cochl§aest décrit ainsi que les potentiels évoqués
auditifs, incluant la négativité de discordance. Le Chapitre Il est composé des quatre études
incluses dans cette these. Finalement, la portée et les conclusions de ces études sont

discutées dans les Chapitidset IV.

Chapitre I. Introduction

Les développements auditif et visuel normaux

Les études développementales portant sur les premiers mois de la vie démontrent que les

sens de | 6audi t i memfonetionnalsebieh gue nom reatuEn effet, ces o n t

fonctionnement permettra deapt er | 6i nf ormati on n®laessa.i
maturité
Léacquisition des capacit®s sensorielles

controver s®. Auj our do6 lgénériementle seesdetplusaajuisé du q u €
fitus. Pl usi eurs ®tudes ont not ®, vers | a
diverses stimulations acoustiques (Grimwade, Walker, Bartlett, Gordon & Wood, 1971;
Lecanet, GranieDeferre, Cohen, Le Houezec Busnel, 1986; Ruben, 1995; Trudinger &
Boylan 1980 et certaines ®t udes avancent gue
vingtieme et la vinghuitieme semaine de gestation (Aslin, Pisoni & Juczyk, 1983; Chelli

& Chanoufi, 2008; Shahidullah & Hepper, 139 . podntude vueanatomique, le



pavill on et sdntGégréges Vierk la dixeme semame de gestation, mais ils ne
prennent leur place définitive sur les cbtés de la téte que vers la seizieme semaine. La
mat uration et | dredllg extenealat meyenneesa poursligentle® méme

t emps gue | 6enf ant grandi t affectant | a
(Schnei der , Trehub, Morrongiello & Thorope,
elle semble se différencier plubt, soit vers la cinquieme et sixieme semaine de gestation

et vers la septieme et huitieme semaine, les osselets commenceraient a croitre (Lecanuet, &
Schaal, 1996). Pour sa part, la cochlée semble étre fonctionnelle aj@sé®aines de
gestaton et e d®vel oppement de | 6oreille intern
(Lecanuet, & Schaal, 1996). Vers la vitguxiéme semaine, bien que présentant
doéi mpor t antimeindividuellesa blid ®me’rsgence du ner f au
| 6 irnmafion au cortex auditif (Arabin, 2002). Les différentes structures composant la voie
auditive primaire, telles que le noyau cochléaire, le complexe olivaire supérieur, le
colliculus inférieur et le thalamus, sont majoritairement ségrégées a la naissaisceont

tout de m°me se modifier avec | 6exp®rienc:
continue jusqu'" Il a fin deénathGhesoind, daipplye& et n

Boothroyd, 1998).

Parallelement, il est aussi largement admis gsietriveatnés ne voient pas aussi
bien que | es adultes. Chez |l e singe et c
seraient g®n®r ®s avant | a naissance, bi en

doi nterconnect i omesde poditons.fLesrétuides suggsrenteque lanfGvéa



ndest pas di ff®renci ®e dans | a r®tine dur
cellules ganglionnaires de la rétine vont converger, puis former le nerf optique dont la
myeélinisation s'acheve a fan de la deuxieme année. Bien que certaines structures de la
voie centrale, telles que le corps genouillé latéral, soit ségrégées a la naissance, ces
structures vont tout de m°me se modifier
effet, la laminabn du corps genouillé latéral est identifiable dés la vipgttrieme
semaine de gestatioRlifchcock & Hickey, 1980)Chez les tres jeunes enfants, le systéme

vi suel d®montre plusieurs immaturit®s, t e
plande leur morphologie ainsi que de leur distribution sur la rétine (Abramov et al., 1982;
Brown & Lidsey, 2009; Hendrickson, 1993). Le développement du systeme visuel se

poursuit jusqubéau d®but de | 6©ge adulte (B

Le traitement sensorié auditif et visuel

Les syst mes auditif et \ élgironmdémenp enrtraitart t e n |
| 6i nformati on de Signaur percusid®d em ¢ ihi @mumee me.rets
premier lieu étre détectés, ce qui représente le plus basundie traitement sensoriel.

Ensuite, |l e syst me doit diff®rencier | es
est n®cessaire afin de permettre | 6ident.i

reconnai ssance doGolstem®@002)ou dbédun visage (



La capacité a deétecter un stimulus établit les limites absolues de sensibilité des
organes sensoriels. Selon le théoreme de Fourrier, chaque signal complexe peut étre
décomposé en une sommation de composantes, de différentes amplitmiesndes et
phases, et ce, en modalité auditive et visuelle (Barlow & Mollon, 1982). En modalité
auditive, le seuil minimalde la capacité de détection corresponth gressionsonore
mi ni male n®cessaire ° | a d®t ect Ceptervaleub un
reflete le traitement auditif de bas niveau et le développement du systéme auditif, de
| 6oreill e externe jusqubau cortex audi t i
auditives montrent que la maturité de cette capacité serait attelirgé et 12 ans (Elliot &

Katz, 1980; Maxon & Hochberg, 1982; Schneider, 1986; Roche, Sivervogel, Himes &
Johnson, 1978). En parallele, la limite maximum de détection en vision correspond au
pourcentage de contraste nécessaire afin de percevoir unendéféeatre les régions
foncées et pales pour une fréquence spatiale donnée. Cette habileté sensorielle refléte les
traitements de bas niveau, de la rétine jusqu'a la voie géssitide (Avisan et al., 2002).
Comparativement au systéeme auditif, cette leabiperceptive atteindrait la maturité entre 4

et 12 ansAdams & Courage, 2002; Beazley, lllingworth, Jahn & Greer, 188@iazda et

al., 1997; Peterzell et al., 1995, Richamn & Lyons, 1994; Ellemberg et al., 1999). Dans les

deux modaliés sensoriellesgttedétectiondiffere selon la fréquence testée.



La capacité de discrimination fondement essentiel a notre perception

La capacité de discrimination sensorielle est reliée a la qualité de la perception. En effet,
el | e per met doappriPomage, |lleada H®d@at ®s dddnue
complexité langagiere. Le seuil de discrimination fréquentielle représente la plus petite
di ff® ence perceptible par un individu en

modalité sensorielle donnée.

Discrimination fréquentielle auditive

Un son pur est | a repr®sentation acoustigu
qui varie de facon sinusoidale dans le temps. Un son pur est percu avec une tonalité
particuliére (aigué vs graven fonction de ldréquence deavibration. La fréquence est
repr ®sent ®e en Hertz (Hz) et correspond
comme le temps requis par une onde sinusoidale pour compléter un cycle complet (période)
ou encore par le nombredetye s quodéune mol ®cul e effectue

de temps (F=1/PB@arlow & Mollon, 1982;Stach, 1998) (Figure 1).

WA,
IRVERwAI

Temps

Pression de I’air
Déplacement des molécule d’air




Figure 1. Schéma représentant, a gauche, un son de basse fréquence et, a droite, de plus haute fréquence. La ligne

pointillée représente la durée d'un cycle.

La capacité a discriminer deux sons de fréquences rapprochées est essentielle pour
une perception adéquate de la parole, particulierement en présence de bruit compétitif, ainsi
gue pour | a per ceptmusigue (&fdller,let@ala POP7, Kdaus, MdGeep N C
Carrell & Sharma, 1995; Kong, Cruz, Jones, & Zeng, 2004; Spahr & Dorman, 2004). En
effet, une discrimination fréquentielle adéquate permet la distinction entre des voyelles
ayant des formants fréquentiels compab | e s ai nsi gudentre de
composition spectrale similaire. Une discrimination appropriée restessaire pour une
compréhension et une production justes de la parole. Ainsi, de nombreuses observations ont
r v ® ® qubune noesurleplansde la giserimfnationrfréquentielle était liée
a diverses dysfonctions, telles que des troubles de langage ou de la lecture, autant chez
| 6enf ant que chez | 6adulte (Amitay, Ahi ssa
Hogben & Bish@, 2005; McArthur & Bishop, 2004; Mengler, Hogben, Michue & Bishop,
2005). Les auteurs de ces études concluent que la discrimination fréquentielle fait partie des

processus sensoriels de base, essentiels a un développement laogagier

In utero, il mbl e que | e f11tus -cnquiéeme sensapmeadel e
discriminer deux sons purs (Shahudullah & Hepper, 1994), mais les études en
psychophysique ont montr® que | es seuil s d

préscolaires sont géralement moins performants queux des adultes. En effet, la



littérature montre que la maturité de la discrimination fréquentielle auditive serait atteinte
entre | 6©ge de 7 et de 1Jonesn&sModrel2008t Jerseny ,

& Donna, B93; Maxon & Hochberg, 1982; Schneider et al., 1986; Thompson et al., 1999).

Discrimination fréquentielle visuelle

Dans | 6 ®t ude de la vision et comparati ve
sinusopdal e de | a | umi n a mstonelus’e plusrsimplee kas | 6 e ¢
|l umi nance d®coule de | a concentration des

courbe sinusoidale La fr ®quence spatiale doébune ond
donnée en cycles pdegréet elle représente le nombre contgle cycles pour un degré
déangl e visuel (Barl ow & Mol l on, 1982) . L
représentation de la luminance alternant entre le gris péale et le gris foncé (Barlow &

Mollon, 1982; Kandel, Schwartz, & Jessel, 2000) (Figure 2).

1 oyole

AN L
S VUV

Position spatiale

Luminance
Conoerttration des photons

Figure 2. Schéma représentanta gauche,un stimulus de basse fréquence eg droite, un stimulus de plus haute

fréquence. La ligne pointillée représente la durée d'un cycle.
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Dans | 6anal yse doébune sc ne vVvisuell e, I
sbav re primordiale en ce qui concerne | 0
| 6i mage. Ainsi, cette habilet® perceptive
des visages ainsi gud” | a percepRedrazay de |

Rodriguez & Roman, 2010; Kandel et al., 2000). En ce qui concerne le développement
de cette habilet®, | 6uni que ®tude ayant at
supérieure chez des enfants del10ans comparativement a celle des esfde 67 et

de 89 ans (Moore, Ferguson, Halliday & Riley, 2008).

€ ce jour, mal gr® | 6abondance doé®tude:
auditif et visuel demeure incompléte et précaire. Notamment, la majorité dks étu
développementales onévalué isolément ces deux systémes, sans aborder la
comparaison de leur développement chez une méme population. A notre coweaissa
| 6uni que ®t ude déwelgppement aneparalléleRdes deux systemes a
rapport® que durant | deenmatura plus eapidement peuela s i b i |
modalité auditive que pour la modalité visuelle (Diitlet, Tourret, & Wearden,
2004). Vu la portée limitée de ces résultats et sachant que les diverses habiletés
perceptives se développent a des rythmes différ&fieniberg, Lewis, Liu, & Maurer,
1999; Ellemberg et al., 2003; Maxon & Hochberg, 1982; Thompson, Cranford, &
Hoyer, 1999) on se gardera de généraliser ces résultats a tout le domaine perceptif

auditif et visuel.
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| mpact doéune privati ooppemani dlest | v

capacités auditives et visuelles

Dans le milieu scientifique, il est généralement admis que les systemes sensoriels ne
sont pas compos®s de structures fig®es, m.

capacité a se réorganiser. Ce mméane, appelé la plasticité cérébrale, peut survenir

dans diverses circonstances, telles qudbden
r ®p ®t ®e - un stimulus particulier ou suit
modalité sensorielle partitére. Dans | a pr ®sente th se, | 6 ®t

ni veau chez une popul ati on sour de ai der a

suppression de | 6information auditive sur

Capacités auditives

Lors de pmwation sensorielle auditive, notamment lors de surdité profonde, le
développement du systeme auditif est inévitablement perturbé dans toutes les étapes de

traitement, de la détection a la reconnaissance. Les personnes malentendantes ont

généralement recosir aux appareils auditifs afin de
monde environnant et 6 ai der ° | a ¢ o @heu ceitamestpersomMmesyv er b e
ayant une surdit® bilat®rale s®v re ° prof

auditfsnepe met pas une reconnai ssance satisfai:
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est proposé. Une surdité sévere a profonde fait référence détérmration des seuils

auditifs de 70 a 106B sur tout le spectre fréquentiel audible, ce qui limite de fagen tr

consi d®r able | a perception des signaux a
per met mai nt enant "’ des milliers doéenfant
auditive. Le microphone du processeur de

snores. Le processeur analyse et code ces stimuli auditifs qui sont ensuite, via
|l 6antenne, transmis ° travers | a peau ver

impulsions aux électrodes situées dans la cochlée, permettant une stimulatierf d

audtif .

D s |l ors, et connai ssant |l es capacit®s
i ndi spensable dé®valuer | e d®vel oppement
de | audition par | 6i mpl ant cochl ®ai r e. |

technologiedifféerentsc her cheur s se sont pench®s sur |
auditives, ~ | 6aide de mesures ®lectrophys
2008; Kelly, Purdy & Thorne, 2005; Sharma, Dorman & Kral, 2005) et

comportemetales (Lee, Hasselt, Chiu & Cheung, 20@jecoCalub & Litovsky,

2010; Grose, Buss, 2007; Weig, Cao, Jin, Chen & Zeng, 2@épendant , co
| 6®valuation de | a reconnaissance sous for
parole quiareculpl us dbéattention (de Angel o, Bevi

Bird, Monteath & Wells, 2010; Holt & Svirsky, 2008; Oh et al., 2003; Osberger, Fisher

& Kalberer, 2000a,b; Peterson, Pisoni & Miyamoto, 2010).
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Sachant gudun i mpl aneéement des lsduil® auditide i ndui
moins de40 dB HL de 250 a 4000Hz chez la majorité des individus (Champoux,
Lepore, Gagné & Théoret, 2008jngh, Liasis, Rajput, Towell & Luxon, 2004), on
constate qudil eXi st e unndvidusnpptoerutrasn t ced idmpflf:
guant aux capacit®s de reconnai ssance qui

& Saeed, 2002, Osberger et al., 2000a,b; Peterson et al., 2010, Shpak, Koren, Tzach,

Most, & Lunt z, 2009) . Encor e acommiseredd@ hui |,
nombreux audiologistes et neemou di ol ogi stes tentent de | 06
| 6©ge ~ | 6i mplantation, "l a dur®e de | a
avec | 6i mplant, au type de sigursetgdesaontreaté i on ¢

déidentifier une cause d®terminante de cCe
facteurs semblent étre des variables importantes a considérer (Bradley et al., 2010; Klop

et al., 2008 Tajudeen, Waltzman, Jethanamest & SvirsR¥®.

