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A B S T R A C T

The developmental origin of the left occipitotemporal cortex specialization for automatic lexical access from 
vision remains unclear. Here we investigated cortical specialization for print processing in children with or 
without dyslexia, focusing on two distinct tuning levels: coarse-grained tuning for letter/symbol discrimination, 
and fine-grained tuning for word/pseudoword discrimination. 10-year-old typical readers (n = 24) and children 
with dyslexia (n = 14) were tested with electroencephalography (EEG) and fast periodic visual stimulation 
(FPVS), viewing streams of stimuli at a relatively fast rate (6 Hz) for 40 s with deviant categories every 5 items (at 
6 Hz/5 = 1.2 Hz). Deviant words or pseudowords among pseudo-font strings elicited clear coarse ocicpito- 
temporal discrimination responses significantly larger over the left than the right hemisphere (LH), numeri
cally larger in typical readers. Unlike in adults, these responses were unaffected by lexicality. Deviant regular or 
irregular words among matched pseudowords generated a finer-grained word-selective response only over the 
LH. While irregular words elicited similar brain responses in both groups, regular words were not discriminated 
from pseudowords in children with dyslexia. These results demonstrate the sensitivity of FPVS-EEG to implicitly 
detect lexical neural responses in 10 years old children within a few minutes, as well as atypical lexical pro
cessing in children with dyslexia.

1. Introduction

In alphabetic writing systems, the acquisition of the orthographic 
code is a multi-stage process that begins in early childhood and entails 
mastering letter-to-sound correspondences. In the left hemisphere, the 
ventral occipitotemporal cortex (VOTC) specializes to process written 
words (Dehaene-Lambertz et al., 2018; Wandell et al., 2012). During 
literacy acquisition, this region is functionally segregated to handle 
different aspects of visual word recognition in its posterior part (Caffarra 
et al., 2021; Lerma-Usabiaga et al., 2018). Visual word processing can be 
conceptualized as occurring along a continuum, from coarse to fine 
levels of visual processing. Coarse tuning enables the differentiation 
between orthographic and non-orthographic stimuli such as symbols or 

false fonts. Fine tuning refers to the brain's capacity to discriminate 
between orthographic stimuli, including non-words (unpronounceable 
letter strings), pseudo-words (pronounceable letter strings), and 
frequent words. The present study aims to provide implicit neural 
markers of these two levels of print processing in ten-year-old children 
with or without reading disorder.

1.1. Developmental emergence of neural sensitivity to print

Most kindergarteners already recognize upper- and lower-case letters 
of the alphabet (Paige et al., 2018) and know how to imitate their native 
spelling by manipulating word length, letter type, and digrams (Treiman 
et al., 2018), suggesting the development of general awareness to print 
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by the age of 5. At the neural level, coarse-grained processing (letters >
symbols) may be established prior to any explicit reading instruction 
and follows inverted-U trajectory. ERP and fMRI studies compared re
sponses to print vs. an unrelated baseline condition such as symbols 
(Araújo et al., 2015; Maurer et al., 2006) or false fonts (Centanni et al., 
2017; Maurer et al., 2005; Olulade et al., 2013). With EEG, the N170 
displays larger amplitudes for print over the left hemisphere (Maurer 
et al., 2005) and typically emerges only after 1 to 1.5 years of formal 
education (Zhao et al., 2014), although it has also been measured earlier 
in specific training designs (Brem et al., 2010). However more recently, 
fMRI studies showed greater activation for print immediately after the 
beginning of formal literacy (Dehaene-Lambertz et al., 2018). Also, an 
alternative frequency-tagging approach using Fast Periodic Visual 
Stimulation (FPVS) with EEG recordings and an oddball design, as we 
use here, have revealed reliable left occipito-temporal cortex discrimi
nation of real letter strings from pseudo-letters in pre-reading kinder
gartners (Lochy et al., 2015; van de Walle de Ghelcke et al., 2021).

As reading experience progresses, sensitivity to different forms of 
letter strings, such as words, pseudowords, and non-words arise. From 7 
years of age, typically developing children have knowledge of the 
orthographic rules of their writing system, which allows them to identify 
permissible letter combinations and positions (Pacton et al., 2001). 
Greater N170 amplitude for legal (words, pseudo-words) over illegal 
(non-words) letter strings has been found in studies with 10-year-old 
children (Coch & Meade, 2016; Coch & Mitra, 2010) and even in pro
ficient 7 years-old German and Chinese readers (Tong et al., 2016; Zhao 
et al., 2014). However, at a finer level of visual print tuning, the 
specialization within the category of orthographically legal strings for 
real words over word-like stimuli (pseudowords) requires complemen
tary investigation. A systematic review by Amora et al., 2022) examined 
the lexicality effect (words > pseudo-words) across alphabetic and 
logographic languages in school-aged children (7 to 11 years-old). In 
this review, a reverse lexicality effect i.e., more negative N170 for 
pseudowords, was reported in older age groups of Chinese readers (9 to 
11 years old) as found by Zhao et al. (2019). In contrast, three studies 
found no lexicality effect: Eberhard-Moscicka et al. (2015) in German 
readers, Tong et al. (2016) in Chinese readers, and Zhao et al. (2019) in 
their younger age groups of Chinese readers. In the study by Coch & 
Meade (2016) comparing 3rd, 4th and 5th graders, the amplitude of the 
N170 did not differ between words and pseudowords in any group, but 
the N1 latency was shorter for words than pseudowords, in 4th graders 
only (not anymore in 5th graders). This lack of consistency across 
developmental studies could well reflect the lack of sensitivity of the 
N170 to fine-grained discrimination, as there are contradictions even in 
adulthood (Pammer et al., 2004; Wydell et al., 2003). Thus, until now, 
there is no clear picture on the developmental emergence of brain 
specialization for words over pseudowords. It could be that such fine 
tuning to real words involves a long time course and protracted devel
opment (Coch & Meade, 2016), but it could also be a matter of the (lack 
of) sensitivity of the experimental approach. Therefore, we investigated 
this issue with FPVS-EEG in 4th and 5th graders given that behavioral 
studies suggest that fast lexical recognition of words typically develops 
around that age, as evidenced by increased reading fluency (Ballot & 
Zesiger, 2024; Barton et al., 2014; Karageorgos et al., 2019).

1.2. Word regularity

While literacy skills develop similarly across alphabetic writing 
systems (Landerl et al., 2022; Ziegler et al., 2010), language-specific 
orthographic characteristics influence pattern of reading performance 
and impairment (Caravolas, 2018; Carioti et al., 2021; Ziegler & Gos
wami, 2005). In French language, lexical responses may depend on the 
regularity of the words. This concept refers to whether a word follows 
the standard rules that govern the conversion of letters (graphemes) into 
sounds (phonemes) in a language. French orthography is characterized 
by a combination of rule-governed grapheme-to-phoneme 

correspondences and numerous exceptions. For instance, words such as 
échec [εʃεk], fac [fak] and basilic [bazilik] pronounce their final − c, 
which is the standard pattern for this consonant at the end of a word. 
However, irregular words deviate from this rule, such as the word blanc 
[blɑ̃], where the final − c is silent. Therefore, irregular words involve 
more complex cognitive processes, relying on vocabulary (Krepel et al., 
2021), and orthographic knowledge (Nash et al., 2023) to overcome the 
challenges posed by their nonstandard grapheme-phoneme correspon
dences. In the case of dyslexia, regular words may be harder to decode 
due to impaired phonological processes (Boets et al., 2013; Ramus & 
Szenkovits, 2008). Irregular words may also induce specific difficulties 
as orthographic knowledge and vocabulary, are also areas of weakness 
in dyslexia (Lovett et al., 1994; Wang et al., 2013). It is therefore of 
interest to assess whether automatic French word recognition can be 
modulated by orthographic regularity, across reading abilities.

