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Abstract 

Developmental dyslexia is one of the most common learning disorders in children 

and adolescents. Revealing the causes of dyslexia is necessary for intervention on 

this disorder. Previous studies have shown that inefficient attention orienting is a 

causal factor for reading difficulties in dyslexics, and it can be indexed by 

sluggish inhibition of return. However, a fundamental understanding of the neural 

bases of inefficient attention disengagement remains unclear. The present thesis 

investigated the neural mechanism underlying the attention disengagement 

process and its relation with reading performance using behavioral and 

electrophysiological methods. Chapter 1 measured several electrophysiological 

indices while Chinese children, both dyslexic and typically developing, were 

asked to detect a target stimulus preceded by an uninformative cue stimulus in 

the classic cue-target paradigm. The possible relation between stimulus-locked 

ERP activity and reading skills was also examined to further understand how 

efficiency of attention disengagement affects reading. These studies considered 

both cue-locked and target-locked ERP activities to examine the neural 

mechanism of attention disengagement. Chapter 2 examined neural oscillations 

related to attention disengagement as well as resting-state EEG activity in 

different frequency ranges in children with and without dyslexia. The relation 

between activation patterns in several frequency ranges and reading skills 

indicated that neural indices of attention disengagement and resting-state activity 

are predictive of reading performance. In the following Chapters 3 and 4, the 

neural mechanisms underlying attention disengagement was investigated in 

Italian young adults. Chapter 3 investigated both cue-evoked and target-evoked 

ERP activities in the cue-target task, and also examined the correlation between 

neural cueing effect, attention disengagement efficiency, and reading skills. In 

Chapter 4, neural oscillations related to target-evoked as well as resting-state 

EEG activity in different frequency ranges were examined on Italian young adults, 



to provide a new insight into the correlation between neural oscillations in 

stimulus-locked activity and reading performance. Overall, these studies revealed 

the different electrophysiological parameters indexing the efficiency of attention 

disengagement for both children and adults, providing multiple signatures of 

stimulus-locked neural activity during attention shifting. Importantly, the parallel 

results from Chinese and Italian participants show the generality of these findings 

and demonstrates the influence of attention shifting mechanisms on reading 

performance in both alphabetic and logographic scripts. More importantly, this 

study suggests that intervention targeting attention disengagement efficiency 

might be a fruitful approach for improving reading skills in dyslexia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Summary 

Developmental dyslexia is a specific impairment characterized by severe and 

persistent problems in the acquisition of reading skills that are not caused by 

intellectual disability, auditory or visual acuity problems, or inadequate schooling 

(Association, 2015). Usually, dyslexia is marked by reading achievement that 

falls substantially below that expected (e.g., more than 2 standard deviations) 

given the individual's chronological age, measured intelligence, and age-

appropriate education. The disturbance in reading significantly interferes with 

academic achievement or with activities of daily living that require reading skills.  

Despite decades of research, a fundamental understanding of the 

mechanisms underlying DD is still lacking. Controversy remains even for the 

criteria that define such reading difficulties (Zoccolotti, 2020) and the results of 

computational modeling studies show that only a multi-deficit model can account 

for individual differences and the heterogeneity of profiles in DD (Perry, Zorzi, 

& Ziegler, 2019; Ziegler, Perry, & Zorzi, 2020). Nevertheless, researchers have 

systematically sought to identify a single “core” deficit as cause of dyslexia. In 

particular, abundant literature has stressed the phonological deficit as the main 

cause of reading difficulties (Goswami, 2002; Ramus, 2003; Snowling, 2001). 

Reading requires the acquisition of fluent orthographic skills to combine the 

visual form of words and access the meaning directly, and the development of 

good phonological skills is also required for pronouncing unfamiliar words using 

knowledge of letter-sound conversion rules (Ziegler, Perry, & Zorzi, 2020).  

The magnocellular theory of dyslexia (Stein & Walsh, 1997) arose from 

observations of impaired visual processing in the magnocellular pathway. Visual 

processing divides into two streams when excluding the main occipital cortex, 

the magnocellular dorsal stream is particularly important for detecting visual 

motion, controls eye and limb movements, and transfers into the supramarginal 

and angular gyri in the posterior parietal cortex. The ventral stream is devoted to 



identifying visual forms in the inferior temporal cortex. Both visual processing 

streams are involved in written language processing through dorsal and ventral 

pathways. Studies on dyslexics showed reduced activation of visual processing 

through the dorsal stream when detecting moving visual targets, which indicates 

the reduced sensitivity of the visual magnocellular system (Eden, VanMeter, 

Rumsey, & Zeffiro, 1996). Moreover, dyslexics showed higher thresholds for 

visual stimuli with low contrasts, low spatial or high temporal frequencies 

(Lovegrove, Bowling, Badcock, & Blackwood, 1980; Talcott et al., 1998), and 

less sensitivity to visual motion (Talcott, Hansen, Assoku, & Stein, 2000). The 

magnocellular system is also important for directing visual attention, control of 

eye movements, and visual search, all three skills play a significant role in reading 

ability (Stein, 2001). An intact magnocellular function is essential for high motion 

sensitivity and stable binocular fixation, thereby suggesting that it plays a role in 

orthographic development and decoding skills. However, there are also studies 

that did not support the magnocellular dysfunction hypothesis of dyslexia 

(Zoccolotti, Jong & Spinelli, 2016). For example, one extensive meta-analysis 

found intact V5/MT area (the core magnocellular region) in dyslexics (Paulesu et 

al., 2013). Moreover, Gagl et al. (2014) confirmed that slow readers process 

words by means of serial decoding but have similar processes to proficient 

readers after landing at unfavorable positions within a word. In relation to contrast 

sensitivity, recent studies found that the higher threshold for dyslexic may not 

only be explained by a deficit in magnocellular activation, but may result from 

the coexisting inefficient response of both magnocellular and parvocellular 

systems (Contemori, Battaglini, Barollo, Ciavarelli, & Casco, 2019). The 

magnocellular system is characterized by sensitivity to very low spatial 

frequencies, very high temporal frequencies and very low contrast (Buchholz, 

2004), most results on dyslexics show a reduced sensitivity in a wide range of 

spatio-temporal conditions, in which involvement of the parvocellular system 

cannot be excluded.  



Notably, an increasing number of studies show that dysfunction in 

attentional orienting is a primary contributor to the reading deficit (Facoetti et al., 

2006; Vidyasagar & Pammer, 2010; Zhou, McBride-Chang, & Wong, 2014). For 

instance, it has been shown that attention is impaired not only in dyslexic children 

(Facoetti, Trussardi, et al., 2010; Lallier et al., 2010), but also in children with 

familial risk of developmental dyslexia (Facoetti, Corradi, Ruffino, Gori, & Zorzi, 

2010). The efficiency of attentional orienting is a good predictor of reading ability 

(Ferretti, Mazzotti, & Brizzolara, 2008; Franceschini, Gori, Ruffino, Pedrolli, & 

Facoetti, 2012; Plaza & Cohen, 2007; Ruffino, Gori, Boccardi, Molteni, & 

Facoetti, 2014) and more importantly, intervention programs focusing on 

attentional orienting have proven effective in improving the reading performance 

of dyslexic children (Facoetti, Lorusso, Paganoni, Umilta, & Mascetti, 2003; 

Facoetti et al., 2017; Franceschini et al., 2013; Franceschini et al., 2017). 

The aim of the present thesis was to further investigate the relation between 

the efficiency of attentional orienting and reading skills, both in normal and 

dyslexic readers, using behavioral and electrophysiological methods. Indeed, a 

better understanding of the relation between basic cognitive process and reading 

process, as well as their neural underpinnings, is fundamental for designing 

effective remediation targeting cognitive components that should lead to 

improving reading performance (Rinaldi et al., 2021). Importantly, the present 

studies involved both Chinese and Italian readers to assess the generality of the 

findings across very different writing systems (logographic vs alphabetic).   

The main objective of Chapter 1 was to explore the behavioral and event 

related potential (ERP) signatures of attention shifting in a sample of Chinese 

children with and without dyslexia. Dyslexic children were selected from 304 

third-grade primary students based on reading performance below the 10th 

percentile, were assessed as having reading difficulties by their Chinese teacher, 

and had normal intelligence. A classic Posner cue-target paradigm with stimuli 

along the vertical meridian and uninformative cues was employed, combined with 



electrophysiological measurement (EEG recording). Dyslexic children did not 

show the Inhibition-of-Return (IOR) effect at the shortest cue-to-target delay 

interval as normal developing children, which indicates their sluggish attentional 

disengagement. Due to the possible vertical asymmetries in visual input 

processing, the ERP activities were analyzed separately for upper and lower 

visual fields. For cue-locked ERPs, dyslexic children showed a generally more 

negative ERP waveform compared with the age-control group. More interesting, 

cue-locked ERP amplitudes in several time windows were found to positively 

correlate with better reading performance. As for target-locked ERPs, condition 

differences (cued vs. uncued) were found around 300 ms after the target was 

presented, and such cueing effects in dyslexic children were more negative than 

in the age-control group on the left hemisphere. The behavioral cueing effect, the 

cue-evoked waveform before target-onset, as well as the target-locked ERP 

cueing effect at P400 component were found to correlate with reading 

performance. To the best of our knowledge, this study explored for the first time 

the cue and target stimulus-locked ERP activity in children with and without 

dyslexia. Interestingly, the cue- and target- ERP patterns of attention 

disengagement were found to correlate with reading accuracy performance and 

number naming speed in a Rapid Number Naming Task. The comparisons 

between cueing conditions in the two groups are presented in Chapter 1, and the 

possible theoretical explanations of these results are discussed. 

Chapter 2 examined the EEG power activities in Chinese children with 

and without dyslexia in resting-state EEG recording and also during the cue-target 

task. In this study, the brain region (anterior vs. posterior) and hemispheric (left 

vs. right) differences in the spontaneous oscillatory activity of each major 

frequency band (delta, theta, alpha, beta, and gamma bands, 0.5-45 Hz) for the 

two groups were compared in both conditions (task and rest). Group difference 

was found in the beta band in both task-related (target-locked) and resting-state 

activity, with dyslexic children showing a greater beta power activity than 



normally developing children. More interestingly, a negative correlation was 

found for beta power activity in the right anterior brain region during attention 

shifting and behavioral disengagement efficiency (behavioral IOR effect at the 

shorter time interval), which also negatively correlated with character recognition 

accuracy. This study provides new insights for understanding the attention deficit 

in dyslexic children in terms of abnormal neural oscillations during the attention-

shifting process. 

       Chapter 3 investigated visual-spatial attention disengagement and the ERP 

activity patterns using the cue-target paradigm in Italian typically reading adults. 

30 young adult participants showed the IOR effect at all cue-target delay intervals 

and the IOR effect became larger as the time interval increased. When 

considering the IOR effect at the shortest time interval as an index of attention 

shifting efficiency, the magnitude of IOR negatively correlated with both word 

and nonword reading time, which indicated a link between efficiency in attention 

shifting and reading fluency. As for the stimulus-evoked ERP activity, significant 

differences were found between two visual fields on two early ERP components, 

with the lower visual field showing generally more negative waveform than the 

upper visual field. For target-locked ERPs, cueing effects showed different 

patterns in upper and lower visual fields. In the upper visual field, cueing 

modulated the early P170 component, with reduced amplitude in the cued 

condition compared with the uncued condition across hemispheres. Reduced 

amplitude in the cued condition was also found for the N250 component, only on 

the right hemisphere. In the lower visual field, reduced amplitude in the cued 

condition was found for the N250 component, only on the right hemisphere. For 

the following N300 component, larger amplitude was instead found for the cued 

condition and only on the left hemisphere. More interestingly, the cueing effect 

in the upper visual field on the right hemisphere was positively correlated with 

IOR effect at the shortest time interval; specifically, more reduced ERP activity 

for cued condition (enhanced ERP activity for uncued condition) on the N250 



component, correlated with more efficient attention disengagement. Since there 

is no agreement in the literature on the ERP signature of inhibition of return in 

adults, this study paves the way for understanding attention disengagement in the 

upper and lower visual field.  

The following Chapter 4 investigated the EEG power activities in resting-

state EEG recording and during the cue-target paradigm for the sample of young 

Italian adults. In this study, the brain region (anterior vs. posterior) and 

hemispheric (left vs. right) differences in the spontaneous oscillatory activity of 

each major frequency band (delta, theta, alpha, beta, and gamma bands, 0.5-45 

Hz) were measured both at rest and during the task (target-locked activity). Brain 

region differences were generally found in each frequency band for both task and 

rest activity. When separately examining the brain region effect and laterality 

effect, both in resting-state and cue-target task, larger delta power was found for 

the anterior region, and larger alpha power was found for the posterior region. 

Additionally, such brain region differences in both delta power and alpha power 

positively correlated with word reading performance, indicating that larger 

activation in the anterior brain region for slower 0.5-4 Hz delta power, and larger 

activation in the posterior brain region for 8-13 Hz alpha power positively 

correlated with more efficient word reading speed. 

 

 

 



Chapter I 

The Relation Between Stimulus-Locked ERP of Inhibition of Return and 

Reading Performance in Chinese Dyslexic and Normally Developing 

Children 

1.  Introduction 

Dyslexia, also known as reading disorder, is a learning difficulty that primarily 

affects the skills involved in accurate and fluent word reading and spelling, and 

one of the most prevalent learning disabilities around the World. It affects up to 

12% of the population (Peterson & Pennington, 2015). It is characterized by 

difficulties in word recognition, poor decoding, and poor spelling, which occur 

despite normal educational opportunities and cannot simply be explained by 

impaired neurological or sensory functioning or below-average intelligence 

(Association, 2015). Co-occurring difficulties may be seen in aspects of language, 

motor coordination, mental calculation, and visual and auditory processing, 

which points out that dyslexic readers can show a combination of abilities and 

difficulties that affect the learning process. Despite decades of research, the 

underlying mechanism of dyslexia is still a controversial topic. 

The phonological deficit has been considered to be a good predictor of 

dyslexia for a long time (Goswami, 2002; Ramus, 2003; Snowling, 2001). 

However, some contradicting evidence has shown that poor phonological coding 

might not be the whole story. Some cases of dyslexia are not phonological, for 

example, the impairments in reading nonwords are not always matched by 

deficits in the phonological awareness (Castles & Coltheart, 1993; Castles & 

Coltheart, 2004). Studies on children (Castles & Coltheart, 2004; Tree & Kay, 

2006), as well as on adults with brain damage (Bisiacchi, Cipolotti, & Denes, 

1989), have documented difficulties in nonword reading despite good 

phonological awareness. Zoccolotti (2022), following the evaluation of many 

studies that considered the phonological deficit as a causal factor of dyslexia, 



pointed out that although the phonological deficit theory has gained a large 

consensus among dyslexia researchers, there is still an absence of explicit 

formulation and predictions of the theory due to a complex pattern of results. For 

example, phoneme awareness tasks have been used in many dyslexia studies 

(Melby-Lervåg, Lyster, & Hulme, 2012) and considered as critical measures of 

the phonological deficit, however, there was lack of unitary interpretation for if 

such deficit can be considered as the main cause of reading deficits. 

An increasing number of studies support a visual etiology in dyslexia, in 

particular a basic deficit in the magnocellular submodality of the visual pathway 

(Corbetta & Shulman, 1998; Giraldo-Chica, Hegarty II, & Schneider, 2015; Gori, 

Cecchini, Bigoni, Molteni, & Facoetti, 2014). The magnocellular-dorsal (MD) 

pathway is one of the main human visual pathways. The MD pathway begins in 

the retina, and carry the magnocellular information through the dorsal lateral 

geniculate nucleus (LGNd) to the primary visual cortex (V1) and motion-

sensitive visual areas (MT/V5), finally projecting to the posterior parietal cortex. 

The MD pathway is also known to play a central role in the visual-spatial attention 

and eye movement control (Stein, 2014), especially in the attentional orienting 

(Vidyasagar, 2005; Vidyasagar & Pammer, 1999). The posterior parietal cortex 

(PPC) is a cortical brain area related to visual-spatial attention (Saalmann, 

Pigarev, & Vidyasagar, 2007). Vidyasagar and Pammer (1999) proposed that 

magnocellular-dorsal pathway deficits may affect reading by impairing visual-

spatial attention (Gori, Seitz, Ronconi, Franceschini, & Facoetti, 2016; 

Vidyasagar & Pammer, 1999). Such evidence is also found in logographic scripts 

(Qian & Bi, 2015; Zhao, Qian, Bi, & Coltheart, 2014). For dyslexic children, the 

deficit in the MD pathway may impair the posterior parietal region and lead to 

difficulties in visual-spatial attention ability. Nevertheless, there are also studies 

that failed to observe the MD deficit in dyslexics (Gagl et al., 2014; Paulesu et 

al., 2013; Zoccolotti, Jong & Spinelli, 2016). A recent study focused on contrast 

sensitivity suggested that the higher-than-normal threshold in dyslexia may not 



be a pure deficit in magnocellular activation but instead reflect a coexisting 

inefficient magnocellular-parvocellular activation (Contemori, Battaglini, 

Barollo, Ciavarelli, & Casco, 2019). 

  Reading has been recognized as a complex cognitive process that involves 

several mechanisms, visual perception, eye movements (such as saccades and 

fixations), and semantic and linguistic abilities. Therefore, a deficit in one of these 

different components could cause impairment in reading acquisition. During 

reading, attention is quickly shifted across words but also within words to parse 

letter strings into the constituent graphemes for phonological decoding (Perry, 

Ziegler, & Zorzi, 2007; Ziegler, Perry, & Zorzi, 2019). Visual attention is defined 

as the process by which one target item is selected for further processing from 

several other competing items or distractors (Posner & Petersen, 1990). Alerting 

and orienting are the two major attention processes involved in the reading 

acquisition (Petersen & Posner, 2012). Alerting process is defined as a major 

emphasis on producing and maintaining optimal vigilance and performance 

during tasks, which can be already measured in the infant brain (Ronconi, 

Franchin, Valenza, Gori, & Facoetti, 2016). The orienting network is focused on 

the ability to prioritize sensory input by selecting a modality or location (Petersen 

& Posner, 2012). Attention orienting can be described as a spotlight moving 

towards the attended area (Carrasco, 2011; Facoetti et al., 2003), such attention 

spotlight is not only oriented in a distinct spatiotemporal location but can also be 

adjusted in its size, which means zoom-in and zoom-out on focusing attention. 

During new word and pseudoword decoding, the attentional mechanisms scan 

sequentially the letter string presented inside the attentional spotlight, exactly as 

during a visual search task. Information is continuously processed in the specific 

temporal sequence yielding the letter spatial order (Vidyasagar & Pammer, 2010). 

The predictive effect of visual attention abilities has also been found for reading 

development in preschool children (Facoetti, Trussardi, et al., 2010). Training 

programs focused on attentional orienting have shown to improve the reading 



performance of dyslexic children (Facoetti et al., 2003; Franceschini et al., 2013; 

Lorusso, Facoetti, Paganoni, Pezzani, & Molteni, 2006; Peters, De Losa, Bavin, 

& Crewther, 2019). Attentional orienting seems to play a significant role in 

explaining reading impairment.  This study further investigated the relation of 

visual attention to reading performance. 

Imaging literature indicates that two brain systems are involved in 

orienting, a dorsal fronto-parietal system (including parietal regions and frontal 

eye fields (FEFs)) mediating the top-down voluntary attention, and a ventral 

frontoparietal system involved in detecting unattended or unexpected stimuli 

(Corbetta & Shulman, 1998). A recent fMRI study on dyslexic children found 

that the synchronized activity of executive, visual attention, and reading-related 

networks is a pattern of functional integration which is lacking in children with 

dyslexia (Taran et al., 2022). Typical readers showed greater functional 

connectivity between dorsal attention network and left angular gyrus while 

performing a fluent reading task versus dyslexic children, and higher connectivity 

values were linked to higher reading comprehension. The typical group also 

showed increased functional connectivity between the ventral attention network 

and the frontoparietal network during a condition in which the letters were being 

deleted, which indicates executive ability, however, dyslexic children did not 

display this pattern. 

