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ABSTRACT

Studies on adults suggest that reading-induced brain changes might not be limited to linguistic processes.
It is still unclear whether these results can be generalized to reading development. The present study
shows to which extent neural responses to verbal and nonverbal stimuli are reorganized while children
learn to read. MEG data of thirty Basque children (4-8y) were collected while they were presented with
written words, spoken words and visual objects. The evoked fields elicited by the experimental stimuli
were compared to their scrambled counterparts. Visual words elicited left posterior (200-300 ms) and
temporal activations (400-800 ms). The size of these effects increased as reading performance improved,
suggesting a reorganization of children’s visual word responses. Spoken words elicited greater left tem-
poral responses relative to scrambles (300-700 ms). No evidence for the influence of reading expertise
was observed. Brain responses to objects were greater than to scrambles in bilateral posterior regions
(200-500 ms). There was a greater left hemisphere involvement as reading errors decreased, suggesting
a strengthened verbal decoding of visual configurations with reading acquisition. The present results
reveal that learning to read not only influences written word processing, but also affects visual object

recognition, suggesting a non-language specific impact of reading on children’s neural mechanisms.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Literacy is a relatively recent human invention that implies
structural brain changes and a wide reorganization of different
brain functions (Carreiras et al., 2009; Dehaene, 2011; Dehaene
et al., 2015). It requires the acquisition of new linguistic abilities
(e.g., letter-sound association, linguistic decoding of visual con-
figurations), as well as the refinement of nonverbal visual skills
(e.g., fine-grained visual object recognition). However, it is still
unclear how these linguistic and non-linguistic changes can sup-
port reading acquisition and what is their relative contribution
during reading development. Recent theoretical models assume
that during the first stages of reading development new audio-
visual objects need to be created and stored. Hence, changes in
phonological processing are considered a primary requirement to
reliably learn and memorize new visual objects (i.e, letters and
words; Blomert, 2011). On the other hand, a different theoreti-
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cal perspective mainly emphasizes the specific role of the visual
domain and describes reading acquisition as a visual perceptual
learning, which requires an early reorganization of the brain’s ven-
tral stream (Dehaene et al., 2015; Kolinsky et al., 2011; Reis et al.,
2006; Ventura et al., 2013). Unfortunately, most of the evidence so
far collected on this topic comes from studies in adult participants.
These findings cannot be easily generalized to children learning to
read and they cannot directly inform us about the developmen-
tal trajectories of different reading-related brain changes during
reading acquisition in childhood.

The present MEG study will specifically investigate verbal and
nonverbal changes while children learn to read. Specifically, the aim
of the experiment is twofold: 1) providing a temporal and spatial
description of how reading acquisition affects children’s linguistic
mechanismsin the auditory and visual modality; 2) testing whether
and how children’s visual object recognition is affected by learning
to read.

Most of what we know about brain areas involved in read-
ing processing comes from studies on adults (Bolger et al., 2005;
Jobard et al., 2003), which showed that written words activate
the left language network in skilled readers (Dehaene et al., 2010;
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Dehaene, 2011; Simos et al., 1998). When literates were presented
with visual verbal stimuli, greater activations in the left occipi-
totemporal sulcus (visual word form area, Dehaene et al., 2010;
Pinel et al., 2015) and in left frontotemporal regions (Carreiras
et al., 2009; Dehaene et al., 2010) were observed compared to
illiterates or less skilled readers. Modular models assume that the
visual word form area is responsible for orthographic encoding at
a first reading stage (McCandliss et al., 2003), while the left fron-
totemporal activity would reflect later processes of phonological,
lexical and semantic encoding (Blomert, 2011; Jobard et al., 2003;
Salmelin et al., 2000). Interactive models claim that frontal brain
areas can influence the activity of the visual word form area even
at early stages of reading. In this case the visual word form area
is considered a multimodal integration hub, which receives top-
down modulations from more anterior areas (Price and Devlin,
2011; for a discussion on different models of word recognition
see Carreiras et al., 2014). Magnetoencephalographic (MEG) and
electroencephalographic (EEG) data provided a contrastive pat-
tern of results, with some studies showing brain responses in left
occipitotemporal areas between 100 and 300 ms after stimulus
onset (Bentin et al., 1999; Cohen et al., 2000; Helenius et al., 1999;
Simos et al., 1998) followed by left temporal activity approximately
200 ms after stimulus onset (Carreiras et al., 2015; Simos et al.,
1998, 1999; for a review see Salmelin et al., 2000), and some others
showing frontal activations even before 200 ms (Cornelissen et al.,
2009; Woodhead et al., 2014). Those two brain responses (i.e., fron-
totemporal and occipitotemporal) increase as reading performance
improves (Dehaene et al., 2010; Pegado et al., 2014; Pinel et al.,
2015) and quick reading-induced changes can be observed even
after few training sessions (Hashimoto and Sakai, 2004; Song et al.,
2010; Yoncheva et al., 2010; Xue et al., 2006).