1.3. The case of dyslexia

Dyslexia is a developmental reading disorder (American Psychiatric 
Association, 2013) characterized by significant and persistent diffi
culties with accurate and fluent word recognition, which complexifies 
orthographic processing both at coarse- and fine-grained levels. Indeed, 
the reading network of individuals with dyslexia shows a distinct 
developmental trajectory, from pre-reading stages to later reading dif
ficulties (Chyl et al., 2021). Neuroimaging studies of individuals with 
dyslexia have consistently shown reduced activation of various VOTC 
areas (Danelli et al., 2017; Dębska et al., 2021; Rodrigues et al., 2019). 
As a consequence, the disorder has been associated with reduced print 
sensitivity (Maurer et al., 2007), deficits in orthographic and phono
logical processing (Araújo et al., 2012, 2015; Mahé et al., 2018) and 
impaired access to the lexicon (Schulte-Körne et al., 2004). Over-acti
vation in the left inferior frontal cortex and other regions during reading 
suggest compensatory mechanisms (Cainelli et al., 2023; Paulesu et al., 
2014). In EEG studies, N170 amplitude differences for coarse-tuning in 
individuals with dyslexia were not observed for letter vs. non-letter 
strings across orthographies (9–13 year old: Araújo et al.(2012); 6–9 
year old: Maurer et al. (2007)), or were found to be reduced (23 year old: 
Araújo et al. (2015)) or absent in fine-tuning for words vs. pseudowords 
(20–27 year old: Shaul (2013); 16–17 year old: Taroyan & Nicolson 
(2009)). Notably, these differences in neural processes are thought to be 
particularly pronounced between the ages of 6 and 8, with some 
normalization by the age of 12, although differences in literacy skills 
remain significant (Chyl et al., 2021; Morken et al., 2017). In this 
context, the present study aims to investigate differences in visual word 
recognition at the coarse and fine levels in 10-year-old children with and 
without dyslexia.

1.4. The current study

The main objectives of the present study are (1) to characterize the 
lexical neural responses of 4th and 5th graders (average 10-year-old 
children) at both coarse and fine levels of orthographic processing 
using FPVS and (2) to compare the pattern of neural responses in aged- 
matched children with dyslexia.

In FPVS, stimuli are presented at a relatively fast periodic rate (e.g., 
six stimuli per second) inducing an objectively defined neural response 
at the stimulation frequency. In the oddball FPVS paradigm used here, a 
base category (e.g., false fonts) is interspersed with a “deviant” or 
oddball stimulus category (e.g. a word) inserted at a slower periodic rate 
(e.g., 1.2 Hz or one oddball every five stimuli) (Heinrich et al., 2009; 
Rossion et al., 2020). The common neural response to all stimuli con
verges at the base frequency of presentation (e.g., 6 Hz), while responses 
specific to the oddball category are elicited at 1.2 Hz and its harmonics 
(Lochy & Schiltz, 2019; Rossion et al., 2020). The oddball response is 
indicative of the brain's differential processing mechanisms for the 
contrasted categories of stimuli, such as false letter strings (‘base’) 
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versus letter strings (‘oddball’) (Lochy et al., 2016). Thanks to its high 
signal-to-noise ratio (Norcia et al., 2015; Regan, 1989), this FPVS-EEG 
approach provides a unique window into the visual system's speciali
zation for processing letters.

This EEG-based method provides another tool for comparing lexical 
responses in typical readers and children with dyslexia without the need 
for an explicit linguistic task, thus avoiding the challenges arising from 
reading activities. In recent years, FPVS-EEG has demonstrated its 
sensitivity to differentiate between poor and proficient readers (Lochy 
et al., 2016; Lutz et al., 2024; Marchive et al., 2025; van de Walle de 
Ghelcke et al., 2020), manifesting as a reduction of response amplitudes 
in poor readers. Recently, this approach was used to assess lexical 
discrimination (words among pseudowords) in dyslexic adults (Lochy 
et al., 2025). Besides an overall reduced response amplitude to words in 
adults with dyslexia, results also showed a striking pattern in this pop
ulation. Indeed, regular words did not trigger any discrimination 
response among pseudowords, while irregular words did. The authors 
interpreted this finding as revealing a contextual influence of pseudo
word base stimuli, in a dual-route perspective: sequences presented 
streams of mostly pseudowords, which presumably tuned the reading 
system to sublexical decoding. Regular words, given that they may also 
be processed with this pathway, did not automatically activate lexical 
recognition. Irregular words, to the contrary, generated a discrimination 

response because they obligatorily activate lexical recognition pro
cesses. This finding thus suggests a possible modulation of lexical/non- 
lexical processes due to the contextual enhancement of the non-lexical 
route by pseudowords, and will be further tested in the current study.

Here in young children, we assessed two levels of discrimination. 
First, a coarse-grained level is assessed by means of oddball letter strings 
(words or pseudowords) embedded in false font base stimuli. Therefore, 
base–oddball stimuli differed in broad visual characteristics (Fig. 1). In 
young pre-readers, this contrast generated discrimination responses 
with left occipito-temporal topography, but no difference in amplitude 
when words or pseudowords constituted the deviant stimuli (Lochy 
et al., 2016). While this previous study revealed when letter specializa
tion emerges, we extend it here by asking whether coarse grain pro
cessing is modulated by the type of letter strings (words or pseudowords) 
presented in such a discrimination contrast. If words are already rep
resented in the lexicon, and if lexicality is processed besides gross visual 
differences between base (false font) and oddball (words/pseudowords) 
stimuli, then we hypothesized that oddball words should elicit a more 
robust cortical response than oddball pseudowords, and that this 
amplitude difference should be lower in children with dyslexia. Second, 
a fine-grained level is assessed by means of irregular or regular French 
words embedded in pseudoword base stimuli. Given that oddball words 
are presented in a stream of pseudoword sequences that presumably 

Fig. 1. Experimental design. (A) Visual stimulation: six stimuli are presented per second (6 Hz) with a sinusoidal contrast modulation, with oddball stimuli inserted 
at 6 Hz/5 = 1.2 Hz. (B) Stimulation sequences: base stimuli consisted of false fonts (coarse level) or pseudo-words (fine level) and the oddball stimuli were either a 
word or a pseudoword (coarse level) or a regular or irregular word (fine level) appearing every five items. Sequences were repeated 4 times. (C) Timeline of a 
stimulation sequence: each sequence started with a fixation cross (2–5 s). Then, the stimulation faded in (2 s), reached full contrast and remained for 40 s before 
fading out (2 s).
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trigger decoding mechanisms, we hypothesized in line with the previous 
dyslexic adults’ study (Lochy et al., 2025) that irregular words, which 
can only be processed by lexical mechanisms, should elicit a larger 
amplitude response than regular words, which can be processed by the 
two routes (Coltheart et al., 2001). Furthermore, discrimination of 
words in pseudowords should be reduced in children with dyslexia, 
given that lexical representation benefits mainly readers with a certain 
level of proficiency. Finally, we also wanted to assess whether we could 
replicate the specific pattern observed in adults with dyslexia described 
above (Lochy et al., 2025). In that case, regular words should not be 
discriminated from pseudowords by dyslexic children only, revealing a 
lack of switch between decoding and lexical processes, while irregular 
words would be discriminated given that they must be processed by 
lexical mechanisms.

2. Material and methods

2.1. Participants

Children were recruited from French-speaking Belgian schools and 
speech therapy centers in Belgium. Parents gave written consent for the 
study, which was approved by the Biomedical Ethics Committee of the 
Université Catholique de Louvain. One participant dropped out of the 
study, leaving a final sample of 35 children, among which 14 diagnosed 
with developmental dyslexia, M age = 10.03 years; range = 9.11–11.34 
years (5 boys) and 24 typical readers, M age = 10.03 years; range =
9.1–12.2 years (12 boys, 3 left-handed). This sample size is similar to 
those of developmental studies using the same approach (Lochy & 
Schiltz, 2019: N = 17; Crollen et al., 2025; N = 12, 2 groups), and a 
recent comparison of dyslexics vs typical adult readers (Lochy et al., 
2025; N = 14, 2 groups). All children had normal or corrected-to-normal 
vision. They were all enrolled in French-speaking schools since pre
school. They were all from high SES neighborhood and families (average 
3.92 on a 6 points scale, assessed by highest study level of the parents). 
They were tested in two sessions (behavioral, EEG) during the third 
trimester of grade 4 or the first trimester of grade 5.