Curi eusement, on ne sobest pas encore p
processus de base, tels que la capacité de discrimination fréquentielle auditive, et les
performances de reconnaissance en ter mes
discrimination fréquentielle adéquate est essentielle pour une perception appropriée de
la parole, particulierement en situation auditive difficile, il semble intéressant

déinvestiguer | 6hypoth se doéun |l ien exista
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Telle que décrite plus tét, une discrimination fréquentielle adéquate est
essentielle pour la qualité de la perception langagiere. Conséquemment, il est logique de
penser gudune meill eure capacit® en ter me
directemat liée aux processus de plus haut niveau, tels que la perception de la parole.
Une telle relation reste ™ °tre explor®e ¢
implant cochléaire. Sachant que la capacité de discrimination fréquentielle peut étre
am®| i or ®e suite 7 une pAitay, blaivkey & loone, 2005~ n e me
Amitay, Irwin & Moore, 2006; Halliday, 2008yloore & Amitay, 2007; Moore et al.,

2008) , |l a connai ssance doébun | ien entre ¢

pourrat s dav®rer fort prometteuse en r®adapta

Capacités visuelles

Tel que mentionné plus tét, on retrouve dans la littérature beau@ypedvesselon
lesquelles une privation sensorielle a un impact considérable sur les modalités sensorielles
restantes ui t e ° une r ®organisation c®r ®bral e.
privation sensorielle auditive ou visuelle peut induire une réorganisation qui peut étre
observ®e tant chez | 6humain (Doucet, dBer ge
Price, Graham, Truy, & Frackowiak, 2001; Gougoux et al., 2004; Lee et al., 2001; Lee et
al., 2003; Ponton & Eggermont, 2001; Rouger et al., 2007) que chez le modéle animal

(Kral, Hartmann, Tillein, Heid, & Klinke, 2001, 2002, 2006; Rauschecker, 199%)19
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La majorité des études portant sur la réorganisation cérébrale chez la population
sourde ont investigu® | 6i mpact de cette pi
|l esquel l es semblent se modi f i e rétudesindiquert o mp e
que les individus ayant une importante surdité auraient des habiletés supérieures @n ce qui
trait au traitement de | 6informati on, not a
détection des changements lumineux, lorsque les stisouli présentés dans le champ
visuel périphérique (Bosworth & Dobkins, 2002; Neville & Lawson, 1987; Loke & Song,
1991, Bavelier et al., 2008001). Pour une revue plus exhaustive des habiletés visuelles
chez les personnes sourdes, Bawvelier, Dye & Hager, 2006; Dye & Bavelier, 2010. Ces
®t udes sugg rent une redistribution spat
périphérie, permettant ainsi aux personnes sourdes de gérer plus efficacement leur

environnement sensoriel.

Des différences au nivaaneuronal pourraint expliquer ces modifications de la
perception visuelle. Par exempl e, des ®t uc
corticale mesurée dans les régions temporales et induite par une stimulation visuelle, telle
guodobt «deas poteatigleévoqués visuels, était augmentée chez les individus sourds
(Neville & Lawson, 1987; Neville, Schmidt & Kutras, 1983). Une étude en imagerie par
résonnance magnétique fonctionnelle (IRMf) a aussi démontré, en cas de surdité, une
augmentatio du recrutement des aires temporales, comparativement a csesnsey
contrbles entendanté<sor s do6une t ©che de recherche vi

activité neuronale a été rapportée dans les aires auditives primaires et associatives en
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répong a une présentation de langage signé (Nishimura et al;21999 0 ) . Déautre
ont rapport® | a pr®sence dbéactivit® neur c
| 6audition | ors de diverses t©Ochestoetalsuell

2004; Finney, Fine & Dodkins, 2001; Finney, Clementz, Hickok & Dobkins, 2003). Selon
les auteurs, cette réorganisation pourrait 4endre les diverses différences observées

guant aux traitements visuels chez les individus malentendants.

Toutefois, le manque de stimulation auditive semble avoir un impact différent sur le
d®vel oppement dohabil et®s visuelles de ba
luminance (Bross, 1979), la résolution temporelle (Mills, 1985; Nava, Bottari, Zampini &
Pavani, 2008) ou la résolution de contrastes (Finney & Dobkins, 2001) ne révelent aucune
différence entre les personnes sourdes et les personnes contrbles ayant une audition
nor mal e. Déautres ®tudes sugg rent guodun
sensorielle particuliére pourrait plutét réduire certaines habiletés perceptives. Selon la
théorie du déficit (Dye & Bavelier, 2010), le développement normal de chacun des sens est
requis pour une efficace perception sensorielle globale. En effet, cegtides ont trouvé
des déficits visuels chez les personnes sourdes. Par exemple, Heming & Brown (2005) ont
noté une augmentation des seuils de discrimination temporelle visuelle chez une population
sourde comparativement a des individus entendants. Dans lme s en s, ddéaut
rapportent aussi une résolution temporelle visuelle diminuée (Hanson, 1982; Withrow,
1968).D6aut res proces sqguseladies cbraisminniavte apas étetieslu e

investigué chez une population malentendante et poe u s e doéun i mpl an



17

Final ement , certains chercheurs se sont pi
pédiatrique sourde etyontobsewé@ d®f i cit quant ~ | 6attent.
un test doat t e ret(HomnDawsj Fisane & Migamatop 2005¢ Quiitner,

Smith, Osberger, Mitchell & Katz, 1994, Smith, Quittner, Osberger, Miyamoto, 1998).

Qu 0 a d-ivloregmet des personnes sourdes ont la possibilité de recommencer a
traiter de | 6i n fureroupiusidurs annéasudd sutdité¥ Les cangséguesces

sur le traitement visuel soptles comparables selon que la surdité est innée ou acquise?

Parmi les rarestudes suce sujet quelques nes ont abord® | daspect
chez les enfantsgpr t eur s do6i mpl ant cochl ®aire. Les
| 6i mpl ant aide " | a r®organisation de | 6a
popul ation p®diatrique sourde, cette habil

& Quittner, 1994; Smith et al., 199Quittner et al, 1994).

Potentiels évoqués de longue latencela négativité de

discordance

La discrimination auditive peut °tre mesu
test psychoacoustiques. Cependantecettm®t hode sdéav re diffici

population pédiatrique ainsi que chez une populationwmenr b al e . Louti |l i
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potentiels évoqués auditifs permet aussi la mesure des habiletés auditives sans

généralement nécessiter une participatioivacte la personne évaluée.

Potentiels évoqués auditifs

Les potentiels évoqués auditifs ont été largement utilisés dans la littérature afin de
décrire et de mieux comprendre le développement neurophysiologique du systeme
nerveux auditif périphérique etmtral. Ces mesures électrophysiologiques référent a

une s®rie de changements ®|l ectriques expt
(potentiel électrique) qui est générée en réponse a la présentation de stimuli
acoustiques. Ces potentiels évoqués agditiht généralement classifiés selon leur site

de génération ou selon leur latence relative a la présentation acoustique (Jacobson,
1994; Picton, 1990; McPherson, 1996; Wall, 1992). Le potentiel ayant la latence la plus
courte est g®n®r ®e datnssdé wmommeé | ed ®INeéctr oc
millisecondes plus tard, les potentiels sont générés par le nerf auditif et le tronc
c®r ®br al . Léactivit® induite par des stru
des potentiels évoqués de moyes et de longues latences (Jacobson, 1994; Picton,

1990; McPherson, 1996; Wall, 1992).

La négativité de discordance

Les mesures évoquées, telles que celles du tronc cérébral, sont tres utilisées en contexte

clinique en ce (qui uilsde dateation auditifs. IPér cdnttegecest i 0 n
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réponses évoquées sanbinsut i | es s | 6on consid re | eul
de |l a discrimination auditive. LO®tude ®I
porte sur une mesure de potentiels éésgde longues latences. Les potentiels de
longues latences sont caractérisés, principalemegydr un pic initial positif (P1,

latence: 66B0 msec), un premier pic négatif (N1, latence190 msec), un second pic

positif (P2, latence: 10060 msec) et ursecond pic négatif (N2, latence: 1800

msec) (McPherson, 1996). Il est admis que les composantes P1 et N1 sont générées
dans le gyrus temporel supérieur (Knight, Scabini, Woods & Clayworth, 1988), la
composante P2 dans la fissure Sylvienne du corteitifguimaire (Baumann, Rogers,
Papanicolaou & Saydjari, 1990; Makela & Hari, 1990) et la composante N2 serait
générée par le cortex supra temporel (Makela & Hari, 1990; Pantev, Hoke, Lehnertz &

Lutkenhoner, 1988; Pelissone, Williamson & Kaufman, 1985).

Co mme i peut °tre particuli rement
comportementales de discrimination auditive chez les individus nouvellement porteurs
déun i mpl ant cochl ®air e, particuli -rement
verbal e, | 6 d botpepretmeonnt ddud uch@v emesur e objecti
ce sens, les recherches dans le domaine des neurosciences ont été marquées par une
utilisation accrue de la négativité de discordance (MMN). La MMN est une onde
c®r ®br al e obt enulé&vodqué de doaguedlatence et elle anargue tne e
perception de changement entre deux stim

N22atanen et al . (1978) comme uhe mesure |
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déviant inséré dans une suite de stimuli dits stalsd&ette mesure est obtenue par la
soustraction de | 6onde engendra®ale de éar l a 1
réponse induite par la présentation des stimuli déviants. La MMN se présente comme
une n®gativit® pr-cerstraleettswverth@ angirorl edtee 1Q0 et 250r o n t
ms aprées le stimulus, les différences de latence étant largement dues au type et a la
durée des stimuli utilisés (pour une revue voir Naatanen,)1@9fure 3. Cette

mesure refléete des processus-giténtionnels deli scr i mi nati on, du f
obtenue sans que les individus ne portent attention a la présentation acoustique en
cours. Lorsque des stimuli verbaux sont utilisés, les chercheurs font référence a une
mesure prattentive de la discrimination de larpke (pour une revue des potentiels

évoqués de la parole, voir Martin, Tremblay & Korczak, 2008). Pour le moment, les
diverses variables potentiellement utilisables, telles que le choix des stimuli, leur durée

et |l a dur ®e de | 6exXx p®rriarhd retmetnit o md,6 uwnar i®d nutc
manque de convergence fait en sorte quodil
fiable et rapi de pour une utilisation cl
cochléaire induit une composante éliegte importante, ce qui augmente la présence
doéoartefact dans | e trac® obtenu et ajout
sbav re n®cessaire de pousser |l 6i nvestiga

paradigme optimal et de rendresiigon utilisation plus aisée en milieu clinique.
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A ce jour, les développements paralléles des processus sensoriels auditif et visuel de

base sont peu connus. Noapportons une contribution pouamieux comprendre ce

développement. Notre premiere étude permettra de comparer les performances auditives

et visuelles chez des enfants de différents ages ainsi que de connaitre les performances

attendues chez une population adulte mature ayant un développardégiitet visuel

normal.Dans la littératureles données disponibles suggerent que les diverses habileté

auditives et visuellese développent et atteignent maturité a des moments différents
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Pour les habiletés de bawveau évaluées dans cette theseuns posons | 6hypot
les courbes développementales respectives des habiletés auditives et visuelles seront
distinctesAu s s i , | 6®t ude des processus sensorie
popul ation adulte sour deéare sera peftectuéeeensvee d 6 ur
doexpl orer dbébune part, | 6i mpact dodéune pri-
habil et® et déautre part, doéi nvestiguer
performances de reconnaissance de la pafeleque disct€, nous visons avaluer le

lien entre la méthode électrophysiologique de négativité de discordance et les capacités

de reconnaissance de la parole chez une population de personnes malentendantes
porttuses doun i mpgdtta atade, avec la [wd@anter apportera une

meill eure connai ssance de | 6i mpact ddune
discrimination auditiveConsidérant les études antérieures dhgaopulation porteuse

d 6 umplant cochléaire, nous croyodsb une par t ,e agaéé lapptivaten c o u r t
auditive, meilleues seront les habiletés de discrimination auditive, tant au niveau
comportementatj u 6 ®1 ect r o p hy sconpaissamnid ligruegistant &Antrdes i
habiletés deadiscriminationauditive et la perceptionde la parole nous croyons que

meileure sera ladiscriminationauditive, meilleuresera aussi lperceptionde la @role.

Enfin, ®val uer | 6i mp a c tdévaloppement dp traitemnentde o n  a |
la discrimination visuelle apportera un nouvel ind@ece qui a trait aux capacités de
réorganisation cérébrale en cas de privation audifN@us basant sur les études

évaluant les habiletés visuelles de -hagau chez lespersonnessourdes, nous
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formul ons buLebhlyplhalhi Iset ®& dpatiale setd inférieur®mi nat i o

inchangéehez cette population.
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Chapitre 11 . Articles

Article 1

Turgeon C, Lepore F & Ellembenl. Comparison of auditory and visual detection and

discrimination thresholds during development.
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Abstract

The investigation of visual and auditory development has mainly been carried out in
isolation without directly comparing their rates of maturation. The results of one study that
did canpare the development of both modalities suggest that temporal processing develops
more rapidly for the auditory compared to the visual modality (Prfolet, Tourret, &
Wearden, 2004)The aim of the present study was to chart and compare the develagment
sensory responses to basic visual and auditory stimula8pacifically, we measured
contrast (visual condition) and put@ne (auditory condition) detection and discrimination

for physically similar stimuli. The visual stimuli consisted of luminancedulated
sinusoidal gratings that had a spatial frequency of 1 and 5 cycles per degree. The auditory
stimuli consisted of purtones that had a frequency of 500 and 4000Hz. A control
condition was implemented to equate the suprathreshold amplitude o@idhery and

visual stimuli for the frequency discrimination condition. Thresholds were measured
psychophysically with a temporal 2 AFC procedure combined with anaidemtaircase.
Participants werehildren 6, 8, and 10 years of age and young adults1® per group).
Statistical analyses using a general linear model showed that detection thresholds in the
auditory modality are mature by 6 and 8 years of age for the lower and higher frequencies,
respectively. In contrast, detection thresholds in teaalimodality are still immature at 10
years of age for the lower frequency and become mature at 8 years of age for the higher
frequency. A different pattern of results was found for frequency discrimination. In the
auditory modality, it is still immatureat 10 years of age for the lower frequency and

becomes mature at 8 years of age for higher frequency, whilst in the visual modality it is
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mature by 10 years of age for both frequencies. Together, these results suggest that
sensitivity in the auditory mod&f matures more rapidly during early childhood and
achieves adult levels earlier than sensitivity in the visual modatitist the results for

discrimination suggest the opposite trend.

