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Reading depends heavily on the efficient shift of attention. Mounting evidence has suggested
that dyslexics have deficits in covert attentional shift. However, it remains unclear whether
dyslexics also have deficits in overt attentional shift. With the majority of relevant studies
carried out in alphabetic writing systems, it is also unknown whether the attentional deficits
observed in dyslexics are restricted to a particular writing system. The present study
examined inhibition of return (IOR)—a major driving force of attentional shifts—in dyslexic
children learning to read a logographic script (i.e.,, Chinese). Robust IOR effects were
observed in both covert and overt attentional tasks in two groups of typically developing
children, who were age- or reading ability-matched to the dyslexic children. In contrast,
the dyslexic children showed IOR in the overt but not in the covert attentional task. We
conclude that covert attentional shift is selectively impaired in dyslexic children. This
impairment is not restricted to alphabetic writing systems, and it could be a significant
contributor to the difficulties encountered by children learning to read. Copyright © 2016
John Wiley & Sons, Ltd.
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INTRODUCTION

Learning to read is a marvelous achievement in child development. Most children
master reading in a few years of schooling. In about 5—10% of children, however,
learning to read is extremely challenging and eventually results in developmental
dyslexia (DD), a specific learning disorder in reading acquisition in the presence
of adequate intelligence, conventional education, and normal sociocultural context
(American Psychiatric Association, 2013; Shaywitz & Shaywitz, 2005). The efficient
shift of attention is indispensable to rapid and sequential selection of sublexical
orthographic units (Facoetti et al., 2006; Facoetti, Trussardi, et al., 2010; Ruffino
et al., 2010; for a computational account, see Perry et al., 2007). While the
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dominant view in the field maintains that dyslexia originate from deficits in
phonological processing (for reviews, see Snowling, 2000; Vellutino et al., 2004),
bourgeoning evidence shows that developmental reading difficulties may as well
arise from dysfunctions in attention (Valdois et al., 2004; Vidyasagar & Pammer,
2010; for reviews and discussions, see Krause, 2015; Zhou et al., 2014). In line
with these findings, recent studies have shown that the efficiency of attentional
orienting is a strong predictor of reading development (e.g., Facoetti, Corradi,
Ruffino, Gori, & Zorzi, 2010; Ferretti et al., 2008; Plaza & Cohen, 2007), and
the reading performance of dyslexic children significantly improves following
training in attentional shift (e.g., Facoetti, Lorusso, Paganoni, Umilta, & Gastone
Mascetti, 2003).

According to the ‘sluggish attentional shift’ hypothesis (Hari & Renvall, 2001),
the primary attentional problem of dyslexics is that they have difficulty in
disengaging attention from the currently attended location. Direct empirical evi-
dence for this hypothesis comes from studies that revealed inhibition of return
(IOR) in normal developing but not in dyslexic children (e.g., Facoetti et al.,
2003). First discovered by Posner and Cohen (1984) in a spatial cueing paradigm
(Posner, 1980), IOR is widely regarded as an attentional mechanism that biases
against previously inspected locations (e.g., Koch & Ullman, 1985; Posner &
Cohen, 1984) and encourages orienting towards novelty in visual foraging tasks
(e.g., Klein, 1988; Klein & Maclnnes, 1999). Studies of IOR in developmental, age-
ing, and schizophrenia populations all suggest that the absence of IOR is a strong
indication of difficulty or deficiency in attentional disengagement (for a review,
see Klein, 2005). In dyslexics, a difficulty in attentional disengagement would have
impeded visual sampling, and consequently, slowed down letter-to-sound conver-
sion (Facoetti, Lorusso, et al., 2003; Facoetti, Trussardi, et al., 2010; Facoetti et al.,
2006; Roach & Hogben, 2008).

