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Abstract

Eye-movements represent a great interest in stgdfie
specificity of the reading difficulties that indduals with
developmental dyslexia have. In the present stugbfedic
children were pair-matched with control children B
sentence reading task. The children read sentemtes
Bulgarian — a Cyrillic alphabet language with regul
orthography. Target nouns with controlled frequerayd
length were embedded in the sentencEge movements
revealed highly significant group differences ie tjaze time
and the total fixation times, word frequency andraviength
effects as well as interaction for both frequenag dength
with the group factor. These results, especially flequency
effect found in the dyslexic children, are discasse the
context of previous studies.
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Introduction

Developmental dyslexia is described as a condftamd in
children as young as 6-7 years that impairs thedding
skills, while their 1Q, reasoning and communicatadilities
are intact. Still, there is large variability in thothe
symptoms that dyslexic children demonstrate andhim
experimental findings that give support to sevéhalories
explaining the underlying causes for dyslexia (gekutino,
Fletcher, Snowling & Scanlon, 2004 for a review).
Usually, dyslexic children are given
phonological or single word reading tasks, which db
distinguish between different theories. While tlaianale
behind these experiments is very sound, classeading

experiments are also of great interest. For mamysyeye
into
psycholinguistic research. During reading, dyslerdaders
exhibit more and longer fixations and a higher patage of
regressions than normal readers. It is still a enatt debate,

movements during reading provide insight

whether these divergent eye movement patterns siexig
readers reflect an underlying problem in word pssa®y or

whether they are — as the proponents of the oculmmo
deficit hypothesis claim (e.g. Pavlidis, 1981) sasated

with deficient visual performance that is causaldygslexia.
It is a well-documented (and undisputed fact) tege
movements of dyslexic readers differ from thosex@fmal

non-verbal,

readers. During reading, dyslexic readers exhilmtemand
longer fixations, shorter saccades and a higherepéage of
regressions than normal readers (for review, semdéra
1998).

Hutzler, Kronbichler, Jacobs and Wimmer (2006) uaed
string processing task that imposes the same mqgeints as
reading to visual perception (letter identificafiomand
oculomotor control (moving the eyes in the sameepatas
during reading). The task is different from readasgit does
not require linguistic or language processing @& tlisual
information beyond letter identification. In theudy above
the authors found no differences between the eye-
movements of dyslexic and normal readers and cdedlu
that differences in eye-movements during readirey reot
the cause for the impaired performance.

Hyona & Olson (1995) also tested the hypothesisttia
specificity of eye-movements of dyslexic readersthe
cause for their reading difficulties. They foundraidength
and word frequency effects on eye-movement
characteristics of dyslexic readers. The conclusioay
made was that the eye-movement patterns of dyslexic
readers are affected by the properties of the igtigu
material encountered during reading and therefore- e
movement patterns of dyslexic readers are refleatiothe
difficulties these readers have during linguistrogessing
(and not vice versa).

Still, there are few studies of text- or senterseel
reading with dyslexic children. An eye-movementdston
reading German text passage found word length tefflec
both dyslexic and normal readers as well as intemac
between the groups (Hutzler & Wimmer, 2004). Thedso
taken from the text passage, however, could not be
controlled for possibly confounding factors like
predictability and frequency. In a similar task refading
short text passages in lItalian, De Luca, Di Pacelica,
Spinelli and Zoccolotti (1999) found once againost
length effects but much smaller frequency mainatftbat
was marginally significant and did not interact withe
group factor. Finally, Hyona & Olson (1995) comghra
group of dyslexic children with younger ones andnfd
highly significant word frequency and word lengttfieets
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for both groups in a somewhat similar task — reg@itoud  similar low frequency. We also chose 16 short wofsls
of English texts. Although there was no main effetthe letters) and 16 long words (8 letters) that haweilar high
group factor, an interaction between length andugrawas frequency. Summary of the frequencies of the wetdssen

still observed (but only in the subject means). is presented in Table 1.

These experiments show an interesting pattern safitse
Dyslexic children seem to show strong length effemtd Table 1: Summary of the words used in the study.
weaker frequency effects in text reading but tHeedinces Frequency was assessed as normalized number of
between normal readers and the dyslexic ones rdsertite occurrences in a 1 million words corpus of textt tre
difference between experienced and average reaxeirs usually read by children (fairy tales, novels, etc.
the children case — of younger, less trained indirga
children (Olson, Conners, & Rack, 1991). Schooktficas Frequency per million (In)
show that children diagnosed with Dyslexia tencrdsent min Max average
reading and as a result of their reading diffiadfithey are low
less exposed to written text than normal childi&thatever 5 frequency 0 226 1.27
the underlying reason for the various symptoms beyit is letter high
clear that reading practice plays some importalet iro the words frequency 3.29 4.6 3.85
later reading behavior of dyslexic children and l&du low
Indeed most theories predict the length effectscivisan be 8- frequency 0 2.01 1.32
explained by difficulties in grapheme-phoneme déugd letter high