Studies on children’s reading acquisition also suggest a quick
reorganization of brain networks. However, different results have
been reported depending on the paradigm and the amount of read-
ing instruction examined (see Table 1). Neuroimaging studies using
longitudinal and cross-sectional designs showed changes in left
occipitotemporal areas (Ben-Shachar et al.,2011; Brem et al., 2010;
Pugh et al., 2013). Cross-sectional studies also showed changes in
frontotemporal areas (Pugh et al., 2013; Turkeltaub et al., 2003),
whose localizations were highly similar to those of adults (Houdé
et al., 2010; Martin et al., 2015). Variations in occipitotemporal
activity were observed after few training sessions (Brem et al.,
2010), with anincreased engagement of posterior occipitotemporal
areas as reading performance improves (Shaywitz et al., 2002; for a
metanalysis see Martin et al., 2015). Modulations in left frontotem-
poral responses were mainly observed in cross-sectional studies
that considered a wider period of formal instruction (Pugh et al.,
2013; Turkeltaub et al., 2003). Few electrophysiological studies are
so far available and they mainly focused on short periods of reading
instruction (from few hours to one year). They adopted a longitudi-
nal design and reported changes in occipital brain responses with
reading training (Brem et al., 2010; Maurer et al., 2006). These brain
responses appeared later in time as compared to adults (later than
200 ms after stimulus onset, Maurer et al., 2006; see also Maurer
et al.,, 2005) and were more bilaterally distributed (Brem et al.,
2010; Maurer et al., 2006).

The present MEG study will examine a group of children who
received different amounts of reading instruction (up to two years)
in order to test whether and when occipital and temporal brain
activity changes can be observed in developmental reading pro-
cesses.

Literacy does not seem to induce changes only in processing
of written verbal material, but also in speech processing. Neu-
roimaging studies on adult readers showed that auditory verbal
stimuli usually elicit greater left parieto-temporal activity (i.e.,
planum temporale) relative to illiterates, especially when the task

involves repetition or lexical decision (Castro-Caldas et al., 1998;
Dehaene et al., 2010; Dehaene, 2011). These areas are supposed
to be involved in grapheme-phoneme conversion (Blomert, 2011;
Dehaene, 2011) and their activation would increase because the
link between phonemic and graphemic representations is strength-
ened as reading improves (Dehaene et al., 2015; Pattamadilok et al.,
2010). Electrophysiological studies provided a temporal character-
ization of these brain activation changes, showing left temporal
sensitivity to spoken words 300 ms after stimulus onset (Helenius
et al., 2009; Simos et al., 1998, 1999), which depends on reading
performance (Helenius et al., 2009).

Data on literacy and children’s speech processing are scarcer
and mainly focused on reading disorders. Similarly to adults, skilled
young readers listening to speech usually exhibit increased left
temporal activations compared to reading-impaired children (Blau
et al., 2010; Monzalvo et al., 2012; but see Simos et al., 2000), and
these responses correlate with children’s reading skills (Monzalvo
et al., 2012). Very few studies on speech-related changes during
normal reading development have been carried out. In Pugh et al.
(2013) a group of children with different degrees of reading perfor-
mance (5-9 years of age) had to decide whether a picture matched
with the following spoken stimulus (a word or a pseudoword). Pos-
itive correlations were found between behavioral reading scores
and brain responses to spoken targets in the left frontotemporal
cortex and precuneus. In Monzalvo and Dehaene-Lambertz (2013)
children with different amounts of reading instruction (6-9 years
of age) passively listened to spoken sentences in native and for-
eign language. After few months of reading training, six-year-old
children already showed increased activity for the ‘native-foreign’
contrast in left perisylvian regions. However, there was no dif-
ference between nine and six-year-olds in the ‘native-foreign’
comparison. Also, the overall brain responses to speech (native
and foreign sentences) increased with age (similarly to Pugh et al.,
2013). Unfortunately, the time sequence of these brain changes is
still unclear since no electrophysiological study has so far investi-
gated auditory processing as reading develops.