Introduction
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Charting and comparing the relativetam of visual and auditory development is of
particular interest as this could lead to a better understanding of multisensory development.
Real world perception is driven by the integration of information coming from each sensory
modality and accumulatingvidence suggests that multisensory integration is present at all
levels of cortical processin@shazanfar & Schroeder, 2006). Second, it has been suggested
that auditory and visual perception have similar processing hierarchies and that common
underlyingmechanisms determine their developm@arlow & Mollon, 1982;Hockfield

& Sur, 1990; Stein, 2001). Finally, there is evidence that the normal development of each
sensory modality depends on the normal development of other modalities. For example,
animal sudies indicate that normal visual development is critical for the development of
the auditory spatial map (WithingtéfVray, Binns, Ingham & Thornton, 1994a; 1994b) and
auditory coding (Champoux, Bacon, Lepore & Guillemot, 2068yther, human studies
indicate that normal auditory development is critical for the development of visual
discrimination (Turgeon, Lepore & Ellemberg, 2010) and the control of eye movements
(Turgeon,Johnson, Pannasch & Ellemberg, 2009). These data supptnetrg of deficit,

which suggests that the lack of sensory input in one modality during development can lead
to perceptual deficits in other modalities (Dye & Bavelier, 2010).

Several stugs measured the development of different aspects of auditory and
visual perception, &m simple detection to more complex perceptual functions (Ellemberg,
Lewis, Liu, & Maurer, 1999; Ellemberg et al., 2003; Maxon & Hochberg, 1982,
Thompson, Cranford, & Hoyer, 1999). However, the majority of these studies investigated

each modality in isolain without comparing their rate of maturation. Their overall results
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suggest that auditory and visual perception develop at different rates and become mature at
different agesGwiazda, Bauer, Thorn, & Held, 1997; Halliday, Taylor, Edmonekames,

& Moore, 2008; Maxon & Hochberg, 1982; Peterzell, Werner, & Kaplan, 1995). However,
we are unable to directly compare these results as different stimuli and experimental
protocols were used across studies.

To our knowledge only one study compared the developwiehoth modalities.
Droit-Volet et al. (2004) examined visual and auditory temporal perception in children and
adults. Participants were required to compare the duration of the presentation of two
stimuli, a simple 500Hz puswne stimulus presented ndhreshold and a more complex
visual stimulus consisting of a blue circle. Their results suggest that the perception of
duration develops more rapidly in the auditory than in the visual modality. Specifically, 5
yearolds were more efficient at identifyirthe duration of the auditory stimulus than they
were at identifying the duration of the visual stimulus. Maturity was reached at 8 years of
age for both modalities. However, it is difficult to draw conclusions from these findings
given that the charactstics of the auditory and visual stimuli were quite different and
likely implicated different perceptual mechanisms (viz., the auditory stimulus was simple in
nature anavaluatedow-levels of processing whilst the visual stimulus was more complex
in natue andevaluatechigherlevels of processing).

One way to study the relative development of auditory and visual perception is to
compare the most similar and basic aspects of processing for each modality, namely,

detection and discrimination. In both casthis involves the use of the simplest forms of
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stimuli which are processed at the earliest and most comparable levels of these sensory

systems.

Detection

The most basic aspect of sensory processing for both the auditory and visual modalities is
the alility to detect a signal. Puiwnes of varying frequencies are typically used to
measure auditory detection thresholds. These thresholds represent the lowest intensity at
which the participant is able to respond and it reflects the lowest level of guditor
processing, from the external ear canal to the primary auditory cortex (Katz, 2002). It is
well known that the development of pttmne sensitivityvaries according to frequency,

with middle and higher frequencies maturing more rapidly than lower fregpse(Maxon

& Hochberg, 1982; Trehub, Schneider, Morrongiello & Thorpe, 1988; Schneider, Trehub,
Morrongiello & Thorpe, 1986). Improvements are evident from infancy through the
preschool years and then well into the school age years.

Visual detection seesnto follow a similar developmental course to that reported for
auditory detection. Luminance modulated sinusoidal gratings varying in spatial frequency
are most often used to measure visual detection thresholds. These thresholds provide a
measure of thepatial contrast sensitivity (minimum difference in luminance required to
obtain a response) and they reflect the activity of the lowest level visual processing, from
the retina to the primary visual cortex (Avidan et al., 2002). The development of spatial
contrast sensitivity also varies with frequency. Sensitivity to higher spatial frequencies

develops very rapidly during infancy and seems to be more mature than sensitivity to lower
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spatial frequencies by 3 to 4 years of age. Contrast sensitivity is hlaeacterized by an
expansion of sensitivity at lower frequencies (Adams & Courage, 2002; Beazley,
lllingworth, Jahn & Greer, 1980; but see also Bradley & Freeman (1982) and Ellemberg et
al., (1999) who found that contrast sensitivity develops proportignateoss all spatial
frequencies). Some studies suggest that visual contrast sensitivity becomdgeatiyl7i

9 years of age whilst others suggest that maturity is only reached bgdwmigscence
(Beazley et al., 1980; Ellemberg, et al., 1999; Gwiaztdal., 1997; Hainline & Abramov,

1997; Peterzell et al., 1995; Richman & Lyons, 1994).

Frequency discrimination

Frequency discrimination in the auditory system reflects the ability to differentiate two
puretones based on differences in their frequeridyis fundamental ability is critical for
speech (Kraus, McGee, Carrell, & Sharma, 198pahr & Dorman, 2004and music
perception (Kong, Cruz, Jones, & Zeng, 2004). Psychophysical studies found that
frequency discrimination thresholds are poorer forngpehildren compared to adults.
Moore andcolleagues(2008) report that the minimum change necessary to detect a
difference in frequency from a baseline ptoee of 1000Hz gradually decreases with age
from about 10% in & yearolds, 8% in 89 yearolds,6% in 1011 yearolds, and 23 % in
adults. The majority of studies suggest that maturity is reached between 7 to 12 years of age
(Halliday et al., 2008; Jensen & Neff, 1993; Maxon & Hochberg, 1982; Thompson et al.,

1999).
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In comparisonfrequency discmination in the visual system is generally probed
with sinusoidal gratings. Spatial frequency discrimination is also a fundamental building
block of visual perception. It is essential for the analysis of fine details in a visual scene and
it is critical for face recognitionAquado, Serran®edraza, Rodriguez & Roman, 2010;
Kandel et al., 2000). To our knowledge, only one study measured thresholds for
discriminating spatial frequency during development. The minimum change necessary to
detect a difference ithe spatial frequency of a baseline grating of 0.5 cycle per degree
gradually decreased with age from about 20%- hy@arolds to 10% in & yearolds, and
8% in 1011 yearolds (Moore, Ferguson, Halliday & Riley, 2008)dults can discriminate
two different spatial frequencies if they differ by abotit1®6, depending on the particular
characteristics of the gratings (Burbek & Regan, 1983; Hirsh & Hylton, 1982; Lin &

Wilson, 1996; Mayer & Kim, 1986).

The purpose of this study was to chart and comperelévelopment of comparably
low-level auditory and visual sensory processes. This was done by measuring detection and
discrimination in both modalities using physically comparable stimuli (i.e., sinusoidal
modulation of air pressure for the auditory stinand sinusoidal modulation of luminance
for the visual stimuli) and psychophysical procedures (a-dlt@rnative forcegthoice
staircase method). Given that the available data suggest that the two modalities develop at
different rates, we hypothesizedaththe lowlevel auditory and visual sensory processes

follow distinct developmental courses.
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Methods

Participants

Participants were divided into 5 groups according to age: 6ofdart+ 6 months (N=16),

8 yearolds +f 6 months (N=16), 10 yeardd +- 6 months (N=16) and adul{fi=16).
Participants were native French speakers who had no prior experience with psychophysical
testing. To be included in the study, participants were required to pass an audiometric
screening test (pwi@ne threshold® 25 dB HL bil aterally, at
2000Hz, and 4000Hz). Middlear function was obtained with a GrasStadler GSI 38
tympanometer (Milford, MA, USA) and all subjects had normal mobility of the eardrum
and normal middle ear function. Visiomas measured with the Snellen eye chart at a

di stance of 10 feet ( model R.J. o6s) . The
normal or corrected to normal vision. None of the participants had learning disabilities,
neurological problems or other &wn medical conditions. Three children (two 6 yeks

and one 10 yeaold) were excluded from the study. Both 6 yelts did not understand the

task and the 10 yeadd was farsighted. All participants were consenting volunteers.
Children were recruitk via summer camps and adults were recruited via the university
population. Informed consent was obtained for all adults and from the parents of the

children.

Stimuli and apparatus

Auditory
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All stimuli had a duration of 1000ms. We used sound pressurellated sine waves
(puretones)of 500 or 4000Hz with a 50ms cosine ridall time. The stimuli were
digitally generated using SykofizX software (version 2.0) and-hi2grocessor (TDT,

RX6) from TuckefDavis Technologies (TDT, Gainesville, FL, USA). Tkenal
waveforms were generated at a sampling rate of 48,828Hz. Stimuli were presented in
free field via a TDT magnetic speaker (model FF1) at a distance of 1 meter at ear level
in front of the participant. Participant responses were recorded via asedmmn(TDT,

model RBOXRX6). The sound pressure level was calibrated using a Briel and Kjaer
sound level meter (model 2239) and a prepolarized condenser microphone (model 4188,

Naerum, Danemark).

Vision

The stimuli werduminance modulated Gabors (i.a.,sine wave grating multiplied by a
Gaussian) with a spatial frequency of 1 orygles per degree arad50ms cosine ristall

time. The stimuli had a width and height of 4 degrees when viewed from a distance of
60cm. They were generated by Psychinematfinare (version 1.0.0) and a Mactintosh 0S

X (version 10.5.5) computeithe stimuli were displayed using a linearized lookup table
(generated by calibrating with a Colour Vision Spyder 2 Pro) and were presented-on a 19
inch View SonicG9OB CRT driven byan NVIDIA Quadro FX3500 Graphics card with
10-bit greyscale resolution. Maximum luminance was 100 &dframe refresh rate was

85Hz, and the resolution was 1024 x 768 pixels.
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Procedure

All tests were carried out in a standardized audiometric satteduated chamber. The
session consisted of an audiometric and a visual screening followed by the four
experimental conditions. For each modality, detection and frequency discrimination
thresholds were each assessed at a high and low frequency (500 andctGklauditory
stimuli and 1 and 5 cycles per degree for the visual stimuli). Therefore, eight thresholds
were obtained and testing was counterbalanced in the following manner: half of the
participants in each age group completed auditory threshadtisdirthose, half completed
detection first and the other half completed frequency discrimination first. The same
procedure was applied for the participants who completed the visual thresholds first.
Moreover, half of the participants in each age grouppieted low frequency thresholds

first. This was done to control for any effects of fatigue and/or practice. Each experimental
condition was preceded by a familiarisation protocol during which the task was explained
and the stimuli were presented. Speaifi, before completing an entire staircase
procedure, each participant had to successfully answer to the first three trials of a similar
staircase. The same procedure was used for each participant and they were tested during a

single session that lastedaut one hour.

Auditory-Detection threshold
Detection thresholds were determined using an adaptivealtexnative forced choice
(2AFC) staircase procedure. The classical-alternative forced choice (2AFC) paradigm

has been successfully used in acougsigchophysical experiments with children and has
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the advantage of minimizing subject bias and criterion (Elliott, Hammer, Scholl &
Wasowicz, 1989; Crandford, Thompson, Hoyer & Faires, 1997; Thompson et al., 1999;
Kopelovich, Eisen & Franck, 2010). Eachatrconsisted of one putene that was
randomly presented at the same time as one of two lights, that were positioned side by side
on the response box and that were flashed consecutively. The onset of each light was
separated by a 500ms interval. The ipgrant had to indicate, by a keypress, during which

of the two light presentations the sound occurred. The firstipunewas always presented

at 50 dB SPL. Step size changed by 10 dB SPL until the first reversal and then by 2 dB SPL
for the subsequenteversals. An experiment session ended once six reversals were
recorded. No feedback was provided. However, the subsequent trail was only initiated once
the participantdés response was entered. T
(1971) transfaned staircase using addwn, tup decision ruléLevitt, 1971)(Kopelovich

et al., 2010; Thompson et al., 1999; Wier, Jesteadt, & Green, 19Hig).procedure

estimates a threshold of 70.7%.

Auditory-Frequency discrimination

Frequency discrimination was also determined using the samaltievoative forced choice
(2AFC) staircase procedure. Each trial consisted of two-jmnes andhe same twdights

flashed on the response box separated by a 500ms interval. The stimuli were presented at a
comfortable level of 50 dB SPL (see section on liitensity control conditiorfor the
experimental rational behind this choice). Randomly, one tone con@sgpoto the

reference frequency and the other to the probe frequency. The first presentation of the
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probe frequency was always set at 100Hz above the reference frequency. Step size was
subsequently adjusted accor di rBtep dzechdnged i t t
by 50% until the first reversal and then by 25% for subsequent reversals. An experiment
session ended once six response reversals were recorded for each reference frequency. No
feedback was provided. The subsequent trail was only smidlat once t he par

response was entered.

VisualDetection threshold

Contrast sensitivity was determined using the same adaptivalteroative forced choice
(2AFC) staircaserocedure. The first stimulus presentation was always at 10% contrast and
the step size was subsequently adjusted a
changed by 50% until the first reversal and then by 25% for subsequent reversals. An
experimental session ended once six response reversals were recorded fageaciTyr

No feedback was provided. The subsequent

response was entered.

VisualFrequency discrimination

Frequency discrimination was also determined using an adaptativaltemoative forced

choice (2AFC)procedure. Each trial consisted of reference and a probe Gabor, each
presented randomly one after the other and separated by a 500ms interval. The stimuli were
presented at a contrast of 50% (see section onntieasity control conditiorfor the

experimetal rational behind this choice). The first presentation of a probe frequency was 4
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cycles per degree above the reference frequency. Step size was subsequently adjusted
according to Levittbdés (1971). Step mhyze cl
25%. An experiment session ended once six response reversals were recorded for a specific
frequency. No feedback was provided and the subsequent trail was initiated once the

participantds response was entered.