words 2.96 5.97 3.9

oculomotor control, attention. The word frequendfed, frequency
however, is closely related to reading experieftauld be
argued, that for languages with irregular orthogsaphe
grapheme-phoneme decoding could be more probleffeatic

less frequent words than for languages with regular |n this way, we were able to vary both word lengtid
orthography — an explanation suggested by De Ltad.€ frequency in a 2x2 design with factors: word len¢ghort
(1999) for their results that showed much stronigegth vs. long words) and word frequency (high vs. low
effects than frequency effects for Italian dyslexeaders frequency).

when compared to the Hyona & Olson study (1995) on Each of the 64 target words were embedded in &seat
English readers (English is a language with irregul with neutral preceding context. The target word waser
orthography, while Italian — with regular). the first word in the sentence. The sentences weétie

Clearly, a further investigation of word frequenagd  content appropriate for children. Example senteraresas
word length effect in reading is necessary in ortier follows (the target words are in bold):

explore these inconclusive results. « 5-letters, high-frequency: ITogpo6na kapta Ha

. okeaHuTe € HyxHa Ha Bceku mupar’. (A detailedmap of

Experiment the oceans is a necessity for every pirate).
This experiment aims to study word length and word ¢ 5-letters, low-frequency: {o6pust 606Bp >xuBeere
frequency effects in Bulgarian language (a Cyridinguage Kpaii omarpocanara peka’. (The goodbeaver lived near
with regular orthography). Target nouns were embddd the enchanted river).
sentences that were controlled for the precedinutestd * 8-letters,  high-frequency: Xutporo  4ynoBue
(neutral) among other possibly confounding factdhss npecpenianie MbTHUIIMTE U UM 3ajaaBaiie ratanku’. (The
providing much more reliable results than wordesteld clever monster stopped passengers and gave them
from text passages. riddles).
* 8-letters, low-frequency: Yepsenusat kapam¢u Geie
Stimuli and design BBB BHCOKara Ba3a Ha 3emsta’. (The redcarnation was
Before conducting the study there was a preparatory in the tall vase on the ground).

phase. As a first step, we collected a large cogpasildren The sentences were counterbalance in two listehab

texts in Bulgarian. The corpus contains childrenKso fairy each_ participant saw 32 sentences (8 sentences efemm
tales, etc. representative for the age groups esudit — condition).

consists of 931 320 words in total, among them B8 6
unique. Procedure and apparatus

From this corpus we selectedort (5 letters) andong (8  Sentences appeared one by one on a screen andesere
letters) concrete nouns (animals, objects, flowets,) that  silently. The task of the children was to read esehtence
were eitherhigh- or low-frequency. To calculate word and to understand it. After reading the sentente t
frequencies we first computed the raw frequencynioer of  participant had to press the space bar on a swndar
occurrences per million words) and then we perfaimae  computer keyboard. The sentence stayed on thensare
logarithmic transformation. After this we chose &Bort  the space bar was pressed and then it disappéareter
words (5 letters) and 16 long words (8 letters)t thave to assure careful reading, control questions ampeafter
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some of the sentences (the questions were relatatet
content of the sentence). The questions requirgeés or
‘no’ answer. After reading the question, the pgaat had
to press one of two keys on the keyboard markel hatiels
‘'YES’ and ‘NO’. There was a fixation cross betwettre
sentences and the participants were instructeddb at it
when it appeared.

Each participant had to read 32 sentences, whiale we
presented in a pseudo-randomized order. In thenhimj
there were 8 practice trials. Data from the practidals
were not included in the analysis. The practicalgrivere
intended to provide an opportunity for the partiifs to get
used to the task.

Eye-movement data were recorded with a Tobii 1750

remote eye-tracker and ClearView 2.7.1 software &he-
tracker looks like a computer screen with in-bo#éimeras
and sensors. That allowed for comfortable and cetafyl
unobtrusive recording of eye-movements. Each ppatidt
was seated at a distance of approximately 55 cm fice
screen. The sentences were presented in blacksleite
white background. The sentences were presentedtioriia
font (a sans-serif typeface). The size of the lettwas
chosen to space 3 letters per degree of visualearigie
screen was an integrated 17 TFT monitor set toitsve
resolution (1280 x 1024).

The equipment recorded gaze coordinates on therscre
every 20 ms. ClearView algorithms were used to adep
fixation duration and location from these raw déthae
fixation analysis filter was set to 40 pixels fixat radius
and 100ms minimal fixation duration). ClearView waso
used to control stimulus presentation and to cbllec
participants’ answers.