The present MEG study will provide for the first time a temporal
description of reading-induced brain changes in children’s speech
processing.

Finally, recent findings suggest that effects of reading acquisi-
tion would extend beyond the verbal domain (Dehaene et al., 2010,
2015; Dundas et al., 2013; Pegado et al., 2014), influencing visual
object processing (Reis et al., 2006). Behavioral studies showed
that illiterate adults are usually less accurate than matched liter-
ate controls at detecting, recognizing, and naming visual objects
(Ardilla et al., 1989; Kolinsky et al., 2011; Kremin et al., 1991; Reis
et al.,, 1994; Szwed et al,, 2012; Ventura et al., 2013). These dif-
ferences are not specific to any object category and they would
be the result of formal reading instruction, which represents an
intensive perceptual training in detecting, segmenting, recognizing
and interpreting visual representations (e.g., letter strings; Kolinsky
et al., 1990; Reis et al., 2006). Neuroimaging studies on adults are
only partially in line with these behavioral findings. Literate adults
show increased occipital responses to visual stimuli compared
to illiterates, suggesting an impact of literacy at early automatic
stages of visual processing (Dehaene et al., 2015). However, when
brain areas specifically associated to visual object recognition were
considered (posterior-lateral sides of the fusiform gyrus, Malach
et al., 1995) literacy showed a modest impact, with no changes
in the peak responses to visual objects and small variations of
the cortical boundaries for faces (Dehaene et al., 2010). Similarly,
electrophysiological studies reported an enhancement of early pos-
terior responses (140-180 ms) to different object categories (i.e.,
tools, houses, faces) as reading improves, however, later responses
of object discrimination varied only for faces and houses (500 ms;
Pegado et al,, 2014).
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Very few and heterogeneous data are so far available on the
influence of reading acquisition in children’s object recognition.
Behavioral studies showed that children who can read better
detect and segment visual objects compared to preschool children
(Kolinsky et al., 1987, 1990). In contrast, fMRI (functional magnetic
resonance imaging) and EEG studies that focused on a wide range of
young participants showed that neural correlates of object recog-
nition remained essentially constant across ages (Friedman et al.,
1988, 1992; Golarai et al., 2007; Nishimura et al., 2009; Scherfet al.,
2007). It should be noted that these studies never considered liter-
acy as an experimental factor. Also, it has been claimed that object
specific activation is particularly difficult to be mapped in young
children (Aylward et al., 2005; Gathers et al., 2004; He et al., 2015).
These mapping difficulties might be due to the high variability
of brain response localizations across young participants (Gathers
et al., 2004). However, the factors that account for this variability
are still unclear.

The present MEG study will investigate for the first time the
impact of reading acquisition on children’s object recognition in
order to test whether literacy can explain a certain amount of vari-
ations in children’s brain responses to visual objects.

1.1. The present study

The present MEG study investigated the effect of reading acqui-
sition on verbal processes (visual and auditory modality) and object
recognition in a group of children with different ages and degrees
of reading expertise.

Children’s evoked related fields (ERF) in response to visual
words, auditory words and visual objects were examined and
compared to responses to their scrambled counterparts. We
hypothesized that brain responses to the three types of stimuli
should change relative to scrambles as reading develops. Also, a
statistical comparison across tasks could inform about the relative
contribution of verbal and nonverbal brain changes during reading
development.

Written words should trigger the activation of the left lan-
guage network through the left ventral cortex as reading expertise
increases (Dehaene et al., 2010; Dehaene, 2011; Simos et al., 1998).
Specifically, written words should elicit greater brain responses
over left occipitotemporal sites (200-300ms; Brem et al., 2010)
and greater temporal activity (Carreiras et al., 2015; Salmelin et al.,
2000). The magnitude of this effect should negatively correlate with
the number of errors during reading.

Based on the previous literature, auditory words might elicit
greater left temporal responses relative to scrambles (Dehaene
et al,, 2015; Monzalvo and Dehaene-Lambertz, 2013) approxi-
mately 300 ms after stimulus onset (Helenius et al., 2009). If the
links between orthographic and phonological representations are
strengthened by reading training, the magnitude of this effect
should increase as reading performance improves.