Intensity control condition

The intengy of a stimulus, whether it is the SPL of a ptwae or the contrast of a grating,

can affect frequency discrimination when the stimuli are presented near detection threshold
(Greenlee, 1992). However, several studies suggest that when they are gresdhte
above threshold, relatively largkfferencesn SPL and contrast have little to no impact on
discrimination (Greenlee, 1992; Wier et al., 1977). As series of pilot studies were
conducted to confirm this and determine suprathreshold levels of SPkoatrast that
produce maximum performance (i.e., the lowest discrimination thresholds for both the
auditory and visual stimuli). We tested a second group of 8aldarhildren (N=14) using

the same twalternative forced choice (2AFC) staircase procedurd stimuli as describe
above. Discrimination thresholds were obt
puretones at 500 and 4000Hz (40 dB SPL, 50 dB SPL, and 60 dB SLP) and three
suprathreshold contrasts for the Gabors at 1 and 5 cycles pee @2§r%, 50 % and 75%

of contrast). The thresholds were counterbalanced for modality and intensity was
randomized. Four separate emay ANOVAs conducted for each modality and each

frequency with intensity as repeated measure did not reveal any signditfantnce in
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discrimination as a function of intensity: auditory low frequengy,sk= 0.405, p= 0.669;
auditory high frequency, & 427 0.229, p= 0.796; vision low frequencyp ko= 0.143, p=

0.867; and vision high frequency, o F2= 0.390,  0.680. These findings suggest that
discrimination reached asymptote by 40 dB SPL for each auditory condition and by 25%
contrast for each visual condition. Therefore, for the main experiment we chose an intensity
of 50 dB SPL for the purtone and 50% adrast for the Gabors. Both values were within

the range of best performance for the children and this ensures that subjects would not have

performed better if had we chosen different values.

Statistical Analysis
Because detection thresholds are exgess different scales for each modality (ie., dB
SPL in the auditory modality and in % of contrast in the visual modality) the analyses were
conducted separately for each modality. The detection data were analysed witiwayo 2
analysis of variance (ANOVA)Each ANOVA had one betweamnbjects factors of age
with four levels (6, 8, 10 yeards and adults) and a withsubjects factor of frequency
(low and high). For podtoc analyses on main effects the confidence intervals were
adjusted for multiple compigons with an LSD correction and for pégic analyses on the
interaction the confidence intervals were adjusted with a Dunnett correction.

To compare frequency discrimination thresholds between modalities, we
transformed thresholds into a value of Justtidéable Difference (JND) (%)eseF
F(reference)*100. This value represents percent change in frequency required to detect a

difference in frequency between two piiomes or between two Gabor&ecause
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discrimination data for the two modalities were onghme scale, they were analysed with

a 3way ANOVA. The ANOVA had one betweeubjects factors of age with four levels

(6, 8, 10 yeanlds and adults), a withisubjects factor of modality (auditory and visual),

and a withirsubjects factor of frequency {ioand high). The significant-&ay interaction

was further analysed with separatevy ANOVAs for each modality, in which each
ANOVA had a betweetsubjects factors of age and a witlsinbjects factor of frequency.
Analyses of simple effects were used twlgse all significant 2vay interactions. The
interactions and withisubject effects are reported according to GreenhGusé s s er 0 S
correction. For poshoc analyses on the interactions, the confidence intervals were adjusted

with a Dunnett correction.t&tistical analyses were performed with SPSS 16.0.

Results

Detection

Figure 1a and 1b present the detection thresholds for the auditory and visual modalities
respectively. The -2vay ANOVA for auditory detection revealed no interaction, but a
significantmain effect of frequency Eso= 169.33,p < 0.01and of age freo- 3.32,p <

0.01. Poshoc analyses showehat detection thresholds in the auditory modality are adult
like by 6 years of age for the lower frequency (6 yads are not statisticallyiffierent then
adults,p=0.896) and are addlike by 8 years of age for the higher frequency (6 yeds
arestatistically different tha adults,p=0.004; 8 yeanlds are not statistically fierent than

adults,p=0.095).
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The 2way ANOVA on visual deteatin showed a significant interaction between
age and frequencl o= 6.33,p < 0.01, a significant main effect of frequenEy so=
72.80,p < 0.01,and age feo- 27.3,p < 0.01. Poshoc statistical analyses on the
interaction indicate that deteatishreshold istill immature at 10 years of age for the lower
frequency (10 yeaolds are statistically different then adujps0.001), but is aduHlike at 8
years of age for the higher frequency (6 yelals arestatistically different tha adults,

p<0.001; 8 yeawlds are not statistatly different tha adultsp=0.685).

Frequency discrimination

Figure 2 presents the results for frequency discrimination for both modalities.-Whag 3
ANOVA showed an interaction amongst age, modality, and frequéicys= 12.16,p <
0.01. The other significant effects were interactions between age and mdgady, 7.88,

p < 0.01, age and frequendyy so= 38.81,p < 0.01, and frequency and modalify eo;
50.16,p < 0.01. A main effect of agésu 60~ 61.12,p < 0.01, a main effect of modality,
Fa.e0= 37.94,p < 0.01, and a main effect of frequen&, soi= 313.04,p < 0.01 were also
found.

To evaluate the-8vay interaction, we conducted tweway ANOVAs to compare
age to frequency for each modalityhe 2way ANOVA for the auditory modality revealed
a significant interaction between age and frequeRgyo= 8.51,p < 0.01, a main effect of
age,Fq 607~ 15.31,p < 0.01, and a main effect of frequenéy, eo= 70.63,p < 0.01. Post
hoc analysesrothe interaction indicated that discriminatithmesholdis still immature at

10 years of age for the lower frequency (10 ya&ds are statistically different then adults,
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p=0.04) and become mature at 8 years of age for the higher frequency {@ldyees
statisticaly different than adults,p< 0.00% 8 yearolds are not statistically differentan
adults,p=0.685).

The 2way ANOVA for vision revealed a significant interactidfy o= 36.43,p <
0.01, and a main effect of ad&; so= 51.53,p < 0.0L, but no main effect of frequenqy>
0.01. Poshoc analyses on the interaction showed disdrimination is mature by 10 years
of age for the lower (8 yeanlds are statistically differérthan adults,p< 0.001, 10 year
olds are not statistidgl different tha adults,p=1.000) and the higher frequency (8 year
olds are statistically diffrent tha adults p=0.04; 10 yeaplds are not statistidgl different

than adults p=1.000).

Discussion

The auditory and visual systems continuously interact tegs® and integrate sensory
information. The goal of this study was to verify any relationship between their respective
rates of development. To do so, we charted and compared the developmentefelow
auditory and visual processes. Our results showttineasholds improve with ager both
auditory and visual detection and discrimination. Specifically, the detection of -domare

in the auditory modality matures more rapidlyring early childhood and achieves adult
levels earlier than the detection @fluminance modulated grating in the visual modality.
On the other hand, addlke frequency discrimination is achieved earlier in the visual

modality than in the auditory modalitgdthough similar low-level processes were assessed
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in the auditory and gual modalities,there does not appear to be any common pattern of

development between the two modalities.

Nonvisual or auditory factors such as differences in attention or criterion could have
contributed to differences in performance between thesaduald children, but are unlikely

to account for the overall pattern of results. All tasks measured thresholds, yet the
childrenbds performance was more i mmature f
6 yearolds are about three times worse than adiat visual discrimination for the lower
frequency, whilst they are less than two times worse than adults for the higher frequency. In
comparison, whilst 6 yeanlds are adultike for auditory detection for the lower frequency,

they are about two timesonse than adults for the higher frequency.

Poor optics also likely did not contribute to reductions in visual performance. Participants
were screened for refractive errors. Moreover, by 6 years of age (the youngest age tested),
children typically no longehave the refractive and accommodative errors that are common
during infancy (Hainline, Riddell, Grod&afer &Abramov, 1992; Howland, 1993). For the
auditory modality, all of the structures necessary for inner ear function are present and
adultlike in dructure and size by the end of five months of gestation (Bellis, 2003).
Moreover, the size of the external ear canal has little impact on auditory perception for the
age groups tested given thggnerallyby 5 years of age, its maturation no longer affect
detection(Bagatto, Scollie, Seewald, Moodie & Hoover, 2082gfe, Bulen, Campbell, &

Burns, 1994 In fact, kased on measures tife resonant frequency of the ear canal, the
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greatest changes in ear canal length and volume occur before 5 years okle(Be$n

Kruger, 1986).

Detection

The results from the present stugshyow that auditory detection is mature by 6 and 8 years
of age for the lower (500Hz) and the higher (4000Hz) frequencies, respectivehe

visual modality, detectioms still immaure at 10 years of age for the lower frequernty (
cycle per degreeand is mature at 8 years of age for the higher frequénaycles per
degre@. At least three patterns appear from these findings. First, for the lower frequency,
maturity is reached dé#r in the auditory compadeto the visual modality, where the
auditory modality is mature at 6 years whilst still not mature at 10 years of age for the
visual modality. Second, for the higher frequency, the pattern of maturation is the same for
both moddties, where both are mature at 8 years of age. Finally, for the auditory modality,
it is for the lower frequency that maturity is reached earlier whilst in the visual modality it
is for the higher frequency that maturity is reached earlier. Overalk tessilts suggest

that for detection, maturity is reached earlier in auditory compare to the visual modality.
Moreover, our findings suggest that the mechanisms underlying detection are different for
both modalities and that they develop at different rates

Our findings put forward a pattern of improvement of auditory detection with age, as
suggested by the results of previous studies (Elliot & Katz, 1980; Maxon & Hochberg,
1982; Schneider et al., 1986; Trehub et al., 1988). Our results also suggestttndy ma

reach at 6 and 8 years of age for the lower and to the higher frequency, respectively. This
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finding goes against those from other studies that indicate either a comparable development
across frequencies or that maturity is reached earlier fbehigequenciegElliot & Katz
(1980;Maxon & Hochberg, 1982; Roche et al., 19B&hneider et al., 198@)lowever,the
detection of the lower frequency for the 6 yelt group (M=-0.5 dB SPL) is quite similar

to that of the 8 yeanld group (M=-1.0 dBSPL) even thought they are still different than

that of the adult group (M=2.0 dB SPL). It is possible that with a smaller variability
within the 6 and the 8 yealds results, we would have found that maturity is also reached
only at 8 years of age fone lower frequency, given maturity reach for both frequencies at

8 years of age and then, results consistent with the literature.

In the visual modalitythe pattern of improving visual detection with age is also in
agreement with the results of previostidies that report that adilike sensitivity is
achieved between 7 and 12 years of agga(ns & Courage, 2002; Benedek et al., 2003;
Bradley & Freeman, 198ZEllemberg et al.1999; Gwiazda et al., 1997). Our results also
show that maturity is reachedréer for the higher compared to the lower frequency, which
is consistent with most of the literatuf@dams & Courage, 2002; Beazley et al., 1980),
although some studies suggested that contrast sensitivity develops proportionately across

spatial frequenes (Ellemberg et al, 1999; Bradley & Freeman, 1982).

Frequency discrimination
Frequency discrimination in the auditory modality is still immature at 10 years of age for
the lower frequency, whilst it is mature at 8 years of age for the higher frequerttye

visual domain frequency discrimination is mature at 10 years of age for the lower and
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higher frequencies. Therefore, a different pattern of results is found for discrimination
compared to detection. First, for the lower frequency, maturityashes later in the
auditory modality compare to the visual modality, where the auditory modality is not yet
mature at 10 years of age and it is mature at 10 year of age for the visual modality. Second,
for the higher frequency, maturity is reached earhethe auditory compare to the visual
modality, where the auditory modality is mature at 8 years whilst it is mature at 10 years of
age for the visual modality. Finally, for both modalities, immaturities are much greater for
the lower frequency for the Gegrolds compare to the higher frequency. For example, for
the auditory modality, 6 yeanlds are about four times worse than adults for the lower
frequency but are about three times worse than adults for the higher frequency. For the
visual modality, 6 yar-olds were about three times worse than adults for the lower
frequency but were less than two times worse than adults for the higher frequency. Overall,
these results suggest that adikié discrimination is reached earlier in visual modality
compard to the auditory modality and, at least for the age range tested, lower frequencies
mature more slowly than the higher frequencies.

In the auditory modality, these results are consistent with findings suggesting that
adultlike discrimination is reached eten 6 and 12 years of age (Halliday et al., 2008;
Jensen & Neff, 1993; Maxon & Hochberg, 1982; Moore and al., 2008; Plack, Oxenham,
Fay & Popper, 2005; Thompson et al., 1999). However, most of these studies only tested
one frequency, which does not alldar a developmental comparison across frequencies
(Halliday et al., 2008; Jensen & Neff, 1993; Moore and al., 2008; Thompson et al., 1999).

To our knowledge, one study measured frequency discrimination for several frequencies
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and found that maturity is relaed at 12 years of age for every frequeft®0, 1000, 2000
and 4000Hz){Maxon and Hochberg, 1982).

In the visual domairfrequency discrimination is mature at 10 years of age for the
lower and higher frequencies. These results are in agreement wiitetatire showing
that spatial frequency discrimination in A yearold children is better that in-B year
olds (Moore et al., 2008).

Frequency discrimination in adults is quite similar for both modalities and both
frequencies tested, ranging betw&eand 5%. Indeed, for adults, frequency discrimination
in the auditory modality is known to be around 2% (Moore et al., 2@0®),frequency
discrimination in the visual modality ranges frori 2% (Hirsh & Hylton, 1982; Mayer &

Kim, 1986).

The goal of thestudy was to compare the developmental of detection and frequency
discrimination for each modality.nl the auditory modality, frequency discrimination
matures more slowly than detection. Detection and frequency discrimination are mature at
8 years of agéor the higher frequency, whilst for the lower frequency detection is mature
at 6 years of ager before,and discrimination is still not mature at 10 years of age. This is
not surprising given that frequency discrimination is believed to be a more complex
treatment and hierarchically more advanced. The pattern of results is different and
somewhat unexpected for the visual modality. For the higher frequency, detection matures
earlier than frequency discrimination, becoming atikéé at 8 and 10 years of ag

respectively. However, for the lower frequency it is discrimination that matures earlier, at
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10 years of age, whist detection is still not mature at 10 years of age. It is possible that a
more pronounced difficulty to process stimuli when they areepted near threshold could

lead to the later maturation of detection.

Limits of the study

The goal of the study was verify if the auditory and visual systems followed a similar
rate of maturation by comparing the development of detection and frgodisndmination

in both modalities. To do so, we used stimuli and a paradigm that were similar.
Specifically, in both modalities we used two basic sensory treatments: detection and
frequency discrimination. First, it is generally accepted that deteitidhe most basic
treatment in each sensory modality. It is also generally hypothesized that the subsequent
processing step is discrimination. However, we cannot know if those two processes imply
similar neurophysiological mechanisms and if we are measartomparable treatment in

both modalities. It is possible that frequency discrimination involve different levels and
complexities neural processing in these two modaligezondly, we used the simplest
form of stimuli (i.e., purdones in the auditorynodality and patterns consisting of the
sinusoidal modulation of luminance in the visual modality). For each modality, these
stimuli represent the more basic sensory stimulation. However, here again, we cannot be
sure that the neural excitation is realijgar in both modality. Moreover, series of pilot
studies were conducted to ensure that the intensity of the suprathreshetdnesrend

sinusoidal gratings used in the discrimination tasks were equivalent. Although it is
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impossible to confirnthat anequal quantity of energy was presented to both the auditory
and the visual systems, we nevertheless used supratreshold levels that lead to asymptote
discrimination in both modalities. Thirdly, the literature shows that the development of
detection and frguency discrimination may vary according to frequency to frequency. For
example, the development of auditory detection is quite different for much higher
frequencies (e.g., 1@00, 20000Hz) compared to lower frequencies, with a faster rate of
maturity andan earlier decline Schneider, 1986). Knowing thatesting for a more
complete range of frequencies, including lower and higher frequencies than the ones used
in this study, would have provided a more complete profile for each modality. Finally, we
find that some of the thresholds measured are not yetlddulh the oldest age group that

we tested, such as the frequency discrimination in the auditory modality and the visual
detection. Consequently, we cannot fully ascertain which of the two modaése=d

attains aduHike levels first. It is possible that some of the conclusions regarding the end

point could change if older age groups were tested.