2.2. Behavioral testing

Children were assessed with standardized behavioral tests in three 
domains (see Table 1): (1) general cognitive functions (non-verbal in
telligence (WISC-V; Weschsler, 2016), selective attention (Grégoire & 
Wierzbicki, 2011), digit span forward and backward (WISC-V; Weschs
ler, 2016), (2) reading prerequisite skills (Rapid Automatic Naming 
(RAN) of digits and objects (Jacquier-Roux et al., 2010), phonological 
awareness (BELEC; Mousty et al., 1994) and (3) reading ability (reading 
lists of pseudowords, regular and irregular words (BALE; Jacquier-Roux 
et al., 2010, LMC-R; Khomsi, 1999) and text reading (L’Alouette; 
Lefavrais, 1967).

To identify outliers within the sample distribution, individual Z- 
scores or standard notes were computed for each test. One typical-reader 
child was excluded because of scores lower than 2 standard deviations 
(SD) on non-verbal measures. Results of the behavioral assessment are 
summarized in Table 1. Both groups performed within the norms on 
general cognitive functions, but children with dyslexia differed signifi
cantly from their typical reading peers on all reading-related tests.

2.3. EEG testing

2.3.1. Stimuli
This study included stimuli similar as validated in other studies (van 

de Walle de Ghelcke et al., 2020, 2021). Letter strings were presented in 
Verdana font, as well as non-letter string stimuli, ranging from 47 to 77 
pixels in height and from 119 to 199 pixels in width. Stimuli ranged from 
3.11 to 5.20 (width) and 1.32 to 2.18 (height) degrees of visual angle. 
Screen resolution was 800 × 600 pixels with a refresh rate of 60 Hz. Four 

Table 1 
Descriptive statistics of the scores obtained by the dyslexic group (N = 14) and 
the typical readers group (N = 21) on behavioral tests.

Dyslexics Typical 
readers Independent t- 

test 

​ ​ Mean (±
SD)

Mean (±
SD)

p

​ Age 10.02 
(0.53)

10.24 
(0.78)

0.352

General cognitive function ​ ​ ​
Non-verbal intelligence ​ ​ ​
​ Accuracy 

/32
18.43 
(4.18)

17.24 
(3.74)

0.385

Selective attention ​ ​ ​
​ Accuracy 

/20
21.86 
(4.64)

24.86 
(6.3)

0.137

Short-term memory ​ ​ ​
Backward digit 

span
Accuracy 
/18

7.93 (2.46) 8.33 
(1.74)

0.572

Forward digit 
span 

Accuracy 
/18 

7.36 (1.6) 7.19 
(1.44) 

0.750 

Reading prerequisite skills ​ ​ ​
Metaphonology ​ ​ ​
​ Accuracy 

/18
11.79 
(3.58)

11.24 
(5.069)

0.364

Speed (sec/ 
item)

3.46 (1.31) 2.53 
(1.27)

0.023

RAN Object ​ ​ ​
​ Accuracy 

/20
6.93 (3.25) 15.52 

(2.99)
< 0.001

Speed (sec) 52.21 
(21.13)

22.24 
(4.82)

< 0.001

RAN Digits ​ ​ ​
​ Accuracy 

/20
13.57 
(3.34)

18.24 
(1.73)

< 0.001

Speed (sec)  45.00 
(18.50) 

22.73 
(6.84) 

< 0.001 

Reading ability ​ ​ ​
N. Words in 1 min Accuracy 

/105
42.83 
(8.93)

73.1 
(13.04)

< 0.001

Frequent 
irregular words

Accuracy 
/20

13.57 
(3.55)

18.14 
(1.68)

< 0.001

Speed (sec) 42.36 
(24.61)

18.06 
(5.66)

< 0.001

Frequent regular 
words

Accuracy 
/20

16.71 
(2.76)

19.48 
(0.68)

< 0.001

Speed (sec) 35.95 
(18.99)

16.37 
(4.50)

< 0.001

Frequent pseudo- 
words

Accuracy 
/20

11.29 
(3.20)

16.62 
(1.88)

< 0.001

Speed (sec) 43.31 
(18.18)

23.43 
(4.66)

< 0.001

Non-frequent 
irregular words

Accuracy 
/20

6.93 (3.25) 15.52 
(2.99)

< 0.001

Speed (sec) 52.21 
(21.13)

22.24 
(4.82)

< 0.001

Non-frequent 
regular words

Accuracy 
/20

13.57 
(3.34)

18.24 
(1.73)

< 0.001

Speed (sec) 45.00 
(18.50)

22.73 
(6.84)

< 0.001

Non-frequent 
pseudo-words

Accuracy 
/20

11.64 
(3.25)

16.14 
(2.20)

< 0.001

Speed (sec) 48.20 
(20.29)

27.97 
(6.96)

< 0.001

​ ​ ​ ​ ​
Text Accuracy 

/100 %
83.93 
(7.23)

94.82 
(3.26)

< 0.001

Speed (sec) 119.57 
(49.11)

263.86 
(75.07)

< 0.001
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experimental conditions were designed: two of them implying coarse 
discrimination level and two others a fine-grained lexical 
discrimination.

At a coarse level of discrimination (Fig. 1B.), false font strings (FF, N 
= 20) constituted the base stimuli. In the first condition, they were 
interspersed with words (W, N = 20), and in the second condition, with 
pseudo-words (PW, N = 20). Stimuli were built in several steps. First, 
words of four (N = 10) or five letters (N = 10) were selected from the 
Manulex database (Lété, 2004). In a second step, one pseudoword was 
built from each word by changing the position of their constitutive let
ters (e.g. the words ‘fleur’ and ‘neige’ give rise to the pseudo-words 
‘frelu’ and ‘igene’). All pseudo-words were pronounceable letter 
strings respecting the phonological rules in French. The number of let
ters, letter identities, and bigram frequency were matched between 
words and pseudo-words (t(38) = 0.427; p = 0.675; PW = 8,141.15 
mean ± 780.70 SD, W = 8,390.10 mean ± 952.97 SD). The base false 
font strings were built from the words and pseudowords (Fig. 1B) by 
applying a vertical flip and segmenting their letters into basic features 
with Adobe Photoshop. Segments were rearranged to create pseudo- 
letters respecting the original word size and number of characters. The 
pseudo-letters included junctions, ascending or descending features, and 
close-up shapes as real letters. Therefore, each oddball stimulus (W, PW) 
had a corresponding false font stimulus with the same black-on-white 
contrast, ensuring comparability in terms of low-level visual properties.

For the fine-grained discrimination level (Fig. 1.B), two other 
experimental conditions were designed by embedding regular (REG, N =
20) or irregular (IRR, N = 20) words into base pseudoword strings (PW, 
N = 20). Regular words follow standard grapheme-to-phoneme corre
spondence rules, while irregular words have at least one exception.

We ensured that regular and irregular words had the same number of 
letters by choosing words of five (N = 10) or six letters (N = 10) for each 
category. Word categories were matched on lexical frequency (t(38) =
0.33; p = 0.746; REG = 73.49 mean ± 69.33 SD; IRR = 81.87 mean ±
91.41 SD), bigram frequency (t(38) = 0.13; p = 0.476; REG = 1.35 mean 
± 1.95 SD; IRR = 0.90 mean ± 1.99 SD) and orthographic neighborhood 
(t(38) = 0.72; p = 0.898; REG = 12 076.50 mean ± 3 200.98 SD; IRR =
12 292.35 mean ± 6 733.30 SD). We quantified the difference between 
regular and irregular words using MANULEX (Lété et al., 2004) to 
measure the degree of regularity in grapheme-to-phoneme (GP) map
pings for the age group tested. The two word lists had significantly 
different grapheme-to-phoneme correspondences (i.e. reading) (t(38) =
4.94; p < 0.001; REG = 81.88 mean ± 8.54 SD; IRR = 67.05 mean ±
7.90 SD). Once again, a pseudoword was built for each regular or 
irregular word by changing the positions of its constitutive letters. 
Regular words and their matched pseudowords did not differ in bigram 
frequency (t(38) = 1.03; p = 0.315; W = 1.35 mean ± 1.95 SD, PW =
1.05 mean ± 1.05 SD), or orthographic neighborhood (t(38) = 0.562; p 
= 0.581; REG = 12 076.5 mean ± 3 200.9 SD, PW = 11 094.5 mean ± 4 
625.9 SD). Similarly, irregular stimuli adhered to these criteria, showing 
matched bigram frequency (t(38) = 0.285; p = 0.779; W = 12 292.3 
mean ± 6 733.2 SD, PW = 11 845.7 mean ± 3 046.1 SD) and ortho
graphic neighborhood (t(38) = -0.515; p = 0.612; W = 0.90 mean ± 2 
SD, PW = 1.10 mean ± 1.55 SD).