To gain a thorough understanding of the attentional dysfunctions in dyslexics, it
is important to distinguish two forms of attentional control (Klein, 2005; Klein
et al, 1992; Posner, 1980). Covert attentional orienting is the implicit allocation
of attentional resources to features or objects in the environment, in the absence
of eye movements. Overt attentional orienting, on the other hand, is the con-
scious selection of regions of space for detailed processing by the most sensitive
part of the retina (i.e., fovea), and usually involves the shift of gaze. While most
previous studies focus primarily on dyslexics’ dysfunctions in covert attentional
control, some recent empirical work indicates that dyslexics may also have dys-
functions in overt attentional control. For instance, dyslexics have poor ability in
gaze control in several non-reading situations (Crawford & Higham, 2001; Fischer
et al., 2000). More importantly, a recent study has revealed that the size of
regressive saccades during reading correlates with IOR effects measured in a
non-reading task (Weger & Inhoff, 2006), implicating that the inefficiency of gaze
control in dyslexics may closely relate to IOR. The primary purpose of the present
study was to clarify whether IOR—a major driving force of attentional shifts—is
abnormal in tasks that require the overt shift of attention (i.e., gaze shifts) in
dyslexics. To this end, in addition to the classic Posner cueing task in which eye
movements are discouraged (Posner, 1980; Posner & Cohen, 1984), IOR was also
assessed in a challenging visual search task that required gaze-shifts (e.g., Klein &
Macinnes, 1999; Smith & Henderson, 201 |; Thomas et al., 2006; see Wang & Klein,
2010, for a review).
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In addition to examining IOR in an overt attentional task, the present study also
has two other features that make it an important and timely contribution to the
field. First, recent evidence has shown that orthographic depth mediates the role
of visual attention in reading (Bavelier et al., 2013; Richlan, 2014; see Zhou et dl.,
2014, for a review). Studies examining the attentional dysfunctions in dyslexics,
however, have been all carried out in alphabetic scripts. Chinese characters are
dramatically different from alphabetic scripts in terms of form (Li et al., 2009;
Yeh & Li, 2002), orthography (Chen & Kao, 2002), and phonology (Leck et al.,
1995). An examination of IOR in Chinese dyslexic children is much needed to clar-
ify whether attentional dysfunctions underlie DD across different writing systems.
Second, as has been alluded to before, recent studies suggested that a deficiency in
attentional shift may be a causal factor for reading difficulties (for a discussion, see
Facoetti, Trussardi, et al., 2010; Franceschini et al., 2012). To verify whether this
conjecture also holds in Chinese dyslexic children, the present study adopted a
‘reading level match’ design (Backman et al., 1984; Bryant & Bradley, 1985; Bryant
& Goswami, 1986; Goswami, 2003). In addition to children with DD and normal
developing children of the same chronological age (CA), a group of children of
the same reading level (RL) as, but were two years younger than the dyslexic chil-
dren was also tested. If the deficiency in attentional shift is indeed a causal factor
for DD, IOR should be absent in dyslexic children, but not in reading level-
matched normal developing children, who were two years younger.

METHOD

The research protocol reported here was approved by an institutional review
board of authors’ institution. Written informed consent was obtained from the
parents of all children who participated in the present experiments.

To assess IOR following covert and overt attentional orienting, participants
were encouraged to complete both a cueing task and a visual search task. These
two tasks were completed in a single session and were counterbalanced across
participants.

Participants

Fifty-four first and third grade children from a local elementary school took part in
this study. All of them were native Chinese speakers, who had normal or
corrected-to-normal visual acuity. Three children were excluded from analyses
because they did not finish all experimental tasks; another four children were
excluded from analyses because their teachers reported that they had ADHD
symptoms. So, the data reported in the present paper were based on a total of
47 children, aged between 6.6 and 10.8 years. Of these children, |5 children were
classified as having DD (DD group; 9 boys, 6 girls) and 32 were typically develop-
ing children. Of the typically developing children, 17 had the same chronological
age as the dyslexic children (CA group; 12 boys, 5 girls), and |5 had the same
reading level as the dyslexic children (RL group; 7 boys, 8 girls). The CA
and DD children were from the third grade and the RL children were from
the first grade.
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These three groups of children were selected with the Standard Combined
Raven’s Test (CRT; Li & Chen, 1989), and a Chinese character recognition test
(Shu et al., 2003), which has been widely used for screening Mandarin-speaking
Chinese children for dyslexia (e.g., Lei et al., 2011; Li et al, 2009; Shu et dl.,
2006; Zhang et al, 2012). In the character recognition test, children were
instructed to read a list of 150 Chinese characters arranged in increasing difficulty
and their reading errors were recorded (see Shu et al., 2003, for a detailed
description). As in previous studies of Chinese developmental dyslexics (e.g., Ho
et al., 2004; Li et al., 2009; Wang & Yang, 2011; Zhang et al., 2012), for a
child to be included in the DD group, he/she should have normal intelligence
and his/her scores on the character recognition test should be at least one
standard deviation below the average of the same grade.