Since literacy represents a strong perceptual training that leads
to detect and interpret visual stimuli in a symbolic way (Hoving
et al., 1974; Reis et al., 2006), reading performance should influ-
ence brain responses for object recognition relative to scrambles
(especially in posterior regions; Dehaene et al., 2015).

Finally, comparing the impact of reading on auditory and visual
tasks enables to estimate the relative weight of auditory and visual
brain changes in reading acquisition. If phonological changes are
the essential requirement to letter recognition (Blomert, 2011) the
correlations between reading scores and auditory brain changes
should be stronger than those regarding visual object responses.

This is the first MEG study testing the effects of reading acqui-
sition on children’s verbal and nonverbal mechanisms. It gives the
possibility to confirm and complement what was observed so far
in literate and illiterate adults. Also, it sheds new light on neu-

ral correlates of children’s visual object recognition during reading
acquisition.

2. Material and methods
2.1. Participants

Thirty-eight Basque-Spanish simultaneous bilingual children
participated in the study (20 females, mean age: 6.4 years, SD: 1).
Due to excessive movements or impossibility to attend to more
than one experimental block, eight children were excluded from
further analyses. The final sample of participants consisted of thirty
Basque-Spanish bilingual children (11 females, mean age: 6.7 years,
SD: 1, age range: 4-8; Basque AoA: 0; Spanish AoA: 1year). All
the participants lived in the Basque country, used Basque on a
daily basis and followed a formal education in Basque since kinder-
garten. Formal reading instruction in Basque began around the age
of six. However, some literacy experience could be present even
before six years of age since kindergartens already provided games
with letters and syllables. Note also that Basque has a transparent
orthography that can be easily learned by young children. Based
on parents’ reports, all children were highly-proficient in spoken
Basque and Spanish (on a scale of 1-10, the average was 8.3,SD: 1.6
for Basque,and 8.1.,SD: 1.7 for Spanish), received different amounts
of literacy education (from O to 18 months) and showed different
levels of reading skills in Basque (on a scale of 1-10, the average was
5.0, SD: 3.8). None of the participants was repeating or had skipped
a grade and their attendance to school was regular. All participants
had normal or corrected-to-normal vision, normal hearing, no self-
reported neurological disorders and no suspicion of developmental
reading problems.

During a pre-test of reading skill assessment, all participants
were presented with a list of 80 Basque words and 80 Basque pseu-
dowords. Children showed a wide range of reading skills (average of
errors during word reading: 46.1, SD: 64.3, range: 0-160). A picture
naming task and the Raven’s progressive matrices test (taken from
Kaufman brief intelligence test, K-BIT, Spanish version, 2009) were
used as measures of vocabulary size and nonverbal intelligence,
respectively. The group of participants showed high variability in
vocabulary size (mean: 30.1, SD: 5.5; range: 19-41) as well as in
intelligence measures (mean: 21.5, SD: 5.9; range: 11-31). Corre-
lational analyses were carried out on the overall group of children
(see section 2.3). Additional analyses took into account data from
poor (n= 14, 4 females, mean age: 6, SD: 1.1, age range: 4-8; Basque
AoA: 0; Basque global proficiency: 8.4) and skilled readers (n=16,
7 females, mean age: 7.1, SD: 0.6, age range: 6-8; Basque AoA: 0;
Basque global proficiency: 8.4). These two groups were created by
performing a median-split of the overall number of errors during
reading words and pseudowords. Skilled readers and poor readers
showed similar levels of proficiency for Basque speech production
and comprehension, but they differed in their reading and writing
skills. Age, vocabulary size and nonverbal intelligence measures
were not equated across groups (see Section 2.3; Table 2).

2.2. Materials

One hundred eighty Basque words were selected and divided in
three lists: 60 were presented as visual words, 60 as auditory words,
and 60 as visual objects (see Fig. 1). All words were concrete Basque
nouns acquired early in life, highly-frequent, highly-familiar, with
similar lexical features across the three lists (see Table 3). The lists
of nouns were presented in three different blocks together with a
control condition (i.e., scrambled items).

In the visual word block, nouns were presented in black let-
ters on a white background (960 x 720 pixel array). The control
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Summary of neuroimaging and electrophysiological studies on brain changes during normal reading acquisition. For each paper, we describe the technique, children’s age
range, the total duration of formal reading instruction examined (y: years; w: weeks), the experimental design, the main comparisons of interest, the increased brain activity

reported as reading improves.