2.3.2. Procedure
The child sat 1 m away from the computer screen in a quiet room at 

school or in the laboratory. A fixation cross appeared in the center of the 
screen on a gray background 2–5 s before the stimulus sequence. Stim
ulation sequences lasted 40 s flanked by a 2 s fade-in and fade-out period 
to avoid abrupt eye movements or blinks.

The procedure was similar to previous FPVS-EEG studies with chil
dren (Lochy et al., 2016; Lutz et al., 2024; van de Walle de Ghelcke et al., 
2020). Regardless of conditions, every sequence had the same structure: 
the oddball or deviant (D) stimuli appeared every fifth stimuli, such as: 
BBBBDBBBBDBB… Note that responses amplitudes are not affected by 
item repetition rate (the fact that base stimuli are repeated more often 

than deviant stimuli) in the FPVS-oddball paradigm, at least with large 
sets of items (Lochy et al., 2024; Retter et al., 2020; Retter & Rossion, 
2016). Stimuli were randomly presented with no immediate repetition 
through sinusoidal contrast stimulation with Java SE Version 8. We 
displayed the base stimuli at a frequency of 6 Hz, resulting in a stimu
lation rate of 1.2 Hz (F/5) for the oddball stimuli. However, for three 
dyslexic participants, stimuli from the base category were inadvertently 
presented at 7.5 Hz, which led stimuli from the oddball category to 
occur at 1.5 Hz. Their data could nevertheless be included (see section 
Frequency-domain analysis), and supplementary material presents the 
individual amplitude responses at the base (Supp.Mat 2) and oddball 
(Supp.Mat 3) frequencies, showing that responses of these 3 individuals 
are in the range of those stimulated at 6 Hz. Children watched four times 
each condition in which oddball stimuli appeared 48 times over 40 s: 
words in false fonts (FF-W), pseudowords in false fonts (FF-PW) at a 
coarse discrimination level, and regular words in pseudowords (PW- 
REGW), irregular words in pseudo-words (PW-IRRW) at a fine 
discrimination level. Six additional conditions were tested for a related 
project and order was randomized across participants. Each sequence 
was started manually to ensure low-artifact EEG signals, allowing a 
pause of approximately 30 s. The total stimulation time amounted to 25 
min. Participants' attention was maintained by asking them to press the 
space bar with their preferred hand when the fixation cross changed 
from blue to red.

2.3.3. EEG acquisition and preprocessing
The signal was acquired at 512 Hz using a 32-channels Biosemi 

Active II system (Biosemi, Amsterdam, Netherlands) with standard 
10–20 system locations, plus a row of posterior electrodes including 
PO9, I1, Iz, I2, PO10 for a total of 37 channels. Electrodes offsets were 
held below 50 Mv.

Data were processed in Letswave 6 on Matlab in accordance with the 
methodology employed in similar studies (Lochy et al., 2024; Retter & 
Rossion, 2016). A Butterworth filter (range = 0.05–100 Hz) and a Mul
tinotch filter (at 50 Hz and 100 Hz, width = 0.5 Hz, slope = 0.5 Hz) were 
applied to remove electrical noise. EEG data were segmented into 46- 
second sequences, including fade-in and fade-out periods. Eye blinks 
and movements were removed in an independent component analysis 
(ICA). Noisy channels (less than 2 % in total) were identified through 
visual inspection and interpolated with neighboring channels equally 
across conditions. One sequence was removed for five participants and 
two to five sequences were removed for four participants, ensuring that 
at least 3 repetitions of the same condition remained in the data for 
further averaging. All channels were referenced to a common average 
channel. Then, EEG data were re-segmented to include only the 40 s 
period of stimulation. Resulting sequences were averaged per partici
pant and condition in the time-domain to increase signal-to-noise ratio 
(SNR).

2.3.4. Frequency-domain analysis
A Fast Fourier Transform (FFT) was applied and a normalized 

amplitude spectrum (0–256 Hz) was extracted for all channels. The FFT 
segments were chunked into epochs to isolate responses at the oddball 
frequency and harmonics, and to combine them in further analysis. The 
chunking procedure is detailed in Fig. 2 for the base-6 Hz (f) stimulation, 
and in supplemental material for base-7.5 Hz (f) stimulation (Supp
Mat.1). The duration of each epoch remained 1.124 Hz in both cases, 
which enables the alignment of the chunks, in which the response at the 
oddball frequency (or harmonic) is centered (Fig. 2. and SuppMat1). 
The interval was contingent to the frequency of the oddball stimuli: 1.2 
or 1.5 Hz (f/5). Segmentation started at 0.637 Hz for the base-6 Hz (f) 
stimulation and 0.937 Hz for the base-7.5 Hz (f) stimulation with 1.124 
Hz duration in both cases. Each chunk included 25 bins, with the bin 
corresponding to the frequency of category change in the middle (the 
13th) and 12 bins on either side. A range of 10 bins on each side of the 
frequency bin of interest was used to define the baseline brain's electrical 
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activity, with adjacent bins and extreme amplitudes excluded. To 
quantify the EEG response in microvolts (μV), the baseline brain's 
electrical activity was subtracted from the amplitude response at the 
frequency of interest (such baseline corrected amplitudes are displayed 
in Fig. 2B, while the spectra in Fig. 2A shows raw FFT amplitudes). A 
grand average was calculated for each condition and group prior to 
determining the significance of the EEG response at the oddball fre
quency and harmonics, as well as at the base rate and harmonics. Sub
sequently, z-scores were calculated as follow Z(x) ¼ [x-baseline mean] 
/ [baseline standard deviation] and computed at every channel. The 
significant baseline corrected amplitudes (p < 0.05, one-tailed, signal >
noise) at frequencies of interest and their harmonics were summed 
regardless of group or condition in order to quantify the periodic 
response distributed over multiple harmonics (Retter et al., 2021) (in 

Fig. 2.B, this sum is represented by the red line).

3. Results

Analyses were performed on 36 children after excluding the data of 
two children (one child with dyslexia and one typical reader) because of 
amplitudes responses above 2.5 SD in both ROI (left, right) across the 
conditions. Individual data (in µV) are presented in Supplementary 
Material (Supp.Mat.2).

3.1. Oddball discrimination responses

As can be seen on Fig. 3 (coarse-grained discrimination) and Fig. 4
(fine-grained lexical discrimination), clear responses occurred for 

Fig. 2. Example of FFT spectra at 6 Hz, and its segmentation into chunks allowing for a combination of responses (see also SuppMat 1). A: The FFT 
spectrum of a 6 Hz stimulation signal and its harmonics in one single participant for the coarse condition FF-W. The base rate response is clearly visible at 6 Hz, with a 
grey shade, and the oddball responses at 1.2 Hz (and harmonics), with blue shades on the X-axis indicating the portion of the FFT segment that is being “chunked” for 
further processing. Segmentation started at 0.637 Hz with a duration of 1.124 Hz. B: The superimposed segmented chunks (shaded blue) and the sum (red) of the 
baseline corrected FFT segments or “chunks” containing the response of interest centered and surrounded by 12 bins on each side (10 bins were used to compute the 
baseline correction). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Print-selective responses during coarse-grain discrimination of words (W) or pseudowords (PW) in false fonts (FF). EEG amplitudes (in μV, sum of 
harmonics) are shown by Group (green: typical readers; orange: children with dyslexia) in the parieto-temporal ROIs. Topographies are shown by group and condition 
above each corresponding bar. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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oddball stimuli, in both groups, and displayed a left temporo-parietal 
topography. These responses at 1.2 Hz were significant (z-scores >
1.64) up to seven harmonics (from 1.2 Hz to 8.4 Hz, excluding the base 
rate 6 Hz) on a left parieto-temporal region including electrodes PO9 
and P7 (Left ROI). A contralateral ROI with electrodes PO10 and P8 was 
defined for hemispheric comparison. Individual data (in µV) for children 
with dyslexia are presented in Supplementary Material (Supp.Mat.3).