Conclusion

Perception depends on the interaction and integration of auditory and visual information
both modalities work together and their neuronal processes present a similar hierarchic
structure(Barlow & Mollon, 1982;Hockfield & Sur, 1990; Stein, 2001). Nevertheless, the
results from the present study show that their developments are indepeaemtiémtaboth

modalities reach adulthoad a different age.



51

Acknowledgements

This work was supported by grants from CIHR and NSERC to DE and to FL. This research

was also supported by an Infrastructure grant from CFI to DE. We want to thanks every

partidpant.



52

References

Adams, J.R. & Courage, M.L. (20020sing a single test to measure human contrast
sensitivity from early childhood to maturityision Researchi2, 12051210.

Adams, R.J., Mercer, M.E., Courage, M.L. & van Hah Dun, J. (1992).A new
technique to measure contrast sensitivity in human inf@yptmetry & Vision Sciences
69, 440446.

Aguado, L., Serran®edraza, |., Rodriguez, S. & Roman, F.J. (2010). Effects of spatial
frequency content on classification of facender and expressiofhe Spanish journal of
psychology13, 525537.

Ahissar, M., Lubin, Y., PutteKatz, H. & Banai, K. (2006)Dyslexia and the failure to
form a perceptual anchddature Neuroscience8, 15581564.

Avidan, G., Harel, M., Hendler, TBenBashat, D., Zohary, E. & Malach, R. (2002).
Contrast sensitivity in human visual areas and its relationship to object recogrotiomal

of Neurophysiology87, 31023116.

Bagatto, M.P., Scollie, S.D., Seewald, R.C., Moodie, K.S. & Hoover, B.M.2[2Real
earto-coupler differences predictions as a function of age for two coupling procedbees.
Journal of American Academy of Audiolpdg, 407415.

Barlow, H.B. & Mollon, J.D. (1982)The senseCambridge University Press. New York,
USA.

Beaudot, W.H.A. (2009). Psykinematic: A new psychophysical tool for investigatisng

visual impairment due to neural dysfunctiodssion 21, 1932.



53

Beazley, J.D., lllingworth, D.J., Jahn, A. & Greer, D.V. (1980). Contrast sensitivity in
children and adult8British Journal of Ophthalmology64, 863866.

Benedek, G., Benedek, K., Kéri, S. & Janaky, M. (2003) The scotopidrémuency
spatial contrast sensitivity develops in children between the ages of 5 and 14 years
Neuroscience lettey845,161-164.

Bellis, T.J. (2003) Assessment and management of central auditory processing disorders in
the educational setting: from science to practisagular, New York.

Bernstein, R.S. & Kruger, B. (1986). The external ear sound pressure level transformation
in infants.The Dburnal of the Acoustical Society of Amerizq, S33

Bradley, A. & Freeman, R.D. (1982). Contrast sensitivity in childvésion Research22,
953-959.

Brown, A. & Lindsey, D. (2009)Contrast insensitivity: the critical immaturity in infant
visual performanceOptometry and vision scienc®6, 572576.

Burbeck, C.A. & regan, D. (1983). Independence of orientation and size in spatial
discriminationsTheJournal of the Acoustical Society of Ameri¢a, 16911694,

Cranford, J.L., Thompson, N., Hoyd\, & Faires, W. (1997). Brief tone discrimination by
children with histories of early otitis mediaournal of the American Academy of
Audiology 8, 137141.

Droit-Volet, S., Tourret, S. & Wearden, J. (2004). Perception of the duration of auditory
and visial stimuli in children and adultsThe Quartely Journal of Experimentation

Psychology Section,A7, 797818.


http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%234862%232003%23996549996%23437777%23FLA%23&_cdi=4862&_pubType=J&view=c&_auth=y&_acct=C000043357&_version=1&_urlVersion=0&_userid=789722&md5=5ec0308995a0917a665bd14e1cc15851

54

Ellemberg, D., Lewis, T.L., Liu, C. & Maurer, D. (1999evelopment of spatial and
temporal vision during childhoo¥ision Researgh39, 23252333.

Ellemberg, D., Lewis, T.L., Meghji, K.S., Maurer, D., Guillemot, J.P., & Lepore, F. (2003).
Comparison of sensitivity to firsand seconarder local motion in fyearolds and adults.
Spatial vision 16, 419428.

Elliott, L.L., Hammer, M.A., SchollM.E. & Wasowicz, J.M. (1989). Age difference in
discrimination of simulated singl®rmant frequency transitionsPerception and
Psychophysics16, 181186.

Elliott, L.L. & Katz, D.R. (1980).Ch i | d r e-torie JeteptioanTkee Journal of the
Acoustical Soiety of America67, 343344.

Ghazanfar, A.A. & Schroeder, C.E. (2006). Is neocortex essentially multisergery®s

in Cognitive Scienced0, 278285.

Greenlee, N.W. (1992%5patial frequency disimination of bandimited periodic targets:
effects of stimulus contrast, bandwidth and retinal eccentriisjon Research, 32, 275
283.

Gwiazda, J., Bauer, J., Thorn, F. & Held, R. (1997). Development of spatial contrast
sensitivity from infancy tadulthood: psychophysical dataptometry and vision scienges
74, 785789.

Hainline, L. & Abramov, I. (1997). Development of spatial contrast sensitivity from
infancy to adulthood: psychophysical daDmtometry and vision sciencé4, 7901 799.
Hainline, L., Riddell, P., Gros&ifer, J. & Abramov, I|. (1992). Developement of

accommodation and convergence in infarBghavioral Brain Resear¢ci9, 3350.


http://www.ncbi.nlm.nih.gov/pubmed/1574844
http://www.ncbi.nlm.nih.gov/pubmed/1574844

55

Halliday, L.F. & Bishop, D.V.M. (2006). Auditory frequency discrimination in children
with dyslexia.Journal of Research and ReadirnZp, 213228.

Halliday, L.F., Taylor, J.L., Edmondsalones, A.M. & Moore, D.R. (2008). Frequency
discrimination learning in childre.he Journal of the Acoustical Society of Amerita3,
43934402.

Hepper, P.G. & Shahidula B.S. (1994). Development of fetal hearirgrchives of
Disease in Childhood/1, 8187.

Hill, P.R., Hogben, J.H. & Bishop, D.V.M. (2005). Auditory frequency discrimination in
children with specific language impairement: A longitudinal stutburnal of Speech,
Language, and Hearing Researel8, 29642968.

Hirsch, J. & Hylton, R. (1982). Limits of spatiitquency discrimination as evidence of
neural interpolationJournal of the Optical Society of Amerjé&, 13671374.

Hockfield, S. & Sur, M. (1990)Monoclonal CAT 301 identifies Y cells in cat LGNhe
Journal of Clinical Neurology300, 320330.

Howland, H.C. (1993). Early refractive development. In K. Simons. Early Visual
Developement: normal and abnormal. Commision on Behavioral and Social €3carat
Education. National Research Council, Oxford: Oxford University Press.

Jensen, J.K. & Neff, D.L. (1993). Development of basic auditory discrimination in
preschool childrerPsychological Scienced, 104107.

Kandel, E.R., Schwartz, J.H. & JesselMT (Eds.). (2000). Principles of neural science (4e

ed.).



56

Katz, J. (2002). Handbook of Clinical Audiology (5e ed). Lippincott William & Wilkins,
Baltimore, Maryland.

Keefe, D.H., Bulen, J.C., Campbell, S.L. & Burns, E.M. (1994). Pressure transfer function
and absorption cross section from the diffuse field to the human infant ear CEmal.
Journal of the Acoustical Society of Ameri@§, 355371.

Kong, Y-Y., Cruz, R., Jones, J.A., & Zeng;& (2004). Music perception with temporal
cues in acoustic arglectric hearingear and Hearing 25, 173185.

Kopelovich, J.C., Eisen, M.D. & Franck, K.H. (2010) Frequency and electrode
discrimination in children with cochlear implankéearing Research268, 105113

Kraus, N., McGee, T., Carrell, T. D. & Sharma, @995). Neurophysiologic bases of
speech discriminatiorear and hearing16, 1937.

Levitt, H. (1971). Transformed wgown methods in psychoacoustid$he Journal of the
Acoustical Society of Americd9.Suppl 2,467.

Lin, L.M. & Wilson, H.R. (1996). Fouer and norFourier pattern discrimination
comparedVision Researgh36, 19071918.

Maxon, A.B. & Hochberg, I. (1982). Development of psychoacoustic behavior: sensitivity
and discriminationEar and Hearing 3, 301308.

Mayer, M.J. & Kim, B.Y. (1986). Swoth frequency discrimination functions for foveal,
high-contrast, mid spatial frequenciegurnal of the Optical Society of Amerjca 1957

1969.



57

Mengler, E.D., Hogben, J.H., Michie, P. & Bishop, D. (2005). Poor frequency
discrimination is related toral language disorder in children: A psychoacoustic study.
Dyslexig 11, 155173.

Moore, D.R., Ferguson, M.A., Halliday, L.F. & Riley, A. (2008). Frequency discrimination
in children: Perception, learning and attentidearing Research238(%2), 14#154.

Olsho, L.W., Koch, E.G., Carter, E.A., Halpin, C.F. & Spetner, N.B. (1988).-tBnee
sensitivity of human infantsThe Journal of the Acoustical Society of Amerig4, 1316
1324.

Peterzell, D., Werner, J. & Kaplan, P. (1995). Individual difference®irirast sensitivity
functions: longitudinal study of-46- and 8month-old human infantsVision Researgh35,
961-979.

Plack, C.J., Oxenham, A.J., Fay, R.R. & Popper, A.N. (2005). Pitch. Neural coding and
perception. Spinger Handbook of Auditory ResbaMew York, USA.

Richman, J.E. & Lyons, S. (1994A forced choice procedure for evaluation of contrast
sensitivity function in preschool childredournal of the American Optometric Association
65, 859864.

Roche, A.F., Sivervogel, R.M., Himes, J.H. &hson, D.L. (1978). Longitudinatudy of
hearing in children: baseline data concerning auditory thresholds, noise exposure, and
biological factorsThe Journal of the Acoustical Society of Amertxg 15931601.

Schneider, B.A., Trehub, S.E., Morrondiel B.A. & Thorpe, L.A. (1986). Auditory
sensitivity in preschool childreithe Journal of the Acoustical Society of Americ® 447

452.



58

Shahidullah, S. & Hepper, P.G. (1994). Frequency discrimination by the teanky.
Human Developmen86, 1326.

Spahr, A.J. & Dorman, M.F. (2004). Performance of subjects fit with the Advanced Bionics
Cll and Nucleus 3G cochlear implant devicAschives of otolaryngologyhead & neck
surgery 130, 624628.

Stein, J. (2001). The magnocellular theory of developmegtixia.Dyslexig 7, 1236.

Teas, D.C., Klein, A.J. & Kramer, S.J. (1982). Cochlear responses to acoustic transient. An
interpretation of whole nerve action potentialfie Journal of the Acoustical Society of
Americag 34, 14381489.

Thompson, N.C., Cranfd, J.L. & Hoyer, E. (1999). Brigbne frequency discrimination

by children.Journal of Speech, Language, and Hearing Rese&2h10611068.

Trehub, S.E., Schneider, B.A., Morrongiello, B.A. & Thorpe, L.A. (1988). Auditory
sensitivity in schoehge chidren.Journal of Experimental Child Psychologit, 273285.
Turgeon, C., Johnson, A., Pannasch, S. & Ellemberg, D. (2009). Auditory deprivation
during infancy results in oculomotor deficit§ournal of Vision 9, 8. Abstract 425.
ISSN:15347362.

Turgeon C., Lepore, F & Ellemberg, D. (2010). Auditory and Visual frequency
discriminationin cochlear implant users. [CAA Résuni@] Association Canadienne
ddéAudi ol ogi e, Montr ®al , Canada.

Wier, C.C., Jesteadt, W. & Green, D.M. (1977). Frequency discriminasanfunction of
frequency and sensation levéhe Journal of the Acoustical Society of Amerigh, 178

184.



59

Wunderlich, J.L. & Cond&Vesson, B.K. (2006). Maturation of CAEP in infants and

children: A reviewHearing Researg212, 212223.



60

Legends

Figure 1: Auditory detection thresholds for lower and higher frequency by age gfdup (
Visual detection thresholds for lower and higher frequency by age gBjupt{e * show
results that are statistically different from adult valuesoiSrbars are standard errors.
Figure 2: Auditory and visual frequency discrimination for lowedarigher frequency by
age groupThe * show results that are statistically different from adult valaesrs bars

are standard errors.
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Abstract

The aim of this study was to invasdte the relationship between auditory frequency
discrimination and speech recognition in cochlear implant users. Auditory frequency
discrimination was assessed in groups of participants with normal hearing and with a
cochlear implant. Detection threshsldre equivalent between all cochlear implant users
but worst than the normal hearing participant. hooficient cochlear implant users have
poorer auditory frequency discrimination compared to normal hearing participants and
proficient cochlear implant sers. No significant difference was found between the
proficient cochlear implant and the normal hearing group. The present findings suggest an
association between auditory frequency discrimination and speech recognition proficiency
in cochlear implant uss. The repercussions of these findings for auditory rehabilitation

and new avenues for research are discussed.
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Introduction

The option of cochlear implantation for individuals with profound bilateral sensory hearing
loss has been available for ast three decades. This device can partially restores hearing
in the profoundly deaf by converting auditory signals into electrical impulses, which
bypasses the missing or damaged hair cells in the cochlea by directly stimulating the
neurons of the auditpmerve. The primary goal of the cochlear implant is to allow speech
recognition in every day listening situations. Although this is achieved for many cochlear

implant users, there is important variability in auditory performance among individuals.