Paper Technique Age range Time range of  Design Comparison of Increased brain
(years) reading interest responses
instruction
Ben-Shachar et al. (2011)  fMRI 7-12 4y longitudinal/cross- words with four different  left occipitotemporal
sectional visibility levels, and cortex
correlation between
behavioral reading scores
and brain sensitivity
Brem et al. (2010) fMRI +ERP 6 8w longitudinal words vs. false fonts bilateral occipitotemporal
cortex (bilateral N1,
200-300 ms)
Maurer et al. (2006) ERP 6-8 1.5y longitudinal words vs. symbols bilateral N1 (150-250 ms)
Pugh et al. (2013) fMRI 5-9 4y cross-sectional correlation between left temporal and
behavioral reading scores  occipitotemporal cortex
and brain activity to print
(written words and
pseudowords)
Turkeltaub et al. (2003) fMRI 6-22 16y cross-sectional words vs. false fonts, and left frontotemporal cortex

correlation between
behavioral reading scores
and mean-activity
difference

Table 2

Mean scores and ranges for poor readers and skilled readers (standard deviations are in parentheses). Vocabulary size was measured with a picture naming task, and Raven’s
progressive matrices were used as a measure of nonverbal intelligence. Reading performance was measured as the number of errors during words and pseudowords reading.
Parents were asked to rate on a scale of 1-10 children’s skills in written and spoken Basque.

Poor readers (n=14) Skilled Readers (n=16) p
Mean (SD) Range Mean (SD) Range
Age (months) 72.5(13.0) 55-101 86.4(7.7) 74-100 <0.01
Non-verbal intelligence 17.6 (4.7) 19-36 249 (4.5) 25-41 <0.001
Vocabulary size 27.7(5.2) 11-26 32.2(5.0) 15-31 <0.05
Words reading (n° errors) 43,6 (37.9) 1-80 3.0(2.1) 0-7 <0.01
Pseudowords reading (n° errors) 46.6 (34.7) 10-80 4.5(3.5) 0-11 <0.001
Basque written comprehension (1-10) 2.6 (3.6) 0-9 7.0 (3.0) 0-10 <0.01
Basque written production (1-10) 29(3.5) 0-8 7.0 (2.6) 0-10 <0.01
Basque speech comprehension (1-10) 8.5(1.6) 6-10 8.5(1.4) 6-10 n.s.
Basque speech production (1-10) 8(2.2) 4-10 8.1(1.4) 6-10 n.s.
Experimental Control Table 3
condition condition General characteristics of the experimental materials. Each lexical feature did not
differ across the three lists of stimuli (all ps >0.05).
dragoia Visual words Visual words  Auditory words  Object names

Auditory words

-t j] i , *w;w

©

e

Visual objects

Fig. 1. Examples of stimuli from the experimental and the control condition for each
of the three blocks.

condition was created by breaking word images into little squares
(10 x 10 pixel) and shuffling their spatial locations, so that the
original written word was not recognizable anymore and each
scrambled image was equiluminant with the original one (see
Glezer et al., 2015 for a similar procedure).

In the auditory block, stimuli were presented in a male voice,
and recorded at 44.1 Khz. The control condition was created by
spectrally-inverting each word audio (i.e., the spectral content of
the word signal was inverted around a center frequency of 2 kHz).

N° of letters 6.1(1.3) 6.4(1.2) 6.3 (1.1)
N° of syllables 3.1(0.6) 3.1(0.6) 3.2(0.6)
Log-transformed frequency 1.0 (0.6) 0.9 (0.6) 0.9 (0.6)
AoA 1.6 (1.9) 2.0(2.1) 2.0(2.1)
Familiarity (0-10) 5.9(0.7) 6.0 (0.8) 6.1 (0.6)
Imageability (0-10) 6.1(0.4) 6.2 (0.4) 6.2 (0.4)
Concreteness (0-10) 5.8(0.6) 5.7 (0.7) 5.9 (0.7)

This spectral alteration made the inverted audio virtually unintel-
ligible, but similar in intonation and spectral power to the original
auditory word (Blesser, 1972; Obleser et al., 2007).