3.1.1. Coarse-grained level of discrimination: Print among false fonts
The sum of baseline-corrected amplitudes for the seven significant 

harmonics at the oddball frequency in the parieto-temporal ROIs were 
submitted to an ANOVA with Conditions (FF-W, FF-PW) and ROI (Left vs. 
Right) as within-subjects factors, and Groups (Dyslexics vs. Typical- 
readers) as a between-subjects factor. As illustrated in Fig. 3, we 
observed a significant main effect of ROI, F(1,33) = 15.04; p < 0.001; 
partial η2 = 0.313, reflecting larger amplitudes in LROI, M = 4.36 µV; SD 
= 0.293, than in RROI, M = 3.01 µV; SD = 0.295. Concerning the main 
effect of Group, although letter-selective responses were almost twice 
larger in typical readers (3.30 µV) than in dyslexics (1.81 µV), the dif
ference was only marginally significant F(1,33) = 3.55; p = 0.06; partial 
η2 = 0.097. There was no main effect of Conditions F(1,33) = 1.507; p =
0.228, response amplitudes being equivalent for discrimination of words 
(FF-W condition: 3.98 µV) or pseudo-words (FF-PW condition: 3.82 µV). 
The interactions were not significant: Hemisphere*Group F(1,33) =
1.507; p = 0.228, Condition*Hemisphere F(1,33) = 0.397; p = 0.533, and 
Condition*Hemisphere*Group F(1,33) = 0.560; p = 0.460. (see Fig. 3).

3.1.2. Fine-grained lexical discrimination: Words among pseudo-words
The z-score analysis per harmonic (see Material and Method section) 

showed no response on right hemisphere electrodes, which was 
confirmed by visual inspection of scalp topographies (Fig. 4). A sample t- 
test examine if the response amplitudes in the right ROI differed 
significantly from 0, thus if there was any signal above noise-level. The 
results disclosed that amplitudes were not different from 0 for both 
regular words (PW-RegW) (t(34) = 1.39, p = 0.17) and irregular words 
among pseudowords (PW- IrrW) (t(34) = -0.50, p = 0.61).

Therefore, we focused the analysis on the left hemisphere and 

conducted a repeated measure ANOVA on the sum of baseline- 
subtracted amplitudes responses to words with Conditions (PW-RegW 
vs. PW-IrrW) as within-subjects factor and Groups (Dyslexics vs. Typical 
readers) as a between-subjects factor. Supplementary Material 4 pro
vides an ANOVA including ROI (Left vs. Right), which leads to the same 
conclusions. ANOVA restricted to the left ROI showed a significant main 
effect of Conditions, F(1,33) = 8.85, p = 0.05, partial η2 = 0.211: within 
matched pseudowords strings, irregular words induced higher response 
amplitudes than regular words (respectively.43 µV and.12 µV). No main 
effect of Group was observed F(1,31) = 2.403; p = 0.125; partial η2 =
0.07, but the interaction Conditions*Group reached significance F(1,33) 
= 6.03; p = 0.02; partial η2 = 0.155): while irregular words resulted in 
comparable amplitudes responses in both dyslexic (.445 µV) and typical 
readers (.422 µV), regular words elicited discrimination responses for 
typical readers (.367 µV) but not for dyslexics (− .124 µV) (Fig. 4). A t- 
test for independent samples ensured that the amplitude for regular 
words was significantly higher for the typical readers than for the dys
lexics, t(33) = -3.699; p < 0.001, while there was no difference between 
the groups in the PW-IrrW condition, t(33) = 0.112; p = 0.911. Since the 
response pattern for children with dyslexia in the PW-RegW condition 
suggested no clear discrimination response for regular words, we ran a 
one-sample t-test against 0, which showed that amplitudes were not 
different from 0, t(13) = -1.6, p = 0.13, Cohen’s d = -0.42; 95 % CI =
-0.969-0.128. In contrast, typical readers showed a clear response above 
noise, t(20) = 3.406; p = 0.003, Cohen’s d = 0.74; 95 % CI =
0.251–1.221. Furthermore, individual-level inspection shows that 11/ 
14 dyslexic children did not show a positive response amplitude (79 %), 
while only 4/21 typical readers showed this pattern (19 %, see Sup
plementary Material 5). Finally, using the results obtained in typical 
readers to calculate the minimum sample size to detect discrimination 
responses of medium effect size at an alpha = 0.05, with a power of 0.80, 
provides a sample of n = 13–14 (power of 0.81–0.83).

3.2. Base rate responses

To exclude that differences between groups could reflect a difference 
at a general visual response and attentional level, we examined also 

Fig. 4. Word-selective EEG amplitudes (in μV, sum of harmonics) in the left ROI during fine-grained lexical discrimination of regular words (Reg) or irregular words 
(IRR) in pseudowords (PW), shown by Group (green: typical readers; orange: children with dyslexia). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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responses at the base rate. At the base frequency (6 Hz), the region of 
interest (ROI) included eight channels (max. 4.62 µV, min. 3.18 µV) in a 
medial occipital region (see Fig. 5), as already found in previous studies 
with the same approach (Lochy et al., 2015; 2016). Responses were 
significant (z-scores > 3.1) up to four harmonics (from 6 Hz to 24 Hz). 
ANOVAs on baseline subtracted amplitudes at the occipital medial ROI 
were conducted separately for coarse and fine-grained contrast levels. 
The within-subjects factor was Conditions (coarse-grained level: FF-W vs. 
FF-PW; fine-grained level: PW-REGW vs. PW-IRRW) and the between- 
subjects factor was Groups (Dyslexics, Typical readers). Both analyses 
showed no main effects or interactions. For the coarse contrast: Condi
tions F(1,33) = 1.214; p = 0.27; Groups F(1,33) = 0.013; p=.954 and 
interaction F(1,33) = 2.438; p=.128 (Fig. 5A), and for the fine contrast: 
Conditions F(1,33) = 1.234; p = 0.275; Groups F(1,33) = 0.378; p=.802; 
and interaction F(1,33) = 0.378; p=.543 (Fig. 5B).

4. Discussion

Neural responses for visual word recognition were investigated in 
10-year-old typical readers and age matched children with dyslexia 
through FPVS-oddball design with EEG recordings. Two levels of con
trasts were implemented: a coarse-grained level, which assesses print 
sensitivity by displaying letter-strings oddball stimuli among non-letter 
strings, and a fine-grained level, which assesses lexical recognition by 
displaying words among pseudowords. Overall, discrimination re
sponses for the oddball stimuli were located over a left occipito- 
temporal site on the scalp at the exact frequency of category change 
and its specific harmonics. In the coarse-grained contrast, words and 
pseudo-words were equally discriminated from false fonts in each group, 
and children with dyslexia exhibited non-significantly lower amplitudes 
than typical readers. In the fine-grained contrast, irregular words were 
distinguished from pseudo-words similarly in children with dyslexia and 
typical readers, whereas for regular words in pseudowords strings, no 
evidence of discrimination was found in children with dyslexia. Overall, 
the FPVS-EEG is a robust novel approach to address the developmental 
origin of sensitivity to lexicality that sheds light on differences between 
ten-year-old dyslexics and typical readers. This approach has the 
advantage of obtaining results very quickly (4 repetitions of 40 s per 
condition), with neural responses reflecting automatic word processing 
via an implicit task (children do not have to read or even explicitly 
process the written stimuli). These aspects make it suitable for testing 
young and clinical populations.