Visual-spatial attention contains two distinct systems, both endogenous 

(goal-driven) and exogenous (stimulus-driven) attentional orienting systems 

(Chica, Bartolomeo, & Lupiáñez, 2013; Valdois, Roulin, & Bosse, 2019). 

Exogenous visual spatial attention is mainly affected in dyslexia (Facoetti, 

Trussardi, et al., 2010; Facoetti et al., 2006; Liu, Liu, Pan, & Xu, 2018). Sluggish 

attentional shifting (SAS) theory (Hari & Renvall, 2001) suggests that individuals 

with dyslexia are slower in attentional orienting compared with a typical reading 

group, especially during exogenous visual spatial attention orienting adopting 

Posner spatial cueing task (Posner, 1980). This task assesses attention orienting 



by comparing two target locations (cued vs. uncued) with different cue-target-

onset-asynchronies (CTOAs). Studies have revealed overall longer reaction times 

(Pfurtscheller & Da Silva, 1999) of the dyslexic group compared to the typical 

reading group in different cueing conditions and different CTOAs, which 

confirmed a slower shifting of attention in dyslexic individuals (Facoetti et al., 

2003; Facoetti, Ruffino, Peru, Paganoni, & Chelazzi, 2008; Franceschini et al., 

2018). The orienting of attention in the spatial domain is characterized by an early 

facilitation effect due to attentional capture and a later inhibitory aftereffect, 

which encourages attentional disengagement towards novel locations (Koch & 

Ullman, 1984). The later inhibitory aftereffect, known as inhibition of return, is 

indispensable to visual sampling as it discourages perseverative orienting towards 

previously attended locations (Wang & Klein, 2010), which was absent in 

dyslexic children in studies that examined this effect (Castles & Coltheart, 2004; 

Facoetti et al., 2003; Franceschini et al., 2018). 

Using the event-related potential (ERP) technique, previous studies mainly 

used ERP components as indicators for the early facilitation and later inhibitory 

effects during the attentional shifting process in young adults (Chica & Lupiáñez, 

2009; Hopfinger & Mangun, 2001; Mcdonald, Ward, & Kiehl, 1999; Prime & 

Ward, 2006; Wascher & Tipper, 2004). Some studies found that when the IOR 

effect was observed behaviorally, uncued targets evoked an enhanced P1 

compared with cued targets (Martín-Arévalo, Chica, & Lupiáñez, 2016; Prime & 

Jolicœur, 2009; Tian, Klein, Satel, Xu, & Yao, 2011). By contrast, in other studies, 

such a P1 difference was not found when the IOR effect happened at the 

behavioral level (Prime & Jolicœur, 2009; Satel, Hilchey, Wang, Reiss, & Klein, 

2014; Satel, Wang, Hilchey, & Klein, 2012). The Nd wave, a negative component 

found at 220-300 ms after target stimulus onset, showed the difference between 

cued and uncued trials accompanying the IOR effect at the behavioral level 

(Prime & Ward, 2006), whereas such Nd difference was not found in another 

study (Mcdonald et al., 1999). Similarly, other ERP components such as N1, P3, 



and N2pc were also examined, but there is no consensus about the 

electrophysiological marker for the IOR effect (Martín-Arévalo, Chica, & 

Lupiáñez, 2014; Martín-Arévalo et al., 2016). These mixed results suggest no 

specific ERP component could serve as a robust biomarker for attentional shifting 

(Martín-Arévalo et al., 2016). Similarly, there is also no specific electrode on 

which neural responses provide a clear signature of attentional orienting. 

Furthermore, there were no ERP studies that investigated the attention-shifting 

process for normal development children or children with dyslexia. 

Target-locked EEG activity in Posner’s spatial cueing task has also been 

considered as a delay of response preparation processes at the cued location 

(Amenedo, Gutiérrez-Domínguez, Mateos-Ruger, & Pazo-Álvarez, 2014). Only 

few studies have focused on cue-evoked ERPs to date, and two of these studies 

investigated age-related changes in processing non-predictive cues by comparing 

younger and older adults. Wascher et al. (2011) first investigated cue processing 

to look into more general ERP correlates of inhibitory control of irrelevant stimuli, 

specifically focusing on the frontocentral negativity EEG components around 300 

ms (“N2”), which is reduced with aging (Wascher, Falkenstein, & Wild-Wall, 

2011). The study included 10 participants aged between 50 and 70 years as the 

older adult group, and 10 participants aged between 19 and 26 years as the 

younger group. A horizontal version  of the Posner cue-target paradigm was 

adopted (i.e., left- and right-sided stimuli), with the target presented after the cue 

onset at 50, 100, 350, or 900 ms CTOAs. The cue was not predictive of the target 

position and participants were asked to detect each target onset with a simple 

button-press. At the behavioral level, younger people showed IOR through all 

CTOAs, whereas elderly people showed an IOR effect only for the longest CTOA 

of 900 ms. The cue-onset elicited ERP waveforms were compared between the 

two age groups and averaged between the two longest CTOAs (350 and 900 ms). 

The cue-evoked ERP patterns were different in the two groups: young adults 

showed a clear frontocentral negativity peak at around 350 ms after cue onset 



(N2), which was not found in the elderly group. N2 amplitude was significantly 

associated with the later onset of IOR. However, the following positive wave was 

exclusively observed in elderly people. This study first suggested that the delayed 

IOR effect in elderly people may be attributed to the lack of inhibitory control of 

the cue stimuli, thereby enhancing the processing of the irrelevant stimuli.  

Following Wascher et al. (2011), Amenedo et al. (2014) further 

investigated the cue-elicited ERP pattern as a function of age and found that older 

participants treated the cue as a signal to prepare for the upcoming target stimulus 

(Amenedo, Gutiérrez-Domínguez, Mateos-Ruger, & Pazo-Álvarez, 2014). A 

vertical version of Posner’s cue-target paradigm was adopted in the  latter study, 

which involved 10 older adults (age range: 61-78) and 10 young adults (age range: 

19-37) and used a fixed 2000 ms CTOA (long enough for older adults perform 

IOR effect) between cue and target onset. The data from each visual field and 

cueing condition were analyzed separately. The cue-elicited ERP showed a more 

negative pattern in the elderly group than in the young group in both visual fields 

and cueing conditions, and such age-related amplitude differences were generally 

maximal at centro-parietal and parieto-occipital electrodes. Even though the 

amplitude analysis yielded results that were opposite to those of Wascher et al. 

(2011), the authors  explained such higher negative amplitudes in the older group 

as more engagement of attention onto the cue than the younger group when the 

time interval between cue and target was long enough. In conclusion, this study 

suggested that the cue was treated as a warning signal to prepare to adequately 

process the entire stimuli sequence for the older group. Tian et al. (Tian, Klein, 

Satel, Xu, & Yao, 2011) also investigated cue-elicited EEG activity using a 

paradigm with long CTOAs (900-1200 ms) in young adults and identified 

different stages of cue processing (Tian, Klein, et al., 2011). The early stage (110-

240 ms) involved activations in the prefrontal cortex, the bilateral intraparietal 

cortex, and the contralateral occipitotemporal cortex. The middle stage (240-350 

ms) involved activations in the frontal cortex and the posterior parietal cortex. In 



the late stage (350-650 ms), the main activations were focused on the occipito-

parietal cortex. These findings indicate that the time course of the IOR effect may 

be based on post-cue dynamics. Vivas et al. (Vivas, Paraskevopoulos, Castillo, & 

Fuentes, 2019) also looked into cue-elicited EEG activations comparing 

predictive and non-predictive exogenous spatial cues. They found that the 

activation in non-predictive cues was greater at around 400-470 ms in the 

intraparietal sulcus (Vivas, Paraskevopoulos, Castillo, & Fuentes, 2019) and such 

activation was correlated with the behavioral IOR effect. This study proves again 

the crucial role of cue-evoked processing for the generation of IOR. Based on 

these studies, it is clear that the analysis of cue and target stimulus-related EEG 

activity could give interesting and complementary information on the 

mechanisms underlying the IOR effect in the comparison between typically 

developing and dyslexic children.  

Many studies demonstrated that children with developmental dyslexia in 

alphabetic languages show a deficit in visual-spatial attention, especially in rapid 

orienting of the attentional spotlight (for review papers, see Hari, 2001; Stein, 

2014; Vidyasagar, 2010). Unlike alphabetic languages with the linear layout of a 

limited number of letters, Logographic scripts like Chinese are characterized by 

high visual-spatial complexity, arbitrary print to sound mappings, and require the 

memorization of picture-like characters by rote. It was believed that readers of 

logographic scripts presented little or no reading difficulty in reading, until 

Stevenson et al. (Stevenson et al., 1982) reported for the first time that dyslexia 

did exist among Chinese and also Japanese readers. In recent years, researchers 

also examined visual-spatial attention in Chinese children with developmental 

dyslexia. Ding et al. (Ding et al., 2016) examined visual-spatial attention in 

Chinese dyslexic children using the Posner cue-target task and found the absence 

of inhibition of return effect in Chinese dyslexic children, demonstrating the 

visual-spatial attention deficit in Chinese children with dyslexia compared with 

normally developing children. Fu et al. (Fu, Zhao, Ding, & Wang, 2019) further 



explored the time course of attentional orienting in Chinese dyslexic and typically 

developing children by parametrically manipulating the cue-target onset 

asynchronies in the spatial cueing task. Dyslexics showed an early facilitation 

effect, which suggests they have no issue in engaging attention to salient spatial 

locations. However, no reliable IOR effect was observed in dyslexic children in 

contrast to both age-matched and reading level-matched healthy controls, 

suggesting that they have difficulties in disengaging attention. Furthermore, when 

a cue-back was presented to encourage attentional disengagement in the 

following experiment, reliable IOR effects were observed in the same dyslexic 

group. This study demonstrated the visual-spatial attention deficit in Chinese 

dyslexic children derived from sluggish attentional disengagement. 

Taking all the above findings into account, the main objective of the 

present study was to explore the cognitive and neural mechanisms of attentional 

orienting by examining ERP activity related to both cue-stimulus and target-

stimulus and its relation to the behavioral IOR effect. A classic Posner cue-target 

paradigm with stimuli presented along the vertical meridian was employed to 

avoid confounds related to hemispheric differences. Nevertheless, due to the 

possible vertical asymmetries in visual input processing (Amenedo, Gutiérrez-

Domínguez, Mateos-Ruger, & Pazo-Álvarez, 2014; Amenedo, Pazo-Alvarez, & 

Cadaveira, 2007; Di Russo, Martínez, Sereno, Pitzalis, & Hillyard, 2002; Doro, 

Bellini, Brigadoi, Eimer, & Dell'Acqua, 2020; Karim & Kojima, 2010; Rezec & 

Dobkins, 2004; Thomas & Elias, 2011), the ERP activities were also tested 

separately for upper and lower visual fields for cue and target stimulus. The 

relationship between attention shifting and reading processing was also examined 

by conducting a correlation analysis between cueing effects (both at the 

behavioral and neural level) and performance in reading-related tests. 



2.  Method 

2.1  Participants 

Three hundred and four fourth-grade children from a local elementary school 

were first screened for dyslexia with the behavior checklist for primary students 

(Chan*, Suk‐Han Ho, Tsang, Lee, & Chung, 2004).  Furthermore, children at risk 

were tested individually using a Chinese character recognition measure, the 

assessment scale for primary school children (Wang & Tao, 1993), and the 

standard combined Raven’s test (Li & Chen, 1989) in a quiet room at school. All 

the dyslexic children who participated in the present study had normal non-verbal 

IQ (>85), were rated at high risk for dyslexia on the BCL-P questionnaire by their 

teachers, and scored below the 10th percentile on the character recognition scale. 

Thirty-three children met these criteria, but one quit after the screening test, thus 

thirty-two children participated in this study. Thirty-five children in the same 

grade were selected as chronological age-matched controls (CA). After the EEG 

data preprocessing, one dyslexic child and three CA children were excluded 

because of excessive artifacts in the EEG recording and not enough trials left for 

averaging. The research procedures reported here conformed to the Declaration 

of Helsinki and were approved by the review board of Zhejiang Normal 

University. Written informed consent was obtained from the patents of all 

children who participated in the present experiments. 

The results discussed below are therefore based on 31 dyslexic children 

(DD; 16 boys and 15 girls, age range: 9.5-10.5 years) and 32 age-matched 

controls (CA; 17 boys and 15 girls, age range: 9.5-10.5 years). All children were 

native Mandarin speakers and they had normal or corrected-to-normal visual 

acuity. The scores of the Combined Raven’s Test (CRT), the Character 

Recognition Measure and Assessment Scale for Primary School Children 

(CRMS), the Chinese Character Recognition Test (CCR), the Behavior Checklist 

for Primary Students (BCL-P), phoneme deletion task, and rapid number naming 

are shown in Table. 1.1. There was no difference between the two groups on age 



and intelligence scores, but dyslexic children showed worse reading performance 

and more difficulties in reading behavior than the CA group. Detailed information 

about these tools is presented in the next section. 

 

Table. 1.1. Descriptive statistics of scores on reading-related tasks and t-tests comparison 

between two groups on each task. The numbers in the parentheses are standard errors of the 

mean. 

 

Note. Scores on the CRMS and CCR tests denote literacy accuracy;  

On the BCL-P questionnaire, a higher score means more problematic reading behaviors;  

Scores in the Phoneme deletion task represent correct responses;  

Rapid number naming values represent the time spent to name all numbers. 

 

2.2  Screening Tools 

The Combined Raven’s Test (CRT) 

In this study, the Combined Raven’s Test (Revision for China Urban Children) 

(CRT; Li, 1989) was used to assess children’s nonverbal intelligence, to ensure 

that all children who participated in this study were in the normal range. 

Character Recognition Measure and Assessment Scale for Primary School 

Children (CRMS) 

This test was compiled by researchers (Wang & Tao, 1993) from the East China 

Normal University. During the question answering, after the experimenter 

explained the methods and requirements of the questions, students were required 

to finish all the questions (combine words) within fifty minutes. There are ten 

groups of test questions with different difficulty coefficients. The scoring method 

is to multiply the number of correct answers of each group by the difficulty 



coefficient of the group, and the sum across the ten groups is the literacy score of 

each student.  

The Chinese Character Recognition Test (CCR) 

The Chinese character recognition test (Shu, Chen, Anderson, Wu, & Xuan, 2003) 

has been widely used in the clinical diagnosis of dyslexia. Children are required 

to complete the naming of the text, and the order of the text is set to gradually 

increase the difficulty. The highest score is 150 points. In previous studies, 

children who scored less than one standard deviation from the mean were 

classified as children at risk for dyslexia (Amenedo et al., 2014; Li, Shu, 

McBride-Chang, Liu, & Xue, 2009; Wang & Yang, 2011; Zhang et al., 2012). In 

this study, more stringent criteria were used to classify the bottom 10% of 

students with total score ranking into the dyslexia group.  

The Behavior Checklist for Primary Students (BCL-P) 

Chinese teachers, as the company for children learning the Chinese characters 

and learning to read, have access to observing all the reading behaviors of 

children and can give a comprehensive evaluation of their reading ability (Sattler, 

2008). This evaluation test was developed from a daily reading questionnaire in 

which researchers give scores for each child. This questionnaire is a 

comprehensive measure for the clinical diagnosis of dyslexia. Each teacher was 

asked to give a five-point rating on the frequency of 34 problematic reading habits 

using the following scale: “Never”, “Rarely”, “In the middle”, “Sometimes”, 

“Often”, and “Don’t know”. For each question, the answers “Sometimes” or 

“Often” counted for one point, whereas any other answer was scored as zero. 

Children who scored 18 points or above on this questionnaire were assessed as 

being at high risk of dyslexia. 

Phoneme Deletion Test 

A phoneme deletion test was used to assess the phonological processing skill of 

the children who participated in the present study (Li, Shu, McBride‐Chang, Liu, 

& Peng, 2012). In this test, children were asked to produce a new syllable by 



removing the first phoneme from a monosyllabic Chinese word. For example, 

given the syllable /cha1/, children were asked to delete the /ch/ sound. The answer, 

in this case, is /a1/. This test consisted of four practice trials and 22 experimental 

trials. Among the experimental trials, fourteen were for one-syllable words and 

four for two-syllable and three-syllable words. The number of correct trials was 

counted as the accuracy in the phoneme deletion test. 

Rapid Number Naming Task 

The rapid number naming test was used to assess the rapid naming ability of 

readers (Li et al., 2012). Five numbers (2, 4, 6, 7, and 9) are pseudo-randomly 

repeated eight times on a paper. Children were asked to name the numbers as 

accurately and rapidly as possible. Children were instructed to name the sheet 

twice. The score was the average naming time across those two trials. 

 

2.3  Apparatus, Stimuli, and Procedure 

The spatial cueing task (Posner & Cohen, 1984) was used to detect the time 

course of attentional shifting. The experiment was carried out in a quiet, dimly lit 

room, the stimuli were displayed on a 19-inch LCD (1024*768, 60Hz refresh rate) 

with the participants’ eyes 62cm from the screen. Stimulus presentation and data 

entry was on the Windows 7 system host. The program was written in Python. 

The vertical version of the paradigm was adopted in this study (see Figure. 1.1). 

Two gray boxes (size 1.8 degrees) were presented in the upper and lower visual 

field, respectively, and a gray cross fixation point was presented in the center of 

the screen. The center position of the two boxes was 9 degrees away from fixation. 

In the cueing task, after the fixation point was presented for 1000 ms, the cue 

appeared in the upper or lower box for 100 ms, and the target appeared after 350 

ms, 400 ms or 450 ms after the cue disappeared (different time intervals were 

randomly intermixed). The cue consisted in the border of the box brightening and 

flashing. The target, a solid white circle, appeared in the upper or lower box and 

lasted until response, or it disappeared after a response deadline of 1500 ms. 



Participants were required to respond to the target stimulus presented after the 

cue stimulus by pressing the spacebar on a standard QWERTY keyboard. The 

number of trials in which the cue and the target were presented in the same 

position (cued condition) or different position (uncued position) were equal. 

There were a total of 594 trials, among which 66 trials had no target to discourage 

anticipatory responses (i.e., catch trials), and 264 trials for each cueing condition. 

 

 

Figure. 1.1. The sequence of events in an example trial of the cueing task. The target could 

appear at the cued box (cued condition) or the box on the opposite side (uncued condition). 

 

2.4  Electrophysiological Recording  

The Electroencephalogram (EEG) signal was recorded from 30 Ag/AgCl 

electrodes embedded in an elastic cap following the International 10-20 system 

(Lagerlund et al., 1993). A DC-amplifier system (BrainAmp ExG) was used to 

record the EEG data. The software for EEG data recording was BrainVision 

Recorder (Brain Products GmbH Germany). The electrode at AFz served as 

ground, and an electrode between Cz and CPz electrodes served as the online 

reference; data were off-line re-referenced to the average reference. Horizontal 

eye movements (HEOG) were recorded using electrodes placed at the outer canthi 

of the right eye. Electrodes for recording vertical eye movements (VEOG) were 

placed just under the left eye. The EEG and EOG were recorded continuously and 

were amplified using a DC ~100 Hz bandpass with a sampling rate of 1000Hz. 

All impedances were kept below 5 kΩ. 