The demographic characteristics of the participants and their performance on
the CRT test and the Chinese character recognition test are presented in
Table |. Welch’s t tests revealed that the mean age of the DD group did not differ
from that of the CA group, t(23)=0.23, p=0.82, Cohen’s d=0.08, but was older
than that of the RL group, t(20)=11.42, p <0.001, Cohen’s d=4.05. As is clear
from this table, no difference in the CRT test was found between the DD, CA,
and RL groups, F(2, 44)=1., MSE=183.9, p=0.21, ;% =0.07." For the Chinese
character recognition test, the RL group performed as good as the DD group, t
(17)=0.28, p=0.79, Cohen’s d=0.10; both the RL and DD groups made
significantly more errors than the CA group, all t>9.97, all p <0.001, all Cohen’s
d>3.53.

Task to Assess IOR Following Covert Attentional Orienting

The classic Posner cueing task (Posner & Cohen, 1984) was adopted to assess IOR
following covert attentional orienting.

Stimuli and Apparatus

Stimuli were presented on a |19-inch NESO FS210A CRT monitor, and the viewing
distance (62cm) was controlled with a chinrest. Stimulus presentation and data
registration were controlled by a PC, running scripts written in Python. Eye
movements were monitored with a desktop mounted EyeLink 1000 eye-tracker
(SR Research®). The spatial resolution of the eye tracker was 0.2° or better,
and the participant’s gaze position was sampled at 1000 Hz.

Table I. Mean ages and scores on the CRT test and the Chinese character recognition test.
Numbers in the parentheses are SDs. Scores on the character recognition task are the total number
of misnamed characters. DD, children with developmental dyslexia; CA, typically developing
children, age matched to the DD group; RL, typically developing children, reading-level matched to
the DD group

Group N Age (years) CRT Character recognition errors
DD 15 9.09 (0.63) 112.27 (15.11) 76.80 (6.20)

CA 17 9.13 (0.38) 119.11 (12.94) 28.88 (4.48)

RL 15 7.07 (0.29) 120.57 (12.58) 75.47 (17.59)
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Two gray boxes that subtended 1.8° visual angle were used as placeholders in
the cueing task (see Figure |). These boxes were placed horizontally across the
centre of the screen and their distance to the central fixation was 9°. The cue
was implemented as the brightening and thickening of one of the peripheral boxes.
The target was a bright, filled circle, with a diameter of |°.

Procedure and Design

The sequence of events in the cueing task is illustrated in Figure |. Self-paced drift
correction was performed at the beginning of each trial, and successful drift cor-
rection was signalled by a beep. Following successful drift correction, two gray
boxes (place holders) appeared on the screen, together with a fixation cross at
the screen center. One thousand milliseconds later, the cue was presented at
the left, right, or both peripheral boxes for 100 ms. We used a 600-ms cue-target
onset asynchrony (CTOA); it was relatively longer than the ordinary IOR studies
because some studies suggest that longer CTOAs are needed to observe IOR in
younger children compared to adolescents and adults (Facoetti, Lorusso, et al.,
2003). To minimize the effect of temporal expectations on response times
(RTs), the target was presented 550, 600, or 650ms later (randomly selected
for each trial). The target appeared in one of the two peripheral boxes, and the
participant had 1500 ms to respond with the space bar on a standard QWERTY
keyboard. To discourage anticipatory responses, the target was not presented
on 25% of the trials. When the target was presented, it could appear in the cued
box (valid-cue) or in the box opposite to the cue (invalid-cue) if preceded by one
cue, or it could appear in either peripheral box if preceded by cues at both
peripheral boxes (neutral-cue). These three types of cue—target combinations
were presented with equal probability.