4.1. Lexical responses in 10-year-old children

The developmental trajectory of fine-tuning sensitivity to word 
forms has not yet been clearly disclosed. ERP studies suggest that it may 
emerge between 9 and 11 years of age, but the findings are inconsistent. 
The emergence of automatic recognition that letter strings are words 
rather than pseudowords is an important marker of rapid lexical access. 
The present study reveals lexical responses among 10-year-old children, 
both typical and dyslexic readers, using an FPVS-oddball design with 
words periodically embedded in pseudowords at 6 Hz (166 ms per 
stimulus). Previous FPVS-oddball designs have reported discrimination 
between words and pseudowords in adults (Lochy et al., 2015, 2024; 
Marchive et al., 2025) but not in first, second and third graders (Lochy 
et al., 2016; Lutz et al., 2024; van de Walle de Ghelcke et al., 2020). To 
date, only one FPVS-EEG study (Wang et al., 2023) has reported lexical 
(words within pseudowords) and sublexical (pseudowords within non
words) responses in seven-year-old proficient readers. These authors 
implemented an alternative frequency-tagging paradigm that differs 
from the oddball design used here in terms of task demands and peri
odicity characteristics. In their study, three-letter English stimuli were 
displayed at a base frequency of 2 Hz (every 500 ms) with a word 
stimulus appearing at 1 Hz (every 1000 ms), so that a word systemati
cally alternated with a pseudoword. Participants had to press a button 
when a stimulus was repeated three times in a row, a task requiring to 
explicitly focus on the linguistic stimuli being displayed. Thus, at this 
slow stimulation rate, it is possible that the EEG response reflects both 
phonological decoding and orthographic processing. This differs from 
the present design, in which the short duration of stimuli (166 ms) 
emphasizes rapid automatic lexical access from the orthographic form. 
In addition, the unrelated color change detection task is strengthening 
attention without any instruction related to the linguistic aspects of 
stimuli. Nevertheless, future studies should examine if reduction in the 
presentation rate in the oddball paradigm may enable further insights 
into different aspects of lexical access.

4.2. Automatic visual word recognition is modulated by discrimination 
level

Lexical responses were investigated at two levels of contrast: firstly, 

Fig. 5. Base rate response amplitudes (in μV) at the medial-occipital region of 
interest during A. coarse-grain processing (Pseudo-words (PW) or Words (W) in 
false fonts (FF) and B. fine-grain processing (Regular words (Reg) or Irregular 
words (IRR) in pseudo-words (PW), shown by Group (green: typical readers; 
orange: children with dyslexia). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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responses to words and pseudowords were compared within false font 
base stimuli (coarse-grained level); and secondly, responses to words 
within pseudowords base stimuli (fine-grained level) were assessed.

At the coarse contrast level, our objective was to examine whether 
word recognition would have become so automatized at this age, as to 
trigger a lexical difference between the two conditions, over and above 
the letter recognition processes. However, amplitudes at the oddball 
frequency did not differ between words and pseudo-words contrasted to 
false fonts. The same lack of finding was previously described among 5 
to 7 years old children (van de Walle de Ghelcke et al., 2020) and 7 to 9 
years old (Lutz et al., 2024), suggesting that neural specialization for 
word processing is not yet discernible until 10 years of age in a rapid 
implicit processing task (Lutz et al., 2024). However, our data also show 
that words and pseudo-words can be reliably discriminated from one 
another at a finer contrast level in 10-year-old, at least in non-dyslexic 
children. Indeed, even if amplitudes were a lot weaker in that case 
than in the coarse contrast (around 0.40 µV vs around 4 µV), statistics 
clearly demonstrate significant word-discrimination responses in the 
fine contrast level. This suggests that in the coarse contrast, the 
discrimination of both words and pseudowords in false font strings 
relied predominantly on letter recognition (print vs. not print) or 
orthographic familiarity, rather than lexical characteristics. Therefore, 
when the contrast between base and oddball stimuli is coarse, the 
shallow processing fails to elicit specific lexical responses (W > PW). At 
that coarse contrast level, the recording of significant brain responses 
over the right occipito-temporal region indeed suggests a latent activa
tion of areas dedicated to visual feature processing, which may have 
been induced by the visual difference between the letter strings 
composing (pseudo)words and the false font strings presented at the 
base rate. We acknowledge that our false fonts were not standard, given 
that they were built to match each letter strings stimulus. They may have 
not been close enough to letters in terms of perceptual complexity. 
However, even if the current false fonts are not a perfect match in every 
respect, they are sufficiently similar to real letters in global visual 
characteristics to engage early visual mechanisms involved in print 
processing, yet different enough to prevent activation of orthographic 
representations. This balance is critical for highlighting letter-string 
recognition processes. Also, and importantly, one must acknowledge 
that we currently do not know whether this pattern is specifically 
developmental, since it has not yet been tested in adults. Indeed, when 
the visual system detects gross differences between non-letters and let
ters, it is unclear whether words are processed up to the lexical levels (e. 
g., stroop effect), or if discrimination is driven by the most economical 
(shallow) processing level. Future studies should explore the current 
findings at different age levels to conclude if the current findings index a 
specific stage of development, or if they are general and maybe related 
to the nature of the false fonts used.

In comparison, fine-grained level oddball responses were exclusively 
located in the left hemisphere. This result suggests that properties of the 
base strings constrain the discrimination level of the oddball stimuli. 
Lexical responses are elicited when higher-level lexical processing is 
activated by embedding words within pseudowords strings, although it 
is not obligatorily the case in a coarse contrast. Our findings thus 
demonstrate that the contrast salience is critical, and that 10-year-old 
children may have automatic lexical access in a rapid passive viewing 
task. This result is reminiscent of a similar modulation of discrimination 
response in children in the domain of face-processing (Lochy & Schiltz, 
2019). In that case, 5-year-old children watched strings of images dis
playing faces as oddballs against non-face objects (coarse level), which 
elicited bilateral face-selective responses, or they watched a stream of 
faces only, differing in identity (fine-grained contrast). This finer- 
grained visual discrimination level induced right-lateralized discrimi
nation responses, as typically observed in adults. Thus, it is crucial to 
carefully consider the level of contrast induced by the FPVS-oddball 
design to make inferences about the development of specific word- (or 
face) related neural processes.

4.3. Trend for weaker coarse-grained print tuning in dyslexia

Overall, in our experiment, children with dyslexia tended to show 
smaller response amplitudes to words presented at the oddball fre
quency than typical readers. This pattern is broadly consistent with a 
reduced activation of the left occipitotemporal cortex for written word 
processing in individuals with dyslexia compared to their typically 
reading peers (Brem et al., 2020; Rodrigues et al., 2019; van der Mark 
et al., 2009), observed across alphabetic languages (Martin et al., 2016). 
In the coarse contrast (letter-strings among pseudo-letters), the ampli
tude difference was substantial between children with dyslexia (1.81 
µV) and typical readers (3.30 µV, i.e., a reduction of 45.15 % in dyslexia) 
but did not reach significance. This trend may be due to the limited 
number of participants in the dyslexic group, and the large variability 
across individuals for both groups. Indeed, although the group differ
ence in the coarse contrast did not reach conventional significance (p =
0.06), the effect size (ηp

2 = 0.097; f ≈ 0.33) indicates a medium effect. 
With the current unequal group sizes (14 dyslexic; 21 typical), power to 
detect an effect of this magnitude is only ~42 %, making marginal 
significance statistically unsurprising. Future studies with greater sta
tistical power will be valuable to clarify the robustness of this group 
difference. Importantly, both groups did not differ in their overall 
sensitivity to visual stimulation and attention to these stimuli as sug
gested by no differences in amplitudes at the base frequency of visual 
stimulation between the two groups.