 

2.5  Data Analysis 

2.5.1 Behavioral Data Analysis 

For behavioral data, the primary dependent measure of interest is RT, or more 

specifically the RT difference between cued and uncued targets. To discourage 

anticipatory responses, 66 trials were catch trials. The false alarm rates for the 

CA and DD groups were 5.9 % and 10.1 %, DD group responded more on catch 

trials compared with CA group, t(61) = 2.25, p = .028, Cohen’s d = 0.57. The 

miss rates for the CA and DD groups were 0.3 % and 0.8 %, respectively; DD 

group showed more missing trials than CA group, t(61) = 3.10, p = .003, Cohen’s 

d = 0.78. The RTs from the non-catch trials were cleaned based on the number of 

trials in each experimental cell of each participant using the R package trimr, 

following the criteria given by Van Selst and Jolicoeur (1994). This outlier 

removal procedure effectively controls for the impact of the number of completed 

trials in different experimental cells. This analysis excluded only a small portion 

of the trials, 2.4 % and 2.4 % for CA and DD, there was no difference between 

the two groups, t(61) = 0.17, p = .867, Cohen’s d = 0.04. 

Correlation analysis was also performed to investigate the relation between 

behavioral performance to the cue-target task and performance in the reading-

related tasks. The CRMS and BCL-P tests, which are mainly used as screening 

criteria for two groups, were characterized by extremely different distributions of 

scores for DD and CA groups (e.g., for the BCL-P test, most of control children 

had a score of zero) and were therefore excluded from correlation analyses. 

Performance in the cue-target task was indexed by the cueing effect (RTs 

in Cued condition – RTs in Uncued condition) at the shortest CTOA. The reading-

related measures were the accuracy in Chinese character recognition test (CCR), 

accuracy in phoneme deletion task, and the reading time in rapid number naming 

task. Pearson correlations, adjusted for multiple testing using the false discovery 



rate (FDR) at alpha equal to 0.05, were then computed between cueing effect 

(Pfurtscheller & Da Silva, 1999) and correctness scores from CCR and phoneme 

deletion, and the timing score from the rapid number naming test.  

 

2.5.2 Cue-Locked ERP Analysis 

Off-line data processing analysis: continuous EEG data were imported in Brain 

Vision Analyzer (Brain Products), bad channels were removed and reconstructed 

using spline interpolation; all cortical electrodes were offline re-referenced to the 

mean activity of the whole scalp by the average reference procedure. Signal 

analysis was then carried out using the Brainstorm toolbox (Tadel, Baillet, 

Mosher, Pantazis, & Leahy, 2011). After a 0.1-45 Hz band-pass filter, eye 

movement artifact components (i.e., blinking, vertical, and horizontal movements) 

were corrected by applying Independent Component Analysis (ICA) 

transformation to the EEG signal. For each participant, both cue-locked and 

target-locked ERP waveforms were segmented separately for each condition and 

visual field. 

For cue-locked ERPs, signals for upper and lower cue locations were 

segmented into 1400 ms epochs, ranging between 200 ms before the onset of cue 

stimuli and 1200 ms after stimulus presentation. A baseline correction (-200 to 0 

ms) was applied to all the epochs. After rejecting epochs with amplitude 

exceeding ± 100μV, a second 30 Hz low-pass filtering was applied. With this 

artifact rejection procedure, about 9.4 % and 10.7 % of trials were rejected in each 

minimum experimental cell for each participant in CA and DD groups - with no 

difference between the two groups, t(61) = 0.49, p = .63, Cohen’s d = 0.12. The 

grand-mean average was computed within the same condition across all the 

participants to compare ERP components across all different conditions. The 

mean number of trials for each condition was 269 and 265 for the CA and the DD 

group, respectively. 



The ERP statistical analysis was performed via Brainstorm software, using 

the Fieldtrip functions (Oostenveld, Fries, Maris, & Schoffelen, 2011; 

Oostenveld & Praamstra, 2001; Tadel et al., 2011). Following Amenedo et al. 

(2014), a cluster-based permutation t-test was adopted to investigate the cue-

locked ERP activity. The time intervals and the electrodes with significant 

amplitude differences between CA and DD groups within each cued visual field, 

and between upper/lower visual field within each group, were initially computed 

with a blind cluster-based permutation t-test (unpaired t for group comparisons, 

and paired t for visual field comparisons; alpha level 0.05). The main idea behind 

this permutation test is that if a statistical effect is found over an extended period 

in several neighbor channels, it is unlikely that this effect occurred by chance. For 

the present analyses, a whole-brain paired two-tailed t-test (α = 0.05) permutation 

approach (Fields & Kuperberg, 2020; Groppe, Urbach, & Kutas, 2011) was 

applied, performing 1000 Monte-Carlo cluster-based corrected permutations over 

all 32 channel locations. However, no significant difference was found between 

the two groups for either visual field when adopting cluster-based correction. 

Using channel-correction (less strict correction), significant group differences 

only emerged in several short time windows (less than 10 ms) for P8, O1 and Oz 

electrodes for the upper visual field, and no significant group differences were 

found for the lower visual field. In addition, no visual field difference was found 

within each group whether adopting the cluster-based or channel-based correction. 

The lack of significant results in permutation tests may arise from the limited 

number of channels, as previous studies adopted permutation tests with at least 

64 channels (Amenedo et al., 2014). The results from the initial blind tests were 

therefore discarded since occipital brain region has always been considered as the 

main region of interest in the cue-target paradigm from previous literatures (Satel, 

Hilchey, Wang, Reiss, & Klein, 2014; Satel, Wang, Hilchey, & Klein, 2012; Tian, 

Klein, Satel, Xu, & Yao, 2011), together with a visual inspection, electrodes O1 

and O2 were selected for the further parametric statistical testing to assess group 



differences or visual field differences in specific time windows using analyses of 

variance (ANOVAs). Correlation analysis was also performed to investigate the 

relationship between cue-locked ERP results and attention shifting efficiency, as 

well as with reading-related behavioral performance.  

 

2.5.3 Target-Locked ERP Analysis 

For target-locked ERPs, signals for each cueing condition at each visual field in 

each participant were segmented into 900 ms epochs, ranging between 50 ms 

before the onset of the target stimuli and 850 ms after target stimulus presentation. 

A baseline correction (-50 to 0 ms) was applied to all the epochs. After rejecting 

epochs with amplitude exceeding ± 100μV, a second 30 Hz low-pass filtering 

was applied. With this artifact rejection procedure, about 5.5% and 6.4% of trials 

were rejected in each minimum experimental cell for each participant in CA and 

DD groups, with no between group differences (t(61) = 0.53, p = .60, Cohen’s d 

= 0.13). The grand-mean average was computed within the same condition across 

all the participants to compare ERP components across all different conditions. 

The mean number of trials for each condition was 124 and 123 for the CA and 

the DD groups, respectively. 

To assess the effects of group and cueing condition or the possible 

interactions between group and cueing condition, the mean amplitude data for 

each component were submitted to mixed-model ANOVAs with group as the 

between-subjects factor, and cueing conditions and hemisphere as within-

subjects factors. Since a main effect of the visual field was found in the cue-

locked ERP analysis, and considering that differences between upper and lower 

visual fields have also been observed in previous studies (Amenedo et al., 2014; 

Amenedo, et al., 2007; Di Russo, Martínez, Sereno, Pitzalis, & Hillyard, 2002; 

Karim & Kojima, 2010; Rezec & Dobkins, 2004; Thomas & Elias, 2011), the 



upper and lower visual fields were separately considered during target-locked 

ERP analysis. 

For ERP components that showed a cueing effect, the difference between 

the two cueing conditions (amplitude in Uncued condition – Cued condition) was 

computed and then correlated with the behavioral cueing effect at shortest CTOA 

(450 ms), as well as with performance in the reading-related tasks. 

 

3.  Results 

3.1  Behavioral Results 

Mean RTs of all conditions in the CA and DD groups are presented in Figure. 

1.2. An ANOVA on the RTs, with group (CA vs. DD), cueing (cued vs. uncued) 

and CTOA (450 vs. 500 vs. 550 ms), revealed that the three-way interaction was 

significant, F(2, 122) = 3.12, p = .048, ηp
2= 0.05, together with the significant 

main effect of CTOA, F(2, 122) = 13.95, p < .001, ηp
2= 0.19. RTs decreased as 

the CTOAs increased, in line with previous studies (Niemi & Näätänen, 1981). 

The main effect of cueing was also significant, F(1, 61) = 52.16, p < .001, ηp
2= 

0.46, together with the interaction between CTOA and cueing, F(2, 122) = 5.39, 

p = .006, ηp
2= 0.08. The group main effect was not significant, F(1, 61) = 0.44, p 

= .508, ηp
2= 0.01, nor did its interaction with cueing F(1, 61) = 2.19, p = .144, 

ηp
2= 0.04 and CTOA F(2, 122) = 0.75, p = .474, ηp

2= 0.01.  

 



 

Figure. 1.2. Mean RTs (left column) and cueing effects (Cued – Uncued, right column) in 

the CA, and DD groups. Error bars denote ± SEM. ***p<0.001, **p<0.01, * p<0.05. 

 

In cueing tasks, the visual-spatial shifting processing is characterized by an 

early facilitation effect (shorter RTs for cued targets) and a later inhibitory effect 

(longer RTs for cued targets, IOR). Previous studies commonly found that the 

IOR effect was absent in dyslexic children when compared with typically 

developing children (Ding et al., 2016; Facoetti et al., 2003; Franceschini et al., 

2018; Fu et al., 2019). Based on the significant three-way interaction between 

CTOA, cueing and group, together with the interaction between CTOA and 

cueing, a further comparison was conducted on cueing effect at each CTOA 



condition for the two groups separately, to describe how the cueing effect changes 

as CTOA increases for dyslexia and typical reading control groups.  

A repeated measures ANOVA with cueing (cued vs. uncued) and CTOAs 

(450 vs. 500 vs. 550 ms) as factors was conducted on the RTs of the CA group. 

The main effects of both CTOA and cueing were significant, F(2, 62) = 5.18, p 

= .008, ηp
2= 0.14; F(1, 31) = 41.76, p < .001, ηp

2= 0.57. The interaction between 

CTOA and cueing, however, was not significant, F(2, 62) = 0.30, p = .744, ηp
2= 

0.01, thereby showing that  the CA group had similar cueing effects at all three 

CTOAs (see Figure. 1.2). This was confirmed by t-test showing significant IOR 

effects at the shortest CTOA t(31) = 6.53, p < .001, Cohen’s d = 1.15, at the 

intermediate CTOA t(31) = 5.63, p < .001, Cohen’s d = 1.00, and at the longest 

CTOA, t(31) = 4.82, p < .001, Cohen’s d = 0.85. 

In contrast, repeated measures ANOVA on the RTs of the DD group 

revealed a significant interaction between CTOA and cueing conditions, F(2, 60) 

= 5.95, p = .004, ηp
2= 0.17, together with significant main effects of cueing F(1, 

30) = 15.01, p < .001, ηp
2= 0.33, and CTOA F(2, 60) = 8.87, p < .001, ηp

2= 0.23. 

DD did not show the IOR effect at the shortest CTOA, t(30) = 1.04, p = .307, 

Cohen’s d = 0.19; the IOR effect appeared at the following 500 ms CTOA t(30) 

= 2.68, p = .012, Cohen’s d = 0.48 and persisted at the longest CTOA (550 ms), 

t(30) = 5.27, p < .001, Cohen’s d = 0.95. Compared with typically developing 

children, dyslexic children showed a sluggish IOR effect, which is consistent with 

previous studies that found sluggish attentional shifting in dyslexic children 

(Ding et al., 2016; Facoetti et al., 2003; Fu et al., 2019). 

The relationship between performance in the cue-target task and reading-

related performance is presented in Table. 1.2. Significant positive and negative 

correlations were found between cueing effect at the shortest CTOA and accuracy 

of Chinese character recognition test, as well as reading time in rapid number 

naming test.  

 



Table. 1.2. Correlation between cueing effect at the shortest CTOA from the cue-target task 

and performance in the reading-related tasks. 

 Reading Performance M SD Pearson r 

Cueing effect at 450 ms CCR scores 102.67 24.41 0.35** 

 Number Naming total time 16.17 5.04 -0.26* 

** p < .01, * p < .05 

 

3.2  ERP Results 

3.2.1 Cue-Locked ERPs 

To investigate group differences in each visual field separately, and also the 

correlation between ERP amplitude and reading-related performance, two 

channels (O1 & O2, see Figure. 1.3) were selected for amplitude ANOVA 

analysis and correlation analysis. Specifically, to parametrically check for 

possible effects of group or interactions with visual field, the mean amplitude data 

corresponding to each latency interval on O1 and O2 electrodes were submitted 

to mixed ANOVAs, with group as the between-subjects factor, and hemisphere 

and visual field as within-subjects factors. The cueing condition was not 

considered as a factor in the ANOVAs because it makes no sense when examining 

stimulus-locked ERPs before target presentation.  

 

 

Figure. 1.3. Cue-evoked ERP waveforms for CA and DD groups for upper and lower visual 

fields on occipital O1 and O2 electrodes. Red rectangles indicate time intervals of interest. 

         



Several components were selected for the following analyses, i.e., the C-

P170 (cue-evoked ERP component, 160-180 ms), C-N250 (240-260 ms), C-N300 

(300-320 ms), and the slow wave (before target-onset: 400-450 ms). The 

interaction between the group and visual field was not found in all these 

components; however, the interaction between group and hemisphere was found 

for two negative components and the slow wave (see Table. 1.3).  

 

Table. 1.3. Mean amplitude three-way repeated measures ANOVA results for the visual 

field (location), hemisphere, and group effects on each time window. 

  C-P170  C-N250  C-N300  
Before Target-

Onset 

 df F ηp
2  F ηp

2  F ηp
2  F ηp

2 

Group 1,61 2.26 0.03  1.30 0.02  3.49 0.05  5.20* 0.08 

Hemisphere 1,61 4.08* 0.06  1.77 0.03  0.78 0.01  4.95* 0.08 

Visual field 1,61 1.93 0.03  6.85* 0.10  1.80 0.03  0.65 0.01 

Group * Hemisphere 1,61 0.39 0.01  4.97* 0.08  4.67* 0.07  5.27* 0.08 

Group * Location 1,61 0.17 0.00  3.75 0.06  0.02 0.00  0.01 0.00 

Hemisphere * Location 1,61 8.69*** 0.13  0.00 0.00  2.75 0.04  5.27* 0.08 

Group * Hemisphere * Location 1,61 0.23 0.00  2.84 0.04  0.09 0.00  0.05 0.00 

***p < 0.001, *p < 0.05. 

 

For the first C-P170 component, the significant interaction between 

hemisphere and visual field was found, together with the hemisphere main effect: 

the post-hoc analysis on the significant interaction revealed that the visual field 

difference appeared only on the right hemisphere t(62) = 2.34, p = .023, Cohen’s 

d = 0.29, with upper visual field (M= 2.16, SE = 0.28) showing greater C-P170 

amplitude than the lower visual field (M= 1.60, SE= 0.25). 

For the C-N250 component, as the main effect for the visual field was 

significant, to better understand the interaction between hemisphere and group, a 

post-hoc test was made separately for the upper and lower visual field. On the 

upper visual field (see Figure. 1.4), significant group difference was found on 

left hemisphere, t(61) = 2.70, p = .009, Cohen’s d = 0.68, DD group (M = -4.05, 



SE = 0.50) showing larger C-N250 amplitude than CA group (M = -2.32, SE = 

0.41). When compared within each group, significant hemisphere difference was 

found only for CA group t(31) = 3.01, p = .005, Cohen’s d = 0.53, not for DD 

group. Right hemisphere (M= -3.16, SE= 0.52) showed greater C-N250 

amplitude than the left hemisphere (M= -2.32, SE= 0.41) in the CA group. There 

was no significant group difference in the lower visual field. 

For the following C-N300 component, the post-hoc test was focused on the 

interaction between group and hemisphere averaged across two visual fields (see 

Figure. 1.4). Significant group difference were only found on left hemisphere, 

t(61) = 2.54, p = .014, Cohen’s d = 0.64, as DD group (M = -2.01, SE = 0.45) 

showed greater C-N300 amplitude than CA group (M = -0.61, SE = 0.32). 

Significant hemisphere difference was found again only for CA group t(31) = 

2.54, p = .016, Cohen’s d = 0.45, not for DD group, as right hemisphere (M= -

1.28, SE= 0.37) showed greater C-N300 amplitude than the left homologous  (M= 

-0.61, SE= 0.32) in CA group.  

As for the Before Target-Onset time window, the post-hoc test was also 

focused on the interaction between group and hemisphere averaged across two 

visual fields (see Figure. 1.4). Significant group difference were only found on 

left hemisphere, t(61) = 3.01, p = .004, Cohen’s d = 0.76, with CA group (M = 

1.85, SE = 0.34) exhibiting greater positive amplitude than DD group (M = -0.50, 

SE = 0.28) before target onset. Significant hemisphere difference was found again 

only for CA group t(31) = 3.10, p = .004, Cohen’s d = 0.55, not for DD group, 

CA participants’ left hemisphere (M= 1.85, SE= 0.34) showing greater positive 

amplitude than the contralateral site (M= 1.19, SE= 0.34). 

 



 

Figure. 1.4. Mean amplitude results on the left and right hemispheres for components (A) 

C-N250 on the upper visual field, (B) C-N300 averaged across visual fields, and (C) Before 

Target-Onset averaged across visual fields. Error bars represent the standard error of the 

mean. **p<0.01, * p<0.05. 

 

Correlation Analysis         

Correlation analysis was conducted on ERP components and behavioral attention 

shifting efficiency and reading performance. Components that showed group 

difference based on ERP amplitude analysis were involved - in this case - in the 

C-N250 amplitude in the left hemisphere on the upper visual field, the N300 

amplitude in the left hemisphere, and the Before Target-Onset amplitude in the 

left hemisphere for both groups (presented as Table. 1.4). On the significant 

correlations, further correlation analysis was also separately done for CA and DD 

groups to understand whether the correlation also exists in each group. One 

positive correlation was found between the C-N300 amplitude on the left 

hemisphere and the phoneme deletion score in the CA group (Pearson’s r= 0.56, 

p< .001), and another positive correlation was found between the Before Target-

Onset amplitude and the CCR scores in the DD group (Pearson’s r= 0.38, p= .034). 

 

 

 

 



Table. 1.4. Correlation between amplitudes in several time windows (all on the left 

hemisphere), the behavioral cueing effect at the shortest CTOA from the cue-target task, 

and reading-related performance. 

(all on the left hemisphere) Behavioral Cueing 

Effect (450 ms) 

CCR Phoneme 

Deletion Score 

Number 

Naming Time 

C-N250 (Upper Visual Field) -0.10 0.28* 0.18 -0.04 

C-N300 0.02 0.32* 0.33* -0.08 

Before Target-Onset  0.25 0.41*** 0.27* -0.32* 

***p < 0.001, *p < 0.05. 

 

3.2.2 Target-Locked ERPs 

To keep the same analysis procedure as cue-locked ERPs, together with a visual 

inspection, two channels (O1 & O2) were selected for target-locked ERP 

amplitude ANOVA analysis.  

Specifically, to parametrically check for possible effects of group and 

cueing condition or the possible interactions between group and cueing condition, 

the mean amplitude data corresponding to each latency interval on O1 and O2 

electrodes (see Figure. 1.5) were submitted to mixed-model ANOVAs with the 

group as the between-subjects factor, and cueing conditions and hemisphere as 

within-subjects factors. Since the visual field main effect was also found in the 

cue-locked ERP component, the visual input difference between the upper and 

lower visual fields also have been proved by previous studies (Amenedo, 

Gutiérrez-Domínguez, Mateos-Ruger, & Pazo-Álvarez, 2014), upper and lower 

visual field were separately considered during target-locked ERP analysis. 

 



 

Figure. 1.5. Target-evoked ERP waveforms for CA and DD groups separate for upper (top) 

and lower (lower) visual fields on occipital O1 and O2 electrodes. Red rectangles indicate 

interesting time intervals. 

