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Summary

Phonology is often assumed to play a role in turortpographic representatiortzor
instance previous studies indicated thathonology mightunevisual expertise for print, letter
identity and letter order processing, and prime lexicality effect. However, little is known about
the exact contribution of phonology to the developmentesmpacially to theleficits of these
orthographic processes.

This thesis aimedo investigatethese issues in three experiments. In Studwd,
explored how phonology contributes to the development of visual expertise for print and letter
identity coding. To testvhether poor phonological abilities interfere withe ttuning of
orthographic representations, we also examined how phonological deficits influence
orthographic processing. In Study 2, we explored whether fine tuning for print and letter
identity and letter order coding is deficient in developmental dysléxiaddition, we also
examined how orthographjghonological mapping contributes to the deficits in the fine tuning
for print and deficits in letter identity and letter order coding. In Studye3askedwhether
serious phonological deprivation, namely deafness, affects orthographic proc&kssign
Study 4, we investigated the prime lexicality effect (PLE), the index of lexical competition
between orthographic representations in deaf readers.

Overall our results point to the conclusion that phonologirisctlyinvolved in tuning
the emerging orthographic representations, at least in typically developing children. However,
the studie®n atypicalreaders showed different patterns of res@ig.findings in adults with
dyslexia suggest that orthographic processes can adequately develop despite phonological
processing deficits; though audiovisual presentation still modulates orthographic processing
and results in orthographic proccessing differenedsden readers with and without dyslexia.
Similar condusions emerged from the studiesth deaf readers. Our results on lexical
competitionindicated thathearing readers with better orthographic skills showed greater
lexical competitionwhile deaf readers with better orthographic skills did saggesting that
their orthographic representations are developed in a qualitatively different way.

Thus, the findings of the present dissertation suggest that phonological processing
supports budoes not drive theuning of orthographic representatiar8ased on these results
presented in the dissertation, | propose that phonology facilitates the acquisition of
orthographic representations; howevef, phonology is less available, orthographic

representations can still develop through alternative pathways.
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l. Introduction

The importance of reading skills in everyday life is undeniable. For most atligign
everyday activityReadingis essential to decipher information from billboards, street signs,
food | abel s, or useros gui des. I n addjtion,
hence, mastering this skill is a prerequisitetéot-based knowledge acquisition and aeradt
achievementSince literacy is so crucial in many aspects of life, how children acquire reading
skills and how literate adults apply these skills has been one of the major questions in cognitive
psychology.

Reading and writing are human inventions #masareunique human skills. Reading
skills have to be explicitly taught, and successful literacy acquisition takes several years of
learning. During reading acquisition, readers develop specialized processes that utilize pre
existing cognitive functiongsuch as visual and auditory processing, speech perception, etc.)
and the neural circuits for these functions (visual object recognition and spoken language
processing). With schooling, these functions and neural circuits become increasingly
coordinated ad result inorchestratedreading specific cognitiverocessesWith extensive
experiencethesereading processes become automatized and the neural neitwsekgice of
reading and text comprehensibecome functionally specialized. This specializeadneg
system allows the readers to identify writteordswith ease in less than half a secddecause
of this,reading is undoubtedly a remarkable achievement of the human brain

Although with appropriate instruction most people attain an expert lewelading
some people have serious problems acquiriagacy skills. Unfortunatelyaround 510% of
children fail to develop agappropriate reading and spelling ski(Barbiero et al., 2019;
Galuschka & SchulteK® r n e, 20 1K6°;r n &c h u2l0tle0 ; Shaywitz
Developmentalreading disorder, als&known as developmentalyslexig is a specific
neurocognitivedevelopmental disordenanifestedn difficulties in learning to read despite
normalintelligence lack of any neurological or sensory impairment, and adequate education
(DSM-5, Diagnostic and Statistical Manual of the American Psychiatric Assocj&iiB)
Dyslexia accompaes individuals throughout thifespan and is a significant aggravating
factor in daily life and academic achievemé¢8haywitz et al., 1999)t is awell-established
finding that developmental dyslexia is characterized pgor phonological processing
(Snowing, 2000; Vellutino et al., 2004)n fact, the most prominent theory of dyslexia, the
phonological processing deficit hypothe@rellutino et al., 2004)posits that the core problem
of dyslexia is poor phonological processing, more specifically, impaired grapbieoneme
mapping(Blomert, 2011) However, orthographic processing deficits also can be defected



Hel enius et al ., 1999; Mah® et al ., 201 3;
Pammer, 2010)The fact that both phonological and orthographic deficits can characterize
developmental dyslexiaaises thepossibility that phonology might play a role in tuning
orthographiaepresentations

It is not only developmental dyslexia thatisaracterizedby phonological processing
deficits.Particularly, deafnessterferes wittthe establishment of phonological representations
and results in impoverisheghonolgjical processing. If phonologlyas an integral role in
reading, deaihdividualsshould be at a disadvantage. Indeed, it is-esthblished that people
born deaf struggl¢o learn to read and generally encounter difficulties in both visual word
recognition andeading comprehensiorfKelly, 2003; Qi & Mitchell, 2012; Wauters et al.,
2006) At the same time, around 10% of deaf readers manage to establish good word
recognitionas well adanguage comprehension skills. Most researchers assume that the reading
difficulties of deaf readers are tt#ectconsequence of their limited access to spoken language
phonology. If phonologindeedhas a role in tuning orthographic representationgairments
in both phonologicadnd orthographic processiage expected to be presemteaf readers.

In the present dissertationdiscussthe literature on visual word recognition in both
typical and atypical readersoncentratingon theories and cognitive mechanisthat were
proposed to xplain skilled reading as well agading difficulties inatypical readers. Then, |
focus on how phonological processing is involved in visual word recognitioio avitht extent
arethese skillsdeficient in atypical readers. Next, | revighe literatureabout orthographic
processing in skilled reading amchether in addition to phonological deficiterthographic
deficits characterize atypical reademsinally, | discuss what role phonology mighiay in
orthographic processing.

The unsettled issue about the relationship between phonology and orthographic
processing motivated our research to elaborate on the role of phonology in tuning orthographic
representations itypical and atypical readerBirst, we investigated whethire development
of visual expertise for prinis associated with specialization to familiatter string. In
particular, weaimed to answer whether thepecific stage of visualord recognition is driven
by orthographigohonological mapping itypically developingnovice readers. Second, we
explored whether orthographic processing in adult readers with dyslexia is inefficient per se.
To this end, we examined visual expertisegant as well adetter identity and letter order
processing in readers with and without dyslexia. Moreover, to test whether orthographic
phonological processing is more deficighian orthographic processing dyslexig we
investigatedto what extentaudiovisualpresentation of orthographic stimutiflate reading
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deficits in readers with dyslexia. Third, we reviewed whether deaf readers exhibit both
phonological and orthographic processing defigitsally, to test the role of phonology in the
estabishment of orthographic representations, we examined the prime lexicality effect (PLE),
an index of lexical competition between orthographic representations in signing deaf and
hearing adult readers. The results of the three empirical studies arairthehensiveeview

article my thesis statements are basmdare summarized and discussed in the General

Discussion chapter.

Il. Theoretical background

1. Visual word recognition in typical readers

As Perfetti and Hart (2002rgue, reading comprehension is bageshtly on word
reading skills. According to their Verbal Efficiency Theowhile effectiveword recognition
skills supportcomprehension, poor comprehensiomfien associated witlineffective word
recognition Thus in our discussionve focus on the literatuie visual word recognition.

Almost all models of visual word recogniti¢@oltheart et al., 2001; Harm et al., 2004;
Plaut efal., 1996; Ziegler, Perry, et al., 201ahree that reading involves tbencerted action
of various components of the visual wordagnition system. In fact, the Lexical Constituency
Model(Perfetti et al., 20053xplicitly claims that words have orthographic, phonological, and
semanticconstituents that form the wa@identity, and all the constituents become available
when the orthographic input initiates the word identification process. The orthographic system
is responsible fobperationsinvolved in parallel deoding of letter strings andn spelling,
whereas thelpnological system identifies and processes speech sounds. Finally, the lexico
semantic system allows for accessing the meaning of words. These subsysistran the
specification okach constituent, for instance, semantic representations reflecpticaiand
grammatical onstraints. In skilled readinghese constituents and the relationship between
them are welldevelopedPerfetti & Hart, 2002)

Although every writing system represents the corresponding spoken languayacdthe
language uni(e.g. phoneme, syllable, morphenegch orthographic sigfe.g. letter, letter
cluster, loggraph) denotesvaries as a function of the writing systefarost, 2005) In
alphabetic writing systems, orthographic symbols (letters or graphemes) represent the sounds
of the spoken language (phonemes), ti mearing (semantics). Alphabetic orthographies
can be further classified according to the consistency of the graghteneme
correspondencesn other words according to their orthographic ddpitost, 2005; Katz &
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Frost, 1992)Consistent or transparent orthographies (e.g. Finnish, Hungarian, or Italian) map
speech sounds consistently onto letters baseninmbesgraphemiephoneme correspondences.
Inconsistent or opaque orthographies (e.g. English or French) map one letter to more than one
speech sound and one speech sound to more than one lettahepusnunciation of written

words orthe spelling of spken words are not always straightforward in these orthographies.

Understanding the association betwésttersandtheir corresponding speech sounds
is essential inearning toread In fact, novice readers must learn which letter corresponds to
whichsound intheir language, e. the alphabetic principlByrne & FieldingBarnsley, 1990)

This letter knowledgesiwhatenableghe phonological decoding between written and spoken
words which acts as the first step in reading acquisif¢irgler & Goswami, 2006

Single-route theoriesor strong phonological mode(§rost, 1998; ¥an Orden et al.,

1990) propose that given the phonological nature of languages, the representation of printed
words are always phonologically definetthus, prelexical compuation of phonology is
mandatoryjt cannot be bypassed. Therefore, visual word recognition mainlwies@ccess

to the phonological nab the orthographic lexicon. In this view, both novieadersand skilled

adult readers relpn graphemghoneme mappingsndadult readers simpligecome faster

and more efficient through exposure to print.

However, thgpurpose of reading is not to access the phonology of words but to access
the meaningf them Semantic access vidgnological recding (orthography phonology-
semantics pathway) is slow and efforffahd needs substantial attentional resources iit@ov
readers. In contrast, skilled reading is characterized by remarkably fast and automatic lexical
access. Foa skilledreader, it takes only approximately 250 ms to identify a written word
(McCandliss et al., 2003)ithout any conscious effor(Ehri, 2005, 2014)This indicates a
seond step in reading acquisitiotiie emergence of a process which allows the letters of a
word to be processed and stored as a visual unit (visual word form or orthographic
representatiorkhri, 2005, 2014)which can be promptly accessed.

The earliest and most influential computational model of visual word recognition is the
InteractiveActivation (IA) model of readingMcClelland & Rumelhar 1981; Rumelhart &
McClelland, 1982)In this model, letter features, letters, and words are represented as nodes in
a network. During visual word processing, a continuous flow of activation feeds from feature
level representations to lettlmvel repesentations and to wotdvel representations. In
addition, there is feedback activation from wdedel representations back tower-level
representations. For instance, when the unit

receives adtation from thefeaturelevel, it feeds activation to all woilével units in which
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Aaodo is in the(digstndpmppl ed.,Atglieasante Gneinifbitso c ad o o
all word-level units in which thee isnoiad¢ i n t hpesitdn( esg. | ebapvanao,
A uni v e Msreovey, dhere isinhibition not only between the different levels of
representatioanbut between lexical unit§ e . g . A c ar r oThis lateaah idhibifiop ar r ot «
between wordenables lexical selection.lthough the model is not void of criticisie.g.

Norris, 2013; Paap et al., 200@)forms the basis of a number of later modefse of which is

the DualRoute Giscaded (DRCOYlodel (Coltheart et al., 2001)

Dualroute models of visual word recogniti@@oltheart et al., 2001; Harm et al., 2004;
Plaut et al., 1996; Ziegler, Perry, et al., 20dld)m that two processes work in parallel to access
the meaning of words. More egifically, the DRC modg[Coltheart et al., 200ssumes that
there are two main routes for visual word recognition: the phonological route and the lexical
route. Thephonological route involves mapping between orthographic units (letters) and
phonological units (phonemes). This {e&ical computatiorof phonology is relatively slow
but enables the reader to name pseudowardse words. The lexical route on the other hand
assumes that the abstract letter identitigsctly activate entries in the orthographic input
lexicon. Processing along thisute is fastbecauset allows for direct mapping between the
orthographic form and the meaning of a word. It is especially fast for frequent words since
these word nodes are easier to activate in the lexicdinis model, skilled reading is the result
of acquiring wellestablished orthographic representations of printed words through repeated
exposurs. Therefore,skilled reading is considerei bethe ability to bypass grapheme
phoneme mappings and rely on direct connections between orthograggnaantticsin fact,
most neuroscientific data confirm the validity of the dumlte approackfor a metaanalysis
see Jobard et al., 2003)

Lately, researchwdence started to converge on a generic architecture of visual word
recognition(for silent reading: Grainger & Ziegl, 2011, for reading aloud: Perry et al., 2010)
One of the most current models of visual word recognitiorBitiraodd Interactive Activation
Model(BIAM, Grainger & Holcomb, 2009)s able to account for a wide range of phenomena
in visual word recognition. The BIAM is a duadute model which involves an orthographic
and a phonological processing route; however, it also involves a sublexical orthographic
phonological interface wheithe two routes interact. In the model, printed words activate visual
features which lealto the activation of the sublexical orthographic codee.(letters,
graphemes) and the whelord orthographic representatiothat enables sigiword
recognition. Through the interface between orthography and phonology, sublexical
orthographic representations are mapped onto their corresponding phonological

12



representations (and vice versagtivating the wholavord phonological representatias

well. The wordlevd phonological representation receives additional activation from the
whole-word orthographic representation; thus, orthography and phonology interact at both the
sublexical and the lexical levebrainger and Holcomb (2009lggests that this dusdute
architecture ighe result of visual word recognition being a mixture of two worlds. On one
hand, it is a visual process that operates in the dimension of space, thus belonging to the world
of visual objects. On the other hand, it is a phonological process that operhgedimension

of time, thus belonging to the world of spoken language.

The dualroute model of orthographic process{@yainger & Ziegler, 2011)ostulates
that the phonological and orthographic routes used during visual word recognition differs in
the computation of the orthographic code. Mepecifcally, the two routes differ in how
precisely they code letter position. The orthographic route computes -gpansed
orthographic code in order to quickly identify a word and its meaning. Therefore, only
approximate letter position information is congul to provide rapid constraint on word
identity through bottorup activation of wholevord representations. By contrast, the
phonological route involves firgrained orthographic processing in order to provide precise
information about the serial positiofiletters via sublexical phonology. The figeained route
enables the letteto activate thie corresponding phonemes, which Is&al activation of the
whole-word phonological representation and the semantic representation.

The main assumption of this model is that the development of reading follows two
optimization pathways. On one hand, skilled readers optimize mapping between orthography
and semantics to speed up word identificationfdst constraining word identity basezh
ordered letter combinationsdcalled operrbigramg. In other wordsthey use the coarse
grained route foa speedetexical access. On the other hand, skilled readers optimize mapping
between orthography and phonology to facilitate access to lirgyaistlie that is already
optimized to map onto semantics. In other words, they userniagriained route to link letters
to preexisting phonological and morphological representations. Thus, as readers become more
skilled, there is a gradual shiftviardsdirect orthographic access to semantidsvertheless,
even skilled adult readentinue to use phofagical information; howeverthe effortful
phonological decodinghiftsto a more automatized graphemloneme mappin{so-called

phonological recoding)
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2. Visual word recognition in atypical readers

One approach to study the role of phonology in tuning orthographic representations is
to test participant groups with phonological deficits. It can be assumdatighahology plays
an integral role in th development of orthographic representatiguasticipants with poor
phonological skills haviess preciserthographic representations. In addition, models of visual
word recognitioraccepted by the reading research society shmmudble to explain both typical
and atypical readingt is clear that xamining atypicalfunctionscan shed lighbn various
aspects of reading otherwise difficult to investigate. For instance, orthography and phonology
are intertwined in typical readershowever, in most experimental designs orthographic
precisionis confounded with phonological precisioBonsequentlyinvestigations ogkilled
readergdo not contribute teseparanhg the effects of orthography and phonology adequately.
Moreover,the praesses involved in visual word recognitiohtypical reader®perate in a
complex and integrated way.Therefore, mpairment of any function might lead to the
disruption of these integrated processex]jthus, provide a unique opportunity to study the

role of each function separatdlyCs ®p e, 2014, LS8nys B0®) Engel maye

2.1.Developmental d/slexia

One group with assumed phonological processing defiais readers with
developmental reading disorder (DRD) aevelopmentaldyslexia. It is a specific
developmental disorder eading acquisition anich becoming a fluent reader, aaffects in
generajaround 5 to 10 % of scheabed childreriBarbiero et al., 2019; Galuschka & Schulte
K°rne, 20K®%rn&ch201@; Shmdviduals with dyslexiatlypically 1 9 9 9)
experiencalifficulties with accurate and/or fluent word reading, decoding, and spelling. More
importantly, dyslexia is characterized by poor decodwlgile languagecomprehension is
mostlyintact. Consequently, readers vityslexia ar@motmerely poor comprehenddifdation
et al., 2010)In addition, their difficulties are typically unexpected in relation to other cognitive
domainsthat is thereading deficiis present despite adequate instruction, intact auditory and
visual abilities, and lack of mental or neurological disor@@@&M\-5, Diagnostic and Statistical
Manual of the American Psychiatric Associati@d13)

After more than a century of intensive research omdpie, there is still a debate about
the cause of dyslexidor a review, see Peterson & Pennington, 20H8we\er, it should be
noted that the methods used for investigatipgjexia are correlational nature andcausality
is unfoundedA generalconsensushared by many researchéssthat the core problem in

developmental dyslexia is poor phonological procesgBmpwling, 2000; Vellutino et al.,
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2004) Although phonological deficit hypothesbave undergonsignificant changes during

the last two decades, the contribution of phonological representation and operation to reading
skills are at the core ofading disordersAccordingly, several theories habeen put forward

to explain the source of the phonological deficit consistently found in readers with dyslexia.

One theoretical approach gives an explanatory role to the sensory (auditory or visual)
deficitsfrequently associated with dyslexlaterestingly,dyslexia was first described 1877
by Adolf Kussmauhksa visual deficit Indeed, evidence for deficits in movemé@brnelissen
et al., 1998; Schultk ° r ne , Bartling,K°%atneal .Womd,Gglead;g Peh L
2004)and contrast perceptidiBorsting et al., 1996; Romani et al., 20@t$ abundantfor
reviews, see Laycock &r@éwther, 2008; Schukk ® r ne & B r. Tihése dysfun@tiong 0 )
have been explained by impaired functioning of the visual magnocellular patbayepck &
Crewther, 2008; Stein,0D1) The magnocellular theoryStein, 2001)claims that the
magnocellular pathway is responsible for the integration of visual information during reading;
thus, it is processing the incoming fast temporal sensory informatioich is deficient in
dyslexia. Inline with this, some studies found altered visual evoked potentials for rapid
movements and for rapidly moving visual stimuli presented at low contrasts (for a,resew
SchulteK® r ne & BQ). incheditign,Pe2ntndr and Keva(Kevan & Pammer, 2008;
Pammer & Kevan, 200Have demonstrated that visual sensitititythe frequency doubling
illusion predicts irregular word reading and nonword readindjcatingthatlow-level visual
sensitivityof a specific subgroup of retinal ganglion cells in the magnocellular/dorsal stream,
the secalled M(y) cellsmight playa role in codingrregularvisual wordsHowever, visual
perception deficits characterize only a subgroupdif/iduals with dyslexigHeim et al., 2008;

Reid et al. 2007; for a review, se8oswami, 2015)and it should be also noted that most of
the above studies did not control for comorbid ADHD. As a matter of fact, visual attentional
difficulties might manifest in poor position coding of lettéCornelissen et al., 1998)

The visuespatial attention deficit hypothes{facoetti et al., 2003; Vidyasagar &
Pammer, 2010nttributes reading problems to difficulties attention switching between
different targétypes or to a different spatial locationto reduced visual attention sp@osse
et al.,2007) Indeed,ndividuals with dyslexia showddhpaired serial visual sear¢lhes et al.,

2000; Vidyasagar & Pammer, 199%npaired performance idetectingtargets at preued
locations(Banfi et al., 2017; Roach & Hogben, 200dhd impaired visuspatial attention in
somestudies(Facoett Paganoni, & Lorusso, 2000; Facoetti, Paganoni, Turatto, et al., 2000;
Heiervang & Hugdahl, 2003Moreover, performance on visual attenttasks, such aserial

search performance and spatial cueing facilitanoeasured in kindergarten predicted reading
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ability in grade 2 even after controlling for phonological sklHgnceschini et al., 201.2)he
inability to focus visual attention to letters might hinder the establishment of stable grapheme
phoneme associations and the development wigstpecific visual processin@/Vhitney &
Cornelissen, 2005)

In fact, more than onfeinctionsof attention might be impaired in dyslexidelland and
Asbjornsen (2000demonstrated the children with dgsia exhibit executive functions deficits
on various tasks. The participants showed impairments in sustaining attentieaagedy
the Dichotic Listening Test, focusing attention as measured by the Stroop Test, and shifting
attention as measured betWisconsin Card Sorting Test; however, executive function deficits
were more prominent in the children with receptive language problems. In addition, training
executive functions seems to improve reading accuracy and §pasqualotto & Venuti,
2020)

As a possible link between the magnocellular deficit and the attention switch deficit,
Hari and Renvall (200Iproposed the SAS (Sluggish Attentional SHhifgpothesisThe SAS
hypothesis claims that deficits in processing raglidnulus sequences emerge since the
attention system of readers with dyslexia cannot effectively disengage from one stimulus to
anothetthus, resulting in slow processing. Impairment in speech segmentation and letter string
encoding can result in poor orthographic and phonological procegsiegrding to this
theory, deficits should manifest not only in the visual but all sermeodalities.