Participants

Seven dyslexic children and seven children withrmradr
reading skills were matched (in pairs) on age amuvarbal
IQ. Full matching data are presented in Table 2ld@m

with attention disorders were excluded from the gamAll

participants had normal or corrected to normalovisi

Data analysisand results

Participants performed well on the control questienall
reported participants had above 80% correct ansyges
Table 2 for individual scores).

One of the items (8-letters, high-frequency wordsw
excluded from the analyses due to typo in the dtiu
material.

First-pass durations (gaze duration) and total gimvere
selected as dependent measures that reflect wibllvioord
frequency and length effects in reading (Rayner98)9
First-pass duration is calculated as the sum of all fixation
durations beginning with the first fixation in agien (the
target word) until the reader’s gaze leaves theoredeft or
right. Total time is calculated as the sum of all fixation
durations in a region (the target word), regardiessheir
order.

The eye-movement data were analyzed using two atepar
analyses of variance (ANOVA): using subjects (Fhy a
items (F2) as cases.

Table 2: Participants in the study. Each dyslekitdds
matched with the child in the row below. The colut@n
represents the raw score on a non-verbal RavewittsB6
questions (a point is granted per correct answéieg.
column “Correct Answers” gives the percentage ofext
answers for the comprehension questions duringeiging

task.
Age 1Q Correct
Group (months) Gender (raw  Answers
score) (%)
Dyslexia 103 Male 29 95
Norm 106 Female 33 100
Dyslexia 120 Male 33 90
Norm 120 Male 32 95
Dyslexia 123 Female 32 100
Norm 125 Female 35 100
Dyslexia 128 Male 32 100
Norm 128 Male 32 100
Dyslexia 130 Male 33 90
Norm 131 Male 35 100
Dyslexia 136 Female 34 95
Norm 142 Female 30 85
Dyslexia 141 Female 20 80
Norm 144 Female 27 90

First-passduration

First-pass durations (Table 3) were analyzed asetibn of
word length, word frequency, and group (dyslexioomal

readers).

Comparison between dysexia group and control group

The subjects analysis (repeated-measures ANOVArstn
pass duration was performed with two within-sulgect
factors: word length (short and long) and word fremcy
(low and high), and group (dyslexic or normal raajlas a
between-subject factor. The item analysis on fiesds
duration was performed with word length and word
frequency as between-item factors, and group dsmwitem
factor.

The main effect of group (dyslexic vs. normal raajien
first-pass duration is significant: F1(1, 12) = 28. p <
0.001; F2(1, 59) = 150.9, p < 0.001. In genergklekic
readers showed much longer first-pass durationsarfse
were 2044 ms for the dyslexic readers vs. 467 mghe
normal readers).
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Table 3: Mean first-pass duration (in ms) as a tioncof
word length and word frequency in dyslexia and maint
groups.

Word  Word frequency
length  high low M
Dyslexia short 1418 2068 1743
group long 2072 2620 2346
M 1745 2344 2044
Control short 405 421 413
group long 441 600 520
M 423 511 467

The main effect of word length (short vs. long) the
first-pass duration was significant in the itemsalgsis
(F2(1, 59) = 6.02, p < 0.05) and marginally sigrdfit in the
subjects analysis (F1(1, 12) = 4.44, p = 0.057ndeav (8-
letters) words lead to longer first-pass durationmpared
to the short (5-letter) words. Length by group iatgion did
not reach statistical significance (F1(1, 12) =624 = 0.17,
F2(1, 59) = 2.65, p = 0.11). Long words (8-letteex)eived
longer first-pass durations both in the dyslexia @m the
control group (see Figure 1).

3000 -
M dyslexia group

2500 - kd control group

2306

2000 A

1500 A

1000 A

first-pass duration (ms)

500

short long

word length

Figure 1: Average first-pass duration (in ms) &srection
of word length in dyslexia and control groups. Efars
represent standard error of the mean.

The main effect of word frequency (high vs. low)fost-
pass duration was significant in the subjects amslgnd in
the items analysis: F1(1, 12) = 10.1, p < 0.01(E259) =
8, p < 0.01. Low-frequency words lead to longestfipass
durations compared with
Frequency by group interaction was also statidtical
significant in both subjects and item analysis: 1F1(2) =
5.6, p < 0.05; F2(1, 59) = 5.86, p < 0.05 (see rEgR).

Additional tests on simple effects in items anaystveal
that word frequency effect is significant in dyséegroup (p
< 0.05) and not significant in the control group<®.13).
The interaction reflects the fact that low frequemeords
(compared to high-frequency words) lead to greatease
in first-pass duration only in the dyslexia group.

3000 -
M dyslexia group

il control group

2500 4

2000

1500

1000

first-pass duration (ms)

500

high low

word frequency

Figure 2: Average first-pass duration (in ms) &srection
of word frequency in dyslexia and control groupsoEbars
represent standard error of the mean.