Threebasic abilities are used to determine auditory proficiency in cochlear implant
users: detection, discrimination, and recognition. In the evaluation of the proficiency of a
cochlear implant, detection is without a doubt the most important. Without minimal
detection of auditory input, it is impossible to process more complex auditory signals. The
thresholds for the detection of ptt@nes in individuals with a cochlear implant are
generally below 40 dB HL for frequencies that range from 250 to 4000Hz (egh &i al.,

2004; Champoux, Lepore, Gagné & Théoret, 2009; Tremblay, Champoux, Lepore &
Théorét, 2010)Generally, most implants lead to a similar level of auditory detection,

which is usually reached as soon as the implant is turned on (Giraud et &)., 200

Studies that investigated auditory frequency discrimination are far less common.
Predictably, discrimination is reduced in cochlear implant users compare to normally

hearing individuals. For example, in children of114 years of age, the mean fregag
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discrimination obtained at 1000Hz was 5.5 and 11% for the hearing group and the cochlear
implant group, respectively (Kopelovich, Eisen & Franck, 2010). It is believed that this
leads to hearing difficulties in the presence of background noise (SpBbrréan, 2004)

and that it affects the recognition and appreciation of music (Gfeller et al., 2007; Kong,
Cruz, Jones, & Zeng, 2004). Frequency discrimination in cochlear implant users was
mostly investigated in relation with the technical aspects ahtpént itself, such ag the

type of electrical stimulationii) the depth of the insertion of the electrod&g, the
numbers of electrodes arid) the type of implant. It appears that these factors do not have

a significant impact on discriminatiothresholds. For example, a more perimodiolar
electrode position as well as the type of implant (either Clarion CllI, Clarion HiRes90K or
Nucleus 24) does not seem to influence frequency discrimination (Fitzgerald et al., 2007;
Kopelovich, et al., 2010). Meover, the duration with the implant, the gender, and the
speech coding strategies are all others factors that have a negligible effect on frequency
discrimination performance (Barry, Blamey & Marti®Q02; Fitzgerald & Wright 2005

Hsu, Horng, & Fu, 2000McDermott & McKay, 1994; Qi et al., 2011).

To our knowledge the relationship between auditory frequency discrimination and
speech recognition has never been investigated. This is surprising given that frequency
discrimination is fundamental for auditorscene analysis. It is essential for speech
perception, especially in demanding listening conditions such as speech perception in
background noise, and for the identification and the localization of auditory signals (see

Bregman, Liao & Levitan, 1990). Thuit is important to investigate the possible relation
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between this lowevel treatment and speech recognition as an improvement in frequency
discrimination might naturally improve the capability of higleder functions (e.g.,

Bregman, et al., 1990 oore, Ferguson, Halliday & Riley, 2008).

Speech recognition in cochlear implant users has received more attention. In speech
recognition tasks, cochlear implant users show a large variability in performance, ranging
from not being able to repeat any of twerds heard to obtaining a perfect score (e.qg.,
Peterson, Pisoni & Miyamoto, 2010; Dorman, 1993; Arisi et al., 2010). The reasons for this
variability are still poorly understood. Considering the role of frequency discrimination in
normal speech recogrom, the goal of this study was to verify the relationship between
auditory frequency discrimination and speech recognition in cochlear implant users. A
group of normal hearing and a group of cochlear implant users performed a psychoacoustic
detection thrdsolds task with puréones of 250, 500, 1000, 2000 and 4000Hz, a frequency
discrimination threshold task with putenes of 500Hz (lower frequency) and 4000Hz

(higher frequency), and a speech recognition test.

Materials and Methods

Participants

Sixteenadults with normal hearing (mean age = 26 years) and 20 adults with profound
deafness and a cochlear implant (mean age = 36 years) participated in the study. To be
included in the study, normal hearing participants were required to pass an audiometric test

They were assessed independently with iatracular earphone for each ear. All
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participants had detection thresholds below 25 dB &iL every frequengywhich
corresponds to normal hearing and to what was expédiddle-ear function was obtained

with a GrasorStadler GSI 38 tympanometer (Milford, MA, USA) and all subjects had
normal mobility of the eardrum and normal middle ear functidme second group was
composed of cochlear implant users (n = 20) who had a minimum of one year of experience
with their implant. All cochlear implant users suffered from sewvprefound bilateral
hearing loss before their surgery. The majority of them reported progressive hearing loss
during their life, until implantationNine were congenitally deaf (i.e., early ondeafness)

and 11 were between 2 and 20 years age (mean age = 9 years) at the time of deafness (i.e.,
late onset deafness). All participants used oral language as a primary mode of
communication. The clinical profile of each cochlear implant user is pegs@ntTable 1.

As indicated in the table, all but two participants in each group used hearing aids before
implantation. None of the participants had learning disabilities or other known medical
conditions. The subjects all had normal or correttedormalvision as determined with

the Snellen eye chart ( model R.J.6s) at a
of the nature of the experiment and they gave written informed consent in accordance with
the University of Montreal Ethics BoardRkecrutment was made possible with the
participation of the Centre de Recherche Interdisciplinaire en Réadaptation du Montréal
Métropolitain/Institut Raymondewar (IRD) and the Centre de Réadaptation en

Déficience Physique Le Bouclier.
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Stimuli, design, andrpcedure

Speech recognitienSpeech recognition was evaluated with a list of 50 phonetically
balanced French words. This speech assessment was apsebpésst in which
monosyllable words were presented without any visual cues at a comfortable leveBof 70
SPL. The stimuli were calibrated using a Bruel and Kjaer sound level meter (type 2239)
and a prepolarized condenser microphone (type 4188) (Naerum, Danemark) at an ear level
position. Participants had to verbally repeat what they heard. The dependaievaas

the percentage of words correctly repeatBdrformance on this task determined the
proficiency of the cochlear implantAccording to the accepted clinical standards,
individuals with a speech score > 65% were considered as good performess thvasé

with a speech score < 65% were considered poor performers (Zhang et al., 2010).

Detection Puretone cdetectionthresholdswere assessed using an adaptative method at
250Hz, 500Hz, 1000Hz, 2000Hz, and 4000Mkey were assessed independentlyefieh

ear for the normal hearing individuals and in free fiatda distance of 1 metéor the
participants with a cochlear implarRrior to the testing, each participant with a cochlear

implant was asked to adjust their implant processors at their sedtiab.

Frequency discriminationAll stimuli had duration of 1000ms. We used sound pressure
modulated sine waves (putenes)of 500 or 4000Hzwith a 50ms cosine rigall time.
The stimuli were digitally generated using SykofizX software (versionagh@)a 24bit

processor (TDT, RX6) from Tuckddavis Technologies (TDT, Gainesville, FL, USA).
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The signal waveforms were generated at a sampling rate 828Biz. The stimuli were
presented in free field via a TDT magnetic speaker (model FF1) at a distbeneter

at ear | evel in front of the participant.
response box (TDT, model RBGRX6). The sound pressure level was calibrated using

a Briel and Kjaer sound level meter (model 2239) and a prepolarizetdnsan
microphone (model 4188, Naerum, Danemark).

Frequency discrimination thresholds were determined using an adaptative two
alternative forced choice (2AFC) staircase procedure. Each trial consisted of two pure
tones and two lights flashed that wereifjosed side by side on the response box and
that were flashed consecutively. The onset of each light was separated by a 500ms
interval. The stimuli were presented at a comfortable level of 70 dB SPL. Randomly,
one tone corresponded to the reference frecuand the other to the probe frequency.

The first presentation of the probe frequency was always set at 100Hz above the
reference frequency. Step size was subseq
staircase procedure. Step size changed by 5a#cthmm first reversal and then by 25%

for subsequent reversals. The subsequent
response was enteréthean number of trials = 25, SD =. 6dn experiment session

ended once six response reversals were recdatedach reference frequency. No
feedback was providedtach experimental condition was preceded by a familiarisation
protocol during which the task was explained and the stimuli were preséited.
experiments took place in an audiometric sound radreentire procedure lasted about

30 minutes.

1
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Results

Speech recognitienEach of the normal hearing participants correctly repeated all of the
words For the group of participants with a cochlear group, the score varied from 0 to 92%
(Mean= 54%). Based atle 65% cubff for this task, 10 individuals were considered as

good performers and 10 were considered as poorer performers.

Detection The normal hearing participants had detection threshmittsv 25 dB HL at
250Hz, 500Hz, 1000Hz, 2000Hz, and 4000thich corresponds to what is expected. The
group of participants with a cochlear implant presented detection thresholds that were
generallybelow 40 dB HL for all frequencies tested. Mean detection thresholds for the
cochlear implant group and the normahheg participants are presented in Figure 1. For
the normal hearing participant, the results from the right ear are presented in the Figure 1
and used in the analyses. A 3 (controls, proficient cochlear implant users, and non
proficient cochlear implant sers) X 5 (250, 500, 1000, 2000 and 4000Hz) ANOVA
showed asignificant interactionF 33= 2.28, p= 0.038, amain effect of group as=
97.66,p < 0.01, and no main effect of frequerfgyss= 2.44,p = 0.065. Poshoc analyses
indicated that both theroficient < 0.00) and norproficient users g< 0.00) had
significantly higher thresholds than the normal hearing participants. However, no
significant difference was revealed between the proficient and th@no@inient cochlear

implant userspg= 0.716).
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Frequency discriminationFrequency discrimination thresholds for the normal hearing and
for cochlear implant users are showed in Figure 2. A 3 (controls, proficient cochlear
implant users, and neproficient cochlear implant users) X 2 (500Hz a#@d00Hz)
ANOVA showed a main effect of group:ks= 26.48,p < 0.01, but no interactioR 33
0.31,p = 0.736 and no main effect of frequenfy ss= 1.06,p = 0.311. Poshoc analyses

on the main effect of group indicated that frequency discriminasimot different between

the normal hearing group and the proficient cochlear implant yse&@5). A significant
difference was revealed between the normal hearing grpgp0(0) and the non

proficient cochlear implant userng<{0.003).

We also deided to measure if there were any correlation between the auditory performance
and different variables, which may explain the results. To do so, we conducted different
correlations. No significant correlations were folretweenthe frequency discriminatn
andi) the age at testingp(> 0.6),ii) the experience with the implanp & 0.1),iii) the
duration of deafnes$ ¢ 0.2), iv) the aided thresholds with the cochlear implgipt> 0.2),

andv) the number of actives electrod@s>0.3).

Discussion
The purpose of this study was to investigate the relationship between auditory frequency
discrimination and speech recognition in cochlear implant users. Our results indicate that

cochlear implant users with poorer speech recognition also have pooreryafrdgjoency
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discrimination compared to normal hearing participants or to cochlear implant users with
better speech recognitioiowever, nosuch relationship was found between detection
thresholds and speech recognition. These results suggest that thepedfic relationship
between the proficiency of a cochlear implant for recognizing speech and frequency
discrimination. This finding could potentially have some important repercussions for the
rehabilitation of deaf individuals who have a cochlear anpl

No correlations were observed between the frequency discrimination and the age at testing,
the duration of deafness, the experience with the implant, and the age at hearing loss. This
agrees with the literature suggesting that participant chartterand technical aspects of

the cochlear implant have a limited impact on the auditory frequency discrimination
(Fitzgerald et al., 2007; Kopelovich, et al., 2010; Barry, Blamey & Ma2f2; Fitzgerald

& Wright 2005 Hsu, Horng, & Fu, 2000; McDermo& McKay, 1994; Qi et al., 2011).
However, others studies have suggested that some technical aspects such as channel
interaction in the cochlear device may have an impact on pitch discrimirtzioreen
electrodesMc Kay, OO0 Br i e nPfi@st, HdlawaysZwolah,& €dlins, 1999).

Also, it has been show thperimodiolar position of the electrodes can improved electrode
pitch discrimination abilitfHughes & Abbas2006).In the current study, it is possible that
cochlear implant devices had an iagb on frequency discrimination results, but because
mo st of our participants received similar
explain the entire variation in the reswtequency discrimination most likely reflects the
response characteiistof central auditory processes, which appear to be much more

variable from one cochlear implant us&toreover, asubstantial number of individuals
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factors, such as the etiology of deafnéls,duration of deafnesthe residual hearinghé
length of kearing aids couldprobably explain, at least in part, the pwsplantation
outcome.In the current study, we didot obtain significant correlation between clinical
factors and auditory performance, iy could have been revealed with a larger cochlear

implant population tested

Detection thresholds are within or close to normal limits promptly after cochlear
implantation (e.g. Giraud et al., 2001). In this study, there is no relationship between
detection thresholds and the speech recognition, astidetehresholds are equivalent for
the proficient and the neproficient cochlear implant users. Even if detection thresholds
are similar among cochlear implant users, speech recognition performance is more variable,
as some individuals achieve normalulés whilst others have quite poor results (e.g.
Champoux et al., 2009; Tremblay et al., 2010). The findings presented here suggest that
frequency discrimination is a better predictor of higher auditory performance, as speech
recognition, than is detectionThese results suggest that frequency discrimination
evaluation should be included, as is detection and speech recognition, in the regular

cochlear implant assessment.

Accumulating evidence suggests that frequency discrimination can be improved through
training in normally hearing adults and children (éAmitay, Hawkey & Moore, 2005;
Delhommeau, Michey & Jouvent, 200bemany & Semal, 2002; Grimault et al., 2003;

Halliday, Taylor, Edmondsedones& Moore, 2008; Irvine, Martin, Klimkeit & Smith,
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2000;Wright and Sabin, 2007). For example, in adults, thresholds at 3000Hz improved by
a factor of 2.4 after ten training sessions of about 1 hour (Demany & Semal, 2002). Fewer
studies explored the possibility of improving discrimination in a clinical population
verified the transfer to other auditory functions such as speech recogmitamAithur,

Ellis, Atkinson & Coltheart, 2008;Schéaffler, Sonntag, Hartnegg & Fischer, 2004).
Schaffler et al (2004) did report that frequency discrimination can be impraoved i
individuals with dyslexia and that this amelioration is accompanied by an improvement in
languagerelated phonological skills and spellingurrently, most of the auditory
rehabilitation in cochlear implant users is geared towards speech detectiooagrdtian,

with somewhat equivocal results (Graham et al., 2009). Therefore, training frequency
discrimination might represent a promising avenue for the rehabilitation of some cochlear

implant users for which the technological devices are not as sud@ssikpected.
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Legends

Figure 1. Puretone detection thresholds and standard deviation for the proficient cochlear

implant users, the neproficient cochlear implant users and the hearing group.

Figure 2: Frequency discrimination thresholds and standard deviation for the proficient

cochlear implant users, the nproficient cochlear implant users and the hearing group.