Indeed, ot only visual but alsauditory perception deficits might be found in readers
with dyslexia which can account for the widely reported phonological processing deficits
(Goswami, 2015)For instance,hte temporal processj theory(Tallal, 1980, 2004suggests
that reading problems in dyslexia result from inefficient processing of yapturring
temporal stimuli. The theory Isased on the result the@meindividuals with dyslexia shoad
poor performance in discriminating ra@dditoryinformation(Ahissar et al., 2000However,

a number of studies failed to replicate these results @agrgiou et al., 2010; Gibson et al.,
2006) and theefficiency ofprograms aiming ttrainrapid auditory temporal processiqgi F a s t
For Wor do) coafumed(Gillam, Ronalcet la 2008; Hook et al., 2001; Strong et

al., 2011) Nevertheless readers with dyslexia exhibited difficulties with frequency
discrimination(Kujala et al., 2006; Lachmann et al., 2005; Maurer et al., 2008¢ pattern
discrimination(Kujala et al., 2003; Meng et al., 2008nd frequency modulatidstoodley et

al., 2006)n some studi® However, mosdf thesestudies have used synthetic sourlemert

& Mitterer (2009 compared natural and synthetic speech processing and reported that
individuals with dyslexia showed categorical perception deficits for the synthetic speech only.
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In addition, it has been also suggested thatuditory deficitsare specific to speech stitn
thus phonologically sed(SchulteK ° r n e e t.Indekd, a rec@nOclodisguistic study
of brain indices of sound discriminationL e p p 2 n e n reportedathategder2witiiadd
without dyslexia did not diffein automatic norspeechdiscriminationin most languages
(except for French)albeit deficits in automatic discrimination of speeatimuli was not
universal either.

The other line of theoretical approach posits that the main cognitive symptom of
dyslexia reflects the most direzausal explanation in itself. Accordinglyzet most prominent
model of dyslexia is the phonological deficit hypothe@sanovich, 1988a, 1988bYhe
phonological theory of dyslexia posits that the cordiatilty in dyslexia manifests as a
deficiency at the level of phonological processiAithough it is widely held that (most)
readers with dyslexia exhibit phonological deficit, it is not always properly defined what is
meant by phonological deficit (se@astles& Friedmann, 2014for a discussion). Most
researchers assume that phonological representations are somewhat less precise in readers with
dyslexia. These degraded representations are detrimental for the perception, retention, or
manipulation of speech sounds. Indeefd,phonological processing is inefficient, the
individual 6s perception of phonemes may be r
effectively segment the words into sounds results in failureastomatizelettefi sound
correspondences. Moreover, pbtogical deficits lead not only to difficulty in mapping
orthography and phonology but alsopgoor phonological shoterm memory which plays a
crucial role inlearning new spoken worasd word retrieva(Snowling, 2000; Snowling &
Melby-L e r v = g.,FinallyQ defici)s in the speed of access to phonological representations
are detrimental for namg pictures, digits, or lette{fRamus & Szenkovits, 2008)

Robust empirical evidence for the phonological processing deficit has accumulated
over the years. For instance, several studies demonstrated -ppeeessing deficits in
dyslexia(Cunningham et al., 2001; Maurer et al., 2003; Moise4dflach & Pratt, 2005)
Boada and Pennington (20G6und thatchildren with dyslexia performed worse than controls
on three tasks (lexical gating, priming, and syllable similarity) that measured implicit
phonological representations. In line with thiggpnte and Blomert (2004fpund impaired
phonological pming for orally presented wordsuggesting less mature phonological
representations in dyslexidlthoughreaders with and without dyslexia most casediffer
in their phonological skills, it does not necessarily follows that phonological deficit is the core

deficit in developmental dyslexia or that phonological deficit causes dyg|€sstles and
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Friedmann, 2014). Since learning to read improves phonological giolts, performance of
readerswith dyslexiaon phonological tasks might result frahe reading impairment itself

However speech perception skills seem to be good predictors of dysfeaarding
to a longitudinal studipy Molfese 000) brainresponsefor speech sounds measured at birth
can discriminate children with and without
of Dyslexia,Lohvansuu et al., 2021; Lyytinen et al., 200B)addition, training phonological
abilities improves reading, suggesting that phonological skills are in fact related to reading
developmen{Hulme et al., 2012)

Nonetheless, some studies suggest that many children develop good literacy skills
despite preschool phonological defidiBshop et al., 2009; Snowling et al., 2008¢cording
to Blomert and Willems (2010¢hildren with dyslexia had problems in learning létsgeech
sound(LSS)associations even though none of them showed phonological défietidition
Froyen and codlagues (201l1)demonstrated that children with dyslexia exhibecific
difficulties in integrating visual letters with their corresponding sombal audiovisual e.g.

LSS objects More specifically, dyslexia is characterized dgpecific deficit inestablishing
newaudiovisualgraphemé& phoneme associatiofsee alsd@lomert, 2011)

In sum, in spite of the large body of evidence showing phonological deficits in
developmental dyslexiadyslexia seems to ba multifactorial developmental disorder
(Pennington, 2006)in which both phonological processing and visual processing can be
impaired. While phonological deficitaightresult in inefficient automatization of lettepeech
sound correspondences, visual deficits may lead to inefficient orthographic pro¢Bssitig
et al., 2000)In addition,both visual and phonological impairment can result is graptieme
phoneme integration deficit whighight interferebothwith thetuning of the visual cortex for
letter strings thus delayindevelopment of stingpecific visual processingWhitney &
Cornelissen, 2005nd withthe tuning of auditory and multisensory cortex for audiovisual
integration(Bloomert 2011). Thusf phonology has an intgal role in tuning orthography
would be expected to see impairments in both phonological and orthographic processing.

2.2. Deafness

Another group of readers who struggle with reading are ohel¥iduals In fact,
deafnesan be regarded as an extreme example of phonological deficits. According to the
2011 Hungarian Cens@sww.ksh.hy, the number of hearing imaped individuals in thedult

population is 7585, of whom 12% are deaf aB8% are haraf-hearing Other estimates
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suggest that there are approximately,080-40,000 individuals with severw-profound
deafnessinHungafyVas 8 k., 2004)

Deafness is usually categorized according to sev@igrid Health Organization,
1991) mild (26-40 dB), moderate (460 dB), severe (680 dB) and profound (over 81 dB).
Most speech sounds occur within the-6tb dB range; thus, even childrevith moderate
hearing loss may experience difficulties with processing spé&ttlirenwith severe hearing
loss can only hear shouted conversations; thus, they do not acquire spoken language
spontaneousliike their hearing peers do. This indicates that not only the severity but also the
age of hearing loss is an important fa¢i®artha, 2004)Postlingually deaf individuals became
ded after acquiring spoken language; thus, their linguistic ability and access to phonology is
not necessarily affected. Hrgually deaf children on the other hand are either born deaf
(congenital deafness) or became deaf early in childhood (before language acquisition). These
children show substantially delayed speech and language development without early and
appropriate itervention(Mayberry,2002)

Although hearing abilities can be augmented with hearing aids or cochlear implants,
the extent to which they can help prelingually deaf children to learn a spoken language depends
on many factors (for a review selde et al., 2021l)ke duration of hearing log&reen et al.,

2007) residual hearing log€hiossi & Hyppolito, 2017)and cognitive abilitiegSpencer et

al., 2011) While these devices can increase the availability of spoken language, they cannot
completely eliminate the barriers of spoken language acquisition; hence, deaf children do not
have access to treame auditorily based language that hearing childre(Sdencer et al.,

2011)

Profoundly deaf children usually have limited knowled§¢he spoken language that
is mapped by the writing system. However, members of the deaf community typically
communicate through sign language with each other. Signed languages are natural human
languages that are different in every courfég. Hungariarsign LanguagedSL, American
Sign Language, ASLand are independent of the spoken language of the country. Sign
languages exhibit all the characteristic feas of natural languagesd thus can be analyzed
on different linguistic levels, such as phoogikal, lexical, and syntactic levefor reviews,
see Barthat al., 2006; Corina & Knapp, 2006; Varga et al., 20Approximately $10% of
deaf children are born to deaf parefistchell & Karchmer, 2004and acquire sign language
naturally as a first language. These chiddevelop adequate language comprehension skills.
However, 90% of deaf children are born to hearing parents, who do not use sign language.
These children might also use sign language aspghmary language, though they often learn
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it outside thesensitive period@Mayberry, 1994; Morford & Mayberry, 2000 hus, for many
deaf children, initial languageput isreduced whether it is spoken or sign langu®igeyberry,
2002)

For most deaf children, learning to read is a major diffic(@gldin-Meadow et al.,
2001; Perfetti & Sadak, 2000Qi & Mitchell, 2012; Wauters et al., 200@articularly, the
majority of deaf students graduating from high school read at grade 4 level or (6gil&wv
Mitchell, 2012; Wauters et al., 2008)/auters and colleagues (20@®nducted a large scale
study in the Netherlandsd hey reported a mean reading lefaglthe majorityof childrenas
first-gradelevel, andthird-grade level fothe top 25% othe childreninvestigatedin addition,
the gap between deaf and hearing chil drenods
technology and interventiofMargaret Harris et al., 2017Qlthough deaf children are less
skilled readers than their hearing peers, approximatdl§% of deaf children show similar
reading abilityastheir hearing peeréQi & Mitchell, 2012; Wauters et al., 2006)

Hearing children generally learn to speak before they learn how to map the letters of
written words onto the corresponding sounds of spoken words. Thus, once they master the
alphabeticprinciple, they can readind understand almost any wof#yrne & Fielding
Barnsley, 1990)As a matter of fa¢ connections between semantics and phonology are
generally stronger than connections between semantics and orthography for hearing children
due to the order in which they learn to speak and (Basman & van Hell, 2002)

Thisis not the case for deaf children. Most of them have rgberspoken language
knowledge at the beginning of reading instruction. This limited access to spoken language
hinders reading acquisition because deaf children have limited access to theof@paten
words onto which letters of written words m@erfetti & Sandak, 20005incephonological
codes are considered to have a prominent role in reading for hearing indiylckianger,

2014; MelbyL e r v = g e t seeatlhe. Univerdad Rhanological Principle Bgrfetti &
Sandak, 2000)t is usually assumed that deaf individuals' reading problems stem from the lack
of access to spoken language phonology.

Moreover, signing deaf readers might activate sign language during visual word
recognition(Meade et al., 2017; Morford et al., 2011; Ormel et al., 20d&yvever, the sign
language and the spoken language used in a country, for int8h@nd Hungarian, have no
phonological or orthographic overlap. More specificathgL phonology does not map onto
Hungarian orthography; thus, direct graphesiggn language phoneme mapping ispagsible
during visual word recognition. In fact, previousudies concluded that sign language
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activation is most probably the result of direct lexical connections between the written words
and their sign translatiofMeade, 2020; Ormel et al., 2012)

In sum, a large numbef studies demonstrated that deaf readers on average have poorer
reading skills than hearing readers. Nevertheless, there is great variability in the reading ability
of deaf children and adultsjth some of them attaining high reading proficiency. Femtiore,
as a consequence of the limited access to phonology for deaf readers, orthography, phonology,

and semantics might play a different role for deaf readers than for hearing readers.

3. The role of phonologyin visual word recognition

It is now widelyaccepted that phonology plays a prominent role bogkilled visual
word recognition and in literacy acquisitigheinenger, 2014; Melby. er v - g et al
National Institute for Literacy, 2008) even if the core of skilled wortlentificationis the
connection between orthography and meaning. In the following section, | review the literature
on phonological processes involved in skilled reading and distmswhat extent are

phonological deficits present in atypical readers.

3.1. Phonological processing in typical readers

It is well-established that phonological awareness (PAlsske. the ability to segment
and manipulate theoand structure adpoken wordsare closely related to the development of
word reading skill{Georgiou et al., 2008; Pennington et al., 200t a metaanalysis see
Melby-L e r v = g e t. PAaskills ,thus2irdlitage)both the existence of waikcified
phonological representations and the ability to conshiamcess thenfiGoswami & Bryant,
1990) Several studies point out th&®A measured before literacy acquisition predicts
subsequent reading performance in novice reddergdong & van der Leij, 1999; Hulme et al.,
2002) The universal importance &fA is underlined by a study iegler and colleagues
(2010)assessing the cognitive predictors of reading in five European orthographies (Finnish,
Hungarian, Dutch, Portuguese, ancerieth). The researchers found tiat was the main
predictor of reading in each languagéthoughthe relative importance of PA shifted as a
function of reading expertig®’aessen et al., 2010)

However, previous studiesuld not confirma causal relationship between reading and
PA (Castles & Coltheart, 2004Although acquiring reading skills largely depends upon
spoken languge skills, phonemic skills become important probably as a consequence of
reading acquisition (see al€tastreCaldas et al., 199&iegler & Goswami, 2005)First,
children are able to segment words into syllables relatively ematithe ability to segment
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words into phonemes emerges through readingiaition (Ziegler & Goswami, 2006 This
means that phonesevel PA is the consequence and not the prerequisite of learniegdo
Secondlilliterates perform poorly in phoneme awareness téSkstreCaldas et al., 1998; K.
Lukatela et al., 1995)Thus, the relationship between reading BAdseems to be reciprocal
(Castles & Coltheart, 2004)

PA is assumedo facilitate the acquisition of lettespeech soun{L.SS) associations
(Blomert & Willems, 2010; Cardosblar t i ns et al ., 2011; Lerva-g
2004) Indeed, mmerous studies reported association betwes® knowledge and reading
skills (Muter et al., 2004; Roth et al., 2002; Stephenson et al., 2&8&earch on novice
readers suggest that the pace of LSS acquisition depends on the transparency of the orthography
(Seymouret al., 2003Ziegler & Goswami, 2005)Children show a ceiling effect on letter
sound matching within a year of reading instruction in transparent orthographies (e.g. Finnish,
Hungarian, or Italianyvhile in opaque orthogrdgpes (e.g. English or Frenghpastering LSSs
can take 2o 3 years for children.

In spite of the relatively fast acquisition of sublexical lettesound conversion, full
integrationof LSS associationsequires substantial practice and takes years to become fully
automatedFroyen and colleague2@08, 2009) studied the development of automatisS
integration by neasuring the mismatch negativity (MMN). The MMNaatanen et al., 1997,
Naatanen & isAahdventelatddp@ent)al (ERP) componesiicited between 100
and 250 ms after stimulus onset and is sensitive to rarely presented stimuli (the deviant stimuli)
compared to frequently presented stimuli (the standard). In theroadasl MMN paradigm
(Froyenetal.,2008par t i ci pants are presented with a sj
with its corresponding letterfi{édAad).elMhast st
violation to the standard speech sound and the corresponding letter. In their study with skilled
readers,Froyen and colleagues (2008)und that the amplitude of MMN was modulated
around 150 ms after stimulus onset suggesting that autob&8imtegration occurs in a very
early timewindow. This result indicates thaSS pairs are actually proceskas audiovisual
objects.

However, whenFroyen and colleagues (200&nducted the same mariment with
students frongrade 2 angrade 5, they obtained a different pattern of results. Beginner readers,
while behaviorally showing good letter knowledge, did not show any influence of the
simultaneouslypresented letteby their eventrelated brain responseghere the MMN)
indicating no sigrof automatid_SSintegration. In contrast, readers inagle 5 exhibited early
automatic integration. Interestingly, this integration was evident only when letters and speech
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sounds were presented with a 200 ms interval, but not when they were presented
simultaneously. Since adult readers display early automatic integration only whe8She
pairs are presented with a 0 ms interfiabyen et al., 2008; Van Atteveldt et &Q07) the

above results suggest that development fld®% association to automatized audiovisual
integrationof letters andspeectsound takes several years.

One of the main indices of automatic phonological recoding is thealtsd
pseudohomophon@®H) effect(Van Orden et al., 1988PHs are pseudowords that sound like
real worc . For exampl e, there is no such word
pronounced exactly the same PHsispbdsiele ompviad A b a
sublexical letteto-sound conversignthus, such stimuli measure automapiconological
recoding Studies that inestigated thé’H effect in novice readers found that children made
more errors responding to PHs compared to control pseudo@rdmger et al., 2012;
SprengeiCharolles et al2003; Ziegler, Bertrand, et al., 2014)

However, he role of phonology is not limited to the first few years of literacy
instruction, it has an impact on visual word recognition in skilled adult readers, too. First,
experiments employing PH stimuli ealed automatic activation of phonological information
during silent reading. For example, in semantic categorization tasks, skilled readers are more
likely to accept PHs (e.g., ROZB} flowernames because of the shared phonological form
with ROSE(Jared & Seidenberg, 199%an Orden et al., 1988Moreover, in lexical decision
tasks, PHs result in more errors and slower reaction times comparedrtd peatidowords
for skilled readergSeidenberg et al., 199@nd for novice readetsas well(Grainger et al.,

2012; Sprenge€harolles etl., 2003)

Similar results emerged from masked priming experiments. In masked priming tasks,
the target word is preceded by a brigihgsented<70 ms) prime stimulus. The visual mask
(####) is presented either before (forward masking) or after (lmadkmasking) the prime
with the purposeof interruptng the visualprocessing of the stimulus. Manipulating the
relationship between the prime and the target (e.g. orthograpgpioydo 1 AGROWO,
phonologicalfigroedi AGROWD) makes it possible to track tledfects of different processes
involved in visual word recognition. Since this task limits the presentation time of the stimuli
or disrupts its processing by presenting a visual mask, it is considered to tap onto early and
automatic word identification pcesses anib be less subject to strategic contidieglerand
colleagueg2014)tested tle PH priming effecin children from grade 1 to grade 5 and found
that PHs are more effective primes compared with matched orthographic control pseudowords.
In addition, the effect is also present in adult reaf@rneghe & Brysbaert, 2002;ukatela ¢
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al.,, 1998; Ziegler, Bertrand, et al., 2014yhus, behavioral evidence supports early
phonological processing that arises quickly and automatically bativite and in skilled
readers.

The above results were confirmed BRP studies. The PH priming effect exerts its
earliest influence on the N250 compong@atainger & Holcomb, 2009 he N250(seeFigure
1) appears between 200 and 325 ms after stimulus andgieaks around 250 ms with a scalp
distribution of the response amplitude largest over the midline and over the left anterior sites.
This component is thought to be sensitive to both orthographic laowojogical overlap
between prime and target stimuli; thus, it might reflect processing of the sublexical
orthographic and phonological representations involved in mapping letters onto word forms.
Grainger, Kiyonaga, and Holcom2006)f ound t hat when targets (
preceded by PH,thp magniteds of (hé K2&8Kkwasreduced compared to the
orthographic control condition (Abafono). Th
and had a somewhat anterior distributiBddyand colleague$2016)reported similar results
with 8110 years old children. Children showed robust PH priming effects on the N250
component; however, the magnitude of the priming effect di¢omwelate withtheir reading
skills (standardized reading and phonological measures).

In conclusion,results ofboth the developmentaind adult studiesdemonstratdhat
phonological coding plays a crucial role in visual word recognition throughout reading
development.Evidence seems to be strong that in alphabetic orthographies, sublexical
phonology is activated automaticaljuring visualword recognition, thus, mmology is

ubiquitous in silent reading.
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GFP

Figure 1 A schematic representation of the timiangd functional interpretatioof visual ERB

elicited by letter strings

N170: visual expertise for print
N170 coarse-grained: orthographic vs. non-arthographic
fine-grained: word vs. pseudoword

N250: sublexical orthographic/phonological processing
letter substitution vs. transposition
pseudohomophone vs. pseudoword control

N400: lexico-semantic processing
lexicality: word vs. pseudoword
orthographic neighborhood size: dense vs. sparse

0 100 200 300 400 500 600
Time from letter string onset (ms)

N170: Orthographic stimuli elicit largemegativepeakas compared tnon-orthographicstimuli such as
symbol strings, as early as 1200 ms after stimulusnset especially over theeft posteriofoccipital
regions. This component is called the N170 response (in children the N1 response as it peaks after
and is considered to be takectrophysiological correlats visual expertise for prinfwo levels of print
sensitivitycan be distinguishedl) a coarsegrade sensitivity indexed lgreater response ftetter strings
compared teymbol strings or false fonts a@) a finegrade sensitivity for orthographically familiar
letter sequences such as words compared to unfamiliar sequerites pseudsords.