         

For both upper and lower visual fields, several components were selected 

for the following analyses, i.e., the P170 (150-170 ms), N250 (220-240 ms), P300 

(270-290 ms), and P400 (385-405 ms), and one slow wave (405-500 ms). For the 

lower visual field, there was also a negative peak following the P300 component, 

considered the N300 component, with different latency for CA and DD group, 

i.e., 320-340 ms and 290-310 ms, respectively. Mean amplitudes were calculated 

for each time interval at the left hemisphere and right hemisphere in all 

participants and cueing conditions. To check the existence of possible interactions 

between group and cueing conditions, or between the group and cueing 

conditions, separate mixed-model ANOVAs with a group (CA vs. DD) as the 

between-subjects factor, cueing conditions (cued vs. uncued) and hemisphere (left 

vs. right) as the within-subject factors. No interaction or cueing/group main effect 

was found in the ANOVA on the upper visual field data, whereas the results of 



the analysis conducted on the lower visual field data were as follows (as presented 

in Table. 1.5). As there were no interaction nor main effects that occurred on 

N250, and P300 mean amplitude, as well as on N300 peak amplitude ANOVA 

analysis, the following analyses excluded those components. 

 

Table. 1.5. Mean amplitude three-way repeated measures ANOVA results for the group, 

hemisphere, and cueing effects on each time window (all on the lower visual field). 

  P170  N300 Latency  P400  Slow Wave 

 df F ηp
2  F ηp

2  F ηp
2  F ηp

2 

Group 1,61 3.36 0.05  10.96** 0.15  1.76 0.03  8.75** 0.13 

Cueing 1,61 0.07 0.00  0.43 0.01  0.61 0.01  4.33* 0.07 

Hemisphere 1,61 0.00 0.99  0.10 0.00  3.58 0.06  0.06 0.00 

Group * Cueing 1,61 0.35 0.01  0.00 0.00  4.23* 0.07  2.35 0.04 

Group * Hemisphere 1,61 4.56* 0.07  1.18 0.02  0.07 0.00  0.48 0.01 

Cueing * Hemisphere 1,61 0.00 0.00  1.72 0.03  4.53* 0.07  10.97** 0.15 

Group * Cueing * Hemisphere 1,61 0.07 0.00  0.33 0.01  5.62* 0.08  5.56* 0.08 

*p < 0.05, **p < 0.01. 

 

For P170 mean amplitude, post-hoc test on the interaction between group 

and hemisphere found significant group difference on right hemisphere, t(61) = 

2.42, p = .018, Cohen’s d = 0.61, with CA group (M = 2.34, SE = 0.35) showing 

greater P170 amplitude than DD group (M = 1.16, SE = 0.34). There was no 

significant result in the left hemisphere. 

For P400 mean amplitude, the three-way interaction was significant, and 

the interaction between cueing and hemisphere was further investigated in CA 

and DD group separately (see Figure. 1.6 in the left column). For CA, the two-

way interaction between cueing and hemisphere was not significant F(1, 31) = 

0.04, p = .84, ηp
2= 0.00, nor did the hemisphere main effect F(1, 31) = 1.93, p 

= .17, ηp
2= 0.06. The cueing condition main effect was marginally significant F(1, 

31) = 3.58, p = .068, ηp
2= 0.10. For DD group, instead, the two-way interaction 

between cueing condition and hemisphere was significant F(1, 30) = 7.60, p 

= .010, ηp
2= 0.20, whereas both cueing and hemisphere main effects were not 

significant, F(1, 30) = 0.94, p = .34, ηp
2= 0.03 & F(1, 30) = 1.74, p = .20, ηp

2= 



0.06. Post-hoc test revealed that the cued condition (M=1.65, SE=0.38) induced 

marginally greater P400 amplitude than the uncued condition (M=0.72, SE=0.60) 

on left hemisphere t(30) = 1.99, p = .056, Cohen’s d= 0.36; no significant cueing 

effect appeared on right hemisphere for DD group.  

As for the last slow wave, a pattern similar to that found in the P400 time 

window was found, when investigating the interaction between cueing condition 

and hemisphere separately for the two groups (see Figure. 1.6 in the left column). 

For the CA group, the two-way interaction between cueing and hemisphere was 

not significant F(1, 31) = 0.45, p = .508, ηp
2= 0.01, nor did the hemisphere main 

effect F(1, 31) = 0.70, p = .41, ηp
2= 0.02. However, the cueing main effect was 

significant F(1, 31) = 5.17, p = .03, ηp
2= 0.14, which means that the cueing effect 

shown in the CA group had the same pattern for the two hemispheres. Post-hoc 

test proved that the uncued condition (M=0.15, SE=0.38) elicited greater positive 

amplitude t(31) = -2.27, p = .030, Cohen’s d= -0.4 than the cued condition (M=-

0.74, SE=0.38) when averaged across hemispheres. However, for DD group, the 

cueing and hemisphere main effects were not significant F(1,30) = 0.21, p = .651, 

ηp
2= 0.01 and F(1,30) = 0.07, p = .789, ηp

2= 0.00, but the two-way interaction 

between cueing and hemisphere was instead significant F(1,30) = 16.39, p < .001, 

ηp
2= 0.35. Post-hoc test revealed that the uncued condition (M=1.38, SE=0.39) 

induced marginally greater positive amplitude t(30) = -1.90, p = .068, ηp
2= -0.34 

than the cued condition (M=0.73, SE=0.33) on right hemisphere, with no 

significant cueing effect on left hemisphere. 

 

Cueing Effects 

To better understand the amplitude cueing difference between groups for the two 

hemispheres, the cueing effects were calculated on P400 and slow wave time 

window, by using mean amplitude in uncued condition minus mean amplitude in 

cued condition; then a repeated measures ANOVA was conducted with the group 

as between-subject factor and hemisphere as a within subject factor (as presented 



in Figure. 1.6 on the right column). On P400 time window, the two-way 

interaction between group and hemisphere was significant F(1, 61) = 5.62, p 

= .021, ηp
2= 0.08, also with the significant group and hemisphere main effect, 

F(1, 61) = 4.23, p = .044, ηp
2= 0.07 & F(1, 61) = 4.53, p = .037, ηp

2= 0.07. The 

hemisphere lateralization was found within DD group, the right hemisphere 

(M=0.18, SE=0.40) showing positive cueing effect (larger amplitude in uncued 

condition) t(30) = 2.76, p = .010, Cohen’s d= 0.50 but not the left hemisphere 

(M=-0.93, SE=0.47). There was no hemisphere lateralization within CA group 

(Mleft=0.86, SE=0.50; Mright=0.80, SE=0.42; t(31) = 0.21, p = .84, Cohen’s d= 

0.04). Post-hoc test revealed that CA group (M=0.86, SE=0.50) showed positive 

cueing effect (larger amplitude on uncued condition) t(61) = 2.61, p = .011, 

Cohen’s d= 0.66 than DD group (M=-0.93, SE=0.47) on left hemisphere, but no 

significant group differences were found on right hemisphere.  

The cueing effect analysis on slow wave time window showed a significant 

two-way interaction between group and hemisphere F(1, 61) = 5.56, p = .022, 

ηp
2= 0.08, together with the significant hemisphere main effect, F(1, 61) = 10.97, 

p = .002, ηp
2= 0.15, whereas the group main effect was not significant, F(1, 61) 

= 2.35, p = .131, ηp
2= 0.04. Since the two-way interaction between group and 

hemisphere was significant, cueing effects in the two hemispheres was compared: 

the hemisphere lateralization was found within the DD group, the right 

hemisphere (M=0.65, SE=0.34) showing a greater positive cueing effect (larger 

amplitude on uncued condition) t(30) = 4.05, p < .001, Cohen’s d= 0.73 than left 

hemisphere (M=-0.38, SE=0.30). There was no hemisphere lateralization within 

the CA group (Mleft=0.81, SE=0.42; Mright=0.98, SE=0.41; t(31) = 0.67, p = .51, 

Cohen’s d= 0.12). Post-hoc test carried out for the CA group (M=0.81, SE=0.42) 

showed greater positive cueing effect (larger amplitude on uncued condition) t(61) 

= 2.30, p = .025, Cohen’s d= 0.58 than DD group (M=-0.38, SE=0.30) on left 

hemisphere, whereas no significant group differences were found on right 

hemisphere (presented as in Figure. 1.6 on the right column). 



 

Figure. 1.6. Mean amplitude results (left column) and cueing effects (Uncued – Cued, 

right column) on left and right hemispheres for components P400 on the lower visual field 

and Slow Wave on the lower visual field for CA and DD groups. Error bars represent the 

standard error of the mean. * p<0.05. 

 

Correlation Analysis 

Correlation analysis was conducted on ERP components and behavioral attention 

shifting efficiency, reading performance, also with cue-locked ERPs. 

Components that showed group differences based on ERP amplitude analysis 

were involved: in this case, only the ERP amplitude on the lower visual field was 

involved. To make the correlation more comparable, cueing effect was calculated 

for each component, using mean amplitude for uncued condition minus mean 

amplitude for cued condition. The P400 cueing effect in the left hemisphere, and 



the cueing effect at slow wave time window in the left hemisphere for both groups 

were selected for correlation analysis (presented in Table. 1.6). On the significant 

correlations, further correlation analysis was also separately conducted for CA 

and DD groups to understand if the correlation also exists in each group. Two 

positive correlations were found for the CA group, between the P400 amplitude 

cueing effect on the left hemisphere and the cue-locked Before Target-Onset 

amplitude on the left hemisphere (Pearson’s r= 0.55, p= .001), as well as between 

the slow wave amplitude cueing effect on the left hemisphere and the cue-locked 

Before Target-Onset amplitude on the left hemisphere (Pearson’s r= 0.50, 

p= .004). 

 

Table. 1.6. Correlation between target-evoked amplitudes in several time windows (all in 

the left hemisphere) and behavioral cueing effect at the shortest CTOA from the cue-target 

task, reading performance, also with cue-evoked amplitude before target-onset (in left 

hemisphere). 

Uncued - Cued Behavioral 

Cueing Effect 

(450 ms) 

CCR 

Accuracy 

Phoneme 

Deletion Score 

Number 

Naming 

Time 

Before Target-

Onset 

Amplitude  

P400 cueing effect  0.19 0.27* 0.23 -0.29* 0.43*** 

Slow wave cueing effect  0.13 0.23 0.26* -0.21 0.41*** 

***p < 0.001, *p < 0.05. 

 

4.  Discussion 

In this study, the main objective was to analyze the effects of spatial IOR on ERP 

activity for Chinese dyslexic children and normally developing children. 

Dyslexic children were selected from 304 third-grade primary students which 

performed below 10% in the Chinese character recognition scale test and were 

assessed with higher reading difficulties by their Chinese teacher, dyslexic 

children showed normal intelligence but had lower scores in phoneme deletion 

test and rapid number naming test when compared with normal reading group. 

The attention shifting deficit in dyslexic children has already been found in 



several behavioral studies (Ding et al., 2016; Facoetti, Trussardi, et al., 2010; Fu 

et al., 2019), to further investigate the neural pattern of such impaired attention 

shifting process, reaction time, and also stimulus-locked (both cue-locked and 

target-locked) ERPs were obtained in a cue-target task in which the target 

stimulus could appear at uninformative cued or uncued locations while 

participants were required to detect target presentation. Since vertical 

asymmetries in visual processing have been shown in behavioral and 

psychophysiological studies (Amenedo et al., 2014; Amenedo et al., 2007; Di 

Russo et al., 2002; Karim & Kojima, 2010; Rezec & Dobkins, 2004; Thomas & 

Elias, 2011), the stimulus-locked ERPs were analyzed from the lower and the 

upper visual fields separately.  

Dyslexic children did not show the IOR effect at the shortest time interval 

as normal developing children, which suggests they are sluggish in attentional 

disengagement, and this dysfunction is rooted in deficits in inhibitory control (see 

Facoetti et al., 2003; Fu et al., 2019, for similar conclusions). On ERP results, for 

cue-locked ERPs, dyslexic children showed a generally more negative ERP 

waveform compared with the age-control group. More interestingly, cue-locked 

ERP amplitudes in several time windows have been found to correlate with 

reading performance. As for target-locked ERPs, cueing effect showed around 

300 ms after target presentation, and such cueing effect in dyslexic children was 

more negative than in the age-control group on the left hemisphere, the cueing 

effect was also found to correlate with reading performance, as well as cue-

evoked waveform before target-onset.  

At the behavioral level, the CA group showed the IOR effect at all different 

time intervals, whereas dyslexic children did not show the IOR effect at the 

shortest time interval (450 ms). IOR effect was found in the two longer time 

intervals, which demonstrates that dyslexic children have sluggish attentional 

shifting (Hari & Renvall, 2001). Based on these results, the IOR effect at 450 ms 

time interval (shortest time interval) was considered as an indicator for assessing 



attention shifting efficiency, and correlation results demonstrated that attention 

shifting efficiency is closely related to the Chinese character recognition and digit 

processing speed. In other words, such ineffective attention shifting for the DD 

group may limit the processing precision and speed for both simple numbers and 

character details. 

For the ERP waveform elicited by the uninformative cue stimulus, group 

differences were not manifested in the early component C-P170, but were instead 

found in the later components. At the first positive C-P170 component, visual 

field difference occurred, with the upper visual field showing more positive 

amplitude than that in the lower visual field on the right hemisphere, which 

indicates distinct ERP responses to visual cue stimuli displayed along the vertical 

midline, even though the cue stimuli did not carry any predictive information and 

did not require any response (for similar vertical asymmetries, see Amenedo, et 

al., 2014; Amenedo,,  et al., 2007; Di Russo, Martínez, Sereno, Pitzalis, & 

Hillyard, 2002; Doro, Bellini, Brigadoi, Eimer, & Dell'Acqua, 2020; Karim & 

Kojima, 2010; Rezec & Dobkins, 2004; Thomas & Elias, 2011). Group 

differences instead did not occur at this early time window, which shows that 

dyslexic children have similar visual processes as normal developing children, 

that is, an intact initial visual input process. 

However, in the following two negative components (C-N250 around 250 

ms and C-N300 around 300 ms) and one late time window (Before Target-Onset), 

dyslexic children showed significantly higher negative amplitudes on the left 

hemisphere on both visual fields. Such higher negative ERP activity suggests 

more attention engagement by the cue for dyslexic children compared to the 

normal reading-level group. One possible interpretation of the group difference 

in this study is associated with delayed attention disengagement from the cue 

position in dyslexic children. While enhanced orienting toward cues location can 

help dyslexic children more rapidly localize important information, which could 

be adaptive in character recognition, more attentive processing of invalid cues 



hinders attentional shifts to the desired target location. These alterations may have 

implications for recognizing each character, for example with more attentional 

resources allocated to details and less resources allocated to process other useful 

information for the entire character. Attention orienting can be described as a 

spotlight moving towards the attended area (Facoetti et al., 2003; Ronconi et al., 

2016; Ronconi, Gori, Ruffino, Molteni, & Facoetti, 2013). During word and 

pseudoword decoding, the attentional mechanisms scan sequentially the letter 

string which is presented inside the attentional spotlight, with information 

continuously processed in the specific temporal sequence yielding the letter 

spatial order. Dyslexic children showed damaged serial search in disengaging the 

spotlight of attention from one attribute, thus losing other details of one object 

such as its form, depth, motion, and size. 

Another possible explanation for the higher negative amplitudes observed 

in dyslexic children is that they processed the cue as a warning signal to prepare 

to adequately process the target stimulus and prepare to detect the target stimulus. 

The more negative amplitude for dyslexic children may suggest more effortful 

task-set maintenance, higher pre-activation of sensory and motor-related 

processes, and more anticipatory task preparation. Indeed, in a similar study on 

cue-elicited ERPs, the brain activity locked to the cue showed more negative 

amplitude in older participants compared to young adults, which suggested that 

the older participants processed the cue as a warning signal to prepare for the 

upcoming target stimulus (Amenedo et al., 2014). Correlation between the two 

negative components (C-N250 & C-N300), the slow wave before target-onset and 

Chinese character recognition scores indicated that negative amplitude correlates 

with worse reading performance, which is consistent with the “spotlight of 

attention” process in the attention orienting (Vidyasagar & Pammer, 2010). This 

may indicate that children who allocate more attention resources towards the cue 

locations tend to lose detailed information during Character reading, but also 



perform worse in phoneme deletion and character recognition. Such correlation 

is also shown in the typically developing children group independently.  

Since vertical asymmetries shown in previous studies also showed in the 

cue-locked ERP early component (C-P170), target-locked ERP amplitude was 

analyzed for upper and lower visual fields separately. Cueing conditions, together 

with their interaction between group and hemisphere were taken into 

consideration. Vertical asymmetry was found on target-locked ERPs, with no 

cueing effect or group effect shown on the upper visual field. The cueing effect 

and group sensitivity only occurred on the lower visual field. 

Cueing difference seems to occur until around 300 ms for both groups, 

especially for normal developing children. For the slow wave time window, 

within-group comparison has found cueing effects in typically developing 

children, with the uncued condition showing generally more positive slow wave 

amplitude than cued condition across both hemispheres. No significant cueing 

effect was found for dyslexic children. To better understand cueing effect 

between dyslexic children and normally developing children, cueing effect was 

calculated by adopting amplitude in uncued condition minus amplitude in cued 

condition. The normal reading-level group showed a larger (positive) cueing 

effect than dyslexic children in the left hemisphere on both the P400 time window 

and the slow wave following the P400 time window.  

Psychophysiological studies which adopted cue-target tasks on adults have 

found cueing effects at early time windows such as P1, and N1. Some studies 

found reduced amplitude for cued conditions compared with uncued conditions 

(Chica & Lupiáñez, 2009; Hopfinger & Mangun, 2001; Prime & Ward, 2006), 

while some studies found the opposite pattern (Prime & Jolicœur, 2009; Satel et 

al., 2014; Satel et al., 2012). In this study, cueing effect and group difference were 

not found in the early time window because children may have a delayed ERP 

waveform compared with adults. 



The uncued condition showing reduced amplitude compared to cued 

condition in P400 and the slow wave time window for typically developing 

children was in agreement with enhanced amplitude for the uncued condition 

compared to a cued condition in previous studies (Martín-Arévalo et al., 2016; 

Prime & Jolicœur, 2009; Tian, Klein, et al., 2011). However, dyslexic children 

did not show the cueing effect in the late time window, suggesting that the 

sluggish attentional disengagement may be related to the lack of cueing effect at 

the neural level. Even after the intact visual input processing, dyslexic children 

showed impaired inhibition of previously attended locations, which can also be 

proved by their more negative amplitude during the cue stimulus maintenance 

period. 

The correlation analysis was conducted for ERP components and 

hemispheres which showed group difference in cueing effect. In this regard, a 

positive correlation was found between cueing effect on the left hemisphere on 

P400 amplitude and Chinese character recognition scores indicating a higher 

(positive) cueing effect on P400 component correlates with better performance in 

Chinese character recognition, as well as negative correlation with number 

naming time. As for the cueing effect in the slow wave following the P400 time 

window, positive correlation was found with phoneme deletion skills. A positive 

correlation was also found between two cueing effects at both time windows and 

amplitude in cue-locked ERP (Before Target-Onset time window), which means 

participants who showed higher amplitude before target onset also had higher 

cueing effect after target presented in both time windows. Such a positive 

correlation between cue-locked ERP results and target-locked ERPs were also 

found for the normal developing children group independently. The positive 

correlation between cue stimulus maintenance period and target evoked ERPs 

support the explanation that dyslexic children showed intact visual input 

processing, and difficulties in discriminating cued and uncued conditions 

correlate with delayed disengagement for previously attended locations. To better 



understand the attention orienting deficit in dyslexic children, the significance of 

maintenance for the previously presented stimulus must be taken into 

consideration. Adding a cue-back may be a better way to exercise dyslexic 

children in disengaging from the previous cue stimulus and increase the cueing 

effect after the target stimulus is presented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter II 

The Relation Between Neural Oscillations and Reading Performance in 

Chinese Dyslexic and Normally Developing Children:  

Evidence From Target-Locked and Resting-State EEG Activity 

 

1.  Introduction 

As already mentioned in the first chapter, the diagnosis of Chinese dyslexia is 

still based on behavioral symptoms (i.e., reading fluency and accuracy below 10% 

of total students from the same grade), but the cognitive and neural underpinnings 

of such reading impairments remain unclear. Besides the traditional phonological 

deficit as the main disorder, there is growing evidence that many cognitive 

components may interact and influence reading difficulties together (Ziegler et 

al., 2008; Ziegler, Perry, & Zorzi, 2014). This disorder is often characterized by 

core cognitive deficits in the phonological processing (Shaywitz & Shaywitz, 

2005), also found with additional deficits, for example, in the magnocellular 

visual pathways (Stein & Walsh, 1997; Vidyasagar & Pammer, 2010), sluggish 

attentional shifting (Facoetti, Trussardi, et al., 2010; Vidyasagar & Pammer, 

2010).  