4.4. Impact of word regularity

The left ventral occipitotemporal cortex (VOTC) is key to ortho
graphic processing and exhibits sensitivity to regularity along its 
posterior-anterior axis (Brunswick et al., 1999; Graves et al., 2010) for 
regular versus irregular words (Cattinelli et al., 2013; Taylor et al., 
2013) and, more generally, for opaque versus transparent orthographies 
(Paulesu et al., 2014).

The discrimination of French irregular words among pseudowords 
elicited overall higher amplitudes (.43 µV) than French regular words 
(.12 µV), as was recently found also in adults (Lochy et al., 2025) 
although here it was only clearly the case for children with dyslexia, as 
highlighted by the significant interaction between Groups and Condi
tions. Notably, in the dyslexic group, we found no reliable evidence for 
response amplitudes for regular words to differ from zero, which could 
suggest that when sequences of pseudowords were presented at the base 
rate, regular words presented as oddballs were not processed differently 
than those pseudowords. This finding replicates the same pattern 
recently observed in French-speaking adults with dyslexia (Lochy et al., 
2025), although the absence of discrimination can only be interpreted as 
indicating that there is no reliable response above noise in these two 
dyslexic groups. However, the individual-level results strengthen the 
interpretation that the discrimination response is weak or absent in most 
dyslexic children in this paradigm, given that 80 % of them showed this 
pattern (against 20 % of typical readers). Finally, we further compared 
the effect sizes observed in typical readers to those reported previously 
in adults using the same contrast (Lochy et al., 2025). In the adults’ 
study, typical readers showed a discrimination response with Cohen’s d 
= 0.702. In the present child data, typical readers showed a similar ef
fect size (d = 0.743). A power analysis indicates that detecting an effect 
of this magnitude requires approximately 13–15 individuals to achieve 
80 % power (α = 0.05), consistent across both datasets. This analysis 
shows that the paradigm is sufficiently sensitive to detect a discrimi
nation response of the size typically observed in typical readers.

Taken together, the consistency in effect sizes across adult and child 
typical readers, combined with the individual-level patterns in the 
dyslexic group, supports the interpretation that the lack of a detectable 
response in dyslexic children reflects a genuinely weaker or absent 
discrimination response in this condition, rather than insufficient power 
to detect a typical-sized effect.
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Given that regular vs irregular oddballs words were matched to the 
pseudoword base strings for bigram frequency, orthographic neighbor
hood and consonant–vowel structure, and both types of words were 
matched in lexical frequency, modulation of the lexical responses in 
children with dyslexia can be attributed to orthographic regularity per 
se.

In consideration of the DRC model (Coltheart et al., 2001), the 
irregular oddball words can only be processed by the direct lexical route, 
while for regular words, both lexical and phonological mechanisms can 
contribute to their recognition. Pseudoword base stimuli, on the other 
hand, trigger only the indirect phonological route. Therefore, it can be 
proposed that typical 10-year-old readers processed both types of words 
with the same lexical processes given that regular and irregular words 
gave rise to similar amplitudes of discrimination. To the contrary, in 
children with dyslexia, regular words did not automatically trigger the 
lexical route in a phonological context. As reading experience and skill 
influence the balance between direct and indirect pathways (Hoffman 
et al., 2015), this finding seems to be a genuine signature of reading 
impairment in French-speaking individuals (see Lochy et al., 2025 in 
adults with dyslexia but different stimulus sets). Behaviorally, present
ing words in lists intermixed with pseudowords (vs blocked lists) in
fluence reliance on decoding vs. lexical processing (Castro & Lima, 
2010; Kolinsky & Tossonian, 2023), because the presence of pseudo
words induce processing of smaller units that are then also applied to 
words. In the present case, the FPVS paradigm measures a differential 
response to words, that is influenced by the mechanisms involved in 
processing the base stimuli. Therefore, it is a plausible interpretation of 
the results to consider that once sublexical decoding mechanisms are 
enhanced by context, children with dyslexia may not switch to lexical 
processing for regular words, despite their phonological impairment 
(Hulme et al., 2015; Ramus, 2014).

Alternative interpretations than the DRC framework (Coltheart et al., 
2001) also stand to explain our current findings. For instance, the 
discrimination of irregular words may have been facilitated by rapid 
feedback from higher processing levels, which may be more pronounced 
for this word category. Indeed, irregular words and their non-standard 
spelling-to-sound patterns are thought to rely relatively more on the 
activation of orthographic conventions stored in long-term memory 
(Bowey & Muller, 2005; Cunningham et al., 2002). Thus, it is not 
excluded that irregular words may be better recognized because of their 
atypicality. This would then suggest that, at an early stage of visual word 
recognition, only a subset of stored lexical representation elicits 
measurable neural responses for children with dyslexia. Also, the tri
angle model (Harm & Seidenberg, 2004; Plaut, 1999) suggests a se
mantic contribution proportional to the irregularity of orthography- 
phonology mappings. Therefore, the observed amplitude responses in 
both groups for irregular word recognition, as well as for regular words 
in typical readers, may have been driven by semantic involvement. At a 
neural level, the anterior temporal lobe (ATL), a region linked to se
mantic aspects of language engages when reading irregular words 
(Hoffman et al., 2015; Provost et al., 2016; Wilson et al., 2012). 
Together with the anterior inferior frontal gyrus (IFG), the ATL supports 
word identification based on stored memory representations (Glezer 
et al., 2009; Kronbichler et al., 2004). These regions underlie the map
ping between orthographic forms and lexical-semantic knowledge, 
supporting irregular word recognition.

In our current sample, the observed deficit in speed during rapid 
object naming (RAN) corroborates the idea of a concomitant impairment 
in lexical access linking neural and behavioral observations. Let us note 
that children with dyslexia showed selective responses similar to typical 
readers for irregular word recognition in the EEG task, but a broad 
impairment in reading aloud assessment, highlighting that reading 
aloud and visual word recognition rely on different processes (Barker 
et al., 1992; Georgiou & Parrila, 2020). It is important to consider that 
the focus of FPVS is on automatic visual word recognition, whereas 
reading aloud demands the integration of orthographic analysis with 

phonological output, a process that can be particularly challenging for 
children with dyslexia (Mahé et al., 2018; Zoccolotti et al., 2018).

5. Limitations

The small sample size of the dyslexic group (N = 14) and the nu
merical imbalance between the groups (ratio = 1:2) limits the general
izability of the results and increases the risk of type II errors. However, 
increasing the number of observations per participant can improve 
within-subject reliability (Brysbaert, 2019), and FPVS enables robust 
measurements at the individual level and provides a high SNR ratio 
thanks to repeated measurements. Each 40-second sequence contained 
33 presentations of the oddball stimulus i.e nearly 100 trials per 
participant for each oddball category across all three repetitions. 
Furthermore, individual-level data show clear and consistent patterns in 
children with dyslexia, strengthening the validity of the observed 
effects.

The inconsistency in the protocol in which the baseline stimulation 
frequency was set to 7.5 Hz instead of 6 Hz for three dyslexic partici
pants resulted in a shorter stimulus presentation duration (33 ms less). 
Although we verified that their data did not deviate from the group 
trend, this discrepancy may have introduced subtle variations in neural 
response dynamics.