N250: The N250 component appears between 200 and 325 ms with a peak around 250 ms with a s
distribution largest over the midline. This component is sensitive to both orthographic and phonolog
overlap between prime and target stimuli: (1tLetr substi tution (fAjupte
|l etter transposition (Ajugdeo) and (2) paseud
comparedt@ ont r ol pseudowords (Abafonodo). Orthograé
conponent (from 200 ms) with a posterior distribution whereas phonological overlap influences the
phase of the component (from 225 ms) with a more anterior distribution. Thus, the 2B8idered to
be theelectrophysiological correlate of mappindiaxical orthographic and phonological representatio
onto wholeword representations.

N400: The N400 is a negativgoing component which peaks around 40Caifsr stimulusonset with a
maximum over frontal and central sites. This component is senstigeit¢ality (differences between
words, pseudowordand phonologically illegahion wor ds) and semanftifchaiel
thus it primarily reflects lexical and semantic level processing. Words with many orthographic neigh
elicit largerresponseas compared taords with few many orthographic neighbors. Finally, word primg
precedingvord targets evoke larger responses than pseudoword primes due to lexical competition.
the N400 is thought to reflect the mapping of whole wordhographic and phonological representations
onto meaning
Note. GFP denotes to Global Field Power, which is the standard deviation of the potentials at all el¢

of an averageeference map.
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3.2. Phonological processing in atypical readers

To further examine the importance of phonology in visual word recognitdiscuss
the results of experimeirtvolving groups with reading difficulties. Particularly, readers with
dyslexia are assumed to show phonological defivitdle deaf readers alsshow limited

access to phonology.

3.2.1. Developmental dyslexia

PA was postulated to be an early predictor of dysleianderl et al., 2013;
Puolakanaho et al., 2004, 2007, 2008t, not all children with pooPA before literacy
acquisition become adsltith dyslexia and not all individuals with dyslexia show pdea
before literacy acquisitior(Blomert & Willems, 2010) Moreover, as we hav already
discussed in relation to typical readdPg\ is also influenced by the quality and quantity of
reading experience, thuigs impact is consideretb be bidirectional (Castles & Coltheart,
2004; CastreCaldas et al., 1998; Ziegler & Goswami, 2D05onsequently, it is still an open
issue to what exterRA deficits are the cause aresult of dyslexia. Nonethelegsjs well-
documented that the majority of readers with dyslexia show poor performarieg @sks
(Snowling, 2000; Swan & Goswami, 1997; Vellutino et al., 2004)

ReducedPA is suggested to interfere with the development of autom=hig
association required for skilled readif@jomert & Willems, 2010; Castlesetal., 0 Ler v - g
et al., 2009;Share, 2004)As a consequenceeading difficulties in developmental dyslexia
might result from the failure to form automati8S associationgCastles & Coltheart, 2004)

In fact, Blomert (2011)argued that dyslexia is a specific audiovisual binding deficit in which
effective connections between brain areas involved in letter and speech sound processing fail
to developadequatelyThis is supported by the result that manyg@ading children damilial

risk for dyslexia have problems with learningS associations even in the absence of
phonological deficits before or after learning to ré@ldmert & Willems, 2010)

In line with this, several studs demonstrated an audiovisurtiegration deficit in
dyslexia so fatFroyen et al., 2011; Hasko et al., 2014; Kronschnabel et al., 2014; Mittag et al.,
2013, R¢sseler et al ., 20 Blemert,@d1)OneERPstudya | . |,
(Froyen et al., 201lpeportedfor instance that children with dyslexia do not exhMi¥IN
between 100 and 250 pwhich is considered the index of automatic integration of letters and
sounds. Another study Gar i | e texteaded these 2e3ultst By showing that deviant
vowels elicit a typical mismatch response in children with dyslexia in an auditory oddball
paradigm. However, thmismatch effect was reduced when respongs® measureth an
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audiovisualersion of the task. Moreover, individual differences in reading fluency modulated
the MMN effect. Severely dysfluent readeesxhibited a small effector simultaneously
presented LSS pairs, whiless dysfluent and typical readers showed a robust mismatch effect.
Similarly, Hasko and colleague2012) reported that for stimuli requiring orthographic
phonological mapping children with dyslexia showed different N300 responses compared to
children without dyslexia. Results from fMRI studies also corroborate these findings. Both
children and adults with djexia showed reduced leftesound integratioriBlau et al., 2009,

2010) These results can be taken as evidence for the presence of audiovisual integration
deficits in dyslexia.

In addition, Booth, Perfetti, and MacWhinngy999)found that skilled readers show
more PH priming effect than poor readers. Similadglyk and Pexman (2004¢ported that
participants with better phonological skill exhibit grea®t priming effect although visual
perceptual skills also modulated theffect However, studies examining phonological
processing in readers with dyslexia by employing PH stimuli could not unequivocally confirm
the aboveconclusion. Forexampl® 6 Br i en, Van Or d2018B)inveatigated Pe n n i
the PH effect in readers with dyslexia ia semantic categorization task. All participants
exhibited thePH effect, and readers with dyslexia showed even greater influence of phonology
than the control participants. In addition, when comparing response times for words,
pseudowords, and PHs, readers with and without dgskexowa similar response pattern
(word <PH < pseudowordBergmann & Wimmer, 208; Hasko et al., 2013; van der Mark et
al., 2009, 2011; Wimmer et al., 201®avill and Thierry (2011llnvestigated phonological
priming effect in adults with dyslexia in an ERP experiment. They reported similar
phonological modulation of the N2 and P3 component amplitudes for individuals both with
and without dyslexia (see al&avill & Thierry, 2012) This might be taken as evidence for
intact phontogical access in participants with dyslexia.

In contrast, some fMRI studies found higher activaiiorthe VWFA for PHs and
pseudowordaiscompared to words in skilled readers, while the effect was absent in readers
with dyslexia(van der Mark et al., 2009; Wimmer et al., 2010)ine with this, an eyd¢racking
study(Breadmore & Carroll, 2018¥ported that children with dyslexia exhibited a smaller PH
effect than children without dyslexibevertheless, a recent studlythe et al, 2020)using a
similareyetrackingresearch paradigm failed to find a difference between adolescents with and
without dyslexia in the PH effect.

In sum, deficits ifPA can be consistently demonstrated in developmental dyslexia, and
LSS integration deficits are clearly present, as well. However, experimental evidence from
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studies investigating automatic phonological recodingng silent reading leaves the nature

and extenbf phonological representation deficémbiguous in developmtai dyslexia.

3.2.2. Deafness

Given the welestablished importance BfA skills in learning to rea@elby-L e r v = ¢
et al., 2012pndtheir consistently demonstrated deficits in developmental dysIBXiajeficit
has also been one of the main focuses of research with deaf readers. Since deaf children have
limited access to auditory information, they vikely have poor phonological representations
However, this does not necessarily exclude them from devel®gintn fact, deaf individuals
can develop varying degrees of phonological knowldétissharn et al., 2015; Narr, 2008;
Perfetti & Sandak, 2000; Sterne & Goswami, 2000)

In line with this, a great number of studies reported that deaf individuals perform above
chance level on PA taskkyle & Harris, 2006, 2010; Narr, 2008; Sterne & Goswami, 2000
Yet, perhaps not surprisingly, deaf readers in general show poorer performance on PA tasks
compared to their hearing pe€Byer et al., 2003Harris & Beech, 1998; Margaret Harris &
Moreno, 2006; Holmer et al., 2016; Koo et al., 2008; Sterne & Goswami, 2000; Zhang et al.,
2021; but sedlorencP ®r ez et al ., 2015)

While performance on PA tests is one of the main predictors of reading for both

typically developingeadergHulme et al., 2002; Ziegler et al., 20E0)d readers with dyslexia

(Ara%j o et al ., 2 PtheCassociatom etteveeh PAeahd remding jn déafd 1 3 )
children is hotly debated. Some studies have found association between performBAce on
tasks and reading abilify Do m2 nguez et al ., 201 &ech, DP& r et

however, most of the studies did rfBurlonger et al., 2014; Holmer et al., 2016; Izzo, 2002;
Kyle & Harris, 2006, 2010; Mayberry et al., 2011; Narr, 2008; Zhang et al., 282hgta
analysis by Mayberry, Del GuidicandLieberman(2011)found that phonological coding and

PA predict only 11% of reading achievement in deaf individuals while other linguistic factors
are more closely related to reading development.

The inconsistency of the results mightdxplained by the age and language experience
of the participants First, those studies that involved adult participamsially reported
correlation between PA and readibgDo m2 nguez et al ., 2014, Dye
Beech, 1998)whereas studies that involvedadiehildren did no(Holmer et al., 2016; 1zzo,
2002; Kyle & Harris, 2006, 2010; Narr, 2008; Zhang et al., 2b@flalsoseeFurlonger et al.,
2014for no corelation inadults). Results from longitudinal studigsarris et al., 2017; Kyle

& Harris, 2006, 2010pointed out that earlier reading ability predicted later performance on
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PA tasks, but early performagmon PA tasks did not predict later reading ability. Tinicate
that deaf children might rely on orthography to develop tP&ito a greater extent than hearing
children.

Second, the relationship between PA and reading also depends on language experience
(Hirshorn et al., 2015; Koo et al., 2008; Lederberg et al., 20li&horn et al. (20159ssessed
oral deaf readerswho communicate withrspoken language, and signidgaf readetswho
communi@ate with sign language. While PA predicted reading comprehension in oral deaf
readers, it did notlo soin signing deaf readers. Moreover, signing deaf children are also
sensitive to the sublexical elementssigns (Petitto et al., @16), andsign languagePA!
correlates withreading skillHolmer et al., 2016; Lederberg et al., 2019; McQuarrie & Abbott,
2013.

Studieson the ability of deaf children to leandSS correspondences through visual
phonicg concluded that deaf children are atdecquire the alphabetic principle atedapply
graphemephoneme correspondessavhenreadng words and pseudowordBealAlvarez et
al., 2012; Trezek & Hancock, 2013 addition,Kyle and Harris (2011)eported thathe
letteil sound knowledge predicts later reading skills for deaf children, although deaf readers
might acquire lettesound correspondencatower than their hearing peers. Finally, two
further studieslemonstrated that PA skills predicted learning and application of-$etterd
correspondences suggesting that PA facilitates the acquisiticBS#&ssociationsimilar to
typically developing hearing readdfurlonger et al., 2014; Goldberg & Lederberg, 2015)

Studies employing PH stimudioncluded that deaf readers do not automatiaasky
phonological recoding during silent reading; however, they might be able to use phonological
recoding under certain circumstanceven though not to the same extent as hearing
participants. Lexical decision studisisowed that deaf readers are more \ikelaccept a PH

as a real word than a control pseudoword; however, they exhibit a smaller PH effect than their

! According to the Universal Phonology hypothd8istitto et al., 2016)phonological skills

arise from the brainds categorization and se
languagesthus, phonology can be regarded as a mod@dgpendent cognitive construct. In

this view, $gn language PA refers to tensitivity to and metalinguistic awareness of the

sublexical structure of a sign language. More specifically, it refers to thiésgnto the

manual/visual parameters, such as handshape, location, hand movement, palm orientation,

and facial gestures.

2 Visual phonics is a multisensory instructional tool that relies on using visual, tactile, and
kinesthetic information to augment substitute auditory information when teaching the

alphabetic principléTrezek & Wang,2006) | n Hungary, a similar me
used to help to learn speech sounds in special edu¢atoa z e k as n® Fenyvesi,
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hearing counterpart§(iesen & Joanisse, 201Pransler & Reitsma, 2005 n contr ast ,
Dufabeitia,( Faanrdi fCaa recponed|thas hearih@ readénsademore errors

toPHsc ompared to control pseudowords, whereas

for PHs and control pseudowords suggestingtttestdo not engage in phonological recoding
(see als@rmel et al., 2010)

Masked priming experimengssessing automatic use of phonological cotbngd no
PH effect in deaf reade(sB®| anger et al ., 2012; Cobarell o
instance,Costelloand colleague$2021) reported that hearing readers showed a robust PH
effed, whereas deaf readers did nmédeverthelessGutierrezSigut et al., (201 7failed to find
any difference between the PH effect shown by deaf and hearing participants.

Results of th&RPstudiesavailable arenixed, as well Costello and colleagug¢2021)
found thatwhile PH primes modulated the N250 component for the hearing participlaats
participants did not shoaPH effect at all. On the other har@tierrezSigutand colleagues
(2017)reported a similar magnitude of N250 dutation in both deaf and hearing readers.
However, the use of phonological recodseems to baot related to reading skills in deaf
readers, since the PH priming effect is not correlated with reading éb#t®| anger et
GutierrezSigut et al., 2017)

Taken together, phonology plays a prominent role in skilled visual word recognition
and in reading acquisition in typically developing readers, while phonological processing
deficits are consistently found in atypical readers. Readers with dyslexia céyrahow both
PA and LSS integration deficits; however, deficits in phonological recoding during silent
reading cannot be unequivocally demonstrated. Deaf readers similarly exhibit poor PA skills
and do not routinely activate phonological codes during tsiteading. Nevertheless,
phonological deficits in readers with dyslexia seem to be related to their reading difficulties,
but for deaf readers, phonological processing skills are generally not associated with reading

skills, suggesting thaghonology mighnot be necessary for reading in sospecialcases.

4. Orthographic processing invisual word recognition

Skilled readingis based orhigh-quality orthographic representations which enable
readers to recognize written words quickly and effortle@shyi, 2005) Hence, orthographic
knowledge is considered as one of the major contributors to automatic visual word recognition.
Although phonological processing and iteegral role in visual word recognition has long been
the focus of research, far fewer studies havgetedhe nature of orthographic representations

and their role.
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There seems to be a consensus among researchers, that readers do not process words as
a whole but via their constituent lettgisrost, 2012; Grainger, 2008; Pelli et al., 20@)y0,
letters are the basic units of abstract orthographic structure. Processing the constituent letters
of words i s tshpee cfiifrisctd Gsltaanggeu aogfe vi suag wor d
section, | summarize the literature on how typical and atypical readers process letter strings;
thereafter, | discuss three orthographic processes by which readers advance from perceiving
letters to activating lexical representations: visual expeniserint, letter identity and letter

order processing, and tpeime lexicality effect PLE).

4.1. Orthographic processing in typical readers

Orthographic knowledge explains unique variance in visual word recognition even after
phonological angraphemephoneme decoding skills are control{@unningham et al., 2001;
Cutting & Denckla, 2001; Georgiou et al., 2008; Rakhlin et al., 20818)gesting it may
contribute to the development of skillegding Orthographic knowledge refers both to the
lexical, wordspecific orthographic knowledgéhe mental representati®stored in longerm
memory that contain specific sequences of graphemes representing written words (i.e.
orthographic representationand to the doiexical orthographic knowledgéhe sensitivity to
orthographic patterns and rules that operate witHamguage (i.e. orthotactic ruleach as
which leters can follow other letters or which position letter combinations occur frequently;
Apel, 2011; Apel et al., 2019; Castles & Nation, 20@&)Treiman and Kessler (2014djgued,
skilled spellers store both the precise orthographic representation of specific words and
information about orthographic patterns (such agecdsensitive phonological patterns and
graphotactic patterns).

Word-specific orthographic knowledge is usually measured by an orthographic choice
task in which participants chookee t ween a r ealranvowvd )#&ivdoddna o PH
specific orthographic knowledge seems to contribute unique variance to reading and spelling
proficiency(Conrad et al., 2013; Deacon et al., 2012; Georgialll,2008; Rothe et al., 2015;
Zar i [ e tinaldition, chitl@r2séem to acquire wsmkcific orthographic knowledge
quickly. Forinstance Shareg(1999)reported that for gradechildren four exposures to a novel
word is enough to acquire its orthographic form. Children correctly selected the learnt
orthographic form 74% of the time while they selected the homophonic foil only 17% of the
time (see alscCunningham et al., 2002%imilar rate of learning is demonstrated through
reading aloud and silent readiffowey & Muller, 2005; De Jong & Share, 2007)
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Sensitivity to orthographic patterns is usualigasured by an orthographic choice task
in which participants choose between a pseudoword that contains legal letter patterns and a
pseudoword that contains illegal letter pattessq(al | ed homophonevschoi ce
A b b eSersijivity to orthogaphic patterns contribute unique variance to reading and spelling
proficiencytoo( Conr ad et al ., 2013; RoSkilegreadersamel . , 2|
indeed sensitive to orthographic patterns. For instance, they are perceptive to the frequency of
particularletter patterns occurring in particular positions ofwueds(Stone et al., 199%/an
Orden & Kloos, 2005)In addition, there is evidence that childeeasersitive to orthographic
patterns Pacton et al. (2001demonstrated that firgfrade childra are already sensitive to
which letters can be doubled in what position in a word. Moreover, a longitudinal Biithe
et al., 2014¥ound that orthographic sensitivity improved from kindergarten to first grade, and
individual differences in the sensitivity to orthographic regularities explained significant
variance in reading performance (see &saorad et al., 201dut sedse et al., 2014)

According to Andrewsand colleague§Andrews et al., 2020; Andrews & Lo, 2012)
spelling performanceprovides the best direct index of orthograpt@presentationdndeed,
spelling accounts for unique variance in visual word recognitelman et al., 2014;
Andrews et al., 2020; Andrews & Lo, 201 Mterestingly, there is some evidence that spelling
practice boosts reading performan¢€onrad, 2008) suggesting thatacquisition of
orthographic representations are bedtgrported bgpelling tharby reading (see alsGonrad
et al., 2019)

At the beginning of formal education, reading performance is typically better than
spelling performancepresumablybecause graphenphoneme mapping is usually more
consistent tha phonemegrapheme mappin@nd the relationship between orthographic and
semantic representations are usually weaker than phonological and semantic representations
(Bosman & Van Orden, 1997 line with this, correct spelling might be produced via two
ways(Tainturier & Rapp, 2001)Through the lexical routédividuals access the orthographic
representation of the word in the lexicon. Through thelagital route,the generation of
correct spelling is based on graphepm®neme mappings. Indeed, words with consistent
graphemephoneme mappings are learnt éaghan exception word&euning & Verhoeven,

2008) In addition, SprengeCharolles, Siegel, and Bonr(@©98)reportal that novice spellers
first rely on the nodexical route and with further practice, they establish the orthographic
lexicon and start using the lexical routedicatingthat the relative contribution of the two

routes shift withreadingexperience.
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In sum typically developing children establish wordpecific orthographic
representationsremarkably quickly and become sensitive to statistical properties of
orthography shortly after reading instructidn contrastjearning tospell wordstakes more
time and practice Nonetheless, orthographic knowledge is a major contributor of skilled

reading.

4.2. Orthographic processing in atypical readers

4.2.1. Developmental dyslexia

While phonological processing, especiallaphemephonementegration appears to
beimpairedin developmental dyslexia, some recent studie® h&so indicatedrthographic
processing deficits, as wdBosse et al., 2007; Maurer et al., 2007; Vidyasagar & Pammer,
2010)

First, spelling knowledge is usually found togmmorin readers with dyslexiéAfonso
et al., 2015; Caravolas & Vol2n, 2001; Dai gl
2021; Protopapas et al., 2013jor instanceAf o n s o ,-Codlaj &nd eCneto$2015)
assessed the spelling of adult readers with and without dyslexia. Overall, participants with
dyslexia were slower and made more errors than control participants. Moreover, the effect of
word frequency was greater for participants with dyslexia thatraenin contrast, the effect
of phonologyto-orthography consistency was comparable between the gsugegesting that
spelling deficits might be due to poor orthographic lexical representations and not due to poor
phonological processing per se. Ineliwith this, Marinelliand colleague§2021)found that
children with dyslexia showed sensitivity to prolliahic cues in the phoneme-grapheme
mapping when spelling nel words. This suggests that they extract regularities from the
orthographic system but may have established a limited orthogtapition

Second, worgpecific orthographic knowledge seems to gmorly developed in
developmental dyslexi@Rothe et al., 2015)Parilla, Georgiou, andPapadopoulo$2020)
compared the performance of fourth and sixth grade children with dyslexiamaigeed
controls, and readinlgvel matched controls on an orthographic choice task. They found that
children with dyslexia were slower and less accurate on thedagbared to their agamatched
peers; however, they did not differ from the readegel matched controls. Thi®uld indicate
that their orthographic deficits might arise from their limited exposure to print.

However, children with dyslexia seem to expece difficulties with the acquisition of
novelorthographic representations even after a large number of exp(Bailey et al., 2004;
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De Jong &Messbauer, 2011; Ehri & Saltmarsh, 1995; Martens & De Jong, 2008; Wang et al.,
2014) In fact, Di Betta and Romani (2006Jemonstratedhat adults with dyslexia show
difficulties in learning orthographic forms from the first trial. In line with tBergmann and
Wimmer (2008Yyeportedthat the orthographic lexicon of readers with dyslexia is smihién
that of skilled readers.

Furthermore, lsildren with dyslexia also perform worse than their typically developing
peers on tasks measuring sensitivity to orthographic pat@rasianti et al.2018; Rothe et
al., 2015;Tong et al., 2019)A recent metanalysis byGeorgiouand colleague§021)also
concluded that individuals with dyslexia have deficits in orthographic knowledge compared to
controls matched both in chronological and reading age. Mareeffect sizes indicated that
orthographic knowledge deficit can be as large as that of phonological processing deficits.