Samuel Orton (1925) proposed an atypical lateralization theory of dyslexia, 

on the one hand dyslexic children fail to develop left hemispheric dominance in 

visual representations and visual-phonological integrations; on the other hand, 

they also fail to suppress the right hemisphere representation to establish 

appropriate hemisphere dominance. Several neurobiological results have 

demonstrated the structural and functional abnormalities in left hemispheric 

specialization in visual presentations and phonological integration within the 

reading process for dyslexia (Démonet, Taylor, & Chaix, 2004). During cognitive 

processing, studies have yielded distinct activation patterns between dyslexia and 

normal readers, the hypoactivation of brain regions of the left hemispheric such 



as superior temporal gyrus (including Wernicke’s area and the planum temporale), 

the supramarginal and angular gyri in the posterior parietal cortex, the insula and 

the third inferior frontal convolution (Broca’s area) (Papagiannopoulou & 

Lagopoulos, 2016; Stein, 2001). The right hemisphere was also involved in 

language functions, mainly in global processing. In adults with dyslexia 

compared with controls, activation in posterior pathways is reduced (see Figure. 

2.1). 

Non-invasive measures of brain function such as electroencephalography 

(EEG) studies have provided additional insights into cortical lateralization 

models. The predominant EEG findings for dyslexia under a resting condition 

that emerged have been the attenuation in the faster frequencies power (usually 

found in alpha and gamma) and an increase in the power of slower frequencies 

(such as delta and theta) (Colon, Notermans, De Weerd, & Kap, 1979; Duffy, 

Denckla, Bartels, Sandini, & Kiessling, 1980; Fein et al., 1986; Sklar, Hanley, & 

Simmons, 1972). Georgiewa et al. (2002) first reported the significant difference 

in the activation in the left inferior frontal gyrus between dyslexic and control 

groups using functional magnetic resonance imaging (fMRI) during the non-oral 

reading of German words, combined with the ERP distinction for the left frontal 

area around 250-600 ms (Georgiewa et al., 2002).  

 



 

Figure. 2.1. Areas of the left cerebral hemisphere in which abnormal responses in 

neuroimaging studies were reported in adults with dyslexia compared with controls (from 

the Review, De´monet, Taylor, & Chaix, 2004). 

 

The previous electrophysiological studies that investigated the power 

activities in dyslexic children and normally developing children provided 

evidence of abnormal power activities in different frequency bands for dyslexic 

children during resting-state, phonological, or semantic tasks. Since previous 

studies investigated a large range of participants, from preschool to adolescents 

or adults, with varying degrees of language disability, there is no consensus on 

the neuronal signature of dyslexia in the frequency domain. Several studies have 

found attenuation in the power of faster frequencies (such as alpha and gamma) 

and an increase in the power of slower frequencies (such as delta and theta) in 

dyslexic children (Duffy et al., 1980; Fein et al., 1986; Sklar et al., 1972). In the 

study of Spironelli et al. (2008), in which the same words were processed in 

separate phonological, semantic, and orthographic tasks, dyslexics showed 

greater theta and beta activation on right anterior region in all cognitive tasks, 

while greater activation on left posterior region was found for both phonological 



and orthographic tasks (Spironelli et al., 2008). Similar linguistic tasks also 

elicited larger left anterior delta and smaller left posterior delta amplitude in 

dyslexic children in a follow-up study (Penolazzi, Spironelli, & Angrilli, 2009). 

In another study (Papagiannopoulou & Lagopoulos, 2016), the differences in the 

spontaneous oscillatory activity of each major EEG band (delta, theta, alpha, and 

beta) were examined by adopting a global as well as a region-by-region and 

hemispheric approach to elucidate whether there are changes in asymmetry in 

children with dyslexia compared to controls, which confirmed the higher theta 

activity in dyslexic children.  

Previous studies usually investigated the power activity for dyslexic 

children by focusing on a linguistic paradigm. As a causal factor for reading 

difficulties in dyslexia, no study investigated the power activity for visual stimuli 

evoked during attention shifting for the comparison between dyslexic children 

and typically developing children. When adopting the cue-target paradigm in 

EEG study measuring attention shifting, event-related changes in beta power 

were usually measured because the oscillatory beta activity has been recognized 

as related to motor activity (Jurkiewicz, Gaetz, Bostan, & Cheyne, 2006; 

Pfurtscheller & Da Silva, 1999). One inhibition of return study on adults 

(Pastötter, Hanslmayr, & Bäuml, 2008) also adopted the cue-target design and 

found that IOR was related to an enhancement of beta synchrony. 

In this exploratory study, both stimulus-locked activities in the cue-target 

task and resting-state EEG activity in the frequency domain were analyzed to 

examine the neural oscillation during the attention shifting process. Normalized 

power spectrum density for each frequency band was adopted to investigate the 

brain region effect and hemispheric effect between children with and without 

dyslexia. The relation between the behavioral IOR effect, reading performance 

and power asymmetry was examined. 

 



2.  Method 

2.1  Participants 

The same children in Study 1 also participated in the resting-state EEG recording: 

one typical developing child was excluded because of the excessive arbitrary 

activities during resting-state EEG recording. The research procedures reported 

here conformed to the Declaration of Helsinki and were approved by the review 

board of Zhejiang Normal University. Written informed consent was obtained 

from the parents of all children who participated in the present experiments. The 

resting-state EEG recording was conducted before the acquisition of task-based 

recording in Study 1 for each child. 

The results presented here are therefore based on 31 dyslexic children (DD; 

16 boys and 15 girls, age range: 9.5-10.5 years) and 31 age-matched controls (CA; 

17 boys and 14 girls, age range: 9.5-10.5 years). The scores of CRT, CRMS, CCR, 

BCL-P ratings, phoneme deletion task, and rapid number naming are presented 

in Table. 2.1. There was no significant difference between the two groups on age 

and intelligence scores, but dyslexic children showed worse reading performance 

and more difficulties in reading behavior than the age-control group. Detailed 

information about those tools was presented in Chapter 1 (Method part). 

 

Table. 2.1. Descriptive statistics of scores on reading-related tasks and t-tests comparison 

between two groups on each task. The numbers in the parentheses are standard errors of the 

mean. 

Note. Scores on the CRMS and CCR tests denote literacy accuracy;  

On the BCL-P questionnaire, a higher score means more problematic reading behaviors;  

Scores in the Phoneme deletion task represent correct responses;  

Rapid number naming values represent the time spent to name all numbers. 



 

2.2  Electrophysiological Recording 

The EEG signal was recorded for 5-min in a resting eyes-closed condition, using 

30 Ag/AgCl electrodes embedded in an elastic cap following the International 10-

20 system (Lagerlund et al., 1993). A DC-amplifier system (BrainAmp ExG) was 

used to record the EEG data. The software for EEG data recording was 

BrainVision Recorder (Brain Products GmbH Germany). AFz  served as ground, 

and one electrode between Cz and CPz electrodes served as the online reference; 

data were offline re-referenced to the average reference. Horizontal eye 

movements (HEOG) were recorded using electrodes placed at the outer canthi of 

the right eye. Electrodes for recording vertical eye movements (VEOG) were 

placed just under the left eye. The EEG and EOG were recorded continuously and 

were amplified using a DC ~100 Hz bandpass, with a sampling rate of 1000Hz. 

All impedances were kept below 5 kΩ. 

 

2.3  Electrophysiological Data Analysis 

2.3.1 Resting-State EEG Power Data Analysis 

Offline data processing analysis: continuous EEG data were imported in 

BrainVision Analyzer (Brain Products), bad channels were removed and 

reconstructed using spline interpolation; all cortical electrodes were offline re-

referenced to the mean activity of the whole scalp by the average reference 

procedure. EEG analysis was then carried out using the Brainstorm toolbox 

(François Tadel et al., 2011). After a 0.1-45 Hz band-pass filter, eye movement 

artifact components (i.e., blinking, vertical, and horizontal movements) were 

corrected by applying Independent Component Analysis (ICA) transformation to 

the EEG signal. The data were then segmented into about 134 epochs and 162 

epochs for CA and DD groups, with a duration of 2s each. After rejecting epochs 

with amplitude exceeding ± 150μV, a second 40 Hz low-pass filtering was 



applied. With this artifact rejection procedure, about 18.4% and 19.6% of trials 

were rejected in CA and DD groups, respectively. The spectral power was then 

calculated using Fast Fourier Transformation (FFT) with a frequency resolution 

of 1 / 2s = 0.5 Hz; the power spectra were averaged across segments and all the 

groups of electrodes in each section. Electrodes FP1, F7, and F3 were averaged 

as the Anterior-Left brain region, FP2, F8, and F4 were averaged as the Anterior-

Right region; the Posterior-Left region contains O1 P7, P3, and the Posterior-

Right region contains O2, P8, P4 electrodes. The power values were calculated 

for the typical frequency bands, i.e., delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-13 

Hz), beta (15-30 Hz), and gamma (30-45Hz). Both the clusters of electrode 

interests and the frequency bands were based on previous FFT studies for 

dyslexic children (e.g., Fraga González et al., 2016, 2018; Spironelli et al., 2008; 

Penolazzi, Spironelli, & Angrilli, 2009). Normalized power was computed as the 

ratio of the power of the corresponding band and the total power.  

 

2.3.2 Target-Locked Stimulus Power Data Analysis 

For target-evoked stimulus power, about 527 and 524, 2s-long epochs for CA and 

DD groups were obtained for target stimulus in each participant, ranging between 

100 ms before the onset of the target stimuli and 1900 ms after target stimulus 

presentation. After rejecting epochs with amplitude exceeding ± 150μV, a second 

40 Hz low-pass filtering was applied. With this artifact rejection procedure, about 

4.3% and 3.9 % of trials were rejected in each minimum experimental cell for 

each participant in CA and DD groups. The clusters of electrodes and frequency 

bands were the same as the analysis procedure carried out for resting-state EEG. 

 

https://www.frontiersin.org/articles/10.3389/fnhum.2020.00289/full#B34
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3.  Results 

3.1  Power Spectrum Density Results Between Target-Locked and Resting-State 

EEG Activity 

Four-way repeated measures ANOVA analysis was conducted on normalized 

power percentage for each frequency band, in which electrophysiological 

condition (target-locked stimulus vs. resting state EEG), brain region (anterior vs. 

posterior), and laterality (left vs. right) served as within-in subject factors, and 

group (CA vs. DD) as between-subject factor. Table. 2.2 presented the ANOVA 

results for each frequency band. Since differences in power activities between 

children with and without dyslexia at each frequency range was the main focus 

in this study, only the frequency bands that showed group differences are 

discussed in the following paragraphs. 

 

Table. 2.2. Power spectrum density four-way repeated measures ANOVA results for 

condition (target-locked vs. resting-state), the brain region (anterior vs. posterior), 

hemisphere (left vs. right), and group (CA vs. DD) effects on each frequency band. 

 

 

Notably, none of the slow frequency bands was effective to distinguish the 

two groups. Instead, considering the beta EEG band (15-30 Hz), the significant 

three-way interaction between brain region, hemisphere, and the group was found, 

together with the main effects of group, condition, and brain region. Overall, the 



group main effect showed that the dyslexic children (M= 1.6%, SE= 0.0%) 

exhibited greater beta power than typical developing children (M= 1.3%, SE= 

0.0%). Further analyses were conducted separately for two conditions, and the 

ANOVA analysis was repeated including brain region, hemisphere, and group in 

beta EEG band power (see sections 3.2 & 3.3). 

Considering the gamma EEG band (30-45 Hz), three main effects were 

found, the significant group main effect F(1, 60) = 4.23, p =.044, ηp
2= 0.07, 

revealed that dyslexic children (M= 0.4%, SE= 0.0%) exhibited greater gamma 

power than typical developing children (M= 0.3%, SE= 0.0%). 

To better dig into the distribution of each frequency band power percentage 

in each group, also considering that the condition main effect was significant in 

each frequency band, the same comparisons were tested separately for target 

locked stimuli and resting state EEG activities. 

 

3.2  Resting-State EEG Power Spectrum Density Results 

A new set of ANOVAs was conducted on normalized power for each frequency 

band, in which brain region (anterior vs. posterior), laterality (left vs. right) as 

within-in subject factors, and group (CA vs. DD) as between-subject factors (see 

Table. 2.3 for the ANOVA results in each frequency band). 

 

 

 

 

 

 

 

 



Table. 2.3. Resting-state power spectrum density three-way repeated measures ANOVA 

results for the brain region (anterior vs. posterior), hemisphere (left vs. right), and group 

(CA vs. DD) effects on each frequency band. 

 

 

In the beta EEG band, the group main effect (see Figure. 2.2 as a 

comparison between two groups) was found: dyslexic children (M= 2.6%, SE= 

0.2%) showed greater beta power percentage than typical developing children 

(M= 2.1%, SE= 0.2%). However, the correlation analysis did not find a 

significant correlation between beta EEG power and reading performance. 

As for the gamma EEG band, the marginal group main effect found that 

dyslexic children (M= 0.7%, SE= 0%) elicited greater gamma power percentage 

than typical developing children (M= 0.5%, SE= 0%); Brain region main effect 

also revealed that the anterior brain region (M= 0.6%, SE= 0%) showed greater 

gamma power than the posterior ROI (M= 0.5%, SE= 0%). 



 

Figure. 2.2. Topographical maps depicting group differences in resting-state EEG (Top) 

and target-locked stimulus activities (Bottom) for beta band power (%). Red rectangles 

indicate the brain region where group differences occurred, general larger beta power in 

dyslexic children across brain region and laterality in resting-state EEG activity, and larger 

beta power in dyslexic group in the right anterior region in target-locked stimulus activity. 

 



3.3  Target-Locked Stimulus Power Spectrum Density Results 

A similar analysis was conducted as for the resting-state EEG power analysis. 

ANOVAs were conducted on normalized power for each frequency band, with 

brain region (anterior vs. posterior) and laterality (left vs. right) as within-subject 

factors, and group (CA vs. DD) as between-subject factor. Table. 2.4 represented 

the ANOVA results for each frequency band. 

 

Table. 2.4. Target-locked power spectrum density three-way repeated measures ANOVA 

results for the brain region (anterior vs. posterior), hemisphere (left vs. right), and group 

(CA vs. DD) effects on each frequency band. 

 

 

Concerning the delta EEG frequency band, a significant two-way 

interaction between group and brain region, and the significant brain region main 

effect were found (see Table. 2.4). Post-hoc test on the significant interaction 

group x brain region further revealed that brain region asymmetry appeared only 

in CA group, anterior ROI showing greater delta power percentage (M= 90.5%, 

SE= 1.2%) than the posterior ROI (M= 84.7%, SE= 1.6%), t(30) = 4.21, p < .001, 

Cohen’s d = 0.76. However, such brain region difference was absent in DD group 

(Manterior= 88.4%, SEanterior= 1.4%; Mposterior= 87%, SEposterior= 1.5%, p = .107). 

Correlation analysis did not find significant correlation between delta power brain 

region difference and reading performance. 



As for the following alpha, beta, and gamma EEG bands, since the 

significant three-way interaction group x brain region x laterality were all 

significant, these analyses were carried out separately for each brain region and 

each frequency band. 

In the alpha EEG band, when separate analyses for each brain region were 

conducted, no significant interaction nor main effect were found on the anterior 

region, although a marginally group main effect showed a tendency to greater 

alpha power percentage in DD (M= 4.9%, SE= 0.6%) than CA group (M= 3.4%, 

SE= 0.6%), F(1, 60) = 2.81, p =.099, ηp
2= 0.43. As for the posterior brain region, 

a marginal pattern was found between the group and laterality interaction, F(1, 

60) = 3.85, p =.05, ηp
2= 0.06: this tendency revealed that the CA group (M= 8.3%, 

SE= 1.8%) showed a greater power percentage than DD group (M= 5.1%, SE= 

0.8%) on the right hemisphere, t(60) = 1.68, p =.099, Cohen’s d = 0.27. When 

planned tests were made on laterality in each group, the right hemisphere showed 

a greater power percentage than the left hemisphere (M= 5.5%, SE= 0.8%) in 

typical developing children, t(30) = 1.75, p =.090, Cohen’s d = 0.32. 

Concerning the beta EEG band, when separate analyses were carried out 

for each brain region, a significant interaction between group and laterality was 

found on the anterior brain region, F(1, 60) = 7.07, p =.01, ηp
2= 0.11, and post-

hoc comparison revealed that dyslexic group (M= 0.8%, SE= 0.2%) showed 

greater beta power percentage than CA group on right anterior ROIs (M= 0.4%, 

SE= 0.0%), t(60) = 2.21, p =.031, Cohen’s d = 0.56 (see Figure. 2.2). Considering 

the laterality in each group, a greater beta power percentage on the left vs. right 

hemisphere (M= 0.5%, SE= 0.0% and M= 0.4%, SE= 0.0%, respectively) 

tendency was found for the CA group, t(30) = 1.84, p =.075, Cohen’s d = 0.33, 

but the opposite tendency appeared in DD group, the right hemisphere (M= 0.8%, 

SE= 0.2%) showing a greater beta power percentage than the left homologous 

(M= 0.6%, SE= 0.1%), t(30) = 2.01, p =.054, Cohen’s d = 0.36. There was no 

laterality or group effects when we analyzed the posterior brain region. Finally, 



correlation analyses were made between beta EEG power on the right anterior 

brain region and behavioral performance. Negative correlations (see Figure. 2.3) 

were found between beta power percentage on the right anterior brain region and 

(1) the IOR effect at the shortest CTOA (which is considered the indicator of 

attentional disengagement efficiency, explained in detail in Chapter 1) Pearson’s 

r= -0.33, p = .009, and (2) the Chinese Character recognition test (CCR), 

Pearson’s r= -0.28, p = .027 (see Figure. 2.3 for individual distribution in 

correlation).  

As for the gamma EEG band, when separate analyses for each brain region 

were conducted, on the anterior brain region the significant two-way interaction 

between laterality and group was found, F(1, 60) = 4.71, p =.034, ηp
2= 0.07, with 

a greater gamma power percentage found in dyslexic children (M= 0.3%, SE= 

0.0%) than typical development children (M= 0.1%, SE= 0.0%) on the right 

hemisphere, t(60) = 2.04, p =.046, Cohen’s d = 0.52. When comparing the 

hemisphere difference within each group, this difference only appeared for CA 

group, with the left hemisphere (M= 0.2%, SE= 0.0%) showing a greater gamma 

power percentage than the right homologous (M= 0.1%, SE= 0.0%), t(30) = 2.30, 

p =.028, Cohen’s d = 0.41. No hemispheric difference was found for dyslexic 

children. In the posterior brain region, a marginal laterality main effect was found, 

F(1, 60) = 3.42, p =.069, ηp
2= 0.05. A marginally negative correlation was also 

found between gamma power percentage in the right anterior brain region and the 

IOR effect at the shortest CTOA, Pearson’s r= -0.23, p = .067. 

 



 

Figure. 2.3. Negative correlations between beta power percentage in the right anterior 

brain region for target-locked stimulus activities and behavioral IOR effect at 450 ms, and 

the accuracy of the Chinese Character Recognition Test (CCR) in all participants. 