The cueing task consisted of three blocks of 48 trials. A standard nine-point
calibration of the eye tracker was performed at the beginning of each block, or

Target
1500 ms or until resp,

@ + O

Figure 1. Sequence of events in a sample trial in the cueing task. The cue could appear at the left,
right, or both peripheral boxes.
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whenever a break was required by the participant. The participants were explicitly
instructed to maintain fixation throughout a trial. The experimenter would remind
the participant to keep fixating if fixation was broken on two successive trials.

Data Analysis

In cueing tasks, IOR effect is typically quantified with the RT difference between
valid-cue and invalid-cue trials. Several lines of evidence have suggested that be-
cause the cueing task involves repeated stimulation of the same retinal locus, the
IOR effect measured in such tasks may partially attributable to short-term depres-
sion or habituation of the early visual pathway (Dukewich, 2009; Patel et al., 2010;
Satel et al.,, 201 1), rather than a cost of returning attention. This potential con-
found can be easily avoided by using trials with double cues (i.e., neutral-cue trials
in the present experiment) as baseline for calculating IOR. Because the target lo-
cation is also stimulated on neutral-cue trials, the RT difference between valid- and
neutral-cue trials provides an alternative behavioural index of IOR. Furthermore,
previous studies have demonstrated that, in cueing tasks, the location inhibited by
IOR is determined by the net vector of the cue(s) (Christie et al., 2013; Klein et al.,
2005). With two cues flanking the central fixation, as was on neutral-cue trials in
the present experiment, because the net vector of the cues is at fixation, neither
of the cued locations would be inhibited by IOR. However, because neutral-cue
trials had two cues whereas valid-cue trials had only one, it is likely that the par-
ticipant’s mental set at the time of the target onset would differ between these
two types of trials (Jonides & Mack, 1984). For these considerations, we will
report IOR effects measured as the RT difference between valid- and neutral-
cue trials as well as that between valid- and invalid-cue trials.

Task to Assess IOR Following Overt Attentional Orienting

To assess IOR following overt attentional orienting, a visual search task that typi-
cally involves a series of rapid eye movements (e.g., Klein & Macinnes, 1999; Smith
& Henderson, 201 |; Thomas et al., 2006) was adopted in the present study. In this
task, IOR is manifested by longer latencies and lower probabilities for saccades
returning to previously fixated, and thus attended, locations.

Stimuli and Apparatus

Similar to previous studies (Klein & Macinnes, 1999; Smith & Henderson, 201 1),
participants were required to search for a camouflaged target—a distinctively
dressed cartoon character named ‘Waldo'—from 30 unique full-colour pictures
adapted from the ‘Where’s Waldo? series by Martin Handford (1987). These
pictures depicted highly cluttered scenes, containing many colourful background
elements as well as human figures. A series of rapid eye movements (saccades)
are usually generated before Waldo is successfully found, and thus this task will
be referred to as an ‘oculomotor search task’.

Stimuli were presented on a 2l-inch CRT monitor. Stimulus timing and re-
sponse registration were controlled by custom scripts written in Python. Eye
movements were monitored and recorded with an MRI-compatible Eyelink 1000
(SR Research®) eye-tracker. The spatial resolution of this eye-tracker was 0.2°
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or better, and the sampling rate was set to 1000 Hz. The viewing distance was
maintained at about 71 cm with a chinrest.

Procedure and Design

A trial started with the presentation of a fixation dot. When the participant’s gaze
was within |° of the fixation dot, the experimenter started the presentation of the
search scene by pressing the space bar on a keyboard connected to the Eyelink
server. Participants were instructed to search for Waldo and to press the space
bar when they found Waldo. They were allowed to search each scene for a max-
imum of 10s. At the beginning of this task, examples of Waldo were shown to the
participants to help them to get familiar with Waldo. This task had 30 trials, and
the target (Waldo) was present on 10 trials.