Tong, Zhang, and HR020)investigated the learning of the distributional properties of
an artificial orthography in Chinese children with and without dyslexia. They reported that
children with dyslexia showed deficits in some, but nqgtaapects of learning orthographic
regularities. MoreoverRotheand colleague$2015)assessed sensitivity the frequency of
double consonants and th&egality of positions for double consonanits a standard
orthographic choice taskn addition, they measured the ability to identify orthographic
irregularities in single presentation words. Their results demonstrated that children with
dyslexia are able to use their knowledge about orthogrgmdtiierns to choose between
pseudoword alternatives; however, they exhibited impairsniantdentifying illegal letter
patterns when presented in isolation. This finding again suggests that children with dyslexia
are able to extract regularities from thehographic system, but access orthographic

representations of words in the mental lexiought be challenging for them.

4.2.2. Deafness

Results from studies assessing the spelling skills of deaf individuals indicate that
spelling accuracy is similar to that of their hearing pé€omboet al., 2012; Daigle et al.,
2020) In fact, deaf individuals usually show greater delays in reading compared with spelling
(Burden & Campbell, 1994; Geers & Moog, 198y et al., 2015)In addition, spelling
development seesto follow a similar trajectory for botdeafand hearing childre(Aaron et
al., 1998; Johnson et al., 1994; Wakefield, 20B@)wever, it is consistently reported that deaf
individuals make different spelling errorss compared tbearing individualgAaron et al.,
1998; Daigle et al., 2020; Harris & Moreno, 2004s@h & Caramazza, 2004; Sutcliffe et al.,
1999; Wakefield, 2006 While hearing spellers tend to use phonological information to assist
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spelling, deaf children do not seem to rely upon phonological coding during spéhNinitgten
words(Aaron et al., 1998; Harris & Moreno, 2004; Olson & Caramazza, 2004; Sutcliffe et al.,
1999; Wakefield, 2006; but s€olombo et al., 2012)in addition, deaf individuals make a
higher rate of orthographic erssuch as letter transpositian letter deletion compared to
hearing individualgAaron et al., 1998; Olson & Caramazza, 2004; Wakefield, 200&ee
Colombo et al., 2012)ndicatinggreater reliance on visual information for spelling.

Using a novel approach to assess spelling and literacy §asand colleague@015)
directly compared the spelling skills of deaf chédrwith children with dyslexia. The two
groups did not differ from each other in terms of word reading; however, spelling was a relative
strength for the deaf children and a relative weakness for the hearing children with dyslexia. In
addition, the patterrof errorswas noticeably different. Deaf spellers committed far less
phonologically plausible spelling errors than hearing children with dyslexia who relied on the
phonological route to spelling in spite of their phomgidal impairment.

Even thougha significant number of studies investigated spelling of deaf individuals,
much less is known about the acquisition of words specific orthographic knowitetlgs
group. Theonly studyso farthat examined orthographic learning in deaf readers repibra¢d
deafc hi | doerferm@nse was weakar the spelling measure but niot the recognition
measure of orthographic learning compared to their hearing p&ass et al., 2019)This
suggests that deaf children are able to acquire orthographic representations dlibsagh
representationsiight be weaker than that of hearing children.

Regarding sensitivity to orthographic patterns, most studies reported that deaf readers
are sensitive to orthographic regularit{@saigle et al., 2009; Miller, 2010)Daigle, Armand,
and Demont(2009) presented deaf and heariogildren with an orthographic choice task.
According to their results, deaf children were sensitive to the orthographic patterns of French,
but to a lesser degree than hearing childkéifier (2010) extended these results by showing
that although deaf children showed less orthographic sensitivity than hearing children in
elementaryschool, the difference disappeared by high schagigesting that differencés
orthographic processingight arise from differences in exposure to print during the first years
of formal education. In line with this assumptiétarris and Moreno (2004gported that deaf
children show less sensitivity to orthographic patterns thanagematched hearing controls
but do not differ from their reading level matched controls.

In sum, though readers with dyslexia seem to be able to extract orthographic regularities
from print, they are less sensitive to these patterns and require npgusx to acquire
orthographic representations. In contrast, orthographic knowledge seems &iibelyehtact
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for deaf readers although their orthographic representations might be weaker than that of their

hearing peers.

4.3. Visual expertise forprint

Due to extensive experience with letters duteayning to readthe visual perception
of print becomes highly specialized. For instance, participants tend to be faster and more
accurate when they have to compare strings that consist of lettersreontp strings that
consist of unknown symbols or false footu fabei ti a et al ., 2012; M
e al ., 2012; )Trhus,fortyicaCrea@epsehe deRe€idn®f letter strings trigger

a stringspecificvisual processing.

4.3.1. Typical readers

Several studies have shown that orthographic stimuli such as words or pseudowords
evoke a larger electrophysiological response compared to control stimuli such as symbol
strings(Bentin et al., 1999; Maurer et al., 20Maurer, Brandeis, et al., 2005; Maurer, Brem,
et al., 2005) This differential response to orthographic versus-ornographicstimulus is
called the N170 (or N1) respongBentin et al., 1999)and is considered to be the
electrophysiolgical correlate of visual expertise for priggeeFigure 1). The N170 peaks
around 150200 ms after stimulus onset and is largest over the left octeporal brain
regions(Maurer, Brandeis, et al., 2005)

This coarseggrade sensitivity for print seems to emerge as a result of reading
acquisition,since it cannot be detected in kindergar(dtaurer, Brem, et al., 2005put
children show robust N170 effect after a year of reading instrug@iao ¢ al., 2011; Eberhard
Moscicka et al., 2015; Zhao et al., 201%his is also supported by the resultBoltzmann
and R¢ s s ewhereporfe@tibatilBdrate adults do not exhibit visual expertise for print,
but the N170 effect emergester readinginstruction. In line with thisBremand colleagues
(2018 see alsoMaurer et al., 2010Yaught adult participants a novel orthography and
demonstrated that visual expertise for the novel script emerged during the two hour long
training session.

Development of visual expertise for print follows an inverted U slifaeirer et al.,

2006) While the effect is absent in plieerate children(Maurer, Brem, et al., 2005 peaks
during the first years of reading acquisition and then sstartdeclinewith further reading
practice(FragagGonz 81 ez et al . |, 2l@fact, childMmin gragleg 2 skova a | .
larger effect than children in higher grad€swo et al., 2011; Maurer et al., 20dt adult§Cao

36



et al., 2011; Maurer et al., 2006)he fact that visual tuning for print is maximal in novice
readers might suggest that their neural network extensively spesfaliziee visual aspestof
print, and that with further reading experiepgensitivity to these visual aspects become more
selective and probably more efficient.

The N170 effectanindex of visual expertise for prirthas also been linked to reading
fluency. For instanceMaurerand colleague006)found that faster readers exhibited larger
N170 effect in grade 2. Thresult was confirmed by several other stud@sltzmann &
R¢sseler, 2013; rBarddloscicka et ah,12015fong €t @l.6 2016kt see
FragaGon z 81 e z eFurtherrhore, onlpréadiig)fluency is associated with the visual
expertise of prinas rapidautomatized naming (RAN), PA, or vocabulary does not correlate
with the N170 effecfTong et al., 2016 However a regression analysis conducted on German
data showed that vocabulary explained 7.8% additional variance in thedff@¢0beyond
word-reading fluencyEberhardMoscicka et al., 2015)The above resuliadicatethat visual
expertise for print plays a functional role in reading fluency and {sttend mapping are an
important skill in developing this expertise.

Furthermore, the N170 component is not only sensitive to cgaageed print tuning
as indexed by diérential processing of letter strings compared to symbol sfingsalso to
fine-grained print tuning as indexed by differential processing of words compared to
pseudowords or newords (EberhareMoscicka et al., 2016)Albeit coarsegrained print
tuning can clearly bdetected in different paradigms, the figgade lexical tuning of the N'D
is less robust and more tadkpendent. While most studies found a lexicality effect on the
N170( Ar aY%j o et al ., 2015 ; -Mosadkaaetal j n2@16al Faz 6 :
2019 Hauk et al ., 2006 ; Hauk & Pulverm¢gll er, 2
Sereno et al.,, 1998ndicating tg-down influence on early orthographic processing, the
direction of the difference is less clear (greate7for words: EberhardMoscicka et al.,
2016; Fa2sca et al ., 2019; Jeraus greatert NDdol . 20
pseudowordsAr a ¥aj o et al ., 1.,22011;5Hauk @t gl.,a20@b6; Hauk et a
Pul verm¢gl | er 2 0 Q h additoa, s@me studiest faileal Ito.find a lexicalidy)
effect( Ar a%j o et a IMoscickd €t al.22015 R 016; Haskoreidd013; Maurer,
Brandeis, et al., 2005)
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4.3.2. Atypical readers

4.3.2.1. Developmental dyslexia

Though it seems that typical readers have E&some type of letter string specific
visual processing, there is some evidence that individuals with dyslexia might fail to acquire
this letter string specific processing and show impaired visual expertise for print. Supporting
this conclusion, several sties reported attenuated RLto orthographic stimuli (children:
Ara*j o et al ., 2012; K a satlultseHte | &eln.i ,us2 @t 0;alMaur
et al., 2012,2013) In line with this functional brain imaging studies reported reduced
activation inthe left occipitotemporal areas which are considered to bedheal sources of
N170(Brem et al., 2020Cao et al., 2006; Kronbichler et al., 2006; Maurer, Brandeis, et al.,
2005; van der Mark et al., 2009, 2011; Wimmer et al., 20h®ddition, results converge to
the conclusion that the N0 effectis usually less leftateralized in readers with digxia than
in skilled readerg Ar a%j o et al ., 2012; Hel enius et al
2012.

Nevertheless, other studies failed to confirm print sensitivity deficits in chi{th&sko
et al., 2012)pr adults with dyslexig Ar a %j o e The debree,of reading npairment
might be a factor in the occurrence of defidit visual expertise for print, sinceost studies
that found inpaired visual expertise in dyslexia included participants with severe reading
deficits( Hel eni us et al ., 1 918 fact, Brévieahd®@olleaguet20P0) , 2 0 1
recently reported that children with dyslexia not only show reduced activatithe ileft
occipitotemporal areas, but the severity of their impairment is strongly related to how reduced
the activation of these areas is for orthographic stimuli.

Impairmerts in finegrained print sensitivity are even more ambiguous. For instance,
adults with dyslexia showed similar lexicality effect as readers without dyslexia in the study of
A r a %nd colleague015) In contrastM a haRd colleague&012)reported that readers
with dyslexiaexhibited no lexicality effect whereas skilled readers lBidthermorebeginner
readers with dyslexia showed decreasedINdmplitude to pseudowords but not to words
compared to controls in one stu@yimmer et al., 2002)utKastand colleaue&010)found
that for children with dyslexia pseudowords elicited greatefONthan wordswhile children
without dyslexia showed the opposite pattefrresults (words elicited greater R than
pseudowords)The mixed nature of these results invites futesearclon the extent to which

fine-grained print sensitivity is impaired in developmental dyslexia.
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4.3.2.2. Deafness

Emmoreyand colleague§2017)tested visual expertise for print in deaf and hearing
readers matched on reading ability. The two groups exhibited similar N170 responses overall;
however, hearing readers showed a-lititralized N170 response for words over symbol
strings, whereas deadaders showed a bilateral N170 response, especially over the temporo
parietal sites (see algalorni et al., 2013Sehyr et al., 2020)n addition, better spelling was
associated with greater N170 responses in deaf readers, while this relationship was weak in
hearing readersuggesting greater reliance on orthographic skills in the deaf group. Albeit the
groups were matched on reading ability, better reading slalilsrelated to a larger N170 over
the right hemisphere for deaf readers, but to a smaller N170 over the eigigphere for
hearing readerdndicatingthat optimal visual word processing is different for skilled deaf
readers than for skilled hearing readers.

In sum, skilled readers show robust coagesined visual expertise for print; however,
the N170 respongs attenuated and less lditeralized in readers with dyslexia. In addition,
deaf readers exhibit the N170 effect, though the scalp distribution is somewhat different
compared to hearing readers. Moreover, the-dgirsened lexical tuning of the N170 isds
robust even is skilled readeasdthe mixed nature of the results from studies with poor readers
warrants furthemresearchto confirm whether finggrained print sensitivity is impaired in

developmental dyslexia.

4.4. Letter identity and letter order processing

For effective visual word recognition, tiheadingsystem needs to be specific enough
to distinguish visudly si mi | ar wofrtdrdital @ado) nbuai Ifd,exi b
recognize words that might be misspelled (g . afst rfdioalid@t i ral 0) . As Jon
(2008 pp. 1) aptl yooptouthodgt apihlihce pireocmessi ngdé n

processing of the identities and positions o

4.4.1. Typical readers

Information about letter identity is essential to distinguish words that differ by a single
lettere . g. Atrial o, Atriado, and Atriafo). Thes:
neighbors(Coltheart et al., 1977Results consistently show that in a lexical decision task,
pseudowords that have many orthographic neighlaoe harder to reje¢Andrews, 1989;
Coltheart et al., 1977, Forster & Shen, 198€e also Ziegler et al., 2003) addition, words
with many orthographic neighbors asspondedo faster thario words with few orthographic
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neighborgAndrews, 1997; Ziegler et al., 200&phenomena referred to as the orthographic
neighborhood size effect. Furthermore, in masked priming paradigms, pseudoword primes (e.g.
Atriaf o) t hat ar e o rrgetwogdr(secplled sdostitotedietteh(8L) r s o f
primesorformpr i mes, e. g. fAtrial o) facilitate | exic
(e. g. , Dakiis&lopuer, 2006; Forster & Veres, 1998he magnitude of the SL priming

effect varies as a function tife neighborhoodize of the targepriming isusuallylargerfor

targets with few neighbors than for targets with many neighf#ordrews & Hersch, 2010;

Castles et al1999;Forster etl., 1987; Forster & Davis, 1991; Meade et al., 2018; for a review,
seeGrainger, 2008)

Developmental studies revealed that novice readers are less sensitive to letter identity
than skilled readers. ForinstanBee r e a a nd Ekotvet that zhildfe fdoth §rade 2
tend to misread pseudowords that were created by exchanging one letter of a real word, whereas
children from grade 4 are accurate on these wordimdnwith this,T- t h and Cs®pe |
reported that detection of letter substitutiom perceptual matchirtgskimprovedfrom grade
2 to grade 4 (see algteilhac et al., 2012Furthermore, in masked priming paradigms, the SL
priming effect was reliably demonstrated in children from grade 2 to gradigh8ugh the
magnitude of SL priminglecreasedvith reading experience Cast |l es et al ., 20
& Fayol, 2013;butseeHas en& cker & Slhib decempmental trertl @culdl he
explained as beginner readers tolerate |l&t@mtity incongruities between primes and targets
better than skilled readers.

Despite rapid development of letter identity coding, letter order processing is not a
straightforward task even for skilled readers. Information about letter position isiastsent
di stinguish words that consist of the same |
and Atiral o). These word paléetter§TL)avords. Amsmber!| | y r
of behavioral experiments reported that TL pseunto& are often misread as real words even
by skilled readergAndrews, 1996; Perea et al., 2008loreover, h masked pming lexical
decision tasks, TL primes tend to facilitate target word recognition compared to orthographic
controlst Du Jf abei t i Forstertetalg 1987, Pe2dedar.,;2008; Perea & Lupker,,2003)
andTL priming can be observed evenwhen4@od j acent | etters are tra
v s 0 c &erda & bupker, 2004)

More importantly, several studies compared the effectiveness of TL primes and SL
primes showing that TL pseudowords affect visnald recognition in different ways than SL
pseudowordg¢Kinoshita et al., 2009; Lupker et al., 2008; Lupker & Davis, 20@9e® et al.,

2005; Perea & Fraga, 2006; Perea & Lupker, 2003, 2004hese studies, responses to TL
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pseudowords (e.g. Ajugdeo) are sl ower and |
(e. g. Aj upt eo, Perea & Fr agaeaal, 2200 Mareovereim e a &
masked priming | exical deci sion tasks, TL p
response to the target word (e. g. Ajudgeo) 1
Aj upAdelman et al., 2014; Perea & Lupker, 2003, 200fhis suggests that TL
pseudowords are perceptually closer to their correspondingoeds than SL pseudowords.

This would also indicate that different processes might underlie letter identity and letter
position processing.

Indeed, evidence from development studies hint towards this possibility. Although
sensitivity to letter identity deatops rapidly as indexed by the decreasing magnitude of
facilitative SL priming,letter order codindbecomesmore flexible with increasing reading
experience as indexed by the increasing magnitudéeofacilitation effect of TL primes
(longitudinal designHa s en2 cker & ;Swodsseadiaadesign Cagtles2el al.,

2007; Col ombo et al ., 2017, 2019; Grainger e
et al., 2014put seeGomez et al., 2021; Kezilas et al., 2G@i7a decrease in TL prime effect).

The Lexical TuningHypothesigCastles et al., 2008uggests that as reading abilities
develop, letter identity and letter position coding becomes more accurate. According to this
theory, at the beginning of reading development the representations of words in the
orthographic lexicon are underspecifiétbwever, as written vocabulary grows, more fine
tuned representations are needed to distinguish between orthographic neighbors. This drives
the developmentaffectof letteridentity and letter position becoming more precise throughout
development. This iexactly what studies found for letter identity codititat is, readers are
increasingly more sensitive to letteridenfityCast |l es et al ., 2007; L®t
Cs ®p e6). In addlifion, some studies seem to support the Lexical Tuning Hypothesis by
showing decreasing TL effects across developrifseita & Perea, 2008<ezilas et al., 201)7
and smaller TL effect for better readéfsrdrews & Lo, 2012; Gomez et al., 2021; Welcome
& Trammel, 2017) Neverthelss, as discussed in the previous paragraph, most studies found
an increase in the TL effects across developrhent. g. Col ombo et al ., 20
& Schroeder, 2021, L®t ® & Fayol, 2013)

This pattern of results is best explained by the -dmate model of orthographic
processingGrainger & Ziegler, 2011)In this model, the TL effect can be considered as an
index ofthe coarse grainedoute which providea fast track to semantics without coding the
exact position of letters. The &ygrained route though is less tolerant to changes in the identity
and position of the letters. At the beginning of reading acquisition, children use phonological
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recoding to read worgthus they precisely code letter position. With increasing expettise,
fine-grained routds used less frequently resulting in decreased SL effect, and the-coarse
grained route is used more frequently resulting in increased TL effect. This is supported by
studies reporting greater TL effect for better readesd dy et al . , 201 6; T - 1
Ziegler, Bertrand, et al., 2014)This also reinforces that becoming a skilled reader implies

shifting from finegrained decoding to coarggained processing of orthographic units of
increasing sizéGrainger et al., 2012; Ziegler, Bertrand, et al., 2014)

Several studies have investigated the electrophysiological correlates of letter identity
and letter order processing. First, an early comegmt, the N/P150 is sensitive to the degree of
overlap between the prime and target stim@rainger & Holcomb, 2009)This ERP
component appears between 100 and 200 ms after stimulus onset and has a positive distribution
over posterior sites and a negative distribution over anterior sites. The effect is driven by visual
overlap between the prirtarget pairs, as the maigude of the N/P150 response is modulated
by changes in font or font sif€hauncey et al., 20083s well as by mismatch between letter
strings (identical versus different word pai&go et al., 2015; Holcomb & Grainger, 2006)
Moreover, results oD u § a b and dolieagueaf2012)revealed thathe N170 response is
larger for word pairs that include letter substitution than for word pairs that include letter
transposition.

Second, th N250 component is also sensitive to orthographic overlap between the
prime and target stimul{Grainger & Holcomb, 2009)lt is sensitive to fine worform
differences as primé targetpairs that differ in only onéetter (substitution) evoke larger
respons¢hanpairs that are identic@Holcomb & Grainger, 2006)n additiontheN250 is also
larger forSL word pairs than folL word pairs in both adultreadgfsDu fabei ti a et a
2012)and developing reade(Bddy et al., 2016)

Finally, Holcomb and Grainger (2006) compared priming from repetition primes and
SL pseudoword primes and found that not only the N@Bfponent is modulated but tNd00
component, too(seeFigurel). The N400is a negativegoing component thgieaksaround
400 ms after stimulus onset and is considered to reflect the mapping of lexical form onto
meaning (Grainger & Holcomb, 2009)n addition,Holcomb and colleagues (2002ported
greder N400 responses for words with many orthographic neighbors than for witdndsw
orthographic neighbors suggesting increased levels of lexical activation for words from large
neighborhoods due to coactivation of meanings from orthographic neigbberalsaMassol

et al., 2010)Thus, while the N250 presumably reflects prelexical #auel processing and is
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the ERP correlate of letter identity and letter order encoding, the N#00ly reflects

lexicallsemantidevel processing

4.4.2. Atypical readers

4.4.2.1. Developmentatlyslexia

Although a number of studies examined orthographic processing in skilled readers,
much less experiments investigated these processes in reading disorders. Orthographic
representations in typically developing children becameeeasinglyfinely tuned during the
course of reading developmdfastles et al., 2007iowever, readers with dyslexia might be
less able to develop finely tuned representationgemdin sensitive to the presenceiofilar
words such as one letter different orthograpi@ghbors

Indeed, Dufabei t i a-Abasca d200¥ dethenktrated that sensitivity to
orthographicneighborhoodsize for words diminished as a function of reading experience in
typically developing readers; whereas #ffectwas greater for children with dyslexidiegler
et al., 2003)In addition,Lavidor, Johnston, and Snowli(3006)found that adult readers with
dyslexia were more facilitated by a higher orthograplkeighborhoodaize in a lexical decision
task than typical readerMarinus and de Jong (201@xamined the effect of orthographic
neighborhood size on word and pseudoword naming. Although the overall neighborhood size
effect was similafor children with and without dyslexia in their study, for words with many
neighbors, readers with dyslexia exhibited a greater effect than readers wlyblmxia(see
alsoMarinelli et al., 2013)These findings support the idea thabpreaders show less lexical
tuning for letter identity which leads to greater sensitivity to orthograpdighborgsee also
Yael et al., 2015)

FurthermoreDe Jong & Messbauer (201ttained children with and without dyslexia
to read novel words. Half of the pseudowords were trained in the presence of orthographic
neighbors (e.g. Okwogd with oOkwosd and Okrog
trained in the presence ofrcd r o | words (e. g. Okwogd with oF
revealed that the presence or absence of orthographic neighbors did not affect learning of the
typically developing readers. However, children with dyslexia read novel words slower if they
were trained in the context of orthographic neighbors. This suggests that children with dyslexia
are more vulnerable to interference frornthographicallysimilar words due to their less finely

tuned orthographic representations.
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Impaired letter identity encling wasalsosupported byReilhacand colleaguef012)
who compared the performance of children with and without dyslexia on adiffierent task.
When the lettestring pairs differed by the substitution of two letters, children with dyslexia
were less likely to detect the mismatch between the letter string pairs than children without
dyslexia. However, children with dyslexia did not differ from the reading lea&timed control
group questioningvhethertheir deficitsrelate to their phonological processing deficits per se
or could be explained dgss exposure to print.