6. Conclusion

The sensitivity of FPVS-EEG disclosed word-selective responses in 
10-year-old children with and without reading impairment. Print tuning 
was investigated by means of oddball responses at coarse (W or PW 
embedded in FFFF) and fine (RegW or IrrW embedded in PW) levels of 
discrimination, highlighting the importance of the contrast’s level in 
eliciting lexical responses. This approach provides novel important 
findings on the processing of written words without an explicit task, 
revealing clear lexical responses in 10-year-old children. Strikingly, a 
dissociated pattern of regular-irregular word brain activation was found 
at a fine-grained level for children with dyslexia, replicating recent 
findings in adults (Lochy et al., 2025). Although further research is 
needed across a wider range of reading abilities to determine whether 
this reflects a specific marker of dyslexia, the current study reveals 
clearly the theoretical (e.g., emergence of automatic lexical processing) 
and clinical (e.g., assessment of rehabilitation effects) potential impli
cations of FPVS-EEG studies.
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Karageorgos, P., Müller, B., & Richter, T. (2019). Modelling the relationship of accurate 
and fluent word recognition in primary school. Learning and Individual Differences, 
76, Article 101779. https://doi.org/10.1016/j.lindif.2019.101779

Khomsi, A. (1999). LMC-R. Les Editions du Centre de Psychologie Appliquée.
Kolinsky, R., & Tossonian, M. (2023). Phonological and orthographic processing in basic 

literacy adults and dyslexic children. Reading and Writing, 36(7), 1705–1742. 
https://doi.org/10.1007/s11145-022-10347-6

Krepel, A., de Bree, E. H., Mulder, E., van de Ven, M., Segers, E., Verhoeven, L., & de 
Jong, P. F. (2021). The unique contribution of vocabulary in the reading 
development of English as a foreign language. Journal of Research in Reading, 44(3), 
453–474. https://doi.org/10.1111/1467-9817.12350

Kronbichler, M., Hutzler, F., Wimmer, H., Mair, A., Staffen, W., & Ladurner, G. (2004). 
The visual word form area and the frequency with which words are encountered: 
Evidence from a parametric fMRI study. NeuroImage, 21(3), 946–953. https://doi. 
org/10.1016/j.neuroimage.2003.10.021

Landerl, K., Castles, A., & Parrila, R. (2022). Cognitive Precursors of Reading: A Cross- 
Linguistic Perspective. Scientific Studies of Reading, 26(2), 111–124. https://doi.org/ 
10.1080/10888438.2021.1983820

Lefavrais, P. (1967). L’Alouette. Les Editions du Centre de Psychologie Appliquée.
Lerma-Usabiaga, G., Carreiras, M., & Paz-Alonso, P. M. (2018). Converging evidence for 

functional and structural segregation within the left ventral occipitotemporal cortex 
in reading. Proceedings of the National Academy of Sciences of the United States of 
America, 115(42), E9981–E9990. https://doi.org/10.1073/pnas.1803003115

C. Gigleux et al.                                                                                                                                                                                                                                 Brain and Cognition 194 (2026) 106394 

11 

https://doi.org/10.1016/j.bandc.2026.106394
https://doi.org/10.1016/j.bandc.2026.106394
https://osf.io/q5uej/?view_only=c454e815ad8e4b0ebf57c6cf1012e5ba
https://osf.io/q5uej/?view_only=c454e815ad8e4b0ebf57c6cf1012e5ba
http://refhub.elsevier.com/S0278-2626(26)00001-1/h0005
http://refhub.elsevier.com/S0278-2626(26)00001-1/h0005
https://doi.org/10.1016/j.bandc.2012.02.010
https://doi.org/10.1016/j.bandl.2014.11.007
https://doi.org/10.1016/j.bandl.2014.11.007
https://doi.org/10.1016/j.jecp.2024.105912
https://doi.org/10.1016/j.jecp.2024.105912
https://doi.org/10.2307/747673
https://doi.org/10.1080/02643294.2014.895314
https://doi.org/10.1080/02643294.2014.895314
https://doi.org/10.1016/j.jecp.2005.06.005
https://doi.org/10.1016/j.jecp.2005.06.005
https://doi.org/10.1073/pnas.0904402107
https://doi.org/10.1073/pnas.0904402107
https://doi.org/10.1038/s41598-020-75111-8
https://doi.org/10.1038/s41598-020-75111-8
http://refhub.elsevier.com/S0278-2626(26)00001-1/h0065
http://refhub.elsevier.com/S0278-2626(26)00001-1/h0065
http://refhub.elsevier.com/S0278-2626(26)00001-1/h0065
https://doi.org/10.1007/s11881-022-00273-1
https://doi.org/10.1177/0022219417718197
https://doi.org/10.1007/s11881-021-00226-0
https://doi.org/10.3758/BRM.42.1.74
https://doi.org/10.1016/j.jneuroling.2012.08.001
https://doi.org/10.1016/j.bandl.2017.03.009
https://doi.org/10.1016/j.bandl.2017.03.009
https://doi.org/10.1111/psyp.12567
https://doi.org/10.1111/psyp.12567
https://doi.org/10.1016/j.brainres.2010.02.084
https://doi.org/10.1016/j.brainres.2010.02.084
https://doi.org/10.1037/0033-295X.108.1.204
https://doi.org/10.1111/desc.70001
https://doi.org/10.1111/desc.70001
https://doi.org/10.1016/j.cortex.2017.08.038
https://doi.org/10.1007/s00429-021-02255-2
https://doi.org/10.1007/s00429-021-02255-2
https://doi.org/10.1371/journal.pbio.2004103
https://doi.org/10.1371/journal.pbio.2004103
https://doi.org/10.1111/desc.12189
https://doi.org/10.1016/j.jecp.2020.104840
https://doi.org/10.1016/j.neuron.2009.03.017
https://doi.org/10.1093/cercor/bhp245
http://refhub.elsevier.com/S0278-2626(26)00001-1/h0175
http://refhub.elsevier.com/S0278-2626(26)00001-1/h0175
https://doi.org/10.1037/0033-295X.111.3.662
https://doi.org/10.1037/0033-295X.111.3.662
https://doi.org/10.1016/j.ijpsycho.2009.04.011
https://doi.org/10.1016/j.cortex.2014.09.001
https://doi.org/10.1177/0956797615603702
http://refhub.elsevier.com/S0278-2626(26)00001-1/h0200
http://refhub.elsevier.com/S0278-2626(26)00001-1/h0200
https://doi.org/10.1016/j.lindif.2019.101779
https://doi.org/10.1007/s11145-022-10347-6
https://doi.org/10.1111/1467-9817.12350
https://doi.org/10.1016/j.neuroimage.2003.10.021
https://doi.org/10.1016/j.neuroimage.2003.10.021
https://doi.org/10.1080/10888438.2021.1983820
https://doi.org/10.1080/10888438.2021.1983820
https://doi.org/10.1073/pnas.1803003115


Lété, B. (2004). MANULEX: A grade-level lexical database from French elementary 
school readers. In. Behavior Research Methods, Instruments, & Computers, 36.

Lochy, A., Collette, E., Rossion, B., & Schiltz, C. (2025). Impaired neural discrimination 
of regular words from pseudowords in dyslexic adults as revealed by fast periodic 
visual stimulation. Neuropsychologia, 212, Article 109137. https://doi.org/10.1016/ 
j.neuropsychologia.2025.109137

Lochy, A., Reybroeck, M. V., & Rossion, B. (2016). Left cortical specialization for visual 
letter strings predicts rudimentary knowledge of letter-sound association in 
preschoolers. Neuropsychologia. https://doi.org/10.5061/dryad.v54jq

Lochy, A., Rossion, B., Lambon Ralph, M., Volfart, A., Hauk, O., & Schiltz, C. (2024). 
Linguistic and attentional factors – not statistical regularities – Contribute to word- 
selective neural responses with FPVS-oddball paradigms. Cortex, 173, 339–354. 
https://doi.org/10.1016/j.cortex.2024.01.007

Lochy, A., & Schiltz, C. (2019). Lateralized Neural responses to letters and Digits in first 
Graders. Child Development, 90(6), 1866–1874. https://doi.org/10.1111/cdev.13337

Lochy, A., Van Belle, G., & Rossion, B. (2015). A robust index of lexical representation in 
the left occipito-temporal cortex as evidenced by EEG responses to fast periodic 
visual stimulation. Neuropsychologia, 66, 18–31. https://doi.org/10.1016/j. 
neuropsychologia.2014.11.007

Lovett, M. W., Borden, S. L., DeLuca, T., Lacerenza, L., Benson, N. J., & Brackstone, D. 
(1994). Treating the core deficits of developmental dyslexia: Evidence of transfer of 
learning after phonologically- and strategy-based reading training programs. 
Developmental Psychology, 30(6), 805–822. https://doi.org/10.1037/0012- 
1649.30.6.805
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