Table 1: Clinical profile of cochlear implant users
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Table 1.
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. N L Aided
Nm—nbel . . Speech Ageat Age at Side of .&.gg at. Ple—llll.pl;\nl‘ thresholds  Number
. Age of vears Etiology of L . . amplification hearing . . N
Subject S L recognition deafness implantation the . . with of actives Type of cochlear implant
(vears) wearing  deafness (%) (vears) (vears) TImplant with hearing thresolds . electrodes
’ ) : PN aids (vears)z (MPT_R/L)*

s1 20 2 Congential 82 Birth 18 G 1 -110/-110 37 22 Cochlear-Freedom Nucleus
52 22 6 Congential 8 Birth 6 G 3 =120/97 10 15 Neurolee- Saphyr CX

53 35 5 Congenital 37 Birth 30 G 08 107/~120 33 16 Advances Bionic-Clarion
S4 45 4 Congential 6 Birth 41 G 3 95/103 ER] 19 Cochlear-Freedom Nucleus
55 46 5 Congenital 4 Birth 41 G 5 95/93 27 14 Advances Bionic-Clarion
56 22 6 Congenital 92 Birth 16 G 3 =117/93 15 22 Cochlear-ESPrit Nucleus
S7 44 1 Congenital 0 Birth 44 G 1 117117 33 20 Cochlear-Freedom Nucleus
58 30 2 Congenital 64 Birth 28 G o 93/>100 32 15 Advances Bionic-Clarion
59 27 2 Congenital 76 Birth 25 G 4 ~107/>107 22 22 Cochlear-Freedom Nucleus
S10 22 12 Unknown 0 8 10 D 8 »120/>120 27 6 Cochlear-Freedom Nucleus
Si1 30 22 Meningitis 8 3 8 D ] ~120/-120 40 9 Cochlear-Freedom Nucleus
s12 34 7 Unknown 82 1 27 G 12 108/108 0 15 Advances Bionie-Clarion
s13 55 3 Ototoxicity 74 7 52 G 7 68/97 23 22 Cochlear-Freedom Nucleus
S14 23 2 Meningitis 7 2 22 G 2 110/91 23 22 Cochlear-Freedom Nucleus
s15 51 1 Mumps 36 3 50 G 110/110 23 13 Advances Bionic-Clarion
s16 43 2 Congential 72 6 16 G 20 118/107 18 16 Advances Bionie-Clarion
S17 8 2 Congential 86 2 36 D 29 103/106 27 16 Advances Bionic-Clarion
si8 51 6 Congential 64 20 44 G 40 >117/68 25 15 Advances Bionie-Clarion

4
S19 42 4 Unknown 52 5 38 D 30 88/88 22 22 Cochlear-Freedom Nucleus
s20 39 2 Congential 92 Birth (L) 37 37 25 101/-120 38 22 Cochlear-Freedom Nucleus
25(R)

3The age at heaning aid amplification indicates age when the individual first received a hearing aid. They were used mostly

binaurally.

* MPT = Mean of pure-tone (500, 1000, 2000 Hz).

#FF NPT = Mean of pure-tone (500, 1000, 2000 Hz) : > no measurable response at the limit of the audiometer.

The duration of deafness can be obtained by substracting the onset of deafness of the age at implantion.
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Abstract

Cochlear implants are now accessible to a younger population. The development of
electrophysiologial measures is important because it can be used to evaluate the benefits
of the cochlear implant in infants, young children, and-wemal adults that cannot
cooperate for behavioural speech discrimination testing. The mismatch negativity (MMN)
IS a pre#tentive measure known to represent auditory discrimination ability. The MMN is
evoked by deviant stimuli and it is characterized by an increased negativity in the
waveform. No study has yet investigated the characteristics of the MMN on a large
populationof deaf participants implanted at adult age. We aim to develop an efficient
MMN paradigm, which will reveal electrophysiological differences between good and
poorer performers on a speech recognition task. We also aim to investigate the relationship
between MMN measures and speech performance. Twenty adults with a cochlear implant
and 11normalhearing subjects participated in the study: based on a speech perception test,
10 cochlear implant users were considered as good performers and 10 were considered a
poor perforners. We measured the MMN with /da/ as the standard stimulus and /ba/ and,
/gal as the deviants. Separate analyses were conducted on the amplitude and latency. An
MMN was evoked to both deviant stimuli & normal hearing participants as was$ in all

good performers. For the poorer cochlear implant subjeete was a trend toward either a
greatly reduce amplitude and a longer latency than the better performers. A bivariate

correlation analyse showedsanificant correlation between theeech perception score
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and the amplitude of the MMN. The pattern of results suggests that the MMN can be used

as a tool to investigate outcome in a population of adults with a cochlear implant.
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Introduction
Individuals with a severprofound bilateral hearing loss, who cannot benefit from
conventional hearing aids, have now the option to receive a cochlear implant. This
technological device bypasses the outer and the middle ear and directly stimulates the fibres
of the auditory nerverestoring some degree of auditory perceptibme primary goal of a
cochlear implant (CI) is to permit speech perception in the everyday listening environment,
but its success in terms of speech perception varies greatly among users. For many of them,
speeb perception far exceeds the expectation of early investigations and generally, CI
yield to an important improvement (Holt & Svirsky, 2008; Oh et al., 2003; Peterson, Pisoni
& Miyamoto, 2010). With modern muiglectrode CIl, speech performance scores can
increase up to 780% for sentence recognition in a quiet environment but can also remain
really problematic for other CI users (Osberger, Fisher & Kalberer, 2000; Garnham,
O6Driscoll, Ramsden & Saeed, 2002).

Auditory evoked potentials are used to measheeintegrity of the implant as well
as for the settings of the device parameters (Oviatt & Kileney, 1991). However, in the field
of audiology, behavioural methods are the primary tools used to investigate auditory
performance. For younger children, infamtnd nofverbal adults that cannot cooperate for
behavioural speech discrimination testing, the wuse and the development of
electrophysiological measures are especially important. It can be used to evaluate the

improvement in auditory performance of thesgulations.
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Auditory evoked potentials have been used to investigate the auditory system
integrity and the speech capacities in paediatric and adult populations of Cl users with
considerable success (Dinces, CheRbbdd & Sussman, 200&ordon, Tanaka,Papsin,
2005;Groenen, Snik & van den Broek, 1996; Kelly, Purdy & thorne, 2005; Kileny, Boerst
& Zwolan, 1997; Krauss et al., 1993; Roman et al., 2004; Singh et al., 2004; Wable, van
den Abbeele, gallégo & Frachet, 2000). The ability to discriminate sawlistic
differences is important for music and speech perception and most studies with cortical
auditory evoked responses investigated the mismatch negativity component (MMN) to
evaluate discrimination ability. The MMN was first described by Naatanen @t9a8) as
an objective tool that provides a measure of automatic stimuli discriminatiorelitited
following occasional deviant stimuli embedded in a sequence of standard stimuli. In adults
with normal hearing the MMN is typically characterizedéwyegativity which is maximal
over the frontocentral electrodes and that occurs approximately 100 to 250ms after the
onset of the deviant stimulus (for a review see Naatanen et al., 1990). The MMN can be
obtained when a patient does not pay attention eécatiditory stimuli, so it is thought to
index preattentive discrimination. Therefore, when speech stimuli are used, the MMN is
thought to index preattentive speech discrimination (for a review of speech evoked
potentials, see Martin, Tremblay & Korczal)aB). However, the clinical applications of
the MMN for audiologists working with the CI population are still limited. A number of
studies on CI users employed the MMN to investigate auditory performances, results are

promising but the methods and the dasmns are quite different.
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The first study using the MMN for the evaluation of Cl users was conducted by
Kraus et al. (1993). The MMN was obtained with speech stirfdlall,and &/, in ten adults
with normal hearing and in nine adults with CI, all lome considered to be good users.
Their performance with the implant was based upon their subjective reports of satisfaction,
their everyday communication competence and their ability to understand monosyllabic
words. They found that the MMN waveforms inogoCl users were strikingly similar to
those recorded with the adults that have normal hearing. The single poor implant user in the
study did not have a MMN waveforms. A similar MMN study with seven adult Cl users
was conducted by Groenen et al. (1996) wised the speech stimulib@/, /&/) and
categorized the CI participants on the basis of their performance in monosyllables, spondee
and short vwel identification tests. Thegsesults yielded the same conclusions as Kraus
and her team, a MMNor good peformerswas visualized(3 CI) but notfor poorer
performers (4 Cl). Several other studies have also been conducted on adult Cl users with an
MMN paradigm, the MMN was obtained with different types of stimuli, duration and pitch
differences, in both electal stimulation and in free field (Kelly et al., 2005; Ponton &
Don, 1995; Roman et al., 2004; Wable et al., 2000). They all found that a MMN could be
observedor good performers and some studies also reported a correlation between speech
score and MMN masures (Kelly et al., 2005; Roman et al., 2004). All these results, even if
based on limited numbers of Cl users, suggest that the outcomes of electrophysiological

measurements seem to be related to the proficiency of the CI.
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To date MMN studies in Cl §jects have large variations in terms of the numbers
of participants, the stimuli, and the paradigms used as well as the presence or not of control
participants. The present study was undertaken to investigate the MMN characteristics with
a twodeviant odtdall paradigm, using three different speech stimuli on a group of adult ClI
users and normal hearing participants. We aim to develop an efficient MMN paradigm,
which will separate the good from the poorer performers. We also aim to investigate the
relationdip between the MMN characteristics (amplitude and latency) and speech

performance.

Methods
Participants

One group of normal hearing individuals and one group of Cl users patrticipated in the
study. None of them had learning disabilities, neurological lenad or other known
medical conditions. The hearing group was composed of 11 adults (mean age= 36 years,
SD= 14, min=24, max=58). All had normal peripheral hearing and no known otologic
problems. They all had thresholdsttee than25 dB HL from 250 to 400Hz which
corresponds to normal hearing and to what was expédiddle-ear function was obtained

with a GrasorStadler GSI 38 tympanometer (Milford, MA, USA) and all subjects had
normal mobility of the eardrum and normal middle ear funcfidre studygroup consisted

of 20 experienced adults CI users (mean age= 45 years, SD= 14, min= 20, max= 63).
Almost all participants had their surgery in adulthood (mean age of surgery= 40 years, SD=

14) andthey allhad an experience of at least one year with ihgitant. Prior to surgery,
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all Cl participants had a bilateral sevgm®found sensorineural hearing loss and after their
implantation, all CI patients had put@ne thresholds to tones stimuli betmel545 dB

HL from 250 to 4006iz. The majority of them eported progressive hearing loss during
their life, until implantation. Table 1 provides additional subject informatioAll
participants gave written informed consent, @ac@dance with the Université de Montréal
Board of EthicsRecrutement was made psible with the participation of the Centre de
recherche interdisciplinaire en réadaptation du Montréal métropolitain/Institut Raymond

Dewar (IRD) and the Centre de réadaptation en déficiemgsique Le Bouclier.

Psychoacoustic measures

Psychoacousticests were run, in addition to the evoked response potentials (ERP)
recording, in asound attenuated roonAll acoustic signals were delivered through a
loudspeaker, placed 1meia front of the participanear level for both pureone detection

and speechecognition test.

Detection Puretone cetectionthresholdswere assessed using an adaptative method at
250Hz, 500Hz, 1000Hz, 2000Hz, and 4000Mkey were assessed independently for each
earunder intraauricular earphone®r the normal hearing indiguals and in free field for
the participants with a cochlear implamrior to the testing, each participant with a

cochlear implant was asked to adjust their implant processors at their usual setting.
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Speech recognitienSpeech recognition was evaluatedth a list of 50 phonetically
balanced French words. This speech assessment was arsebpésestin which
monosyllable words were presented without any visual cues at a comfortable level of 70 dB
SPL. The stimuli were calibrated using a Bruel and Kjaenddevel meter (type 2239)

and a prepolarized condenser microphone (type 4188) (Naerum, Danemark) at an ear level
position. Participants had to verbally repeat what they heard. The dependent variable was
the percentagef words correctly repeated Eachphonemeincluded in a worchad to be
properly repeatedThe performance on this task determined the proficiency of the cochlear
implant. According to the accepted clinical standamdividuals with a speech score >

65% were considered as good performers, whilst those with a speech score < 65% were
considered poor performers (Zhang et al., 20Edch of the normal hearing participants

correctly repeated all of the words

Electrgphysiological recording

Stimuli

Speech stimuli were used to evaluate a preattentive speech discrimindaidim (et al.,
2008). All MMN stimuli, /da/, /ba/ and /@/, were elicited with a male voice from a
computergenerated speech stimuli. These phoreewere created with the MBROLA
speech synthesizer program (version 3.0) and they were analyzed with the PRAAT analyzer
software Boersma & Weenink, 2010All stimuli were 225ms in duration. The

fundamental frequency was 100Hz for all stimuli. The firgtrfant (F1) of the standard


http://dico.isc.cnrs.fr/dico/tr/chercher_en?r=phoneme
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stimuli /da/was 553Hz, the second (F2) was 1708Hz, the third (F3) was 3221Hz, and the
fourth (F4) was 3923Hz. The first formant of the deviaggd/ was 538Hz, the F2 was
1787Hz, the F3 was 3144Hz, and the F4 was 3968Hz. Thddiinsant of the devianba/
was 741Hz, the F2 was 1918Hz, the F3 was 3217Hz, and the F4 was 4095Hz. Figure 1
shows the frequency spectrum of the stimuli and tases represents the sound pressure
level (dB SPL). As the three stimuwised /d/, /b/ andg/ are voiced consonants, the most
important spectral difference between them is on the attack of the consonant, which is
mostly in low frequencies.