Not only letter identity coding is affected by developmental dyslexia, but misordering
of letters in a word areomplaints in dyslexiaas well(Vidyasagar & Pammer, 2010; Whitney
& Cornelissen, 2005Despite thisonly a few experiments assessed letter position coding in
developmental dyslexia. In thetudy of Reilhac and colleague$2012) described above
children with dyslexia were less likely to detect letter transpositions than children without
dyslexia Again, children with dyslexia did not differ from the reading level matched control
group. In addition, responses were more accurateall groupswhen two letters were
substituted compared to when two letters were transposed. For typically developing children
the substitution advantage was present for both words and pseudowords, and someavhat larg
for pseudowords than for word. However, for children with dyslexia, the substitution advantage
was only present for words suggesting differences in theld@m influences. Similar results
were found in another studyy Ogawaand colleague$2016) who reported that Japanese
children without dyslexia showed the Stroop effect for both words andTthgaseudoword
pairs, whereas readers with dyslexia showed the Stroop effect for real words only.

Finally,L ®t ® and keegtigated the2efietti®eness of SL and TL primes in a
masked priming lexical decision task.-§&arold children with dyslexa showed robust SL
and TL priming effects, whereas their reading level matched controls (third grade children)
showed no priming. In addition, dfarold children without dyslexia (fifth grade childien
performedsimilarly as children with dyslexia. Unfiemately, no age matched control groups
were assessed, but the fact that readers with dyslexia showed similar priming effect as typically
developing fifth graders and larger priming effé@nreading level matched controls (third
graders) suggests thattlwographic processing in developmental dyslexia might not be
deficient. However, the above study employed only word targets and previous D ghes
et d., 2016 Reilhac et al., 20)2evealed that children with dyslexia might perform similar to

children without dyslexia on word stimuli but not on pseudoword stimuli.
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4.4.2.2. Deafness

While muchfewer experiments investigated letter identity and letter order processing
in readers with dyslexia than in readers without dyslexia, even less is known about orthographic
processing in deaf readers. Oseperimentexamining the orthographic neighborhood size
effect(Osmond et al., 2018¢vealed that both deaf and hearing readers showed more negative
N400 responses for words with many neighbors as opposedrtts with few neighbors.
Although themagnitude of théN400 effect did not differ between deaf and hearing readers,
there were subtle differences in scalp distribution.

In addition, studies ofiL effect in deaf readers suggest that letter order proceissing
intact in deafness. Farina, Dunabeitia, and Carr€i28%7) showed that deaf readers were
slower to rejecTL nonwords compared to control nonwords in a lexical decision task similarly
to hearing readersThen Meadeand colleague$2020) extendedthese behavioral results
reportingthat the size athe TL priming effect is similar between deaf and hearing individuals
in a masked lexical decision task. Both deaf and hearing participants responded faster and more
accuratelyto targets preceded by TL primes thanargets preceded by SL primes. Moreover,
the analysis of ERPs revealed that targets preceded by TL primes elicited smaller N250
responses than those preceded by SL primes, and the effect was similar for deaf and hearing
readers. Thus, the above results indicate that letter identity and letteprrdessing is not
affected by deafness.

In sum, skilled readers are sensitive to the identity of letters and identify constituent
letters of a word quite effortlessly, whereas letter order processing is more flexible. Moreover,
deaf readers show intact tiet identity and letter order processing. In contrast, readers with
dyslexia seem to be less sensitive to the identity of letters; whilarfantsfuture research
whether letter identity and position coding is impaired in developmental dyslexia anewheth

it is more pronounced for sublexical processing.

4.5. Prime lexicality effect

There is growing evidence that higHevel lexical representations exerts a-thgwn
influence on orthographic processing relatively ealyindexed by divergence between the
orthographic processing of words and pseudow(sdsfor instanceCarreiras et al., 2014;
Lupker, 2008) Snce the lexicakemantic feedback depends on the strength of connection
between the orthographic and semantic system, better orthographic representations might result
in stronger lexicasemantic feedbagCastles et al., 2018)
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4.5.1. Typical readers

Indeed, several studies reported lexicality effefdr orthographic processels
discussed in relation to the visual expertise for print, a lexicality effecfife-grained print
tuning)contributing to changes the N170 component might be obseryedr a 4j o et al
Dujardin et al ., 2011; Fa2sca et al ., 2019;

Similarly, differential modulation of the N250 component indexing letter itleatid
letter position coding is revealed as a function of lexicaldynabeitia and colleagues
(Dunabeitia et al ., 200n@ @ dissdoiatiffnableteen TL prianinge t al
effectsforworiwor d (e. gicadsesalsaoaynl @&nidvofrodr ppasi erusd d veao rgd
iAjudgeo) . I n their masked (Punabetiinetlg200%™i cal d
pseudoword primes exhibited facilitation replicating previous reg¢fttelman et al 2014)
while, TL word primes did not facilitate the identification of the target word. Thus, it seems
that prime lexicality is an important factor that modulatesltfextionof the TL priming effect

The above describeBLE might be interpreted in the framework of Interactive
Activation model of Reading (IAVicClelland & Rumelhart1981) The IA posits that lexical
selection is achieved through lexical competitibaring visual word recognitigra written
word activates its |l exical representation (
Atriado, Atrododl oasfiwell | OWhé&or mar éactivatadn one
they compete for lexical selection; therefore, #t@rmget orthographic neighbors should be
suppressed. The suppression of neighbors is achieved via lateral inhibition between the
competng representations until the point when the best match is selected for lexical access. In
contrast, pseudowords activate their orthographic neighbors just as words do; however, since
they do not haverg lexical representationthey cannot suppress thagighbors and thus lead
to facilitation (Andrews & Hersch, 2010; Davis & Lupker, 2006; Forster & Davis, 1991;
Forster & Veres, 1998; Segui & Grainger, 199Thus, the above result of differential
effectiveness of word and pseudoword primes might be interpreted the followingwieyn
the prime is a pseudoword, facilitation will occur due to the overlapping letters. However, when
the prime is a real wordateral inhibition at the lexical level cancels out the orthographic
facilitation at the sublexical level.

Indeed, this pattern of priming is welbcumented witlsL primes. As discussed earlier
in relation to letter identity and letter order processbigp s eudowor d pri mes (
facilitate | exical decision to word targets
(e. g. , Dafiis&LlLuoplkel, 2006; Forster & Veres, 1998)n the contrarySL word primes
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interfere with lexical decision for target words, especially if the target is of lower frequency
(Andrews & Hersch, 2010; Andrews & Lo, 2012; Davis & Lupker, 2006; De Moor et al., 2007;
Forster & Veres, 1998; Nakayama et al., 2008; Segui & Grainger, .1980% behavioral
studiessuggestthat the inhibitory effects of high frequency orthographic neighbors reflect
competitive processes operating on whoeted representations.

ERP studiesare in line with these behavioral resultor instance,Massol and
colleagues (2010rompared SL word primes and SL pseudoword prirésrd primes
precedig word targetsevoked larger N400O responses than pseudoword primesalse
Meade, Grainger, Midgley, et al., 2019hich was taken evidence for lexical competition
between th@rimeand the targewords.

Although no data is available on the development of RILE §e€eTamura et al., 2017
for a training study),Andrews and Lo (2012)eported that spelling and vocabulary were
associated with greater PLE in skilled adult readers. This indicates gt quality lexical

representation of thprime yieléf ast er acti vation (Atriado),

neighbors (e.g., dAtrial), resulting in great

4.5.2. Atypical readers

4.5.2.1.Developmental dyslexia

Since Castles, Rastle, and Nati¢Ad018) argued that better reading skills might be
associated with stronger connections between orthography and semantics, one might expect
readers with dyslexia to exhibit no or smaller lexicality effect compared to skilled readers. As
already discussed in relan to the visual expertise for print, readers with dyslexia indeed
sometimes fail to shova lexicality effect( Ma h ® e t ). HoWwever resls ar2 not
straightforward whether readers with and without dyslexia differ in their kyiedfect on
the N170 response (s@er a ¥4 o efor nadifference 0 1 5

Although differentialeffectiveness of word and pseudoword primes (PLE) was not
tested in readers with dyslexsa far studies on letter identity and letter position encoding
revealed that children with dyslexia might shagimilar TL effect for word stimuli buhot to
pseudavord stimuli as children without dyslex{@®gawa et b, 2016 Reilhac et al., 2012
suggesting differences in the tdpwn lexicesemantic influences.

In addition,Hasko and colleagues (201@portedattenuated N400 amplitudes in a

phonological lexical decision task, suggesting that access to the orthographic lexicon might be

\

imapired in children with dyslexia. However, another stidg e m®n y e suggaedtthat 2 0 1 8
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it is not reading impairment per se that resultsdifierential modulation of the N400
componenbut reduced orthographic lexicon. Asdrews and Lo (2012eported that good
spellers exhibit greater PLE, good spellers in this experiment exhibited greater N40O responses
to pseudowords than for words whereas poor spellers did not show such effect.

4.5.2.2 Deafness

While no studies examined the Rilfine tuning ¢ the PLE for TL primes, a recent
ERP study(Meade, Grainger, Midgley, et al., 201BjvestigatedPLE for orthographic
neighbors in deaf readers. Participants were required to respond to wotsl tlaageould be
preceded by either a one letter different word or a one letter different pseudoword prime in a
lexical decision task. Both the hearing and the deaf participants showed lexical competition as
indicated by slower resporssor targets preceztl bya word prime thancompared to targets
preceded by pseudoword prime. In addition, deaf and hearing readers sheemdparable
PLE effectin their N40O responsghoughthe topographic distribution of the effect differed.

For the deafreadersthe effect was stronger over posterior sites; for the hearing readers, the
effect was stronger over anterior sites. This indicates that for the hearing participants, the PLE
arises partly from competition between phonological representations asesignfithe
anterior distribution. In contrastor deaf participants, the PLE arises due to competition
between orthographic representations as signifietthe posterior distribution.

Taken togethemrthographic processing deficits seems to be present elagewental
dyslexiasignified by imapired visual expertise for priaind inefficient letter identity and
position processing. However, whether impairment in thetfineng of visual expertise for
print indexed by the lexicality effect can be demonstratedyslexia is still an unsettled
guestion.Moreover, while readers with dyslexia seem to shimficits in letter identity
processing; whether letter identity and position coding is impaired and whexieality
modulates the impairment in developmeniydlexia is unsettled, as wdih contrast, deafness
does not seem to affect orthographic processiggified byintact visual expertise for print,
letter identity and position processing, and lexical competition between orthographic

neighbors.

5. Therole of phonology in orthographic processing
Phonology seems to have a prominent role not only in reading developmelsidout
the acquisition of orthographic representations. As a matter ofHadetti (Perfetti, 2007;

Perfetti & Hart, 2002)n his lexical quality hypothessostulateshat phonology is involved in
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the tuning of precise, wetlpecified orthographic representations that underlie skilled reading.
According to his theory, skilled readers have many dgjgality lexical representation for
which all of the constituents (orthographic, phonological, and sgeneonstituents as defined
in the lexical constituency modé&lerfetti et al., 20059re weltspecified. In addition, precision
and relundancy of highguality representations strengthen the binding between these
constituents to secure coherence. These strong connections allow printed words to trigger
synchronous, coherent activation of all constituents of the word. In factpanragnttesting
the lexical quality hypothesigPerfetti, 2007)revealed that the knowledge of spelling,
phonology, and decoding in skilled readers might be represented by a single factor while
meaning and comprehension forms a second factor. In other words, for skilled readers
orthographic and phonological structures are closely linked with each other, and itlaegeof
constituents or the binding between them is wspecified, the lexical representation will have
low quality and its access willequire effort In line with this, for less skilled readers
phonological and decoding tasks loaded on a separate factor than spelphgng that
orthographic forms are less connected with phonology. This suggests that phonological
decoding has an integral role in establishing +gghlity word representations.

Indeed, phonological decoding might be the primary way to establiskspeified
orthographic representations. In his geliching hypothesisShare (1995gxplicitly claims
that it is phonological ecaing that enables novice readers to acquire (v8petific)
orthographic representations. The core assumption of the hypothesis is that as soon as the
beginner readers are able to recode letters into phonemes, each successful recording creates an
opportunty to bind the orthographic and phonological code together and build the orthographic
lexicon. In factShare (1999)ested whether the development of orthographic representations
is driven by phonological recoding. Participants read novel words and their orthographic
knowledge was measured through spelling. According to the results, if phonological recoding
was hindered (due to articulatory suppression), learning the orthographic forms was
significantly reduced. Thus, pure visual exposure to word forms is not sufficieniiltb b
orthographic knowledge; it is presumably phonological recoding that drives the establishment
of orthographic representations.

The selfteaching hypothesis is in line with the dwalte model of orthographic
processingpy Grainger and Ziegler (2011)ccording to the model, initial processing along
the finegrained route involves letter position assignment via phonological recoding; hence,
reading along this route involves-aectivation of phonological representations. In this way,
phonological recding provides a constraint on and refines orthographic representations.
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Hence, it is phonological recoding that leads to setting up the specialized system for coarse
grained orthographic processing.

Consequently, the question to what extent orthographacegsing skills can be
separated from phonological skills has received increasing attention &gpécially because
assessment of orthographic processsngrely separable from phonological processing due to
measurement impurity issueslthough orth@raphic processing is not entirely parasitic on
phonological processing and contributes unique variance in visual word recognition
(Cunningham et al., 2001; Cutting & Denckla, 2001; Georgiou et al., 2&Benger
Charollesand colleague003)reported that phonological and orthographic processeeg
to be reciprocally related rather than independent components of reading. Interestingly, spelling
initially exhibits its effect on visual word recognition through the development A& RA is
typically a good predictor of later spelling performariCaravolas, 2004; Caravolas et al.,
2001, 2005; CardosMlartins & Pennington, 2004; Furnes & Samuelsson, 2011; Landerl &
Wimmer, 2008; Nikolopoulos et al., 200&owever, the effect of reading on spelling is
becoming more pronounced during education, presumably because reading develops
orthographic knowledggCaravolas et al., 200Keuning & Verhoeven, 2008, e pp2 nen et &
2006) Strikingly, PA and letter speech sound associations are more pivotal for the
development of spelling than for reading, especially in the bewjrof spelling development
(Babayiait & Stainthorp, 2011; Caravolas, 20

These results are in line with the assumption that phonology constrains the orthographic
code and bootstraps the acquisition of orthographic representations (foeva seeMeade,

2020) However, the extent to and the circumstances in which phonology plays a role in tuning
orthographic representations is not yet determined. In the following settieniew how
phonology might refine orthographic processes.

5.1. Phonologicainfluence on visual expertise for print

First of all, as discussed earlier, readers with phonological deficits might exhibit
impairments in the visal expertise for printNumerous studies reported attenuated 0N
letter strings in developmental dyslexisAr a %j o et al ., 2012; Hel eni
2010, Ma h ®; Matrrer et lal., 2007Budeing that phonological deficits might
disrupt the development of the visual expertise for pAfthoughthe results are somewhat
mixed (seAr a¥%j o et al ., Zddréporting kbaNEOdeficitéot readers.with 2 0 1 2

dyslexia), the severity of readifBr em et al . , 2020; Hel eni us et
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2013)or more specifically the severity of graphepteoneme mapping deficit modulates the
degree of deficit inthe visual expertise for printFragaG o n z &hdecalleague$2017)
provided evidence that the severity of audiovisual integration deficit and the level of visual
expertisdor print are related. They found that audiovisual integration as indexed by the MMN
latency was correlated with changes in the visual(N@r words after reading fluency training
in children with dyslexigindicating that audiovisual integration mightfact modulate visual
expertise for print.

Although specialization for print as indexed by the Nig€ponséor letters compared
to symbols is considered to reflect mainly perceptual (visual) exp€Besdin et al., 1999)
alternative views suggest thatntight also reflect influence from brain areas involved in
audiovisual integratio@Maurer & Mccandliss, 2007; McCandlissatt, 2003; Molholm et al.,
2004) To reconcile these alternative views, the phonological mapping hypothisiser &
Mccandliss, 2007proposedthat the rightlateralizel N170 effect reflects visual expertise,
whereas the lefiateralized response reflects automa&S integration. ASLSS associations
are increasingly automatized, regulasastivation of leftlateralized speecrelated brain areas
and brain areas involved in perceptual processingrint drives the N170 effect to become
left-lateralized.

Evidence from developmental arrdihing studies suggest that tissndeedhe case.
The NI70response for print is usually bilateral for childi&berhareMoscicka etal., 2015;
Kast et al., 2010; Maurer et al., 2006, 2011; Maurer, Brem, et al., 2005; Tong et al, b2016)
it is typically leftlateralized for adult§Maurer, Brem, et al., 2005; Yoncheva et al., 2010)
However, we should note that some recent experiments reported left lateralization even in
novice readerg¢Pleisch et al., 2019; van de Walle de Ghelcke et al., 202Heneral left
lateralizaton of the NXO response increasevith reading experience. More importantly,
training studies provide further evidence for association between grajpiememe mapping
and visual expertise for print. In a series of experiments, Maurer and collébtaugsret al.,
201Q Yoncheva et al., 2010, 201ained participants to read an artificial orthography in two
groups. Thenthe researchers compared the modulatiotheprint N170 in the grapheme
phoneme focused and the whole word focused groups. Theirsre®adtly supported the
phonological mapping hypothesis since the graphehememe mapping training resulted in
left-lateralized NZO response in contrast to the whole wordnireg which resulted in right
lateralized NZO0 response. In additiorSacchi and Laszlo (2016pund thatin grade 56

childrerts PA (but not vocabularypredicted leflateralization of the N20 responséor words
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but not for wor d/ obj e c tsuggesthgithgtiPA is 3ot reélated tmthe ( i wo
left- lateralization of the N170 in general, but only to the leteralization of the word N170.

The association between phonological processing anthtefalization of the N170
effect is further supported e results from studies investigating atypical readers. H left
lateralization is driven by automatic graphepf®neme integration, readers with deficits in
LSS correspondences should exhibit a rigteralized or bilateral NIO response. Indeed,
resultsconverge to the conclusion that theMEffect is usually less lefateralized in readers
with dyslexia (adultsHe | eni us et al . , ;childemOAr aWg ho® eet adl..,,
Kast et al., 2010and in deaf reader&fhmorey et al.2017 Sehyr et al., 2020ompared to
skilled readers.

The functionalrelevanceof the NI70 lateralization is notyet clear though. Less
involvement of the lefhemisphere is usually considered to be maladaptive for hearing readers
as it is associated with poor reading abi(ibaszlo & Sacchi, 2015; Shaywitz & Shaywitz,
2005) However,Maurerand colleague§2006) argued that similar correlations between the
N170 tuning and reading scorder both left and right occipitotemporal sites in typically
developing children suggests that the left lateralization of the effect might not be functionally
relevant to reading skills. Moreovegmmoreyand colleague$2017)reported that for deaf
readers better readingcomprehensiorwas associated with a larger N170 over the right
hemisphere; thus, although decreasedl#éralization of the N20 response seems to be
related to limited access to phonology, it is possible that it is not functionally related to reading,
at least in atypical readers.