Data Analysis

The purpose of this visual search task was not to assess how efficiently the partic-
ipant identified the search target (Waldo), but rather to examine the saccades ex-
ecuted during search. Based on previous IOR studies, saccades returning to the
vicinity of previous fixations were expected to have longer latencies and lower
probabilities than those to distance matched control locations. To quantify IOR
at the immediate preceding (1-back) and the penultimate (2-back) fixations, the la-
tency and probability of saccades landing at the |-back and 2-back fixations were
compared to that of those landing in three distance matched locations 90°,
180°, and 270° (angular distance) away (see Figure 2, for an illustration). We ex-
amined only saccades that landed within |1° of these four locations (see also Smith
& Henderson, 201 1).

RESULTS

IOR Following Covert Attentional Orienting

The classic Posner cueing task was used to assess IOR following covert attentional
orienting. False alarm rates in this task were 1.30%, 2.29%, and 3.52% for the DD,
CA, and RL groups, respectively. These false alarm rates were too low to warrant
further analysis. To avoid potential contribution of oculomotor processes to IOR
(e.g., Hilchey et al., 2014), trials on which eye movements were detected were not
considered in our analyses. These excluded trials accounted for 25.51%, 28.19%,
and 28.06% of the trials tested in the DD, CA, and RL groups. Analysis showed
that the number of trials excluded because of eye movements did not differ across
groups, F(2, 44)=0.19, MSE=381.5, p=0.83, #z=0.01. RTs of the remaining trials
were cleaned based on the number of trials in each experimental cell of each par-
ticipant, following the criteria given by Van Selst and Jolicoeur (1994, Table 4). This
data cleaning procedure excluded 2.88%, 2.88%, and 2.18% trials for the DD, CA,
and RL groups, respectively. The number of excluded trials with this procedure
again did not differ across groups, F(2, 44) =0.84, MSE=1.74, p=0.43, 72 =0.04.
Mean RTs in each condition of the three groups are presented in Table 2.
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Figure 2. Methods for revealing IOR effects at previous fixations (I-back and 2-back) in the

oculomotor search task. We examined the latency (and probability) of saccades landing in a small

region (radius = |°) centred at the |-back and 2-back fixations and that of those landing in three

distance-matched control regions 90°, 180°, and 270° away from the |-back and 2-back fixations.

Saccades landed at the |-back and 2-back fixations were expected to have longer latencies and lower
probabilities than control locations.

Neutral-cue Trials as Baseline

As has been discussed in the Method section, the neutral-cue trials in the cueing
task provides an alternative baseline for calculating IOR effect following covert at-
tentional orienting. An ANOVA was performed on the RTs, with variables cueing
(valid-cue vs. neutral-cue) and group (CA, DD, vs. RL). The results revealed a main
effect of cueing, F(I, 44) =6.04, MSE=642, p=0.02, #2 < 0.01; RTs were generally
longer on valid-cue trials, suggesting an overall IOR effect. The main effect of
group was not significant, F(2, 44) =0.02, MSE = 18777, p=0.98, 2 < 0.01, but im-
portantly, the interaction between group and cueing was significant, F(2, 44) =3.59,
MSE=642, p=0.04, 72 <0.01. The IOR effects observed in the three groups of
participants are presented in Figure 3. Previous work has shown that dyslexic chil-
dren fail to show IOR (Facoetti, Lorusso, et al., 2003). Planned contrasts revealed
that, with neutral-cue trials as baseline, statistically reliable IOR effects were ob-
served for the CA group, t(16)=1.70, p=0.05 (l-tailed), Cohen’s d=0.41, and
the RL group, t(14)=3.62, p=0.001, Cohen’s d=0.93, but not for the DD group,
t(14)=0.58, p=0.71, Cohen’s d=0.15.