Summary of the results for first-pass duration The
comparison between dyslexia group and control group
demonstrates thalyslexic children have much longer first-
pass duration in general. Their first-pass durations are
approximately 4-5 times longer than for the congmbup.
There was also main effect of word frequency. Haavethe
frequency by group interaction and the additionzdlgsis
revealed that the increase in first-pass duratiom léw-
frequency words is present only for the dyslexiougr.
Main effect of word length on first-pass duratian dlso
found: long words receive longer first-pass duraiboth in
the dyslexia and in the control groups.

Dyslexic children show longer first-pass duratidmsthe
long words compared to the short words (word length
effect) and for low-frequency words compared tohhig
frequency words (word frequency effect). So, itrsedhat
eye-movements of dyslexic children are affectedsbgh
lexical factors as word length and word frequency.

First-pass durations for dyslexic readers seem @0 b
affected to a greater extend by word-frequencyikanin
some of the previous studies.

the high-frequency words.
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Total time

Total times (see Table 4 for means) were analyzed a
function of word length, word frequency, and group
(dyslexic or normal readers).

Table 4. Mean total time duration (in ms) as a fiamcof
word length and word frequency in dyslexia and rmint

groups.
Word Word frequency
length  High low M
Dyslexia short 1928 2783 2355
group long 3063 3671 2346
M 2495 3227 2861
Control short 545 556 551
group long 620 747 683
M 583 652 617

Comparison between dyslexia group and control group
The subjects ANOVA on total time was performed vtitto
within-subjects factors: word length (short anddprand
word frequency (low and high), and group (dysleric
normal readers) as a between-subject factor. Tém it
analysis on total time was performed with word kngnd
word frequency as between-item factors, and grosp a
within-item factor.

The main effect of group (dyslexic vs. normal reajlés
significant in the subjects and in the items arialys1(1,
12) = 28.4, p < 0.001; F2(1, 59) = 154.3, p < 0.0M
general dyslexic readers showed longer total timeeg
durations compared to the normal readers (mean2&ge
ms for the dyslexic readers vs. 617 ms for the m@brm
readers).

The main effect of length on total time was sigrdfit in
both subjects analysis and items analysis (F1(L~1252,

p < 0.05; F2(1, 59) = 6.66, p < 0.05). Longer wo(fls
letters) led to longer total time gaze durationmpared to
the shorter (5-letters) words. Length by group rentéon
did not reach statistical significance in both geat (F1(1,
12) = 3.25, p = 0.096; F2(1, 59) = 3.31, p = 0.074)
Additional tests on simple effects reveal that wéedgth
effect is significant in dyslexia group (p < 0.G&)d in the
control group (p < 0.01). Reading for long words t@anger
total time durations both in the dyslexia and ie tontrol
group (see Figure 3).

The main effect of frequency was significant in ot
analyses: F1(1, 12) = 6.47, p < 0.05; F2 (1, 58)68, p <
0.05. Low-frequency words led to longer total time

significant in the control group (p = 0.43). Theeiraction
reflects the fact that low frequency words leadgteater
increase in total time duration only in the dyséegroup.

4500
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i control group

3500 4
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total time (ms)

2500
2000
1500
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] 551
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Figure 3: Average total time duration (in ms) daraction
of word length in dyslexia and control groups. Etvars
represent standard error of the mean.
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Figure 4: Mean total time (in ms) as a functiomaird
frequency in dyslexia and control groups. Errorsbar
represent standard error of the mean.

durations compared with the high-frequency wordsSummary of the results for total time The comparison

Frequency by group interaction was statisticalyngicant
in the items analysis (F2(1, 59) = 5.71, p < 0.@5d
marginally significant in the subjects analysis ((F112) =
4.44, p = 0.057) The interaction between word fesmy
and group is presented in Figure 4. Additional stesh
simple effects revealed that word frequency effét
significant in the dyslexia group (p < 0.05) andt no

between dyslexia and control groups showed thalexrigs
children had generally longer total time for viewithe
target words than the controls. There was maincefté
frequency. However, the frequency by group intéoacand
the additional analysis revealed that the incraaséotal
time for low-frequency words is present only foreth
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dyslexic group. Long words receive longer totahdi by frequency — an effect that usually marks gocabireg

durations both in the dyslexia and in the controlugs. skills. The interaction between frequency and grivoplies
The dyslexic children show word length and wordthat there is some higher-level processing impaitnileat
frequency effects in eye-movements. inhibits the recognition of rare words or that ttfldren
simply do not have the same vocabulary range as the
General Discussion controls.
The overall gaze duration and total time for tirgeawords
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Conclusion

The results from the current study show that yodysjexic
children have extremely slow, but otherwise nornealding
patterns that are governed not only by word lermgthalso

1991