In addition, as pointed out earlier, there is no consensus in the literature about fine
grained lexial sensitivityof the NI70. While many studies did find a lexicality effect, it is not
robust and heavily depends on the paradigiawrer and Mccandliss (200@joposed that the
lexicality effect emerges when graphept®oneme mapping is not automatic. For instance,
N170fine tuning is mostly found when using implicit reading tasks where grappboreme
mapping is not required. In addition, the lexicality effect is usually present for readers of deep
orthographiegMaurer, Brem, et al., 2008nd novice readefMaurer et al., 2006) his would
alsosuggesthat readers with dyslexia might exhibit a more robust lexicality effemtever,
evidence for this iaotyet conclusivd Ar a %j o et al ., 2015; Kast et

In sum, the issue whether phonology is necessary for visual print tuning is still
unsettled, thogh it is presumably necessary for the-lateralization of the effect. Although
the above results suggest that phonological processing astaltdéeétlized NXO0 for print are
related (but se&um & Law, 2021) a directtestis needed yetvhether it isautomaticLSS
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integration that drives the development of visual expertise for print and itatkatalization in
novice readers. Moreovethe issuewhether audiovisual integration difficulties directly

contribute to the attenuated Rin readers with dslexia isstill to be explored.

5.2. Phonologicainfluence onletter identity and letter position coding
Although several studies investigated the relationship betweehographie

phonological mappingnd visual expertise for print, studies on the relationship between
phonological and letter identitgtter order processing are scarce. The -dmale model of
orthographic processin@rainger & Ziegler, 2011posits that precise letter order processing
occurs along the fingrained route where phonological recoding provides a constraint on
orthographic processing. In addition, previous work has indicated that the N250 component,
the ERP correlate of letter idigty and position processing, is sensitive to both orthographic
overlap between prime and target and phonological overlap between the prime and the target.
However, TL effect modulated the early phase of the compgnexiibiting a posterior
distribution whereas sublexical phonologiqaiocessingvas present in the later phase with a
more anteriodistribution(Grainger & Holcomb, 2009As the later phasean bdinkedto the
sublexical interface between orthography and phonolplggnological modulation on letter
identity and letter order processingght be expected.

Indeed, during visual word recognition, not only orthographic neighbors affect reading
times, bi phonological neighbors, toGrainger, Muneaux, and Zieglé2005)compared the
effect of orthographic and phonological neighborhoods in a lexical decision task. They found
that when words were matched in terms of the neighborhood density (dense orthographic and
phonological neighborhoods eparseorthographic and phonagical neighborhoods), words
with many neighbors were respondedaster than words with few neighbors. This could be
due to the increase in compatibility across orthographic and phonological representations
which produces a stronger-egtivation amongandidates. However, when the phonological
and orthographic neighborhood density was mismatched for a word (large phonological
neighborhoods and a sparse orthographic neighborhood or vice versa), words with few
neighbors were respondamifaster than wordwith many neighbors. This could be due to the
increase in the incompatibility across orthographic and phonological represenabidnsing
a stronger i nterference among c araddiRayaer e s .
(2014) also reported that both orthographic and phonological overlap contributes to
orthographicneighbor priming However, thepriming effect is largest when the prime and

target were orthographically and phonatzdly related at the same time
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Although most studies concluded that effect is purely orthographic in nature
(Kinoshita et al., 2008; Perea et al ,there2011;
is some weak evidence for phonological influences from lexical decision experiments. First, a
series of experiments reported tfat priming effects occuriee for consonant transpositions
but not for vowel transpositions in skilled reader€ o mes afa et al ., 2016;
Perea & Acha, 2009; Perea & Lupk2004 but see/ergaraMar t 2 ne z faTLeffett. , 201
for vowelg. These differences might be attributed to the influence of sublexical phonological
processing. However, if these differences are due to phonological infludiicgsjming
should be similar for consonants and vowels in cases that minimize access togjohalks
is exactly whatC o me saadfcalleaguef2016)found. They testebeginnemreaders with a
prime duration (50 ms) not sufficiently long for phonological efféatassert their influence
and reported that thEL priming effect was not affected by the consonawel status.

Second,Perea and Carreiras (2008und largerTL priming effects whenhie TL
primes were illegal letter strings compared to when they were legal letter strings (see also
(Frankish & Banes, 2008; Frankish & Turner, 2007his could suggest that phonological
feedback modulateJL effects. Arguably however pronounceability is confounded by
orthotactics thus, the modulation is not necessarily from phonology Geénger, 2008p.

14).

Finally, Welcome and Trammel (201&xamined thd L priming effect by presentg
TL pseudoword primes that were either pronounceable or unpronounceable. They reported
significant association between phonological recoding (indexed by pseudoword reading
fluency) andTL priming. Poor phonological decoders showed facilitation fldmprimes
regardless of their pronounceability, good phonological decoders on the other hand, showed
facilitation for words preceded by pronounceable primes and weak inhibition for words
preceded by unpronounceafle primes. The result might reflect thadimiduals with slow
access to phonological information rely more heavily on cegrna@ed orthographic
representations to support word identification. In line with tBiemez, Marcet, and Perea
(2021)reported that better phonological decoding skills were associated with smabkéiett
in children. In contrasgddyand colleague@016) foundthe opposite pattern. They tested the
TL effect in 810 year old children in an ERP experiment. The researchers found that reading
ability (word reading and phonological decoding) was negatively correlated with the TL effect
for both the N250 and N4Oconponens; thus,better readers showegteaterTL effect.
Moreover, when they directly tested the association betinedii priming effect andPA, no

correlation wagound
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Results from atypical readers who show phonological deficits further elaborate the
above resultsAs discussed earlier, readers with dyslexialess efficient in processing letter
identity, thougrsome results indicate that letter order processing might not be deficient, at least
for words (Ogawa et b, 2016 Reilhac et al., 2012In contrast deaf readers seem to have
intact letter identity and letter order processshdls( Far i fa et al ., 2017;
Osmond et al., 2018However, some studief®und that letter position coding deficits daa
present independently of phonological coding defici#is ¢alledletter position dyslexia
Friedmann & Rahamim, 2014; Kezilas et al., 2014)

Although there is some indirect evidence that hints toward the involvement of
phonology in letter identity and letter order processing in skilled reading; it is still unknown
whether phonological processing directly modulatethographicprocessing. In atition,
readers with phonological deficiteot necessarilgxhibit deficits in letter identy and letter
order processing; thufyrther evidences neededegardingthe contributionof phonological

deficitsin letter position encoding difficulties.

5.3Phonologicalinfluence on prime lexicality effect

As di scussed e ar andRaynern20E4)fousdshatibath oBh@Jraphicg e r
and phonological overlap contributes to neighbor priming, suggesting that phonological
processing plays a role in orthographic neighbor priming. In addition, it roagfttibute to the
emergence of theLE, as well. Indeeddndrews and Hersch (20169ported that higlguality
lexical representation of the primeyisidast er activation (fAtriado)
of i ts nei ghbor s greater LE, Thdy arguedathal)the qualgysofldxital n g |
representations is best measured by speléiagt provides a direct index of the orthographic
precision(Andrews et al., 2020\ccording to the Lexical Quality HypothegRerfetti & Hart,
2002) a lexical representation has higbality if it has wdlspecified orthographic
representation well-specified phonological representation, and sspkcified semantic
representation. Moreover, for higjuality lexical representation orthographic, phonological,
and semantic representations become bound tagéthparticular, less skilled readers have
less precise lexical representation as phonological information is not reliably bound to the
orthographic representation which leads to less coherent lexical representation. Hence,
phonological skills might alsmodulate the magnitude of PLE.

Indeed Elsherifand colleague021)examined how orthographic, phonological, and
semantic precision influence the PLE. They reported that the priming effect was moderated
mainly by the compent of phonological precision, rather than spelling. Participants with high
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phonological precision showed inhibitory primjmghereas participants with low phonological
precision showed facilitatory priming. Along these lines, it is somewhat surprisitigéade

and colleague$2019) reported similar BE for deaf and hearing readers; however, well
specified phonological representations might not be necessary for efficient visual word
processing irdeaf readers.

In conclusion, several studies demonstrated the ubiquitous role of phonology in the
development of skilled reading, whereas those who struggle with learning to read (e.g. readers
with dyslexia, deaf readers) consistently show phonological impairthg@monology plays a
role in tuning orthographic representations, readers with phonological deficits might show
orthographic deficits, as well. Howeverhile inefficient orthographic processing might
characterize developmental dyslexia, deaf readers mostipiexinimpaired orthographic
processing skillswhether phonological processing directly contributes to the development of
visual expertise for print, letter identity and letter order processing, or prime lexicality, effect

it is yet to be directly tested.

[ll. Aims and thesis points

The above review indicates that phonology might play a role in tuning many
orthographic processes, namely: visual expertise for print, letter identity and letter order
processing, and prime lexicality effect. However, litH&known about the exact contribution
of phonology to the development and deficits of these orthographic processes.

The main aim of this dissertation is to extend previous results by investigating whether
phonological processing directly contributes to deeelopmenbf or to the deficit of visual
expertise for print and letter identity and letter order processing and whether phonology drives
the emergence of lexical competition as indexed by the prime lexicality effect. In order to better
understand theote of phonology in these orthographic processes, we tested three groups:
typically developing readers, adult readers with dyslexia, and adult deaf réatexs.outline
of the studies, seeigure 2.

First, we investigated whether development ofitiseal expertise for prinis driven
by orthographigophonological mapping in typically developing novice readers. As previous
results suggested that phonological processing antatefalized N170 for print are related
(Maurer & Mccandliss, 2007; Sadck Laszlo, 2016) we aimed to provide a direct test
whether audiovisual integration drives the development of visual expertise for print and its left

lateralization in novice readers.

56



Thus, inStudy 1, to test whether the emergence of the7BlEffect is driven by
phonological recodingwe presented firstand thirdgraders with pairs of pseudowords and
pairs of Armenian character strings in an ERP experiment. We used a novel implicit same
different paradigm in which children indicated whethee stimulus appeared in bold font;
thus, the paradigm did not require overt readigy. hypothesis was that Idtteralized coarse
grained (Latin letters vs. Armenian symbols) visual expertise for print is already detectable in
these novice readers and the magnitude and lateralization of the N170 effect increases from
grade 1 to grade 3 addition, the stimulus pairs were presented bothvisualonly and an
audiovisual condition. The first stimulus of the pair (reference) was always presented visually;
however, the second stimulus (target) was presented either visually in theovisuadndition
or auditorily in parallel to the visual stimuli in the audiovisual condition. We assumed that if
phonology plays a role in the emergence of visual expertise for gughipvisual presentation
of the stimuli enhances the N170 effect. Funth@re, boh the pseudowords and Armenian
character strings were presented in pairs that could be either identical or different in the identity
of one letter. We hypothesized that if phonology exhibits an influence on letter identity
processingaudiovisuapresentation should increase the difference between identicahand
letter different targets for the Latin but not for the Armenian stimuli for which phonological
recoding is not possibl@ur results related to these hypotheses are preserntldsis 1 2, 3,
and 4.

Second, we explored whether orthographic processing in adult readers with dyslexia is
inefficient per se. Moreover, we investigated the issue whether orthoggapimological
processing directly contributes to the orthographic processifigitslen dyslexia, as well.
Previous studies reported that fime-grained lexical tuningf the N170 might be imgired in
developmental dyslexige.g. Kast et al., 2010however, no previous studies investigated
whether inefficient audiovisual integration directly contributes to the impairment of N170 fine
tuning. In addition, studies on letter identity and letter position encoding suggest that readers
with dyslexia migh perform similar to readers without dyslexia on word stimuli but not on
pseudoword stimuliOgawa et al., 203@&Reilhac et al., 20)2Thus, we aimed to test whether
letter identity and position coding deficient in dyslexia and whether this deficit is more
pronounced for pseudowords. Furthermore, we also tested whether deficits in audiovisual
integration directly contributes tbe impairment of letter order and letter identity processing.

Thus, inStudy 2, we presented adults with and without dyslexia with pairs of words
and pseudowords in the above described implicit sdifferent taskOur hypothesis was that
if phonology plays a role in the emergence and lateralizatittiredinegrained lexical tuning
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of the N170, readers with dyslexia will show a different N170 lexicality effect than readers
without dyslexia, and they might exhibit less Jifteralized N1®@ responsedlio test whether

the N170 lexical effect is driven by automatic phonological recoding, we presented the targets
of word and pseudoword pairs in a visoaly and an audiovisual condition. We assumed that
audiovisual presentation will enhancee thifference in the N170 lexicality effect between
readers with and without dyslexia. Furthermorehtibe word and the pseudowords pairs could

be identical or different in the identity or position of the letters (pair type effect). We
hypothesized thatf iphonology exhibits an influence on letter identity and letter order
processing, readers with dyslexiall show different pair type effect than readers without
dyslexia. As previous studies reported similar letter identity and letter order processing in
readers with dyslexia for words but not for pseudowords, we expected to find these differences
for pseudoword pairs only. In addition, we assumed based on the expected role of phonology
in tuning orthographic process, that audiovisual presentation wocldase the difference
found between readers with and without dyslexia in letter identity and letter order encoding.
Our results related to these hypotheses are presentéésis 1, 2, 3, and 4.

Third, we aimed to elaborate on the issue whether adult rdealers exhibiting
phonological deficits also show orthographic processing deficits. To test the role of phonology
in the tuning of orthographic representations, we examinegrthe lexicality effect (PLE)
an index of lexical competitionbetween orthagphic representations. Previous results
indicated that wll-specified, highquality orthographic representations compete with each
other during lexical selection and thus result in greater PArieirews & Hersch, 2010)
Therefore, to test whether these hagality orthographic representations can be acquired in
the absence of precise phonological representations, we compared thet®ReEn deaf and
hearing adults. Moreover, asexent studyMeade, Grainger, Midgley, et al., 201jggested
that deaf readers show PLE comparable to that of their hearing peers, to further understand the
functional relevance of lexical comggain in visual word recognition, we also assessed how
individual differences in reading modulate PLE.

Thus, n Study 3, we reviewed the main results from previous studies investigating
phonological, orthographic, and semantic processing in deaf rebd8tady 4, we compared
the PLE in deaf and hearing readers in a masked priming lexical decision task. We directly
compared the effectiveness of word versus pseudoword neighbor primes to index lexical
competitionWhen the prime is a pseudoword, faciidatoccurs due to the overlapping letters;
however, when the prime is a real woekical competition results in inhibitiogince high
quality lexical representation of the prime yields greater lexical inhibition and results in greater
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PLE, we assumed #t, deaf participants will show reduced PLE compared to the hearing
participants if phonological processing is crucial to the development ofgiglity lexical
representations. In addition, Wwgpothesized thamdividual differences in reading and sjradi

skills modulate the PLE in a way that better readers show greater PLE. To this end, we
measured sentence comprehension with a Sentence verification task and orthographic skills

with a Proofreading taskur results related to this hypothesis are prteseim Thesis 5.
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Figure 2 Hypotheses Structure of the Dissertation

StudylVarga, V., T-1th, D., & haRgogical Mappind abd 3
the Emergence of Visual Expertise for Print: A Developmental EverRelated Potential
Study. Child Development91(1), el el3.

Hypothesis:
7. Visual expertise for print is detectable in novice readers; the magnitude and lateraliza|

the N170 effect increases from grade 1 to grafleh@sis J

8. Audiovisual presentation of the stimuli enhances the N170 €ffeessis 29

9. Oneletter different targets would increase the N170 response for the Latin but not for
Armenian stimuli(Thesis 3

10. Audiovisual presentation would increase the difference between identicahetetter
different targets for the Latin but not for themenian stimuli(Thesis 4

Empirical : Implicit same Participants: Grade 1 children (N =24, age = 7.8, years)
different ERP study Grade 3children (N =17, age = 9.29, years)
Study2vVarga, V., T-1th, D., Amor a, K. K., Ci1

of Altered Orthographic-Phonological Processing in Dyslexidrontiers in Psychology12,
Article 723404.

Hypothesis:
3. Realers with dyslexia will showess leftlateralizedN170 lexicality effecthan readers

without dyslexiaThesis J

4. Audiovisual presentatiowill enhance the difference in the N170 lexicality effect betwesq
readers with and without dyslexi@hesis 2

5. Readers with dyslexiwaill show deficits in letter identity and letter order processing,
especiallyfor pseudoword pairgrhesis 3

6. Audiovisualpresentatiomwill increase the difference between readers with and without
dyslexia in letter identity and letter order encodimbesis 9

Empirical : Implicit same Participants: Readersvith dyslexia (N = 25, age = 21.12 years)
different ERP study Readersvithout dyslexia (N = 27, age = 21.89 years

Study 3varga,V.& Cs®pe, V. (2018). A sz-o0lvas§8s
sz8rmaz- nemzetk°kMaggpdnant Bk zt ¢ h73(RB) R28IBEI Sz

Theoretical: comprehensive review Groups: Deafreaders Hearing readers

Study 4Varga, V., T- t h, CB®pe& V. (2021) . Lexical C
Masked Orthographic Neighbor Priming With Deaf Readers.Journal of Deaf Studies and
Deaf Education enab040

Hypothesis:
1. Deafparticipants will show reduced PLE compared to the hegantciparns (Thesis §

2. If lexical competition is based on higjuality orthographic, individual differences in
reading and spelling skills modulate the REesis J

Empirical : Masked priming Participants: Deafreader(N = 28, age =44.89 years)
lexical decision task Hearing readergN = 28 age =44.96year$
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Thesis 1: Visual expertise for print is not but its lateralization is impacted by phonological

deficits

In Study 2, we investigated fingrained visual expertise for print as indexed by the
differential N170 response for words and pseudowords. In our study, participants with dyslexia
exhibited deficits in both reading fluency and phonological awareness. Neithersresither
dyslexia nor skilled readers showed a significant-grened visual expertise for print,
indicating that readers with and without dyslexia processed words and pseudowords similarly.
However, the N170 responses of readers with dyslexia showeatardlildistribution. In
contrast, readers without dyslexia exhibited the typicatlddralized N170 response. In
addition, inStudy 1, bothtypically developing firstand thirdgrade children exhibited a left
lateralized N170 response for pseudoworasiot for Armenian symbol string (coargeained
visual expertise for print), indicating the responses for orthographic stimuli-iatiefalized

in typical readers already after some months of reading instruction.

Publications related to this thesis pmt:

Var ga, V., T-1th, D. , & -Chlompgcal Mapping (ardOtiie0 ) .
Emergence of Visual Expertise for Print: A Developmental Efslated Potential
Study.Child Developmen®1(1), el el3.https://doi.org/10.1111/cdev.13159

varga, V., T-th, D., Amora, K. K., Czikor a,
OrthographiePhonological Processing in Dyslexkrontiers in Psychologyl2, Article
723404 https://doi.org/10.3389/fpsyq.2021.723404

Thesis 2: Print tuning is enhanced by audiovisual integration in typical readers but not

in readers with dyslexia

In Study 1, novice readers exhibited larger N170 responses for pseudowords than for
Armenian symbol string (coarggained print tuning). Moreover, when targets were presented
audiovisually, the N170 effect was enhanced compared to the-aislyatondition. InStudy
2, neither readers with dyslexia nor skilled readers showed an N170 lexicality effeet (fine
grained print tuning). However, when targets were presented audiovisually, group differences
in the lexicality effect emerged. Audiovisual presentation of targetslted in a robust
lexicality effect for skilled readers signified by larger N170 responses to words than to
pseudowords. In contrast, presenting targets audiovisually did not enhance the lexicality effect

for readers with dyslexia.
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Publications relatedto this thesis point:

Var ga, V., T-th, D. , & -Chlomgcal Mapping (ardOtie0 ) .
Emergence of Visual Expertise for Print: A Developmental EfReiated Potential
Study.Child Developmen®1(1), el el13.https://doi.org/10.1111/cdev.13159

varga, V., T-th, D., Amora, K. K., Czikor a,
OrthographiePhonological Processing in Dyslexkrontiers in Psychologyl2, Article
723404 https://doi.org/10.3389/fpsyq.2021.723404

Thesis 3: Letter identity coding develops slowly; however, letter identity and letter order

processing is not impacted by phonological deficit

In Study 1, we presented novice readers with pseudoword pairs and pairs of Armenian
character strings that could be either identical or different in the identity of one letter in order
to investigate the development of automatic letter identity coding. We foundtggmeffect
due to smaller responses evoked by identical pairs compared to one letter different pairs.
However, this effect was highly similar for pairs of pseudowords and pairs of Armenian
character strings. The interaction between stimulus type antypa was weak and restricted
to a few channels for both first grade and third grade readers, suggesting that the pair type effect
was driven by general visual processes and automatic letter coding is not fully developed even
by Grade 3. IrStudy 2, we investigated letter identity and letter order processing in readers
with and without dyslexia for both word and pseudoword pairs. We found that identical pairs
evoked smaller responses in the/@1ime window compered to different pairs (both letter
identity and letter order different pairs) regardless of their lexicality (word versus pseudoword).
This was the case for the participants both with and without dyslexia. Thus, readers with and
without dyslexia did not diffein letter identity and letter ordemrgressing, not even for

pseudoword stimuli.