 

4.  Discussion 

The normalized power spectrum density was calculated within each frequency 

band (whole range: 0.5-45 Hz) for both target-locked stimulus activity and 

resting-state EEG activity. Further analysis separating for two conditions, a three-

way ANOVA analysis of brain region (anterior vs. posterior), laterality (left vs. 

right), and group (dyslexic vs. normally developing children) was conducted 

within each frequency band separately for target-locked and resting-state EEG 

activity, no laterality effect was found in each frequency band. Group difference 

was found in the beta band for both target-locked stimulus activity and resting-

state EEG activity, with dyslexic children showing a higher beta power 

percentage than normally developing children. More interestingly, a negative 

correlation was found between behavioral IOR effect and beta power activity in 

the right anterior brain region during attention shifting processing, the beta 

activity also negatively correlated with character recognition performance.  



Group difference was found mainly in beta band activity for resting-state 

EEG activity. Dyslexic children showed higher beta power percentage than 

normally developing children across different brain regions and both hemispheres. 

In target-locked stimulus activity, dyslexic children also showed higher beta and 

gamma power percentages than normally developing children, only in the right 

anterior brain region. When comparing the hemispheric effects in each group, 

greater beta power on the right anterior region compared with the left anterior 

hemisphere was found in dyslexic children, but not in the control group. 

Additionally, the group difference in the right anterior brain region during target-

locked activity was negatively correlated with behavioral IOR effect at 450 ms, 

and character recognition accuracy, which indicates higher beta power percentage 

after target presentation on right anterior region activity is linked to weaker 

behavioral IOR effect and worse performance in character reading test. In the 

faster gamma frequency band elicited by target-locked stimulus activity, dyslexic 

children also showed greater gamma power percentage than normally developing 

children in the right anterior brain region, and the gamma power percentage had 

marginally negative correlation (p = .067) with behavioral IOR effect at 450 ms. 

When comparing hemispheric effects in each group, higher gamma activation 

was found in the left anterior brain region than right hemisphere in the control 

group; such hemispheric effect was absent in dyslexic group. For dyslexic 

children, both greater beta power in the right anterior brain region and the absence 

of left hemispheric activation in gamma power may be supported by the atypical 

lateralization theory of dyslexia (Orton, 1925, 1937), which proposed dyslexic 

children fail to establish left hemispheric dominance of visual representations and 

visual-phonological integration. Several fMRI studies also confirmed the 

functional abnormalities in the left frontal lobe for dyslexic children during 

phonological tasks (Xu, Yang, Siok, & Tan,  2015; Grande et al., 2011). 

In this study, no group difference was found in the slow frequency bands, 

only shown for fast frequency bands for both stimulus-locked and resting-state 



EEG activity. The previous study for children with dyslexia compared with the 

control group when participating in a linguistic paradigm when the same words 

were processed into phonological, semantic, and orthographic tasks found a 

greater delta amplitude (Penolazzi et al., 2009). Also, the hemispheric difference 

was shown in the phonological task, with a larger left anterior delta and smaller 

left posterior delta amplitude. Flynn et al. (1992) demonstrated different subtypes 

of children with dyslexia showed a different ratio of anterior-to-posterior beta 

power in a semantic task, for children with phonological deficits (dysphonetic 

subtype of dyslexia) were expected to show activation in the right occipital-

parietal region, which indicates the visuospatial processing strategies, for children 

with orthographic deficits (dyseidetic dyslexia) were expected to show activation 

in the left parietal region. However, in a contrasting study (Milne, Hamm, Kirk, 

& Corballis, 2003) using a lexical decision task, in which also two subtypes of 

dyslexia and a control normal group were involved, dysphonetics showed higher 

beta activation in the anterior region relative to the posterior region, summarized 

as phonological dyslexics showing a weaker grapheme-to-phoneme strategy in 

lexical decision. Dyseidetics showed higher beta activation in posterior relative 

to the anterior region, indicating they have weaker visual strategy involving 

visual word identification. Based on the results on different subtypes of dyslexia, 

continuing studies need to be conducted to screen dyslexic children into specific 

types and make the comparisons in each frequency band. 

In the current study, during resting-state EEG recording, group differences 

were shown in the faster frequency band (beta), and such group difference was 

found again in attention shifting task only shown on the right hemisphere, which 

explained by previous study results the oscillatory beta activity has been 

recognized as related to motor activity (Jurkiewicz et al., 2006; Pfurtscheller & 

Da Silva, 1999). More interestingly, in the present study, a negative correlation 

was also found between beta power on the right anterior brain region and the 

behavioral IOR effect, also with character reading accuracy. One study 



investigated the power activity for Inhibition of return (Pastötter et al., 2008) also 

found that behavioral IOR was related to an enhancement of beta synchrony. 

These results provide a new understanding of inhibition of return deficit for 

dyslexic children, which might originate from their desynchronization in beta 

power activity after target presentation. This paves the way for further 

understanding of attention shifting deficits in dyslexic children through specific 

frequency band activity and the validity of EEG beta band as an indicator of 

attention shifting ability and also reading-related performance in children with 

and without dyslexia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter III 

Stimulus-Locked ERP Correlates of Inhibition of Return in Italian Young 

Adults 

1.  Introduction 

When the focus of attention has been disengaged from the location of an 

uninformative cue, the time to respond to a target presented at the location is 

slower when the interval between the cue and the target is longer than 

approximately 250 ms (Posner & Cohen, 1984). This attention phenomenon, 

called Inhibition of Return, is considered an essential attention shifting 

mechanism that helps in preventing the focus of attention to return to previously 

explored locations (Posner, Rafal, Choate, & Vaughan, 1985). IOR has been 

examined in a variety of studies related to visual, and auditory processing, and 

also proved to be absent in dyslexic children (Facoetti et al., 2003; Franceschini 

et al., 2018). The mechanism of IOR has been classically studied with behavioral 

measures, however, the neural correlates are still poorly understood based on 

inconsistent studies. 

Franceschini et al. (2018) investigated the IOR effect in adults with 

dyslexia using word/pseudoword stimuli as targets measured in a lexical decision 

task, in which adults with dyslexia did not show IOR effect during letter-string 

recognition, despite typical left-hemisphere advantage for word identification 

(target in the right location). Adults with dyslexia also showed a specific deficit 

in a coherent-dot-motion task which they suggested is related to the encoding of 

letter position, indicating their MD-stream disorder. Research demonstrated that 

the IOR deficit could impair the early stage of orthographic processing in which 

letters have to be identified and coded in the correct location in adults with 

dyslexia. These results suggest that a dorsal stream dysfunction impairs reading 

fluency in adults with dyslexia, even though they might develop an intact visual 

word form area.  



Using the event-related potential (ERP) technique, previous studies used 

ERP components as indicators for IOR effects and also the early facilitation effect 

during the attentional shifting process in adults (Chica & Lupiáñez, 2009; 

Hopfinger & Mangun, 2001; Mcdonald et al., 1999; Prime & Ward, 2006; 

Wascher & Tipper, 2004). Results in some studies found that when the IOR effect 

was observed behaviorally, uncued targets evoked an enhanced P1 compared with 

cued targets (Martín-Arévalo et al., 2016; Prime & Jolicœur, 2009; Tian, Chica, 

Xu, & Yao, 2011). By contrast, in other studies, such a P1 difference was not 

found when the IOR effect happened at the behavioral level (Prime & Jolicœur, 

2009; Satel et al., 2014; Satel et al., 2012). The Nd wave, a negative component 

during 220-300 ms after stimulus onset, showed the difference between cued and 

uncued location trials accompanying the IOR effect at the behavioral level (Prime 

& Ward, 2006), whereas such Nd difference was not found in another study 

(Mcdonald et al., 1999). Similarly, other ERP components such as N1, P3, and 

N2pc were also examined, but there is no consensus about the 

electrophysiological marker for the IOR effect (Martín-Arévalo et al., 2014, 

2016). These mixed existing results suggest no specific ERP component could 

serve as a robust biomarker for attentional shifting (Martín-Arévalo et al., 2016). 

Similarly, there is also no specific electrode on which neural responses could 

explain attentional orienting processing. 

Recent studies examined the cue-locked ERP by comparing the cue-locked 

ERP activity between groups of elderly and young adults. Amendo et al. (2014) 

concluded the generally larger amplitude in the older group suggests more 

engagement of attention onto the cue than the younger group, as individuals tend 

to treat the cue stimulus as a warning signal to prepare to adequately process the 

entire stimulus sequence. The correlation found in cue-evoked ERP amplitude 

and behavioral IOR effect (Snell et al., 2018) also proved that cue-evoked 

processing plays a significant role during the generation of IOR. 



The present study aimed at investigating the visual-spatial cueing effect on 

ERP activity patterns when behavioral cueing effects are preserved, as in the case 

of healthy young adults. For the stimulus-locked ERPs (both cue-locked and 

target-locked ERPs), considering the evidence of vertical asymmetries in visual 

input processing (Amenedo, Gutiérrez-Domínguez, Mateos-Ruger, & Pazo-

Álvarez, 2014; Amenedo, Pazo-Alvarez, & Cadaveira, 2007; Di Russo, Martínez, 

Sereno, Pitzalis, & Hillyard, 2002; Doro, Bellini, Brigadoi, Eimer, & Dell'Acqua, 

2020; Karim & Kojima, 2010; Rezec & Dobkins, 2004; Thomas & Elias, 2011), 

the ERP activities were also tested separately for upper and lower visual fields. 

The connection between neural cueing effects, behavioral performance, and 

reading performance was also examined to further explore the relation between 

neural stimulus-locked ERP activity and reading performance. 

 

2.  Method 

2.1  Participants 

30 Italian young adults (10 male participants, age range: 18-29 years) were 

enrolled in this study, each participant first performed the paper-pencil test 

involving word/nonword reading and calculation skills. After a brief resting 

period, they performed the Posner cueing task (Posner & Cohen, 1984) while 

electroencephalography (EEG) was recorded. They also performed one numerical 

task at the beginning of the EEG session, and one phonological task at the end of 

the session. The research procedures were approved by the Psychological Science 

Ethics Committee of the university of Padova. 

 

2.2  Reading Tasks 

All the participants were also administered two character-reading tests taken from 

a standardized battery for the assessment of literacy and numeracy skills in adults 

(LSC-SUA) (Cornoldi, Rivella, Montesano, & Toffalini, 2021). This battery is 



used in Italy to evaluate learning disabilities in University students and adults. 

Participants performed two subtests: Word reading and Nonword reading test. 

Word Reading Test  

This word reading list contains 112 words (for a total of 780 letters and 352 

syllables). The words vary in length and frequency of use. The scores were 

defined by the total time taken to read the list and accuracy. 

Nonword Reading Test 

This nonword reading list includes 56 stimuli obtained by randomly recomposing 

syllables from items used in the word reading task (for a total of 400 letters and 

176 syllables). The scores were defined by the total time taken to read the list and 

accuracy. 

 

2.3  Apparatus, Stimuli, and Procedure       

The spatial cueing task (Posner & Cohen, 1984) was adopted for young adults to 

detect the inhibition of return effect. The experiment was carried out in a quiet, 

dimly lit room. The experimental task was presented on a 19-inch monitor screen 

with a resolution of 1024 x 768, running at 60 Hz, participant’s eyes were 62cm 

from the screen. Stimulus presentation and data entry was on the Windows 7 

system host. The program was written in Python. The vertical version of the 

paradigm was adopted in this study (see Figure. 3.1). Two gray boxes (size 1.8 

degrees) were presented in the upper and lower visual field, respectively, and a 

gray fixation cross was presented in the center of the screen. The middle position 

of the two boxes was 9 degrees away from the fixation. In the cueing task, after 

the fixation cross was presented for 1000 ms, the cue appeared in the upper or 

lower box for 100 ms, and the target appeared after 150 ms, 300 ms, or 450 ms 

after the cue disappeared (different time intervals were randomly intermixed). 

The cue consisted in the border of the box brightening and flashing. The target, a 

solid white circle, appeared in the upper or lower box and lasted until response, 

or it disappeared after a response deadline of 1500 ms. Participants were required 



to respond to the target stimulus presented after the cue stimulus by pressing the 

spacebar on a standard QWERTY keyboard. The number of trials in which the 

cue and the target were presented in the same position (cued condition) or 

different position (uncued position) were equal. There were a total of 280 trials, 

among which 40 trials had no target to discourage anticipatory responses (i.e., 

catch trials) and 120 trials for each cueing condition. 

 

 

Figure. 3.1. Experiment procedure for cue-target paradigm. The target could appear at the 

cued box (cued condition) or the box on the opposite side (uncued condition). 

 

2.4  Electrophysiological Recording 

The Electroencephalogram (EEG) signal was recorded from an electrically 

shielded and sound attenuated room. An elastic cap (actiCAP; Brain Products, 

Gilching, Germany) with 64 pre-amplified electrodes mounted according to the 

International 10–20 system (Oostenveld & Praamstra, 2001) was used. Data was 

stored using the BrainVision Recorder (Brain Products GmbH, Germany) system. 

The sampling rate was set at 1000 Hz, and the impedance was kept below 5 kΩ. 

All cortical electrodes were online referred to FCz. 

 



2.5  Data Analysis 

2.5.1 Behavioral Data Analysis 

To analyze the behavioral IOR effect, the data were preprocessed. The false alarm 

rate (response in catch trials) was 2.15% (28/1302 trials), the missing trial rate 

(no response while target present) 0.05% (4/7812 trials), and the RTs from the 

non-catch trials were cleaned based on the number of trials in each experimental 

cell of each participant using the R package (trimr), according with the criteria 

given by Van Selst & Jolicoeur (1994) method: about 2.8% (219/7808) outliers 

were excluded from further analysis using Hybrid-Recursive procedure based on 

each experiment cells. The remaining trials were about 39 trials per condition for 

each participant. 

After the pre-analysis procedure to clean the behavioral data, to analyze 

the cueing effect on different CTOAs performance, the mean RTs for each 

participant, cueing condition, and CTOA were computed. A preliminary ANOVA 

with cueing condition and CTOAs as the within-subject level was performed to 

assess the cueing effect and its interaction with the CTOAs. Then, based on the 

significant interaction between cueing condition and CTOAs, the RTs at each 

cueing condition were separately compared at each CTOA condition, to further 

examine the cueing effect. The IOR effect was computed by dividing RTs 

between valid and invalid cueing conditions. Finally, a one-way ANOVA was 

adopted to investigate the IOR effect at three CTOAs. 

The reading total time (means and SDs) was calculated for both reading 

materials. For the time taken in the reading tasks, reading speed was computed in 

terms of syllables per second (syll/sec), dividing the total number of syllables 

pronounced by the participant by the overall time in seconds taken to read items. 

The accuracy was not considered in the analysis, as a ceiling effect on adults’ 

reading accuracy in both word and nonword reading was found. Standardized 

scores were computed for both subtests according to the Italian normative data of 



the LSC-SUA. The correlation was examined between the IOR effect and reading 

performance. 

 

2.5.2 Cue-Locked ERP Analysis 

Offline data processing analysis: continuous EEG data was imported in 

BrainVision Analyzer (Brain Products), bad channels were removed and 

reconstructed using spline interpolation, and then all cortical electrodes were 

offline re-referenced to the mean activity of the whole scalp by the average 

reference procedure. Signal analysis was then carried out using the Brainstorm 

toolbox (Tadel, Baillet, Mosher, Pantazis, & Leahy, 2011; Tadel et al., 2011). 

After a 0.1– 45 Hz band-pass filter, eye movement artifact components (i.e., 

blinking, vertical, and horizontal movements) were corrected by applying 

Independent Component Analysis (ICA) transformation to the EEG signal. For 

each participant, both cue-locked and target-locked ERP waveforms were 

segmented separately for each condition and visual field. 

For cue-locked ERPs, signals for upper and lower cue locations were 

segmented into 1400m epochs, ranging between 200 ms before the onset of cue 

stimuli and 1200 ms after stimulus presentation. A baseline correction (-200 to 0 

ms) was applied to all the epochs. After rejecting epochs with amplitude 

exceeding ± 75μV, a second 30 Hz low-pass filtering was applied. With this 

artifact rejection procedure, about 7.2% of trials were rejected in each minimum 

experimental cell for each participant. The grand-mean average was computed 

within the same condition across all the participants to compare ERP components 

among all different conditions. The mean number of each condition was 112.  

The ERP statistical analysis was performed via Brainstorm software, using 

the Fieldtrip functions (Oostenveld et al., 2011). Inspiring by Amenedo et al. 

(2014) to compare the ERP activity between two vertical visual fields, an initial 

blind cluster-based permutation t-test (paired t for visual field comparisons; alpha 



level 0.05) was computed per data-point, electrode, and participant in each visual 

field separately. The main idea behind this permutation test is that if a statistical 

effect is found over an extended period in several neighbor channels, it is unlikely 

that this effect occurred by chance. For the present analyses, a whole-brain paired 

two-tailed t-test (α = 0.05) permutation approach (Fields & Kuperberg, 2020; 

Groppe et al., 2011) was applied, performing 1000 Monte-Carlo cluster-based 

corrected permutations over all 64 channel locations.  

 

2.5.3 Target-Locked ERP Analysis 

For target-locked ERPs, signals evoked by the target stimulus were then 

segmented into 900 ms epochs, ranging between 50 ms before the onset of target 

stimuli and 850 ms after stimulus presentation, and baseline correction was 

conducted using pre-stimulus 50-0 ms. After rejecting epochs with amplitude 

exceeding ± 75μV, a second 30 Hz low-pass filtering was applied. With this 

artifact rejection procedure, about 4.3% of trials were rejected in each minimum 

experimental cell for each participant. Epochs were grand-averaged across 

participants by each cueing condition and visual field. The mean number of each 

condition was about 55.  

Previous ERP studies that adopted a similar cue-target task on adults have 

found cueing effect mainly showed in the occipital region (e.g., Prime & Jolicœur, 

2009; Satel et al., 2014; Satel et al., 2012; Tian, Chica, Xu, & Yao, 2011): for this 

reason, after a visual inspection of target-locked ERP waveforms, two ROIs 

including parietal-occipital electrodes were considered for statistical analysis, i.e., 

the average ERP activity of P7, P5, P3, P1, PO7, PO3, O1 electrodes as left-ROIs, 

and the homologous  P8, P6, P4, P2, PO8, PO4, O2 electrodes as right-ROIs. 

Specifically, to parametrically investigate for possible effects of cueing condition 

and possible interaction between cueing effect and hemisphere, the averaged 

mean amplitude on left-ROIs and right ROIs corresponding to each latency 



interval were submitted to mixed-model ANOVAs, with cueing conditions and 

hemisphere as within-subject factors. Correlation analysis was also conducted 

between the amplitude cueing effect and the word/nonword reading performance 

in several components which showed cueing effect. 

 

3.  Results 

3.1  Behavioral Results 

Mean RTs were computed for each cueing condition at each CTOA, and a 

repeated measure ANOVA analysis was conducted on RTs, with cueing 

conditions (cued vs. uncued) and CTOAs (250 vs. 400 vs. 550 ms) within-subjects 

factors. Analysis revealed that the two-way interaction between cueing condition 

and CTOA was significant F(2, 58) = 32.92, p <.001, ηp
2= 0.53; CTOA and 

cueing main effects were significant too, F(2, 58) = 8.64, p <.001, ηp
2= 0.23 & 

F(1, 29) = 73.83, p <.001, ηp
2= 0.72. Post-hoc comparison (see Figure. 3.2 in the 

left column and Table. 3.1) showed that participants performed faster in cued 

conditions compared with the uncued condition in all three CTOAs, thus 

revealing the IOR effect at all time intervals. The significant interaction also 

indicates that the differences between cued and uncued conditions increases as a 

function of CTOA length. 

 



 

Figure. 3.2. Mean RTs (left column) and cueing effects (Cued-Uncued, right column) for 

all participants. Error bars denote ± SEM. ***p<0.001, * p<0.05. 

 

Table. 3.1. Paired-t-test results between mean RTs on cued and uncued conditions at each 

time interval for all participants. 