The stimuli were presented using a tdeviant oddball paradigm here /da/ was
the standard (probability fooccurrence= 80%) andba/ and /ga/ were the deviants
(probability of occurrence= 10% each). The spedlitierence between the standard and
the deviant was smaller in one of the two conditidds/(and /b/). These three stimuli
were chosen to inducevo different conditions, in order to evaluate if one was more useful
at dividing the good and the poorer CI uséitse interstimulus interval was 1000ms (ISI).
Stimuli were presented in pseudorandom sequence with at least three standard stimuli
presented &fore the presentation of the deviant stimuli. The recording session contained
six blocks with 330 standard and 30 deviant stimuli. All together, 1980 standards and 180
of each deviant/lpa/and /g/) were presented. Prior to the testing, each Cl pamicipas
asked to adjust their implant processors at their usual setting so they could hear the stimuli
at a comfortable loudness level. Subjectively from the participant, all stimuli were heard

with the same loudness.
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Evoked potential recordings

ElectroacephalographyHEG) was measured using the Geodesic Sensor NEBSN)
(Electrical Geodesic System Inc., Eugene, OR) consisting of 128 electrodes. Before the
installation of theslectrode capthe electrodes were soaked in a saline solution and Nuprep

gd (Nuprep, Weaver & Co., Aurora, CO, USA) was applied on the scalp of the subjects
with an alcohol pad (PDI) to reduce skin impedance. Participants removed their CI during
the installation of the electrode cap to avoid any device damage. During thatitstalhd

the recording, participants were asked to watch a silent movie with subtitles. Electrode

i mpedance was kept bel ow vhieh ikthé standarddar kighb a s ¢
input impedance amplifiers (Tucker, 1998)ne additional impedanameasurement was
performed in the middle of the task to be
signal was amplified with the Net Amps 200 amplif(&Gl, Eugene, OR, USA) and a
bandpass filter was set at G100Hz. The signal was digitalized at@& and the data

were recorded with Net Statiosoftware (EGI, Eugene, OR, USAA G4 Macintosh
computer controlled data acquisition. The electrodes were referenced to the Cz and a
ground wasinstalled anterior to Pz. Vertical eye movements were monitonath
electrodes placed above and below each eye and horizontal eye movements were monitored
with electrodes placed beside both eyes. During evpkéehtial recording session, the
participants were instructed to ignore the auditory stimuli. Between eaghaldhort pause

of about two minutes was provided.
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Data Analysis

A problematic factor well known with the EEG signals measured with a Cl population is
the artifacts induced by the implant device. These artifacts are perfecthotikesl to the
acousic stimulus and can lead to larger amplitude than the one induced by the stimuli
(Gilley et al., 2006; Debener, Hine, Bleeck & Eyles, 2008). To avoid arestenation of

the cortical responses evoked by the acoustic stimuli, it is imperative to detset th
artifacts and remove them. Several techniques are proposed and the Independent
Component Analysis (ICA) has been suggested as one of the most effective technique to
remove EEG artifacts (Gilley et al., 2006). In fact, when used with a large number of
recording electrodes, ICA greatly minimized the implant artifacts (Gilley et al., 2006). The
ICA decomposition of the EEG signal provides spatially fixed and temporally independent
components (Debener, Makeig, Delorme & Engel, 2005). We used the ICA afalyse
both groups to remove artifacts in the EEG signal induced from the CI device and from the

eye movements. This statistic method is well described in Gilley et al. (2006).

All analyses were performed with Brain Vision Analyzer version 1.05 (Brain
Prodwcts GmbH, Munich, Germany). First high and low pass filters weteats0.1 and
30Hz (24 dB/octave). Data were-referencedo the mastoid controlateral to the implanted
ear for Cl users and to the right mastoid for the normal hearing participants. $CA, a

implemented in Brain Vision Analyzer version 1.05, was then applied to all raw data, for
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both normal hearing and CI users. Following that, component coming from the CI device
and/or the eye movements were removed from the raw data. Component actiwatiens
treated as Cl artifacts if they met the following criteria, as described in Gilley el al (2006):
1) the onset/offset of activity occurred at the onset/offset of the auditory stimulus; 2) the
duration of the activity was constant throughout the duratdiothe auditory stimulus; and

3) scalp projections of the activity revealed a centroid on the side of the implant device.
The EEG was segmented in 2340 epochs with each epoch beginning 200ms before stimulus
onset and ending 1000ms after stimulus onseerAtautomatic artifact rejection was then
inspected to mark EEG activity exceediaj00 V. A local DC trend correction and a
baseline correction within the pstimulus interval were applied to the segments. A grand
average for all stimuli was computed for each participant. Thus the individual grand
average consisted of a total of 1980 rewss to the standard /Da/, and 180 responses to
each deviantba/and /Ga/. The MMN was calculated by subtracting the individual grand

average response of the standard stimulus from the response of the deviant stimulus.

The electrodes AFz, Fz, and FCz wensed to investigate the MMN, as this
measure has been found to be topographically distributed in the frontocentral regions
(Duncan et al., 2009; llvonen et al., 2004; Naatanen et al., 2004; van Zuijen et al., 2005;
Ylinen et al. 2006).For each electrodethe MMN amplitude was detected semi
automatically as the most negative deflection occurring just before the P2 component

induce by the presentation of the deviant stimuli in a specific time window, and the latency
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was defined at this specific maximal a#ige deflection. The temporal window in which

the MMN took place varied across groups with and without Cl. Therefore, the latencies
and the amplitudes of the most negative peaks were measured in a quite different temporal
window between groups as follswControl group (13@30ms), Good performers (215
295ms) and Poorer performers (Z3%0ms).Moreover,the principal componentsvoked

by the auditory stimulatiorhad alonger tendency in the poorer performer group.

Consequently, we had to consider a lartgenporal window to includall the MMN in this

group

Statistical Analysis

Separate analyses were conducted on the mean amplitude and the latency using a mixed
model ANOVA 3X2X3, on the factor group (normal hearing, good performers, and poorer
performes, on the factor condition (MMNGA, MMNBA), and on the factor electrodes
(AFz, Fz, and FCzwith repeated measures on the last two factors. This was done to
determine if there were any differences in amplitude and latency according to group,
condition, andelectrode location.Within subjects effects are reported according to
Greenhous&s e i s soeactirs. For poshoc analyses, confidence intervals were adjusted

for multiple comparisons with LSD corrections. To evaluate the presence of any
relationship beveen the speech recognition and the MMN amplitude and latency, a

bivariate correlation was conducted. Statistical analyses were performed with SPSS 16.0.



10c

Results

Artifact minimization using independant component analysis (ICA)

Scalp distribution maps vealed that artifacts evoked by the CI were centered on the
hemisphere of the CI device for each CI user. ICA was performed on raw data for both
groups of CI participants and normal hearing participants. For the CI group, artifacts came
mostly from the Cldevice as well as from the eye movements. There was considerable
variability across subjects for the scalp distribution of the component of the ClI artifact, but
it was centered generally near the implant. Figure 2 shows an example of a waveform from
the ekctrode Fz of one cochlear implant user before and after the application of the ICA
filtering. For all participants eye movement artifacts were centered around and between the

eyes.

Mismatch Negativity

A clearMMN was evoked to both deviant stimuli &l normal hearing participants as well

as in all good performers. In contraiy the poorer Cl subjectbere was a trend toward
either a greatly redudeamplitude and a longer latency compared to the better performers

(see Figures 3 and 4).

MMN Ampliude
The ANOVA on amplitude did not show any significant interaction; however, there was a

main effect of grouf(, 26~ 4.49,p < 0.05,and a main effect of conditidfy; 2s= 14.34,p <
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0.01 There was no effect on electrodEg »s= 1.49, p = 0.242 indicating that the
amplitudeswvere about the same for each of the three electrodes. Aposinalysis on the

main effect of group indicated that the mean amplitude of all three electrodes and for both
conditions was the same between the hearing grouphandood performer Cl userp<
0.220), and between the good and the poor Cl perfornmers0(101). There was a
significant difference between the hearing group and the poorer perfopre@s006). A
pairwise comparison on the main effect of conditiondatid that the mean amplitude of

all three electrodes for the condition MMNGM £ -1.31uV, SD= 0.95) was greater that

the mean amplitude of the MMNBA(= -.086 pV,SD= 0.85);t (30)= 3.89 p< .05.

MMN Latency

The analyses did not show any significanteraction; however, there was a main effect of
groupF1 28~ 86.68,p < 0.01 There was no main effect of conditibp »s= 3.36,p= 0.077

and no main effect of electrodeg .s= 2.051,p=0.14§ indicating that latency was about

the same for each coitidn and for each of the three electrodes. A fhmst analysis on the

main effect of group indicated that the mean latency of all three electrodes and for both
conditions was different between the hearing group and the good performer Clpssers (
0.00)), and between the hearing group and the poor CI perforqme®s00]). There was no

significant difference between the good and the poorer Cl perforpredHe4).

Correlation analyses
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The outcome of the bivariate correlation analysis revealed no signifrelattonship
between the latency anlde speech scotaut we found a significant correlation between the
speech score and, the amplitude at the electrodes FCG@4&3, p=0.035)and Fz (r=-
0.451,p=0.046) in the condition witthe deviant /gaWe alsodecided to measure if there
were any correlation between the electrophysiological data and different variables, which
may explain the resulfShe relationship between the MMN amplitude and latency gnd,

the age at implanip > 0.2) ii) the experience ith the implant(p > 0.1), iii) the duration

of deafnesgp > 0.2),), iv) theaidedthresholds with the cochlear implgipt> 0.2), andv)

the number of actives electrod@s>0.2) revealed no signification relationship.

Discussion

The aim of this tudy was to investigate the presence of the MMN in a group of adults with
Cl and a group of normal hearing participants, using two different deviant speech stimuli.
We also aimed to study the possible relationship between MMN characteristics and the
speechrecognition. The twodeviant oddball paradigm was successful in demonstrating
electrophysiological differences between the normal hearing participants and the better and
the poorer Cl groupsThe electrophysiological task (MMN) was completed by all
partidpants and the speech recognition test was completed by the CI participants. The
results indicated thatllanormal hearing participants as well as all good performers had a
MMN induced by both deviant stimullThere was also a trend for the cochlear implan

subjects with poorer results on the speech recognition test to have reduced amplitude and a
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longer latency than the better performers. Several studies using either tonal or speech

stimuli also foundhis tendencyGroenen et al., 1996; Kraus, 1993; Siag04).

Independant component analysis (ICA)

I n all Cl userso6 dat a, at | east t wo inde
identified. Following the extraction of these components, the auditory evoked potentials
responses contained normal amplguand latencies for the Cl population. However, the
correct identification of the artifact components may be complicated, as some activation
was not always around the implant but sometime also in a more frontal area. As discussed
earlier, extraction of @omponent was based on its location on the scalp, its duration and
the moment it appears in the EEG data. We assume that the origin of the artifact in the
recording comes from the implanted electrode array. Consequently, the projection may vary
with the rumber of active electrodes, the orientation of the electrodes in the cochlea, and
the type of electrodes as suggested by Gilley and al. (2006). As a result, the CI artifacts

were in some way different in intensity and location among participants.

Electrgphysiological measures

Amplitude

Our findings suggest that the amplitude of the MMN may be used as an indicator of ClI
speech recognition performance. In fact, our results indicate that regardless the condition

(MMNGA, MMNBA) and the electrodesAFz, Fz andFCz), the amplitude of the MMN
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was larger for the cordl group and the good users thi@r the poorer users. However, our
analyses did not reveal a difference between the good and the poor CI users. The MMN
was analysed based on three electrodes, winichedieved to provide a reliable MMN. Our
findings did not expose any difference between the amplitude of the MMN from each of the
three electrodes used, signifying that all of them can represent a good choice to get the
MMN measures. Finally, we also alled a main effect of condition, with larger amplitude

for the MMN achieved with the deviafga/than the condition with the deviant /BA/. This
result is not surprising, given that the spectral differences arepmmmeunced between the
sounds /#ard /g/ than between the sounds /d/ and /b/; theh&s a more pronounced
energy in the low frequencies (see Figure 1). The expected effect of reduced MMN

amplitude with more difficult discrimination task occurred for all grolps&atanen, 1990).

Latency

Our findings suggest that the latency of the MMN can also be use as an indicator of Cl
speech recognition performance. In fact, our results indicate that regardless the condition
(MMNGA, MMNBA) and the electrodesAFz, Fz and FCz), the latency of the MMN was
shorter for the control group then the good CI users and the poorer Cl users. The analyses
did not reveal differences between the good and the poor CI users. Our findings did not
expose any difference between the latency of the MMN from each of the thot®dés

used and between different conditions.
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In the present findings, the amplitude measures suggest a difference between the normal
hearing and the poor performer Cl users. However, the good performers can acheve quit
normal MMN amplitude, as nogificant difference was obtained between them and the
normal hearing group for both conditions. Similar results have been proposed by other
studies (Groenen et al.,, 1996; Roman et al., 2005) showing no difference in the MMN
amplitude between a normal hiegy group and a group of good CI users. However, the
latency, even for the good performers, was still longer than the hearing group, results that
are also supported by other studies (Kelly et al., 2005; Roman et al., 2005). Roman et al.,
(2005) found thafor an easy condition (1000 Hz and 2000Hz), the MMN latency was
similar to that of the control hearing group. However, when the condition became more
difficult, with a lower difference between the standard and the deviant (1000Hz and
1500Hz), they observed significant difference between the CI users and the hearing
group. It is possible that in our study, both conditions were too difficult to induce a normal
latency. It needs to be noted that the amplitude and the latency measures failed to make a
significant difference between the good and the poorer performers, even if a tendency of
larger amplitude and shorter latency is found in the better CI group compare to the poorer

Cl group.

Speech recognition
We also tried to predict speech recognition pertorae according to the MMN

characteristics (latency and amplitude). Our finding revealed a correlation between the
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speech recognition score and the amplitude of the MMN, for the condition with the GA
deviant. This correlation was present for the electré@&s(r=-.473,p= 0.035) and Fz (r=

-451, = 0.046).According to these results, the MMN evoked by the stantiafand the
deviant/ga/ seems to be a better indicator of the CI outcome, than MMN evoked by the
standardda/and the deviant 4, as thedst condition did not revealed any correlation (all

P> 0.15 )with the speech recognition performance. Such relationship between the speech
recognition score and the MMN characteristics, have been revealed by other studies,
showing a correlation betweendacy of the MMN and the speech score (Roman et al.,
2005) and a relation between the amplitude and latency and speech score in the study of

Kileny et al. (1997).

Conclusion

These findings suggest that the MMN comporeart be use to asss the auditoryystem
integrity and the speech recognition in a population of CI users. Indeed, we report a
relationship between the MMN characteristics and the speech recognition performance
which is likely to be very beneficial for more structured evaluation and réasbih
programs in a Cl population, especially with population that cannot be tested with regular

speech recognition task, as infants atttersnon-verbal population.
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Legends

Figure 1. Frequery spectrum of the stimuli. e yaxes represerthe sound pressure
level (dB SPL).

Figure 2: An example of a waveform from the electrode Fz of one cochlear implant user

before and after the application of the ICA filtering.

Figure 3: Average of thevaveformsrecorded fron electrodes AFz, Fz and, FCz for each
condition (MMN with devianfga/and with deviant /Ba/) and for each group (?ne poor
performer B. One good performelC. One from the baring group). The long dashed line
represents 0 ms followg the stimulationThe short lines represetite MMN. The black
waveforms represent tlewverage of the MMN, the red waveforms represent the average of
the standard and thblue waveformsrepresentthe average othe deviant.Negative
polarities are down ral positive polarities are ugd.atency must be considered with an

adjustment 0f68 msec coming from a computer lag.
Figure 4: Mean htency (A) and (B) amplitude obtained from electrodes AFz, Fz and, FCz
for each condition (MMN with deviariga/and wit deviant /Ba/) and for each group. The

error bars show one standard deviation of the mean.

Table 1: Clinical profile of cochlear implant users
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Table 1.