Publications related to this thesis point:

Var ga, V., CE®pl, ., (&0 Zhohologicé) rMadpinggand féh i C
Emergence of Visual Expertise for Print: A Developmental Efsiated Potential
Study.Child Developmen®1(1), el e13.https://doi.org/10.111/cdev.13159

Varga, V., T-th, D., Amora, K. K., Czikora,
OrthographiePhonological Processing in DyslexkErontiers in Psychologyl2, Article
723404 https://doi.org/10.3389/fpsyq.2021.723404
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Thesis 4. Letter identity and letter order processing is modulated by audiovisual

integration

In Study 1, we investigated whether audiovisual presentation of the @angaince the
difference between identicahd oneletter different targets in novice readers, especially for
the Latin stimuli. As the auditory pseudoword target was always identical to the visual
reference stimulus, audiovisual presentation resulted in a double mismatch between different
referenel target pairs: first, between visual reference and visual target stimuli; second, between
the visual target and auditory target. Therefore, we expected this double mismatch to enhance
the pair type effect for pseudowords where graphphmeme mapping [gssible. However,
while the visual expertise for print was clearly enhanced (see Thesis 2), pair typavaffect
quite diminished by audiovisual presentation presumably due to slow integration between the
visual reference and the auditory target.

In Study 2, we assessed whethaudiovisual presentation increases the difference
between readers with and without dyslexia in letter identity and letter order coding as should
be the case if phonology modulates orthographic processing. Indeed, audiovisuaapoesent
of the target stimuli resulted in differential pair type effect for readers with and without
dyslexia. In this version of the sardéferent taskthe auditory stimuli were always identical
to the visually presented target stimuli; thus, the pake sfiffect reflected a mismatch between
the visual reference and the (visual and audiovisual) target. Readers without dyslexia showed
a pair type effect in the visual condition; however, this effect disappeared when the target was
presented audiovisually premably due to the prompt integration between the visual target and
the auditory target. In contrast, for readers with dyslexia the orthographic mismatch between
the reference and target stimuli (identical versus different pairs) was enhanced by addiovisua

presentation presumably due to sluggish audiovisual integration.

Publications related to this thesis point:

Var ga, V., T-th, D. , & Llommgcal Mapping (ardOtiz0 ) . C
Emergence of Visual Expertise for Print: A Developmental Efsiated Potential
Study.Child Developmen®1(1), el e13.https://doi.org/10.1111/cdev.13159

Varga, V., T-th, D., CA®pra, VK. (RO021C¢zi E®RPPa Co
OrthographiePhonological Processing in Dyslexkrontiers in Psychologyl?2, Article
723404 https://doi.org/10.3389/fpsyq.2021.723404
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Thesis 5: Phonobgy contributes to lexical competition; however, lexical competition does

not index orthographic quality in deaf readers

As we concluded irStudy 3, phonological and semantic processing seems to be
hindered by deafness, but orthographic processing ist iat@n in the absence of hearing,
indicating that orthographic representations can be acquired without phonology. To elaborate
on this, inStudy 4, we compared the prime lexicality effect (PLE), the index of lexical
competition, in deaf and hearing adul@ur results demonstrate that although hearing
university students exhibited a robust PLE, deaf participants showed no evidence for PLE,
while the group of hearing readers matched in age and education level also exhibited a reduced
effect. Absence of PLEhideaf readers suggests that limited access to phonology hinders the
emergence of lexical competition; thus, lexical competition emerges partly on the phonological
level. However, the effect was differentially modulated by reading skill for the deaf and th
hearing control participants. Better hearing readers showed PLE, while this was not the case
for better deaf readers. More importantly, hearing readers with better orthographic skills as
measured by the Proofreading task showed greater PLE, while celdrgewith better
orthographic skills did not, suggesting that haghality orthographic representations are not

necessarily built through phonology in deaf readers.

Publications related to this thesis point:
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Orthographic-Phonological Mapping and the Emergence of Visual Expertise
for Print: A Developmental Event-Related Potential Study

Vera Varga
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Valéria Csépe
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The N1 effect is an electrophysiological marker of visual specialization for print. The phonological mapping
hypothesis (Maurer & McCandliss, 2007) posits that the left-lateralized effect reflects grapheme-phoneme inte-
gration. In this event-related potential study, first (age = 7.06 years, N =32) and third-grade readers
(age = 9.29 years, N = 28) were presented with pairs of pseudowords and Armenian character strings in a
novel implicit same-different paradigm. To test the phonological mapping hypothesis, stimuli were presented
in visual-only and audiovisual conditions. The results demonstrated that tuning for print already emerges in
first grade. Moreover, the parallel presentation of auditory stimuli enhanced the N1 effect suggesting a role of
orthographic-phonological mapping in the development of specialization for print.

Fluent reading is characterized by fast, effortless,
and automatic visual word recognition. For a
skilled reader, it takes only approximately 250 ms
to identify a word (McCandliss, Cohen, & Dehaene,
2003). This remarkable speed suggests that skilled
readers possess strong orthographic representations,
to which access is automatic. Moreover, access is
automatic not only to orthographic but also to
phonological representations (Drieghe & Brysbaert,
2002; Rayner, Sereno, Lesch, & Pollatsek, 1995),
even in young good readers (Booth, Perfetti, &
MacWhinney, 1999). Indeed, the two codes become
tightly intertwined to an extent that presentation of
one code activates the other and vice versa (Harm,
Seidenberg, Macdonald, Thornton, & Zevin, 2004).
The process that is thought to underlie automatic
visual word recognition is the visual specialization
for letter over symbol strings. Extensive exposure to
orthographic stimuli during reading acquisition
results in improved visual perception for letter
strings. Usually, in a same-different task, participants
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are faster and more accurate in comparing stimuli
that consist of known orthographic symbols (letters)
as opposed to stimuli that consist of unknown sym-
bols (Dunabeitia, Dimitropoulou, Grainger, Hernan-
dez, & Carreiras, 2012; Munoz, Perea, Garcia-Orza,
& Barber, 2012; Toth & Csépe, 2016). In addition, in a
one-back task, participants are more likely to notice
immediate repetition of a character string if it is com-
posed of letters than if it is composed of symbols
(Maurer, Brandeis, & McCandliss, 2005; Maurer,
Brem, Bucher, & Brandeis, 2005; Maurer et al., 2006).

Several electrophysiological studies have shown
that orthographic stimuli consistently elicit larger
brain responses as compared to control stimuli such
as symbol strings, as early as 150-200 ms after
stimulus presentation (N170 response), especially
over the left posterior-occipital regions (Maurer,
Blau, Yoncheva, & McCandliss, 2010; Maurer, Bran-
deis, et al., 2005). This difference is referred to as
the N170 effect, an electrophysiological marker of
visual expertise for print. In children, the effect
peaks later, shortly after 200 ms (Maurer et al.,
2006) and is usually labeled as N1.

Maurer, Brem, et al. (2005) and Maurer et al.
(2006, 2011) conducted a longitudinal study to track

© 2018 Society for Research in Child Development
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the developmental pattern of the effect. Results
showed that the specialization for print develops
with reading acquisition as the effect was not
detectable in nonreading kindergarten children but
clearly present by Grade 2. The developmental pat-
tern of the specialization follows a U-shaped curve:
the effect is not present before reading acquisition
but emerges shortly after learning the alphabet in
Grade 1 (Cao, Li, Zhao, Lin, & Weng, 2011; Eber-
hard-Moscicka, Jost, Raith, & Maurer, 2015; Zhao
et al., 2014). However, Grade 2 readers show a lar-
ger effect than adults (Cao etal, 2011; Maurer
et al., 2006) or older children (Grade 5: Maurer
et al., 2011; Grade 6: Cao et al., 2011).

Even though the N170 effect is regarded as a
marker of visual specialization, there are conflicting
views about the nature of its development. First,
this specialization can reflect an entirely perceptual
(visual) expertise (Bentin, Mouchetant-Rostaing,
Giard, Echallier, & Pernier, 1999). Alternatively, it
can reflect audiovisual (AV) integration (Maurer &
Mccandliss, 2007; Molholm, Ritter, Javitt, & Foxe,
2004). Third, the phonological mapping hypothesis
(Maurer & Mccandliss, 2007) posits that the right-
lateralization of the N170 effect reflects a visual
expertise, whereas the (more mature) left-lateralized
response reflects automatic grapheme-phoneme
integration. The rationale behind the hypothesis is
that auditory and language—especially phonologi-
cal—processes are usually left-lateralized; thus, the
regular co-activation of speech- and print-related
brain areas drives the NI170 effect to become
increasingly left-lateralized.

Previous studies found accurate but not auto-
matic grapheme-phoneme mapping (Jost, Eberhard-
Moscicka, Frisch, Dellwo, & Maurer, 2014; Ziegler
& Goswami, 2005) in beginner readers, but it was
not directly investigated whether automatic gra-
pheme-phoneme mapping would be required for
the development of visual expertise for print. The
grapheme-phoneme mapping hypothesis gained
experimental support by the training study of
Yoncheva, Wise, and McCandliss (2015), who
showed that selective attention to grapheme-pho-
neme mappings during learning of a novel script
led to a more left-lateralized N170 effect in adults.
Furthermore, Zhao et al. (2014) adopted a color-
matching one-back task in Grade 1 children
(thereby reducing confounding top-down factors),
and revealed that only the high-ability readers pro-
duced a significant N1 effect over the left hemi-
sphere (see also Cao etal, 2011). However,
Eberhard-Moscicka et al. (2015) found no left-latera-
lization in Grade 1 children in a different paradigm.

Taken together, the lack of direct tests of the
phonological mapping hypothesis and the relatively
one-sided nature of the visual N1 experiments (see
following) do not allow for well-grounded conclu-
sions about the underlying developmental processes
of the letter-string N1 effect.

This study investigated the development of the
visual expertise for print in novice readers to pro-
vide a direct test of the grapheme-phoneme map-
ping hypothesis and the emerging automatic access
to both orthographic and phonological representa-
tions. To address this aim, we tested the letter-
string N1 effect in Grade 1 and Grade 3 children
(after 7 and 27 months of reading instruction,
respectively) with a novel paradigm in an electro-
physiological experiment. In particular, we devel-
oped an implicit same-different (perceptual
matching) task in which strings of familiar (Latin)
and unfamiliar (Armenian, see later) letters were
presented. Most important, the participants com-
pleted a very simple feature detection task in which
they were asked to indicate whether a stimulus (so
called filler) appeared in bold font. Thus, the
explicit task in this paradigm did not require
reading per se.

The standard one-back task is confounded by
memory factors since the participants are explicitly
required to pay attention to repeated (target) stim-
uli. This is problematic because as Pelli, Burns,
Farell, and Moore-Page (2006) showed, humans
master the identification of the letters of a previ-
ously unknown alphabet very quickly, but their
memory span for random strings of the same letters
falls behind the level of a native reader. In our
paradigm, one can exclude any memory bias by
analyzing the N1 responses to the first instead of
the second element of each stimulus pair (which
will be referred to as reference and target stimuli,
respectively). Since we wanted to avoid lexical con-
founds as well, only pseudowords (and not words)
were presented as Latin letter strings.

We chose Armenian letter strings as control stim-
uli because the Armenian alphabet is not only per-
ceptually similar to Latin but has similar visual
complexity (Pelli et al., 2006), and is completely
unknown to Hungarian children. Most previous
studies (for an exception see Tong, Maurer, Chung,
& McBride, 2016) investigating the N1 effect used
symbol strings (Maurer, Brandeis, et al., 2005; Mau-
rer et al., 2006, 2011; Zhao et al., 2014) or false fonts
(Brem et al., 2013; Eberhard-Moscicka et al., 2015;
Tong et al., 2016). However, a well-matched exist-
ing alphabet (e.g., Armenian) can provide even
more control for low-level perceptual differences.
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To test the phonological mapping hypothesis, we
presented the stimuli both in visual-only (V) and
AV conditions. More precisely, the reference stimuli
were the same in both conditions, but in the AV
condition, we presented (Hungarian pseudoword)
targets auditorily in parallel to the visual stimuli.
Thus, we could directly test the effect of task-irrele-
vant parallel presentation of a congruent or incon-
gruent (same or different) auditory stimulus on the
N1 effect in the target stimuli. Since grapheme-pho-
neme mapping is only possible for Latin and not
for Armenian strings, the expected enhancement of
the N1 effect in the AV compared to the V condi-
tion can be interpreted as a direct support for the
grapheme-phoneme mapping hypothesis.

In sum, we investigated whether (a) the visual
expertise for print, indexed by the N1 effect,
emerges after some months of reading instruction;
(b) it becomes fine-tuned with further practice; (c)
its emergence is driven by grapheme-phoneme
mappings. We hypothesized that even in a content
irrelevant task, the specialization is detectable as
early as Grade 1 and it undergoes further develop-
ment by Grade 3 indexed by a decrease in the mag-
nitude of the effect or an increase in the
lateralization of the effect. We also expected that
AV presentation enhances the N1 effect, supporting
the hypothesis that orthographic-phonological inte-
gration plays a role in its development. In addition,
we assumed that if grapheme-phoneme mapping is
essential, one-letter different targets should increase
N1 for the Latin but not for the Armenian stimuli,
especially in the AV condition.

Method
Participants

Thirty-two  first graders (15 girls, M,z =
7.06 years, SD = .44) and 28 third graders (20 girls,
M,ge = 9.29 years, SD = .46) were recruited from an
elementary school. However, 19 children were
excluded from the final analysis: One child due to
lack of cooperation, three children due to technical
problems, one child because his native language was
not Hungarian, and 14 children due to low numbers
of trials per condition (5 first graders, 9 third graders,
see criteria in Data Preprocessing). The final sample
consisted of 24 first graders (11 girls, M.z = 7.08
years, SD = .50, 4 left handed) and 17 third graders
(10 girls, M,ge = 9.29 years, SD = .47, 2 left handed,
1 ambidextrous). All participants were native Hun-
garian speakers with normal or corrected-to-normal
vision. According to the screening audiometry (250
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8000 Hz), their hearing was intact. Handedness was
assessed with the Edinburgh Handedness Inventory
(Oldfield, 1971). Informed consent was obtained
orally from each child and in written form from their
parents. The experimental procedure was approved
by the United Ethical Review Committee for
Research in Psychology.

Stimuli

Four hundred and thirty-two reference-target
pairs and 48 filler pairs were presented in eight
blocks. The pairs were composed of either a Latin
(Lat) reference and a Latin target or an Armenian
(Arm) reference and an Armenian target. The
length of the stimuli was matched; thus, 3-character
long references were paired with 3-character long
targets and 5-character long references with 5-char-
acter long targets. For the stimulus pairs, see
Table S1.

The stimuli were prepared in two steps. First,
words were selected from the Hungarian National
Corpus (HNC) that met the following criteria: are
frequent mono- and bisyllabic nouns, do not con-
tain double letters, digraphs, or trigraphs. Second,
from each of the words, two pseudowords were
created by replacing one of their letters; thus, the
resulting pairs differed from each other in one let-
ter. For example, from the word “baj” (trouble) two
pseudowords were created: “saj” and “gaj.” The
resulting pseudowords were not part of the HNC
or the CELEX database, and did not contain
repeated letters and multiletter graphemes. The
positional bigram frequency of the pairs was nearly
equal (755.9 and 785.4 per million). The Armenian
stimuli were created by replacing the letters of the
pseudowords randomly with the letters of the
Armenian alphabet with the only constraint being
that the Armenian stimuli did not contain repeated
characters. Random assignment instead of system-
atic mapping between the Latin and the Armenian
characters was used to exclude the possibility of
within-session acquisition of such mappings. The
reference—target pairs could be either identical (Id)
or different in one letter (Diff). The position of the
difference was equated. Half of the target stimuli
were presented only V, whereas the other half were
presented AV. The reference stimuli were always
presented only visually, both in the V and the AV
conditions. In the AV condition, both the Latin and
the Armenian target stimuli were presented visually
together with an auditory Hungarian pseudoword.
The auditory stimuli were prepared with Google
Text-to-Speech pronounced by a female voice. As
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Hungarian has a transparent orthography and no
multiletter graphemes were used, the number of
graphemes in the visual stimuli and the number of
phonemes in the auditory stimuli always matched.
In the case of the Latin stimuli, the auditory pseu-
doword was always identical to the visual reference
stimulus. Thus, the visual target and the auditory
target were either matching or nonmatching. This
way, there was a double mismatch between Diff
reference-target pairs: first, between visual refer-
ence and visual target stimuli; then, between visual
target and auditory target. The second type of mis-
match is only plausible for the Latin stimuli as it
requires grapheme-phoneme mapping. In the case
of the Armenian stimuli, the letter strings and the
Hungarian auditory pseudowords were paired ran-
domly; thus, no grapheme-phoneme correspon-
dence could have been learnt during the session.
The length of the Armenian character strings and
the auditory pseudowords were matched. The audi-
tory stimuli were different in the Latin and Arme-
nian conditions; each stimulus was presented only
once to a given participant during the experiment.

The order of blocks was fixed; thus, first, 3 letter
long Latin strings, second, 5 letter long Latin
strings, third, 3 letter long Armenian strings, and
finally, 5 letter long Armenian strings were pre-
sented in the visual modality. Three and five letter
long stimuli were used to increase trial number.
Length had only a main effect and was not in inter-
action with any of the critical factors. Thus, we
averaged data across length. The same order was
repeated in the AV condition.

In each block, there were 60 stimulus pairs
among which 54 were reference-target pairs and 6
were filler pairs (see Table S1). The target stimulus
of the filler pairs was presented in bold, and chil-
dren were required to indicate the appearance of
these items by pressing a button. Filler items
accounted for 10% of all trials and were not
included in the analysis. The position of filler items
within the blocks were pseudo-random with the
restriction that the first filler pair was presented as
one of the fourth-seventh trial, the last one as one
of the 51st-60th trial. Between two filler pairs there
were 3-14 nonfiller pairs. The number of identical
and different trials was equated within blocks.

To counterbalance the presentation of stimuli
across conditions, six stimulus lists were prepared.
The lists were created by equating the type of pairs
(Id/Diff) and the modality of presentation (V/AV).
Thus, each stimulus pair was presented once in the
(a) V Lat Id, (b) V Lat Diff, (c) AV Lat Id, (d) AV
Lat Diff, () AV Arm Id, and (f) AV Arm Diff

condition in each list. The lists contained 108 Lat Id
pairs, 108 Lat Diff pairs, 108 Arm Id pairs, 108 Arm
Diff pairs, and 48 filler pairs. Participants were ran-
domly assigned to one of the six lists. The stimuli
were presented in a pseudorandom order.

Procedure

During the experiment, children were seated in a
comfortable armchair situated in an electrically
shielded, sound attenuated room. Stimuli were pre-
sented with Presentation 17.0 software on a 22 in.
LED computer screen (Dell P2213, with a screen
resolution of 1,680 x 1,050 and a refresh rate of
60 Hz) placed approximately 50 cm in front of the
children. Before each block, the instruction was pre-
sented on the screen and simultaneously explained
in detail by the experimenter. Before delivering the
first block with Latin letter strings and the first
block with Armenian letter strings, there were four
practice trials among which one was presented in
bold. If the child did not respond to the filler item,
the practice trial was repeated until the child
showed clear understanding of the task. Children
could to take breaks between the blocks.

Stimuli were presented in black capital letters
(font: DejaVu Sans Mono, size: 28 for references
and 32 for targets, coordinates: x = —32; 0; 32 for 3-
character long strings or x = —64, —32; 0; 32, 64 for
5-character long strings, y = 4), whereas the targets
of filler pairs were presented in bold fonts.

Each trial started with a blank, gray-blue screen
displayed for 400 ms; then, at the middle of the
screen (x =0, y =0), a 24 font-size fixation cross
appeared for 600 ms. Next, the reference stimulus
appeared for 1,100 ms followed by a blank screen
for 100 ms. Finally, the target stimulus was dis-
played for 1,500 ms. In the AV condition, an audi-
tory stimulus was also presented synchronized to
the onset of the visual stimulus. Stimulus onset
asynchrony was 1,200 ms (see Figure 1). Children
received AV feedback after each filler trial.

Electroencephalography Recording

Data were recorded with a 128-channel Hydro-
Cel Geodesic Sensor Net (GES 400, Net Station soft-
ware 4.5.1.; Electrical Geodesic Inc., Eugene, OR),
amplified by an EGI Net Amp 400 (Electrical Geo-
desic Inc) amplifier. Electrode impedances were
kept below 50 kQ. Signals were recorded at a
1000 Hz/channel sampling rate with a 0.01-100 Hz
bandpass filter, using Cz reference. Before data pre-
processing, we accounted for the 36 ms offset of
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Figure 1. Outline of the same-different implicit reading task. Ref-
erence stimuli were always presented visually, target stimuli
were presented either visually only (A) or audiovisually (B). Par-
ticipants had to press a button when targets appeared in bold
font (A), otherwise no response was required (B).

triggers suggested by EGI for a 1000 Hz sampling
rate (Electrical Geodesic Inc., Advisory Notice, 29
August, 2014).

Data Preprocessing

Electroencephalography ~ (EEG) data  were
preprocessed with Brain Vision 2.0 software (Brain
Products GmbH, Gilching, Germany). Data were fil-
tered offline with a 0.1-30 Hz zero-phase Butter-
worth IIR bandpass filter (24 dB/oct) and a 50 Hz
notch filter (due to electrical noise). Horizontal and
vertical eye movements were corrected with ICA
(Jung et al., 2000). Data were baseline corrected
(100 ms prior stimulus presentation), segmented
into 600 ms epochs, and re-referenced to average
reference (Lehmann & Skrandies, 1980).