 Mean RTs 

(Uncued) 

Mean RTs 

(Cued) 

t Cohen’s d 

250 ms 362.70 (7.03) 374.13 (6.38) 4.05*** 0.74 

400 ms 343.80 (7.64) 376.09 (5.02) 6.67*** 1.22 

550 ms 350.50 (6.85) 391.80 (5.31) 10.49*** 1.92 

*** p<.001. 

         

IOR effects (see Figure. 3.2 in right column) were also calculated by 

adopting mean RTs in cued condition minus RTs in uncued condition at each time 

interval, a one-way ANOVA analysis was conducted on IOR effects at each time 

interval, and the significant time interval effect was found, F(2, 87) = 15.03, p 

<.001, ηp
2= 0.26. The paired t-test revealed a larger IOR effect at 400 ms (M= 

32.28, SE = 4.84) compared with IOR effect at 250 ms (M = 11.42, SE = 2.82), 

t(29) = 5.68, p < .001, Cohen’s d = 1.04; in turn, the IOR effect at 550 ms (M= -

41.31, SE= 3.94) was larger than the IOR effect at 400 ms, t(29) = 2.10, p = .045, 



Cohen’s d = 0.38. As the time interval increases, all participants tend to exhibit 

the IOR effect, with a faster reaction time in uncued conditions compared with 

the cued condition. In this case, such cueing effect at the shortest time interval 

may be considered a good indicator of the attention shifting efficiency. A more 

positive value means more efficient attention disengagement efficiency in one 

participant at that short time interval. 

 

Correlation with Reading Performance 

The relationship between the performance in the cue-target task and the reading 

performance was conducted between the IOR effect at the shortest time interval 

and the reading performance. A negative correlation was found between the IOR 

effect at 250 ms and both words reading total time and nonword reading total 

time, suggesting that an efficient attention shifting tends to correlate with faster 

reading time (see Table. 3.2). 

 

Table. 3.2. Correlation between the IOR effect at the shortest CTOA from the cue-target 

task and word/nonword reading performance.  

 Reading Performance (Z score) M SD Pearson r 

IOR effect at 250 ms Word reading total time -0.26 0.93 -0.46* 

 Nonword reading total time -0.16 0.97 -0.43* 

* p<.05. 

 

3.2  ERP Results 

3.2.1 Cue-Locked ERPs 

In general, the cue-locked ERPs showed greater negativity in the lower visual 

field than in the upper visual field from cue presentation to target offset (see 

Figure. 3.3).  



 

Figure. 3.3. Cue-locked ERP waveforms for upper and lower cue locations in 30 adults. 

Red rectangles indicate two interested time windows, gray rectangles indicate the target 

present. C-P170: 150-170 ms, C-N250: 220-250 ms. 

 

The results of the cluster-based permutation analyses showed significant 

differences between two visual fields in two components on several clusters of 

electrodes after cue presentation, as specified in Table. 3.3 and Figure. 3.3. In 

detail, compared with the lower visual field, the upper visual field induced greater 

amplitude at the first positive component (C-P170); instead lower visual field 

ERPs showed greater negativity than those associated with upper visual field 

position at the following negative component (C-N250).  

 

Table. 3.3. Permutation t-test results: p-values, cluster statistic (c), and cluster size (s) for 

visual field comparison (upper vs. lower) within each component (C-P170 & C-N250) in 30 

adults. 

 Electrode Cluster Visual Field C S P 

Upper Lower 

C-P170 (150-170 ms) CP3, CP1, CPz, CP2, CP4, P3, P1, Pz, 

P2, P4, PO3, POz, PO4, O1, Oz, O2 

1.18 

(0.96) 

-0.07 

(0.59) 

77 34 .002 

C-N250 (220-250 ms) CP3, CP1, CPz, CP2, CP4, P3, P1, Pz, 

P2, P4, PO3, POz, PO4 

0.03 

(0.65) 

-1.35 

(0.92) 

128 44 .002 

 

3.2.2 Target-Locked ERPs 

Previous target-locked ERP studies which also adopted cue-target tasks usually 

found cueing effects in amplitude were generally maximal at occipital electrodes: 



therefore, after visual inspection of gran-mean average, seven channels for each 

hemisphere were selected for two ROIs (corresponding ERP waveforms were 

presented as Figure. 3.4).  

Specifically, to parametrically check for possible effects of cueing 

conditions, or possible lateralization of the cueing effect, separate mixed-model 

ANOVAs for each visual field were run on these mean amplitudes in each 

component with cueing condition (cued vs. uncued) and hemisphere (left vs. right) 

as within-subject factors. The results of each component were as follows (as 

presented in Table. 3.4). 

 

 

 

Figure. 3.4. Target-locked ERP waveforms for upper (top) and lower (bottom) targets 

presented visual fields on left and right ROIs in 30 adults. Red rectangles indicate 

interested time windows. 

 

For both upper and lower visual fields, several components were selected 

for the following analyses, i.e., the P170 (160-180 ms), N250 (210-230 ms), N300 

(270-310 ms), P300 (325-345 ms), N400 (350-370 ms), P400 (410-430 ms) and 



one slow wave (450-500 ms). Since there were no cueing effects nor interaction 

effects for the late components on N400, P400, or slow waves, the following 

analysis excluded those components.  

 

Table. 3.4. Mean amplitude two-way repeated measures ANOVA results for cueing effects 

and hemispheres on each component for both upper and lower visual field. 

  P170  N250  N300 Peak Amplitude  N300 Peak Latency 

 df F ηp
2  F ηp

2  F ηp
2  F ηp

2 

Upper visual field            

Cueing 1, 29 19.15*** 0.40  0.13 0.00  0.02 0.00  0.03 0.00 

Hemisphere 
1, 29 0.00 0.00 

 
3.18 0.10 

 
0.06 0.00 

 1.91 0.06 

Cueing * Hemisphere 1, 29 2.57 0.08  17.23*** 0.37  8.76** 0.23  1.25 0.04 

             

Lower visual field            

Cueing 1, 29 0.00 0.00  2.78 0.09  10.54** 0.27  0.97 0.03 

Hemisphere 1, 29 3.73 0.11  8.50** 0.23  3.37 0.10  2.39 0.08 

Cueing * Hemisphere 1, 29 0.08 0.00  6.10* 0.17  15.76*** 0.35  4.29* 0.13 

***p < 0.001, **p < 0.01, *p < 0.05. 

 

On upper visual field, a cueing effect first appeared on the early positive 

component (P170): post-hoc test on the cueing main effect revealed that uncued 

condition (M = 1.73, SE = 0.22) elicited greater P170 amplitude (t(29) = 4.38, p 

< .001, Cohen’s d = 0.80) than cued condition (M = 0.97, SE = 0.19) on both 

hemispheres. For the N250 component, the significant two-way interaction 

between cueing effect and hemisphere was found: the uncued condition (M = -

0.64, SE = 0.24) induced greater N250 amplitude (t(29) = 2.35, p = .026 , Cohen’s 

d = 0.43) than the cued condition (M = -0.12, SE = 0.23), on right hemisphere 

only (see Figure. 3.5). Considering the next N300 component, since the uncued 

condition on the lower visual field showed - through visual inspection - longer 

latency than other conditions, peak amplitude was adopted for the ANOVA 

analysis for both visual fields. The peak amplitude ANOVA analysis revealed a 

significant two-way interaction between cueing effect and hemisphere on both 

visual fields. Further analysis found no cueing effect for the N300 component on 

the upper visual field.  



On the lower visual field, there was no cueing effect on the P170 

component. Instead, considering the N250 component, the significant two-way 

interaction between cueing effect and hemisphere was found, with greater N250 

amplitude for the uncued (M = -1.24, SE = 0.20) compared with the cued 

condition (M = -0.83, SE = 0.20), on right hemisphere only (see Figure. 2.5), 

t(29) = 2.93, p = .007 , Cohen’s d = 0.53. For the next N300 component, greater 

N300 amplitude was found for cued condition (M = -1.35, SE = 0.26), compared 

with uncued condition (M = -0.25, SE = 0.22) only on the left ROI, t(29) = 4.18, 

p < .001, Cohen’s d = 0.76. Post-hoc tests on peak latencies did not find any 

significant cueing effect. 

 

 

Figure. 3.5. Mean amplitude results on the left and right hemispheres for component N250 

on the upper and lower visual field, and N300 on the lower visual field. Error bars 

represent the standard error of the mean. *** p<0.001, ** p<0.01, * p<0.05. 

 

Correlation Analysis 

Correlation analysis was conducted on ERP components and behavioral attention 

shifting efficiency (behavioral IOR effect at 250 ms CTOA time interval), as well 

as word/nonword reading performance. For the upper visual field, only the 

components that showed cueing effects in ERP amplitude analysis were 

considered: in this case, the cueing effect in P170 amplitude averaged across the 

two ROIs, and the cueing effect on N250 amplitude on the right hemisphere were 

taken into correlation analysis with reading performance, separately. As for lower 

visual field, the cueing effect on the N250 amplitude on the right ROI and the 



cueing effect on the N300 amplitude on left ROI were taken into correlation 

analysis with reading-related performance, separately. Only one significant 

positive correlation (see Figure. 3.6) was found between the N250 cueing effect 

on the right ROI on the upper visual field and the behavioral cueing effect at 250 

ms, Pearson’s r= 0.45, p= .014. 

 

 

Figure. 3.6. Positive correlation between N250 cueing effect (Uncued ERPs – Cued ERPs) 

on right ROIs on upper visual field and behavioral IOR effect at 250 ms. 

 

4.  Discussion 

In the present study, the main purpose was to investigate the stimulus-evoked 

(both cue-evoked and target-evoked) ERP activity in attention shifting for healthy 

young adults, also examined the relation between neural signature of attention 

shifting and behavioral performance in attention disengagement efficiency and 

word/nonword reading tests. In this case, RTs and stimulus-evoked (cue-evoked 

and target-evoked) ERP amplitudes were obtained in the classic vertical cue-

target task in which the target stimulus could appear at uninformative cued or 

uncued locations. As vertical asymmetries in visual processing have been 

reported in previous psychophysiological studies (Amenedo et al., 2014; 



Amenedo et al., 2007; Di Russo et al., 2002; Karim & Kojima, 2010; Rezec & 

Dobkins, 2004; Thomas & Elias, 2011), the stimulus-evoked ERPs were analyzed 

from the upper and lower visual fields separately. 

Participants showed the IOR effect at all time intervals, such IOR effects 

became larger as the time interval increased. When considering the IOR effect at 

the shortest time interval as the attention shifting efficiency, the more efficient 

IOR effect negatively correlated with faster word/nonword reading, which 

indicated a link between efficiency in attention shifting and reading fluency. As 

for the stimulus-evoked ERP activity, significant differences were found between 

two visual fields on two early ERP components, with the lower visual field 

showing generally more negative waveform than the upper visual field. For 

target-locked ERPs, cueing effects showed different patterns in upper and lower 

visual fields. In the upper visual field, cueing modulated the early P170 

component, with reduced amplitude in the cued condition compared with the 

uncued condition across hemispheres. Reduced amplitude in the cued condition 

was also found for the N250 component, only on the right hemisphere. In the 

lower visual field, reduced amplitude in the cued condition was found for the 

N250 component, only on the right hemisphere. For the following N300 

component, larger amplitude was instead found for the cued condition and only 

on the left hemisphere. For the correlation analysis, the cueing effect in the upper 

visual field on the right hemisphere was positively correlated with IOR effect at 

the shortest time interval; specifically, more reduced ERP activity for cued 

condition (enhanced ERP activity for uncued condition) on the N250 component, 

correlated with more efficient attention disengagement. Since there is no 

agreement in the literature on the ERP signature of inhibition of return in adults, 

this study paves the way for understanding attention disengagement separately in 

the upper and lower visual field.  

Since the cueing conditions can only be divided after the target is presented, 

the cue-evoked ERPs were compared between the upper and lower visual field in 



this study. Given there was no consistent ERP evidence on which interested 

component or electrode could be prior selected for cue-locked ERPs in the cue-

target paradigm, to compare the ERP activity between two vertical visual fields, 

an initial blind cluster-based permutation t-test was computed per data-point, 

electrode, and participant in each visual field separately. The main idea behind 

this permutation test is that if a statistical effect is found over an extended period 

in several neighbor channels, it is unlikely that this effect occurred by chance. In 

general, the cue-locked ERPs were more negative in the lower visual field than 

in the upper visual field from cue presentation to target offset. The upper visual 

field showed a larger positive amplitude in the first positive component compared 

with the lower visual field, then in the following C-N250 component, lower visual 

field ERPs showed more negative amplitude than the upper visual field. 

Significant clusters found in both components were mainly distributed in the 

parietal-occipital region and symmetrical distributed in the left and right 

hemispheres. 

After the target stimulus was presented, possible cueing effects and 

possible interaction between cueing effects (cued vs. uncued) and hemispheres 

(left vs. right) were taken into analysis. Since vertical asymmetries in visual 

processing have been proved in behavioral and psychophysiological studies 

(Amenedo et al., 2014; Amenedo et al., 2007; Di Russo et al., 2002; Karim & 

Kojima, 2010; Rezec & Dobkins, 2004; Thomas & Elias, 2011), combined with 

the visual field difference found even for cue stimulus, the target-locked ERPs 

were analyzed in the lower and the upper visual fields separately. Cueing effects 

also performed different patterns when described in the upper and lower visual 

field separately.  

In the upper visual field, cueing effects showed in the early positive time 

window (P170), in which reduced amplitude was found in cued conditions 

compared with the uncued condition on both hemispheres. Such reduced cued 

amplitude is consistent with previous studies (Chica & Lupiáñez, 2009; 



Hopfinger & Mangun, 2001; Prime & Ward, 2006), which found cued conditions 

showed reduced amplitude in the early positive component. However, previous 

studies did not divide the cueing effects on the separate visual field. In this study, 

such amplitude reduction in cued condition was not found in the lower visual 

field, which showed cueing effects only showed in the upper visual field in the 

early positive component. 

As for the early negative component - N250, reduced amplitude in cued 

condition was found on both visual fields separately, which also agreed with 

studies (Martín-Arévalo et al., 2016; Prime & Jolicœur, 2009; Tian, Chica, et al., 

2011) that found reduced amplitude for cued condition on early positive and 

negative components, such reduction cued effect only showed on the right 

hemisphere on both visual files. Correlation analysis found the N250 cueing 

effect in the right hemisphere on the upper visual field was positively correlated 

with behavioral IOR effect at the shortest time interval, which indicates more 

reduced cued condition neural activity (enhanced ERP activity for uncued 

condition) on such negative components, correlates with more efficient attention 

shifting. 

For the following N300 component, the larger negative amplitude was 

found for cued condition in the lower visual field, only showed on the left 

hemisphere. Such results also agreed with several studies which found reduced 

uncued amplitude when the behaviorally IOR effect was shown (Prime & 

Jolicœur, 2009; Satel et al., 2014; Satel et al., 2012). 

Since there was no consistent evidence on the ERP signature of inhibition 

of return in adults, this study paves the way for understanding the attention 

shifting on the separate visual field. When the target stimulus was presented in 

the upper visual field, cued condition showed reduced amplitude than the uncued 

condition in the early time window; In the lower visual field, such reduced 

amplitude cueing effect was missing in the early positive component. More 

importantly, such cueing effects found in Italian adults suggests the neural 



inhibition of cued condition, reflecting on the longer reaction time in cued 

condition compared with the uncued condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter IV 

The Relation Between Neural Oscillations and Reading Performance in 

Italian Young Adults:  

Evidence From Target-Locked and Resting-State EEG Activity 

 

1.  Introduction 

Reading has been characterized as a combined process that involves several 

mechanisms, as depicted in previous Chapters, not only does phonological 

processing deficit been proven to be the main cause of reading difficulties in 

dyslexia, but also attentional orienting seems to play a significant role in 

explaining the reading process  (Petersen & Posner, 2012),  previous studies used 

the event-related potential (ERP) technique to examine several components 

associated with the Inhibition of return effects, such as P1, N1, P3, and N2pc, in 

which several studies demonstrated that IOR associated with suppression at the 

cued location when adopting cue-target paradigm, indexed by amplitude 

reduction in cued location on occipital P1 and N1 components (Mcdonald et al., 

1999; Prime & Ward, 2006). However, there was no electrophysiological marker 

for the IOR effect since such cueing reduction may also be absent from the 

behavioral IOR effect in another study (Hopfinger & Mangun, 2001). These 

mixed existing results suggest no specific ERP component could serve as a robust 

biomarker for the attentional shifting (Martín-Arévalo et al., 2016).  

To depict the stages of information processing underlying the inhibition, 

previous studies concentrate on different frequency ranges. One study measured 

the target-locked stimulus activity changes in different frequency ranges in the 

cue-target task and found the enhancement of beta synchrony when IOR arises 

(Pastötter et al., 2008). However, there were no following studies examining the 

neuronal oscillations for inhibition of return effect. Another study examined the 

relationship between posterior alpha asymmetries and behavioral responses to 



forthcoming visual stimuli in an attention orienting paradigm, which adopted the 

auditory cue (Thut et al., 2006). Combined with behavioral facilitation effects, 

differential alpha band activity changes over left vs. right posterior sites in 

correspondence with attentional cueing.  

Also in the neuronal oscillation investigation for resting-state EEG activity 

in dyslexics, with the relation between resting-state EEG activity and reading 

performance, there was no consensus on the possible neural signatures of dyslexia. 

In a longitudinal study by Schiavone et al. (2014) concentrating on neuronal 

oscillations in dyslexic children, resting-state EEG was recorded for children who 

were classified as at-risk of becoming poor readers by their parents at 3 years old, 

then in their third grade of school, they were divided into fluent readers and non-

fluent readers. The normalized spectral amplitude in their 3 years old found 

correlated with some of their reading performance in the third grade. Specifically, 

reading fluency, phonological skill, and orthographic skill was positively 

correlated with delta 1 power (0.5-2 Hz), and negatively correlated with alpha 1 

power (6-8 Hz). These results indicate neuronal activation in the delta band 

during resting-state EEG might influence future reading skills.  

To investigate different stages of information processing underlying both 

target-locked and resting-state EEG activity, also figure out the relation between 

neural oscillatory and reading-related skills in young adults, similar to Chapter 2, 

the distribution of resting-state EEG power spectrum density and target-locked 

stimulus power spectrum density in the cue-target paradigm were examined in 

each frequency band. Correlation analysis was examined between activation 

differences in the specific frequency band and word/nonword reading skills. 

 

2.  Method 

2.1  Participants 

10 minutes EEG recordings in a resting eyes-open condition were collected from 

the same sample of 30 University students (10 male participants, age range: 18-



29 years) who participated in the cue-target task (in Chapter 3 study), each 

participant first performed the paper-pencil test involving word/nonword reading 

and calculation skills; then were asked to keep their eyes open and sit still while 

the resting-state EEG was recorded.  

 

2.2  Electrophysiological Recording 

The same EEG recording equipment was used for resting-state EEG recording as 

Chapter 3, including an elastic cap (actiCAP; Brain Products, Gilching, Germany) 

with 64 pre-amplified electrodes mounted according to the International 10–20 

system  (Oostenveld & Praamstra, 2001). Data was stored using the BrainVision 

Recorder (Brain Products GmbH, Germany) system. The sampling rate was set 

at 1000 Hz; the impedance was kept below 5 kΩ. All cortical electrodes were 

online referred to FCz. 