Invalid-cue Trials as Baseline

An ANOVA on the RTs, with variables cueing (valid-cue vs. invalid-cue) and
group (DD, CA, vs. RL), revealed that the main effect of group was not significant,

Table 2. Mean RTs of each condition in the cueing task. Numbers in the parentheses are SDs

Group Valid-cue Invalid-cue Neutral-cue
CA 525 (24.91) 495 (26.02) 510 (26.57)
RL 532 (24.10) 500 (31.01) 503 (27.80)
DD 508 (25.94) 511 (33.47) 514 (24.52)
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F(2, 44)=0.02, MSE=20876, p=0.98, 17%; <0.01, nor did its interaction with cueing,
F(2,44)=1.85 MSE=1528,p=0.17, né< 0.01. However, a significant main effect of
cueing was observed, F(2, 44) =6.25, MSE= 1528, p=0.02, né<0.0|. Planned con-
trasts revealed that, with invalid-cue trials as baseline, significant IOR effects were
observed for the CA group, t(16)=2.88, p=0.005 (I-tailed), Cohen’s d=0.70,
and the RL group, t(14) =2.17, p=0.02, Cohen’s d=0.56, but not for the DD group,
t(14)=0.15, p=0.56, Cohen’s d=0.04. These results replicate the findings of
Facoetti, Lorusso, et al. (2003).

As clearly shown in Figure 3, IOR was observed in normal developing but
not in dyslexic children, regardless of whether neutral- or invalid-cue trials
were used as baseline to calculate IOR effects. These consistent findings pro-
vide strong evidence that an attentional dysfunction exists in dyslexics. It is im-
portant to note that the root of this dysfunction may not be in IOR per se,
but rather in a failure or slowness to disengage attention from the cued loca-
tion (Klein, 2000, 2005). It is possible that dyslexics will show IOR when mea-
sures are taken to encourage them to disengage attention from the cued
location, for instance, by supplying a second cue at fixation (e.g., MacPherson
et al, 2003).

IOR Following Overt Attentional Orienting

On average, 730 (SD=64), 775 (SD=110), and 685 (SD=77) saccades were
obtained from each participant of the DD, CA, and RL groups, respectively.
A saccade was excluded from the analyses if: (I) it was extremely slow
(duration > 100 ms; 8.72%), or (2) it had extremely short (<80ms; 5.19%) or
long (>500ms; 3.87%) latency. To reveal IOR, we only considered saccades
that landed in small regions (diameter=2°) centred at the |-back and 2-back
fixations, and those centred at distance matched locations 90°, 180°, and
270° away (see Figure 2 for an illustration). After data cleaning, 1845 saccades
relative to the |-back fixation and 1510 saccades relative to the 2-back fixation
remained.

Copyright © 2016 John Wiley & Sons, Ltd. DYSLEXIA 22: 362-378 (2016)
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Temporal Effect of IOR: Time Taken to Return

In the classic demonstration of IOR following overt orienting (Klein & Macinnes,
1999), IOR was quantified as a temporal delay experienced by saccades directed
back to the immediately fixated regions (I-back) and the penultimate (2-back) fix-
ated locations. As clearly shown in Figure 4A, saccades had shorter latencies as
their angular distance to the [-back fixation increased.

An ANOVA on saccade latencies, with variables group (CA, DD, and RL) and an-
gular distance to the |-back fixation (0°,90°/270° or 180°), revealed a significant main
effect of angular distance, F(2, 131)=10.82, MSE=208289, p < 0.001, iyé =0.16.The
main effect of group did not reach significance, F(2, 131)=0.05, MSE =208289,
p=0.95, 5z =0.001, nor did its interaction with angular distance, F(4, 131)=0.58,
MSE =208289, p=0.97,7=0.007. Planned contrasts showed that the latency of sac-
cades landing in the 0° location was longer than those landing in the 180° location, t
(40)=3.79, p<0.001, Cohen’s d=0.55, and the 90/270° location, t(40)=3.79,
p <0.001, Cohen’s d=0.55. No saccade latency difference was found between the
180° and 90/270° locations, t(40) = 1.28, p =0.49, Cohen’s d=0.19.

For the analysis of saccades relative to the 2-back fixation, the ANOVA
revealed no significant main effect or interaction, all F < I, n.s. (see Figure 4B).