Subsequent data processing was carried out
using the eegR package (T6th, 2015) available in
the R environment (R Core Team, 2013). Trials con-
taining artifacts exceeding + 200 uV were rejected;
the maximum-minimum voltage difference was
200 nV. Bad channels were spline interpolated. In
case the number of bad channels exceeded 20% of
the total number of channels, the trial was dis-
carded from further analysis. In each condition, 36
artifact-free trials were required to include a partici-
pant in the analysis. The acceptable segments were
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averaged for participants and conditions. Mean trial
numbers and standard deviations were as follow-
ing: Grade 1: 47.67 (1.13), Grade 3: 48.06 (0.9), refer-
ences: 47.8 (3.59), targets: 47.84 (3.35), Latin stimuli:
48.38 (3.27), Armenian stimuli: 47.26 (3.57), visual
stimuli: 48.82 (3.04), AV stimuli. 46.81 (3.58), identi-
cal pairs: 47.86 (3.38), different pairs: 47.78 (3.56).

Data Analysis

EEG data were analyzed separately for segments
(reference/target).

Reference stimuli were analyzed in a repeated
measure  point-to-point  analysis of variance
(ANOVA) with Stimulus class (Arm/Lat) as a
within-subject factor and with Grade (Grade 1/
Grade 3) as a between-subject factor.

Target stimuli were analyzed with Stimulus class
(Arm/Lat), Modality (V/AV), and Pairtype (Id/
Diff) as within-subject factors and with Grade
(Grade 1/Grade 3) as a between-subject factor.

ANOVA

The analysis was carried out in a data-driven
fashion by applying point-by-point ANOVA. That
is, we ran the analyses taking all the data points
(every channel in every time point) into account
instead of picking some channels or defining a
time-window. In order to control for multiple com-
parisons, threshold-free cluster-enhancement (Men-
sen & Khatami, 2013) correction was applied with
4,999 permutations. In addition to the permuted p-
values (Pperm), generalized eta squared effect sizes
(n?; Bakeman, 2005; Olejnik & Algina, 2003) are
rei\)orted. We report the median values of statistics
for those data points, which were significant at the
level of .05.

Traditional Analysis

To make our results comparable with previous
results, we also performed traditional event-related
potential (ERP) analyses. As previous studies (e.g.,
Maurer et al,, 2011) used the global field power
(GFP) curve to define the N1 segment, we followed
this tradition. GFP is the standard deviation of the
potentials at all electrodes of an average-reference
map, which detects strength differences of scalp
potential maps (Lehmann & Skrandies, 1980). Thus,
all figures show the GFP curves.

GFP was calculated separately for the reference
and target pairs and averaged over Grade, Stimulus
Class, Pairtype, and Modality. The segmentation
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based on the GFP minima for the grand averaged
mean resulted in the following time-windows: refer-
ence N1: 164-282 ms, target N1: 165-302 ms.

We formed channel clusters from occipito-tem-
poral channels, as well (left occipito-temporal chan-
nels [LOT]: E50, E57, E58, E59, E63, E64, E65, E66,
E68, E69, E70, E73, E74; right occipito-temporal
channels [ROT]: E82, E83, E84, E88, E89, E90, EJ1,
E94, E95, E96, E99, E100, E101) based on Eberhard-
Moscicka et al. (2015), and included Laterality
(LOT/ROT) as a within-subject factor.

Results
Behavioral Results

Responses for filler items were not analyzed
because these trials were included only to maintain
attention during the experiment. Nevertheless, chil-
dren detected bold font stimuli with 99% accuracy
(hit rates were > 0.98 in all blocks, 0.989 and 0.993
for Latin and Armenian stimuli, respectively).

ERP Results
N1 Effect in Novice Readers

Point-to-point  ANOVA.  Visual expertise for
print was investigated by analyzing reference stim-
uli. As we were interested whether the N1 is pre-
sent even at the end of the first grade, first, we ran
the analysis for the first-grade children separately.
Results revealed that the effect of Stimulus class
was significant even in first grade, #(23) = 4.5,
Pperm < 001, d = .92, which resulted from the fact
that Latin letter strings evoked larger GFP than
Armenian symbol strings. As expected, the NI1
peaked around 200 ms even in first-grade readers.

Development of N1 Effect

Point-to-point ANOVA. ~ We checked whether
this effect undergoes further development by
Grade 3 indexed by a decrease in the effect. The
2 x 2 ANOVA on reference stimuli revealed a sig-
nificant main effect of Stimulus class: F(1,
39) = 25.1, pperm < 001, ng =.09), but neither the
main effect of Grade nor the interaction was signif-
icant. The results showed that Latin letter strings
evoked larger GFP than Armenian symbol strings
(see Figure 2). The lack of interaction between
Grade and Stimulus class indicates that the N1
effect is similar across the first few years of read-
ing instruction.

Traditional ANOVA.  The traditional analysis
(N1: 164-283 ms) revealed a significant main effect
of Stimulus class: F(1, 39)=119.6, p <.001,
n; =.19, which interacted with laterality: F(1,
39)=71,p<.01, n§ = .007. No other main effect or
interaction reached significance. The interaction was
present because Armenian stimuli evoked larger
negative responses in the right hemisphere channel
cluster (ROT), whereas Latin stimuli resulted in lar-
ger negative responses in the left hemisphere chan-
nel cluster (LOT). Moreover, the difference between
Latin and Armenian stimuli was more prominent
on the LOT channels (shown in Figure S1).

The same results held when analyzing Grade 1
data separately, Stimulus class: F(1, 40) = 11538,
p <.001, n? = .19; Stimulus Class x Laterality: F(1,
40) = 7.2, p < .01, n3 = .007. This suggests that the
N1 effect is left lateralized even in first-grade read-
ers and does not undergo further lateralization by
third grade.

Phonological Mapping Hypothesis

Previous studies employed one-back repetition
paradigms, thus, analyzed different individual stim-
uli. In our experiment, children were presented
with stimulus pairs; thus, we examined the NI
effect in the target stimuli, as well.

Point-to-point ANOVA.  The results revealed a
significant main effect of Stimulus class: F(1,
39) = 17.9, Pperm < .001, N2 =.035, a main effect of
Pairtype: F(1, 39) = 14.1, ﬁpe,m < .01, ni =.021, and
a main effect of Modality: F(1, 39) =156,
Pperm <001, M2 =.061. In addition, the effect of
Stimulus class was modulated by Pairtype, F(1,
39) = 19.3, Pperm < .05, n§ =.015, and by Modality,
F(1, 39) = 12.6, pperm < .01, n; =.023.

AV presentation

Point-to-point ANOVA.  We checked whether
AV presentation enhances the N1. This was indeed
suggested by the interaction between Stimulus class
and Modality. To interpret this interaction, we broke
it down by modality. Results indicated that the N1
effect was larger in the AV condition, F(1, 39) = 17.8,
Pperm < -001, n; = 064, than in the V condition, F(1,
39) =13.2, <.001, nz = .054, see Figure 3.

Traditional ANOVA.  The results of the tradi-
tional analysis (N1: 165-302 ms) were in line with
the point-by-point ANOVA results showing that
Stimulus class was in interaction with Modality, F
(1,39) =71, p<.05 né = .0072. This resulted from
the fact that the N170 effect was greater in the AV
condition, F(1, 39) = 2.62, p < .001, n? = .05, than in
the V condition, F(1, 39) = 5.27, p < .65, Mg = .01.
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Figure 2. (A) Global field power (GFP) curves for the Armenian and Latin reference stimuli and their difference (N1 effect) separately
for the first- and third-grade students. (B) Topographic maps for of the N1 effect separately for the first- and third-grade students.
Topographies were created from the grand average data of the grades and plotted every 25th ms between 150 and 400 ms. (C) Cor-
rected p-values of the Stimulus class main effect from the point-to-point Analysis of Variance (ANOVA) plotted on the scalp every 25th
ms between 150 and 400 ms. (D) Threshold-free cluster-enhancement (TFCE) corrected test statistics of the Stimulus class main effect
from the point-to-point ANOVA plotted on the scalp every 25th ms between 150 and 400 ms.

Note. The time-window of 150-400 ms serves only presentation purposes; the analysis was performed in a data-driven fashion taking

each data point (—100 to 600 ms) into account.

Effect of pairtype. ~ We also examined whether
one-letter different targets (Diff) increase the N1
effect for the Latin stimuli for which grapheme-pho-
neme mapping is possible, especially in the AV
condition.

Point-to-point ANOVA. The main effect of Pair-
type, F(1, 39) = 14.1, pperm < 01, ng =.021, showed
that target stimuli that differed from the reference
stimuli evoked greater responses compared to those
that were identical. The interaction between Pair-
type and Stimulus, F(1, 39) =193, pperm < .05,
12 = .015, class was restricted to 10 channels
(namely left frontal channels: E20, E22, E23, E24,
E26, E27, E28, E29, E32, E34) in the time window
between 223 and 280 ms (see Figure S2). Further

inspection of the data revealed that the Pairtype
effect was somewhat larger in the Latin condition, F
(1, 39) =152, pperm < 01, g = .038, than in the
Armenian condition, F(1,39) = 12.6, pperm < .05,
ng = .087. The interaction between Stimulus class,
Péirtype, and Modality did not reach significance, F
(1,39) = 0.385, pperm = 1, n§ =.0007.

Traditional ANOVA. The traditional ANOVA
ran on the targeted channels in the time-window of
the N1 (165-302 ms) revealed a significant main
effect of Stimulus class: F(1, 39) =31.1, p <.001,
n?=.028, and a main effect of Modality: F(1,
39) = 13.2, p < 001, n2 = .034. Stimulus class also
interacted with Pairtype , F(1, 39) = 8.02, p < .01,
n? = 0049, Modality , F(1, 39)=7.1, p<.05,
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Figure 3. (A) Global field power (GFP) curves for the Armenian and Latin target stimuli and their difference (N1 effect) separately for
the visual and audiovisual condition. (B) Result of the threshold-free cluster-enhancement (TFCE) corrected point-to-point Analysis of
Variance (ANOVA). Corrected p-values are plotted for every channel in every time point. (C) Topographic maps for of the N1 effect
separately for the visual and audiovisual condition. (D) Corrected p-values of the Stimulus class main effect from the point-to-point
ANOVA plotted on the scalp every 25th ms between 150 and 400 ms separately for the visual and audiovisual condition. (E) TFCE cor-
rected test statistics of the Stimulus class main effect from the point-to-point ANOVA plotted on the scalp every 25th ms between 150

and 400 ms separately for the visual and audiovisual condition.

Note. The time-window of 150-400 ms serves only presentation purposes; the analysis was performed in a data-driven fashion taking

each data point (=100 to 600 ms) into account.

n§ =.0072, and [Laterality, F(1, 39)=
p<.01, 12 = .004.

Analysis of simple effects showed that the Stimu-
lus Class x Pairtype interaction was a result of the
fact that the Pairtype effect was signiﬁcant in the
Armenian stimuli, F(1, 39) = 9.2, p <.01, n, =.01,
but not in the Latin stimuli, F(1, 39) = 0.6, p = 41,

ng = .0001. This result is at odds with the result of
the point-by-point ANOVA.

Taken together, the effect of Pairtype was weak
and restricted to a few channels in our data-driven
analysis and peaked somewhat later than the NI.
Moreover, the interaction between Pairtype and
Stimulus class shown in the traditional analysis is
much different from the one indicated by the point-
by-point ANOVA; therefore, the interaction does
not seem to be robust. The exploratory nature of
our analysis and the conflicting results from the
data-driven and the traditional analysis warrants
caution in interpreting this result.

Discussion

In our ERP study, we investigated the development
of print specialization in an implicit same-different

paradigm in novice readers. The comparison of
familiar (Latin) and unfamiliar (Armenian) letter
strings presented visually and audiovisually indi-
cated that (a) the tuning for print as indexed by the
left-lateralized N1 effect emerges even in first gra-
ders, (b) further tuning is not detectable by Grade
3, and (c) AV presentation of the stimuli substan-
tially enhances the effect.

N1 Effect in Novice Readers

According to our results, novice readers clearly
showed print tuning, that is larger responses to famil-
iar orthographic stimuli (pseudowords printed in
Latin letters) compared to unfamiliar stimuli (Arme-
nian letter strings). The effect was already present in
first-grade children, who had only 7 months of read-
ing experience. The rapid emergence of print tuning
is in line with previous results that demonstrated that
visual specialization for print is detectable in first
grade (Eberhard-Moscicka et al., 2015; Zhao et al.,
2014) and second-grade children (Cao et al., 2011;
Maurer et al., 2006, 2011; Tong et al., 2016).

Our paradigm exerted stronger control compared
to previous studies over several confounding fac-
tors such as strategic (top-down) effects, memory
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bias, and differences in low-level perceptual factors.
The children performed a simple feature detection
task which did not require any reading skill; they
were not required to detect repetitions, thus, there
was no short-term memory load; finally, our control
stimuli were not symbols or false fonts but Arme-
nian letters which are of similar visual complexity
and consist of a highly similar set of low-level fea-
tures as Latin letters (Pelli et al., 2006).

However, it should be noted that the stimuli were
presented in fixed order blocks. The motivation
behind starting the experiment with the Latin stimuli
was that in a previous (unpublished) experiment
adult participants had difficulties understanding the
task when Armenian stimuli were presented first.
We suspected this difficulty would be even more
pronounced with children; thus, to minimize data
loss due to erroneous answers, we decided to start
with the familiar stimuli. This could lead to an order
effect. It is well documented that stimulus adaptation
results in decreased ERP responses (Grill-Spector,
Henson, & Martin, 2006); therefore, larger GFP for
Latin compared to Armenian symbol strings could
result from the fact that Latin stimuli were always
presented first. Nonetheless, there are several argu-
ments against this case. First, it is not clear why
decreased responses appear only during the
time-window of the N1 effect. Difference between
Stimulus classes follows an opposite trend in later
time-windows. Second, if smaller GFP results only
from order then all later blocks should differ from
the previous ones: 3 letter stimuli should evoke lar-
ger responses than 5 letter stimuli and Latin stimuli
in the V-only condition should evoke larger
responses than Latin stimuli in the AV condition.
However, this was not the case as 3 letter long stim-
uli evoked smaller responses than 5 letter stimuli, F
(15 29) =26.1; ppeizs < 01, n§ = .042. This difference
was present only around 100 ms, well before the
effect of Stimulus class (~200 ms). Responses to Latin
stimuli in the V-only condition also evoked some-
what smaller responses than Latin stimuli in the AV
condition, F(1, 30) =158, pperm <01, n§ = .345.
Thus, order alone cannot account for decreased ERP
responses to Armenian stimuli.

In sum, we successfully reproduced the core
result of previous developmental N1 studies in a
more rigorous experimental design and by adopting
a fully data-driven analytic procedure.

Development of N1 Effect

Notwithstanding the early emergence of the N1
effect, it has been claimed that the topological

The Emergence of Visual Expertise for Print €9

differences between young and skilled readers indi-
cates that the visual expertise for print processing is
not fully adult-like in younger ages. As Maurer and
his colleagues argued, the bilateral distribution
found in young readers (Eberhard-Moscicka et al.,
2015; Maurer, Brem, et al.,, 2005; Maurer et al.,
2006, 2011; Tong et al., 2016) transforms into a left-
lateralized response in skilled readers, probably
due to the deeper involvement of automatic gra-
pheme-phoneme integration.

Based on these findings, we expected an interac-
tion between Grade and Stimulus class either in the
intensity of response or the topography of the
effect. However, in the time-window of the N1
effect, there was no detectable interaction. This sug-
gests that print tuning emerges quickly with learn-
ing to read but its fine-tuning follows a protracted
time course, where small changes in its intensity or
topography cannot be detected over such short
periods of time as 2 years. This interpretation is in
line with some previous results showing that
whereas second-grade readers differ from Grade 5
(Maurer et al., 2011), Grade 6 (Cao et al., 2011), or
adult readers (Maurer et al., 2011), there is no dif-
ference between second and fourth or fourth- and
sixth-grade children (Cao et al., 2011).

It is interesting to note that when we conducted
a traditional analysis to investigate the laterality of
the N1 effect by hand-picking the same set of chan-
nels as in previous studies, we found that even
first-grade children produced a significantly left-
lateralized N1 effect. We might conclude that this
relates to the more implicit experimental task (bold-
face detection), since in all studies which reported
left-lateralized response in novice readers (Cao
et al.,, 2011; Zhao et al., 2014), a content-irrelevant
(color detection) task was employed. However, the
data-driven analytic approach showed highly simi-
lar distribution over the two hemispheres in both
first- and third-grade readers. Thus, the ambiguous
results found in previous studies regarding the lat-
erality of the N1 effect might reflect methodological
differences, and further studies are needed to clarify
the topological development of the N1 effect.

Phonological Mapping Hypothesis

To test the phonological mapping hypothesis, we
presented the stimuli in an AV condition. If auto-
matic orthographic-phonological integration affects
the N1 effect, as the phonological mapping hypoth-
esis postulates (Maurer & Mccandliss, 2007), the N1
effect would be enhanced in the AV condition com-
pared to the V presentation. This was exactly what
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we found. When targets were presented audiovisu-
ally, the N1 effect was as large as for the reference
stimuli. This was in contrast to visually exposed
targets, which elicited a much smaller (albeit still
significant) N1 effect.

There are two possible explanations for this
effect. One is that during the AV presentation the
familiar visual stimulus (Latin letters) and the audi-
tory stimulus are processed as one related AV
object. On the other hand, the unfamiliar Armenian
stimuli and auditory pseudowords are not pro-
cessed as related, as children would anticipate unfa-
miliar auditory stimulus (e.g., auditory Armenian
pseudowords) paired with unfamiliar letters. Alter-
natively, there may be an attentional difference
between the two conditions. When children are pre-
sented with familiar visual stimuli, they may allo-
cate more attentional resources to the auditory
stimuli, but when presented with unfamiliar visual
stimuli, they may have fewer resources left for
auditory stimulus processing. An open question
remains how presenting unfamiliar auditory stimuli
together with familiar and unfamiliar letter strings
would modulate the effect.

Although AV presentation enhanced the N1 effect,
our results do not imply that the level of ortho-
graphic-phonological integration in novice readers
would be identical or even comparable to that of
skilled readers. For example, the N1 effect for target
stimuli did not differ much between the same and
different stimulus pairs. We expected that different
stimulus pairs would elicit larger responses in the
Latin condition where the letter-by-letter decoding is
possible as opposed to the Armenian condition.
Indeed, the effect of Pairtype was somewhat larger in
the Latin condition, but this effect was rather weak
and restricted to a few channels. Moreover, with the
traditional analysis we obtained contradictory
results. In contrast, in behavioral explicit same-differ-
ent tasks (Toth & Csépe, 2016) even Grade 24 stu-
dents showed differential sensitivity to Pairtype
when presented in familiar print (Latin) compared to
unknown characters (Armenian). The contradiction
between the results probably lies in the paradigm. In
this study, we used an implicit, content-irrelevant
task to assess automatic processing which requires
little or no attention. It seems that children show
advanced letter coding skills when asked explicitly,
but this skill is not automatic when not required by
the task (implicit task). Moreover, in the same impli-
cit task in our previous unpublished study, adults
clearly showed differential Pairtype effects for the
Latin and Armenian stimuli. This suggests that auto-
matic letter coding is not fully developed by Grade 3.

The strengthened N1 effect in the AV condition
to both same and different targets indicates that
children did not perform automatic grapheme-pho-
neme mapping between visual and auditory tar-
gets. While the Stimulus class effect was enhanced
by the AV presentation, Pairtype effect was rather
diminished by it. Participants in the AV condition
not only saw visual stimulus pairs that were differ-
ent in a letter but also heard an auditory word that
differed from the visually presented target; there-
fore, the double mismatch should enhance the Pair-
type effect. However, this was not the case. A
possible explanation for this may be that the audi-
tory target was the same as the visual reference;
thus, slow orthographic-phonological mapping may
have taken place between reference and target
instead of the fast, automatic mapping between
auditory target and visual target. This is in line
with the results of studies using AV mismatch
paradigms to investigate automatic letter-speech
sound integration. Such studies showed that simul-
taneous presentation of nonmatching letter-speech
sound pairs enhance the mismatch negativity in
adults (Froyen, Van Atteveldt, Bonte, & Blomert,
2008). However, children after 1 year of reading
instruction show no sign of automatic integration,
whereas children after 4 years of reading instruc-
tion show early integration but only when the let-
ter-sound pairs are presented 200 ms apart (Froyen,
Bonte, van Atteveldt, & Blomert, 2009). In our
study, there was a 100 ms interval between refer-
ence and target stimuli; thus, it is possible that inte-
gration occurred between the visual reference and
the auditory target.

On the other hand, the AV presentation clearly
enhanced the N170 effect; which indicates that this
effect is not purely visual in nature. This suggests
that the specialization for print is driven by AV
mapping, however, not by a fine-grained gra-
pheme-phoneme mapping yet. This would corrobo-
rate with the results of Jost etal. (2014). They
tested AV integration by presenting first-grade
readers with familiar German or unfamiliar English
written words along with congruent (same) or
incongruent (all letter different) auditory words.
Children showed a congruency effect but only for
familiar German words suggesting that the effect is
modulated by lexical-semantic information. In con-
trast, we used Hungarian pseudowords that have
no semantic content and the difference between the
visual and auditory stimuli was only one letter-
sound. Hence no lexical modulation is possible and
in order to detect the incongruency, grapheme-
phoneme level integration is needed. It might be
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