 

2.3  Electrophysiological Data Analysis 

2.3.1 Resting-State EEG Power Data Analysis 

Offline data processing analysis: continuous EEG data were imported in 

BrainVision Analyzer (Brain Products), bad channels were removed and 

reconstructed using spline interpolation; all cortical electrodes were offline re-

reference to the mean activity of the whole scalp by the average reference 

procedure. Signal analysis was then carried out using the Brainstorm toolbox 

(Tadel et al., 2011). After a 0.1-45 Hz band-pass filter, eye movement artifact 

components (i.e., blinking, vertical, and horizontal movements) were corrected 

by applying Independent Component Analysis (ICA) transformation to the EEG 

signal. The data were then segmented into about 304 epochs with a duration of 2s 

each. After rejecting epochs with amplitude exceeding ± 150μV, a second 40 Hz 

low-pass filtering was applied. With this artifact rejection procedure, about 6.60% 

of trials were rejected; then the spectral power was calculated using Fast Fourier 



Transformation (FFT) with a frequency resolution of 1 / 2s = 0.5 Hz, and the 

power spectra were averaged across segments and all the electrodes in each region 

of interest. Electrodes FP1, AF7, AF3, F7, F5, F3, and F1 were averaged as the 

Anterior-Left brain region, FP2, AF8, AF4, F8, F6, F4, and F2 were averaged as 

the Anterior-Right region; Posterior-Left region included O1, PO7, PO3, P7, P5, 

P3, and P1 electrodes, and Posterior-Right region the homologous (i.e., O2, PO8, 

PO4, P8, P6, P4, and P2 electrodes). The power values were calculated for the 

following frequency bands: delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta 

(15-30 Hz), and gamma (30-45 Hz). Normalized power was computed as the ratio 

of the power of the corresponding band and the total power.  

 

2.3.2 Target-Locked Stimulus Power Data Analysis 

For target-locked stimulus power, about 239, 2s-long epochs were obtained for 

target stimulus in each participant, ranging between 100 ms before the onset of 

the target stimuli and 1900 ms after target stimulus presentation. After rejecting 

epochs with amplitude exceeding ± 150μV, a second 40 Hz low-pass filtering 

was applied. With this artifact rejection procedure, about 3.36% of trials were 

rejected in each minimum experimental cell for each participant. The clusters of 

electrodes and frequency bands were the same as the analysis procedure carried 

out for resting-state EEG. 

 

3.  Results 

3.1  Power Spectrum Density Results Between Target-Locked and Resting-State 

EEG Activity 

A repeated measures ANOVA analysis was conducted on normalized power for 

each frequency band, in which electrophysiological condition (target-locked 

stimulus vs. resting-state EEG), brain region (anterior vs. posterior), and laterality 



(left vs. right) served as within subject factors (see Table. 4.1 presented the 

ANOVA results for each frequency band). 

 

Table. 4.1. Power spectrum density three-way repeated measures ANOVA results for the 

condition (target-locked stimuli vs. resting-state EEG), the brain region (anterior vs. 

posterior), and laterality (left vs. right) on each frequency band. 

         

 

Considering the delta band (0.5-4 Hz), a significant two-way interaction 

was found between brain region and laterality, together with the condition and 

brain region main effects, that were significant too. Condition main effect 

revealed that the delta power percentage in target-evoked stimuli (M= 85.6%, 

SE= 1.3%) was greater than resting-state delta power (M= 48.5%, SE= 3.2%); 

The significant brain region main effect found that anterior brain region (M= 

69.5%, SE= 2.1%) showed larger delta power than posterior brain region (M= 

64.6%, SE= 2.0%). When comparisons were made between brain regions on each 

hemisphere, greater delta power was found in the anterior brain region (M= 

71.5%, SE= 2.4%) than the posterior region (M= 63.5%, SE= 2.2%) only on right 

hemisphere, t(29) = 3.83, p < .001, Cohen’s d = 0.70; when compared between 

two ROIs within each brain region, greater delta power was found for right 

hemisphere (M= 71.5%, SE= 2.4%) than left hemisphere (M= 67.6%, SE= 2.1%) 

only on anterior brain region, t(29) = 2.77, p = .01, Cohen’s d = 0.51. 



Since the significant two-way interaction between brain region and 

laterality was found, together with the condition main effect, further analyses 

were conducted separately for two conditions, and detailed results were depicted 

in Sections 3.2 and 3.3. 

Considering the theta band (4-8 Hz), a significant condition main effect 

was found: resting-state EEG (M= 14.9%, SE= 2.0%) showed greater theta power 

percentage than target-locked stimulus activity (M= 5.9%, SE= 0.5%). 

Considering the alpha band (8-13 Hz), both condition and brain region 

main effects were found, revealing that alpha power in resting-state (M= 30.8%, 

SE= 2.9%) was greater than target-locked alpha power (M= 6.9%, SE= 1.0%), on 

posterior (M= 20.7%, SE= 1.9%) rather than anterior brain region (M= 17.0%, 

SE= 1.8%). 

Concerning the beta band (15-30 Hz), the significant condition main effect 

found that resting-state EEG activity (M= 4.7%, SE= 0.4%) engaged greater beta 

power percentage than target-locked stimulus (M= 1.3%, SE= 0.1%). 

Also considering the gamma band (30-45 Hz), the significant condition 

main effect revealed that resting-state EEG activity (M= 1.1%, SE= 0.1%) 

showed greater gamma power percentage than target-locked activity (M= 0.3%, 

SE= 0.0%). 

Since condition differences were significantly observed in all frequency 

bands, to better explore the distribution of each EEG rhythm in both stimulus-

evoked ERP activity and resting-state EEG activity, the same comparisons were 

tested separately for target-locked stimulus and resting-state EEG activities.  

 

3.2  Resting-State EEG Power Spectrum Density Results 

A new set of ANOVAs was conducted on normalized power for each frequency 

band, in which brain region (anterior vs. posterior) and laterality (left vs. right) 

were involved as with-in subject factors (see Table. 4.2 for the ANOVA results 

for each frequency band).  



 

Table. 4.2. Resting-state EEG power spectrum density two-way repeated measures ANOVA 

results for the brain region (anterior vs. posterior) and laterality (left vs. right) on each 

frequency band. 

 

         

Considering the delta EEG band, the brain region main effect (see Figure. 

4.1 as a summary of brain region main effects for each frequency band) revealed 

that the anterior region (M= 51.1%, SE= 3.6%) showed greater delta power than 

the posterior one (M= 45.9%, SE= 3.2%), regardless of hemisphere. Correlation 

analyses were made between delta power differences in two brain regions 

(anterior delta power – posterior delta power) and word/nonword reading 

performance. A positive correlation found between brain region difference and 

word reading speed (see Table. 4.3 & Figure. 4.2). 

 



 

Figure. 4.1. Percentages of normalized power percentage in brain region main effect in the 

two-way ANOVA analysis (Brain Region vs. Laterality) in each frequency band for target-

locked stimulus and resting-state EEG activities separately. 

 

Concerning the alpha band, the brain region main effect found that 

posterior region (M= 32.8%, SE= 2.9%) showed greater alpha power than 

anterior region (M= 28.7%, SE= 3.2%), t(29) = 2.40, p = .023, Cohen’s d = 0.44. 

Finally, correlation analyses were made between alpha power differences in two 

brain regions (posterior alpha power – anterior alpha power) and word/nonword 

reading performance. A positive correlation was also found between brain region 

difference and word reading speed (see Table. 4.3 & Figure. 4.2). 

 

 

 

 

 

 



Table. 4.3. Correlations between brain region difference in delta EEG power, alpha EEG 

power, and word/nonword reading performance. 

 

 

 

Figure. 4.2. Positive correlation between delta brain region difference (Anterior delta 

power – Posterior delta power) for resting-state EEG and word reading speed (Z score) 

(left); Positive correlation between alpha brain region difference (Posterior alpha power – 

Anterior alpha power) for resting-state EEG and word reading speed (Z score) (right). 

 

3.3  Target-Locked Stimulus  Power Spectrum Density Results 

A similar analysis was conducted as the resting-state EEG power analysis, as new 

ANOVAs were carried out on normalized power for each frequency band, with 

brain region (anterior vs. posterior) and laterality (left vs. right) as within-subject 

factors. Table. 4.4 represented the ANOVA results for each frequency band. 

 



Table. 4.4. Target-locked power spectrum density two-way repeated measures ANOVA 

results for the brain region (anterior vs. posterior) and laterality (left vs. right) on each 

frequency band. 

 

 

Considering the delta band, a significant brain region main effect (see 

Figure. 4.1 as a summary of brain region main effects for each frequency band) 

revealed that the anterior brain region (M= 87.9%, SE= 1.3%) showed greater 

delta power percentage than the posterior ROI (M= 83.3%, SE= 1.7%), regardless 

of hemispheres. A positive correlation (see Table. 4.5 & Figure. 4.3) was found 

between delta power differences in two brain regions (anterior delta power - 

posterior delta power) and word reading speed, Pearson’s r= 0.41, p = .025.  

Focusing on the theta band, the significant brain region main effect 

revealed that the posterior brain region (M= 6.6%, SE= 0.7%) showed greater 

theta power than the anterior one (M= 5.1%, SE= 0.6%) regardless of 

hemispheres. However, the correlation analysis did not find any significant 

correlations between theta power and reading performance. 

As for the alpha band, the significant brain region main effect also revealed 

that the posterior brain region (M= 8.5%, SE= 1.3%) showed greater alpha power 

percentage than the anterior ROI (M= 5.3%, SE= 0.9%), averaged across two 

hemispheres. A positive correlation (see Table. 4.5 & Figure. 4.3) was found 

between brain region difference (posterior alpha power – anterior alpha power) 

and word reading speed, Pearson’s r= 0.46, p = .010.  

 



Table. 4.5. Correlations between brain region difference in delta and alpha stimulus-

evoked power rates, and word/nonword reading performance.        

 

 

Concerning the gamma band, the two-way interaction was found between 

brain region and laterality: further comparisons found that the anterior ROI (M= 

0.4%, SE= 0.0%) showed greater gamma power percentage than the posterior 

brain region (M= 0.2%, SE= 0.0%) only on left hemisphere, t(29) = 2.91, p = .007, 

Cohen’s d = 0.53; when comparisons were made between hemispheres within 

each brain region, the left ROI (M= 0.4%, SE= 0.0%) showed marginally greater 

gamma power percentage than right homologous (M= 0.3%, SE= 0.0%) only on 

anterior brain regions, t(29) = 1.81, p = .080, Cohen’s d = 0.33. Correlation 

analysis did not find any significant correlations between gamma power and 

reading performance. 

 



 

Figure. 4.3. Positive correlation between delta brain region difference (Anterior delta 

power -Posterior delta power) for target-locked stimuli and word reading speed (Z score) 

(left); Positive correlation between alpha brain region difference (Posterior alpha power – 

Anterior alpha power) for target-locked stimuli and word reading speed (Z score) (right). 

 

4.  Discussion 

When comparing power activity between target-locked stimuli and resting-state 

EEG, the condition difference was found in each frequency band, in which target-

locked stimulus activity performed a higher power percentage than resting-state 

EEG activity in the slower frequency band (0.5-4 Hz, delta), whereas the pattern 

changes as the frequency band changes, resting-state EEG activity showed higher 

power percentage than target-locked stimulus activity in the following theta, 

alpha, beta, and gamma bands (4-45 Hz), with resting-state EEG showing a higher 

delta power percentage than target-locked stimulus activity, the opposite pattern 

found in other frequency bands. Separate analyses were conducted for target-

locked and resting-state EEG activity. 

For the resting-state EEG activity, brain region difference was found in the 

delta frequency band, the anterior brain region showed larger delta power than 

the posterior brain region, while in the alpha frequency band, the posterior brain 



region showed a larger power percentage than the anterior brain region. More 

importantly, the brain region differences in both delta frequency band and alpha 

frequency band showed a positive correlation with word reading performance, 

which indicates higher delta power in an anterior brain region, and higher alpha 

power in the posterior brain region correlates with better word reading 

performance. When turned to the target-locked activity, the main effect was 

different for each frequency band, especially in the brain region. Similar to 

resting-state EEG activity, the anterior brain region showed a larger power 

percentage than the posterior brain region in the slower delta frequency band, 

however, the larger power percentage in the posterior brain region was found in 

the theta and alpha band. This brain region difference performed a similar pattern 

to target-locked activity in the children’s chapter. Uniquely, the anterior brain 

region showed a higher gamma power percentage for the faster gamma band than 

the posterior brain region, only on the left hemisphere. 

The correlation between brain region differences and reading performance 

was also found for target-locked stimulus activity, which indicates that the 

participants who showed larger delta power in the anterior brain region, larger 

alpha power in the posterior brain region, tend to perform better in word reading 

tasks. As the alpha band can be characterized as activation of the task-related 

frequency band, alpha oscillations have been ascribed as a crucial role in many 

cognitive processes such as attention (e.g. Worden et al., 2000; Thut et al., 2006), 

perception (Obleser & Weisz, 2012) and also working memory (e.g. Jokisch & 

Jensen, 2007; Obleser et al., 2012). Delta and alpha band correlation with reading 

performance also found in dyslexic children in a resting-state EEG recording 

(Schiavone et al., 2014), the normalized spectral amplitude in their 3 years old 

found correlated with some of their reading performance in the third grade. 

Specifically, reading fluency, phonological skill, and orthographic skill was 

positively correlated with delta 1 power (0.5-2 Hz), and negatively correlated 

with alpha 1 power (6-8 Hz). These results indicate neuronal activation in the 



delta band during resting-state EEG might influence future reading skills. Further 

studies need to examine the functional architecture for adults with and without 

reading impairments under resting-state and attention shifting conditions, to 

better understand how the activations in brain regions contribute to the dynamic 

reading processes. 

This study depicted the neural oscillation of both resting-state EEG activity 

and target-locked activity for healthy young adults at each frequency band, 

ranging from 0.5-45 Hz. The neural biomarker of higher activation in the anterior 

region in a slower delta frequency band, higher activation in the posterior region 

in the alpha frequency band, and the correlation with efficient reading 

performance provide the possibility that the neural oscillation mechanism may 

even show a tendency in reading performance, shed light on the intrinsic brain 

organization in healthy adults.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Conclusions 

Attention shifting deficits have been proven to be a significant causal factor for 

reading difficulties in dyslexia across different language systems. Though there 

were many electrophysiological studies focused on different attention shifting 

process in adults, i.e., inhibition of return effect, the interpretation of the 

electrophysiological signatures of the IOR effect is still under debate. Moreover, 

no previous study investigated the electrophysiological correlates of the attention 

shifting deficit in dyslexic children. This study depicted the abnormal stimulus-

related (cue-locked and target-locked) neural correlates of sluggish attentional 

shifting in children with dyslexia when compared with normal developing 

children. Importantly, the parallel results from Chinese and Italian participants 

demonstrate the influence of attention shifting mechanisms on reading 

performance in both alphabetic and logographic scripts. Moreover, examining the 

neural oscillations for stimulus-related activity and resting-state EEG activity for 

both children and adults, multiple electrophysiological signatures in cue-target 

task and resting-state EEG activity were found to separate dyslexics from controls, 

also shedding light into the possible relation with reading performance. 

Furthermore, this study provides scientific support to the idea that remediation in 

dyslexic children should target the attention-shifting skills to improve reading 

performance. 

In Chapters 1 and 3, despite EEG recordings with different channel 

numbers, parallel results from similar attention shifting tasks (shorter CTOAs 

were adopted for adult participants) emerged in Chinese and Italian participants. 

At the behavioral level, even adopting different time intervals between cue and 

target stimulus for children and adults, typically developing children and adults 

showed the inhibition of return effect at the shortest time interval, whereas 

dyslexic children did not show such effect at the shortest time interval. Cueing 

effects at the shortest time interval were considered as an indicator of attention 



disengagement efficiency, and correlations were found between attention-shifting 

efficiency and reading speed in both Chinese children and Italian adults, which 

indicate that attention disengagement efficiency may play an important role in 

reading-related performance across different language systems. On the target-

evoked ERP waveform, for Italian adults, the reduced amplitude in cued 

condition compared with the uncued condition was found in early components, 

i.e., P170 across two hemispheres on the upper visual field, N250 on the right 

hemisphere for both upper and lower visual field; For Chinese participants, such 

reduced amplitude in cued condition was also found for normal developing 

children, shown on later component (slow wave) across both hemispheres only 

on the lower visual field. However, the cueing effect was absent in the target-

evoked ERP waveform for dyslexic children. Additionally, since the N250 cueing 

effect on the right hemisphere in the upper visual field was found to correlate with 

behavioral IOR effect at the shortest time interval in adults, based on previous 

ERP studies that also found such neural cueing effect when behavioral IOR effect 

was shown (Chica & Lupiáñez, 2009; Hopfinger & Mangun, 2001; Prime & 

Ward, 2006), such cueing effect found in Italian adults (around 250 ms) may 

reflect the neural inhibition of the cue, reflecting on the longer reaction time in 

cued condition compared with the uncued condition. For dyslexic children, 

further analysis will be needed to establish if such absence of ERP cueing effect 

can be considered as the neural signature of sluggish attentional disengagement. 

These electrophysiological inhibitions in the cued condition underlying attention 

disengagement, together with the correlation between ERP cueing effects and 

behavioral attention shifting efficiency, reading-related performance in both 

Chinese Children and Italian adults may suggest the domain general attention 

disengagement in reading. 

Turning to neural oscillations for both target-locked and resting-state EEG 

activity in the same Chinese and Italian participants from the other two Chapters, 

normalized power percentage was compared between anterior and posterior brain 



regions among different frequency bands (ranging from 0.5-45 Hz). In the 

Chinese children study, group differences were found in the fast frequency band, 

i.e., the beta band (15-30 Hz) for both target-locked and resting-state EEG activity, 

with dyslexic children showing a higher beta power percentage than normal 

developing children. A negative correlation was found between behavioral IOR 

effect and beta power activity on right anterior brain ROIs during the attention 

shifting process, the beta activity also negatively correlated with character 

recognition performance. For Italian adults, the main focus was on the neural 

signature of both target-locked and resting-state EEG activity, also the relation 

between neural oscillations and reading performance. Both delta (0.5-4 Hz) 

power activity and alpha (8-13 Hz) power activity differences were found in the 

brain region effect, and the power activities in both frequency bands correlated 

with word reading speed. These results initially explored multiple neural 

signatures underlying stimulus-locked electrophysiological activity, further 

analysis on investigating cueing effect in both Children and adults should be done 

to depict if the neural inhibition of cued condition shows in neural oscillations in 

a specific frequency band to better understand the attention disengagement in 

reading. 

From children to adults, in both logographic and alphabetic language 

systems, these studies examined the attention disengagement mechanism by 

providing both behavioral and electrophysiological evidence, investigated the 

relation between stimulus-locked (cue-locked and target-locked) ERP and 

reading performance, adopting the power analysis to examine the neural 

oscillations of stimulus-locked and resting-state EEG power activity. Measuring 

the underlying neural mechanism of attention disengagement deficit in dyslexic 

children in multiple views paves the way for better understanding the relation 

between attention disengagement and reading ability, and also provides scientific 

evidence for intervention targeting on improving reading skills in dyslexia 

focusing on accelerating the attention disengagement. 



Limitations and Future Work 

This PhD thesis aimed at exploring the neural mechanisms underlying attention 

disengagement in dyslexic children, investigating the relation between neural 

activity elicited by both cue and target stimulus during attention shifting process 

under a developmental view, from children to adults; also across different cultural 

systems, both in Chinese and Italian languages, digging into the role attention 

disengagement plays in reading, providing neural scientific evidence on training 

programs targeting on improving reading performance by facilitating attention 

shifting. However, in these studies, there were also some limitations. For example, 

in the EEG recording for Chinese children (Chapter 1 and 2), only 30 electrodes 

were recorded for both resting-state and cue-target tasks; this may limit the option 

when conducting further analysis for EEG data, for example source localization.  

 Further investigation also needs to be proceed after the initial examinations 

on target-evoked stimulus power activity in different frequency bands, compared 

between groups, brain regions and hemispheres, and also found the relation 

between stimulus evoked neural oscillations and reading performance in several 

frequency bands for both Children (Chapter 2) and adults (Chapter 4). Further 

analysis needs to be done when dividing for two cueing conditions, to examine 

the neural oscillations for cueing effects in attention disengagement and explore 

the relation between attention disengagement neural oscillations and reading 

performance. 
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