Spatial Effect of IOR: Saccade Landing Probability

One advantage of the oculomotor search task is that it can also reveal the spatial
effect of IOR. That is, the effect of IOR in reducing the likelihood of saccades
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Figure 4. Mean latencies (A—B) and probabilities (C—D) of saccades landing at previous fixations
(I-back and 2-back) and distance matched control locations. Error bars denote + | SEM.
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returning to previously fixated locations. The probabilities of saccades landing at
the |-back and 2-back fixations, and distance-matched locations are presented in
Figure 4C-D.

An ANOVA of saccade landing probabilities, with variables group and angular
distance to the |-back fixation (0°, 90°/270°, and 180°), revealed a significant main
effect of angular distance, F(2, 131)=74.32, MSE=9308, p <0.001, nz=0.50. As is
clear from Figure 4C, saccades were less likely to land around the 0° and 90/270°
location. The main effect of group and its interaction with angular distance did not
reach significance, all F< I, n.s. Planned contrasts revealed that the probability of
saccades landing around the 0° and 90/270° locations was lower than that of those
landing around the 180° location, all t>6.93, all p <0.001, all Cohen’s d> 1.01.
No difference in saccade landing probability was found between the 0° and
90/270° locations, t(40) =0.64, p=0.53, Cohen’s d=0.09.

A similar pattern of results was obtained from the analysis of saccades relative
to the 2-back fixation. The main effect of angular distance was significant, F(2, 131)
=34.15, MSE= 11663, p < 0.001, #2=0.46; saccades were less likely to land around
the 0° and 90/270° location. The main effect of group and the two-way interaction
between group and angular distance did not reach significance, all F<I, n.s.
Planned contrasts also showed lower probability of saccades landing around the
0° and 90/270° location, as compared to the 180° location, all t>6.23, all
p <0.001, all Cohen’s d>0.91. No difference was found between the 0° and
90/270° locations, t(40)=0.33, p=0.87, Cohen’s d=0.05.

One striking observation in the oculomotor search task was that the effect of
IOR on saccade latency was limited to the |-back fixation whereas that on saccade
landing probability had no sign of weakening at the 2-back fixation. It remains un-
clear why the effect of IOR on saccade probability appears to last longer in the
present study, but nevertheless, the results presented here clearly show that
IOR following overt attentional orienting was normal in dyslexic children. Unlike
the cueing task, the oculomotor search task does not entail the possibility of a
cue capturing attention and holding it too long. The fact that dyslexic children
showed normal IOR in the oculomotor search task further supports the idea that
dyslexics may have difficulty in covertly disengaging attention.

DISCUSSION

The present study examined whether IOR—a major driving force of attentional
shifts—in tasks that involve covert and overt attentional orienting was abnormal
in dyslexic children. More importantly, we tested Chinese dyslexic children, and
thus the results also helped to determine whether dyslexics in non-alphabetic
writing systems also have dysfunctions in attention.

Selective Impairment of Covert Attentional Shift in Dyslexic Children

Consistent with previous findings (Facoetti et al., 2003), the present experiment
found that dyslexic children produced no IOR following covert attentional
orienting in a cueing task. More importantly, the present study also revealed an
IOR effect in children who were younger than the dyslexic children but had
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comparable reading ability. These observations suggest that dysfunctions in covert
attentional shift may be a causal factor for the reading difficulties encountered by
dyslexics (Facoetti et al., 2003; Franceschini et al., 2013).

Previous studies have shown that dyslexics have poor ability in eye movement
control, even in non-reading tasks (Biscaldi et al., 2000; Crawford & Higham,
2001), indicating that dyslexics may also have deficits in overt attentional control.
Surprisingly, in the oculomotor search task which directly assessed IOR following
overt attentional orienting, robust IOR effects were observed not only in typically
developing children, but also in children with dyslexia. These results, together with
that of the cueing task, suggest that covert attentional shift is selectively impaired
in dyslexic children.

Training in attentional orienting has been shown to improve the reading perfor-
mance of dyslexic children (Facoetti et al., 2003; Franceschini et al., 2013; Gori
et al., 2015). For instance, Gori et al. (2015) showed that training boosted visual
attention in dyslexics, and importantly, the training-induced attentional changes
explained a large portion of variance of the reading performance gain in the dys-
lexics. While it remains unclear why covert attentional shift is selectively impaired
in dyslexic children, the important message here is that, for dyslexic children to
benefit more from educational activities, educators and parents should consider
training programmes specifically targeting at covert attentional shift.

Attentional Dysfunctions and Writing Systems

With a cuing paradigm, Facoetti and colleagues (2003) revealed an attentional dys-
function in Italian dyslexic children (see also Facoetti et al., 2000; Facoetti et al.,
2001). They suggested that the attentional dysfunction may have caused reading
difficulty by impacting phonological processes (Facoetti et al., 2006; 2010). For al-
phabetic scripts, phonological decoding is one of the most critical reading skills
(Share, 1995; Ziegler & Goswami, 2005). Phonological decoding is based on
letter-to-sound conversion, i.e., the mapping of a letter or a grapheme to its cor-
responding speech-sound. Accurate and rapid attentional shift is needed for
segmenting letter strings into its constituent graphemes (Facoetti, et al., 2006;
2010). In addition, before the letter-to-sound mapping mechanism is applied, flex-
ible attentional control is needed to filter out irrelevant lateral letters and subse-
quently to disengage attention from the selected letters. As such, dysfunctions in
attentional shift would seriously impair phonological decoding and thus reading
(Facoetti et al., 2006; 2010; Ruffino et al., 2010).

Chinese is a logographic script that is still in use by a large population and it has
essentially no letter-to-sound conversion (Perfetti et al., 2005; Yeh & Li, 2002). A
Chinese character maps onto phonology at the syllable level; it has no part corre-
sponding to phonemes, and thus reading Chinese characters does not depend on
the serial letter-to-sound conversion. The present failure to observe IOR in a co-
vert attentional task in Chinese dyslexic children, together with the dysfunctions in
covert attention reported in previous studies (Facoetti, et al., 2003; 2010; Facoetti
et al., 2006; Ruffino et al., 2010), suggest that the impact of attentional dysfunctions
on dyslexia may not be mediated by phonological processes. It is possible that ef-
ficient attentional shift is indispensable to rapid and sequential selection of sub-
lexical orthographic units, i.e., letters in alphabetic words or strokes/radicals in
Chinese characters (Ruffino et al., 2010; see Perry et al., 2007, for a computational
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account). Of course, it is also possible that covert attentional shift is an integral
component of all intellectual activities, such as reading, arithmetic, arts, and prob-
lem solving. This may explain why attentional dysfunctions have been observed in a
large spectrum of learning disorders (Valdois et al., 2004; Vidyasagar & Pammer,
2010).

Limitations and Further Study

Before closing our discussion, we would like to note a few limitations of the
present work. First, the present study adopted a cross-sectional design to reveal
a possible causal link between attentional dysfunction and reading acquisition, a
longitudinal study that extends to younger children is needed to confirm our find-
ings. Second, because of the lack of standardized diagnosing tools, it is impossible
for us to characterize Chinese dyslexic children in terms of subtypes (Jones et al.,
201 1). Third, given the diversity of literacy and ways of language teaching around
the world, more evidence is needed to see if dysfunctions in covert attention
are a universal characteristic of DD. Finally, while the present study shows that
dyslexic children have selective impairments in covert attentional shift, the neural
basis underlying these impairments remains unknown. This issue warrants
dedicated exploration in future studies.

CONCLUSION

The present study revealed that Chinese dyslexic children had an IOR deficiency in
covert but not in overt attentional tasks. We conclude that covert attentional shift
is selectively impaired in dyslexic children. This impairment is not restricted to al-
phabetic writing systems and it could be a significant contributor to the difficulties
encountered by children learning to read.

ENDNOTES

I. For ANOVA:s, the effect size measure reported in this paper was generalized eta
squared (n%; Olejnik & Algina, 2003). Similar to Cohen’s (1988) guideline on eta
squared, a 772 of 0.02 could be regarded as small, while one of 0.13 and 0.26 is regarded
as medium and large, respectively (Bakeman, 2005).
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