In the object block, 60 black-and-white line drawings of natural
and man-made objects (selected from Sadat et al., 2014) were pre-
sented. Each image was scaled to fit within a 960 x 720 pixel array.
The control condition was created by breaking object images into
10 x 10 pixel squares and randomly shuffling their locations. All
pairs of regularly configured and scrambled objects were equated
for luminance (see Grill-Spector et al., 1998; Vilberg and Davachi,
2013 for a similar procedure).

For each block, 12 items (6 regularly configured and 6 scrambled
items) were randomly selected and presented twice in a row. These
repeated trials represented the target items of a one-back task and
were excluded from further analyses. Overall, each block contained



S. Caffarra et al. / Developmental Cognitive Neuroscience 24 (2017) 21-32 25

132 items each (60 regular configured items, 60 scrambled items,
and 12 repetitions).

2.3. Procedure

Participants sat on a comfortable chair in a magnetically
shielded room and were instructed to fixate the center of the screen
(distance 150cm). To make sure participants were attentive all
along the experiment, the task consisted of pressing a response
button whenever the current stimulus was identical to the previ-
ous one in the sequence (one-back task). Before each experimental
block, participants received a short training block of 5 stimuli (with
one repeated item) to make them familiarized with the task and
the stimuli (visual words, auditory words and objects, depending
on the current block). Auditory stimuli were presented between
70 and 80 dB through plastic tubes and silicon earpieces to partici-
pants’ ears (average duration: 700 ms, SD: 95). Visual stimuli were
presented at the center of the screen for 2000 ms with a visual angle
of approximately 4°. The interstimulus interval was 1000 ms. Stim-
uli and block orders were randomized across participants. Every 20
items a short break was provided and longer pauses were given at
the end of each block. Overall, the recording session lasted approx-
imately one hour. Two participants were too sleepy to attend to the
last experimental block (the object block in both cases).

2.4. Meg data recording and ERF analyses

Continuous cerebral activity was recorded (band-pass fil-
ter: 0.03-330Hz; sampling rate: 1000 Hz) using the whole-scalp
MEG system (Elekta-Neuromag, Helsinki, Finland) installed at the
Basque Center on Cognition, Brain and Language. Each of the 102
sensors contained two planar gradiometers and one magnetome-
ter. At the beginning of the experiment, the positions of four Head
Position Indicator (HPI) coils were defined relative to the nasion and
both preauricular anatomical points with an Isotrak 3-D digitizer
(Fastrak Polhemus, USA). The head position was initially calculated
relative to the coordinate system of the MEG helmet and continu-
ously monitored during the recording session to register possible
head movements. Eye movements were monitored with vertical
and horizontal bipolar electrooculograms (VEOG and HEOG). Using
MaxFilter (Ver. 2.2.12; Elekta-Neuromag), MEG data were individu-
ally corrected for head movements and subjected to noise reduction
using the temporally extended signal space separation method
(Taulu and Hari, 2009; Taulu and Kajola, 2005). Bad channels were
substituted with interpolated values.

In order to obtain the event-related fields (ERFs) time-locked to
experimental stimuli onset, the MEG data were subsequently ana-
lysed using Fieldtrip toolbox (Oostenveld et al.,2011) implemented
in Matlab (Mathworks). Muscle artifacts expressed in the high
frequencies (110-140 Hz) were automatically rejected. Average z-
values over sensors and time points in each trial were calculated
and trials exceeding the threshold of a z-score equal to 25 were
removed. Then, the recordings were low-pass filtered at 35Hz
and down-sampled off-line to 150 Hz. Heart beat and ocular arti-
facts were linearly subtracted from recordings using Independent
Component Analysis (ICA) (Bell and Sejnowski, 1995). ICA compo-
nents responsible for eye movements were identified calculating
correlation values between the component signal and the activ-
ity of the VEOG/HEOG channels. Finally, MEG epochs were visually
inspected to discard any remaining artifacts. Planar gradiometers
were combined and event-related fields (ERFs) were obtained by
averaging the remaining MEG epochs. A baseline correction was
applied using an interval of —400 ms to 0 ms. On average, 63% (SD:
11) of trials were included after rejections. There were no signifi-
cant differences in the number of accepted trials across conditions
(F(1,7)=0.35, p=0.93) and across groups (F(1,27)=0.59; p=0.45).

To identify the cluster of sensors showing the greatest difference
between regularly configured and scrambled conditions, we per-
formed a nonparametric cluster-based random permutation test at
the sensors level during the first second of stimulus presentation
(Maris and Oostenveld, 2007). The analysis also enabled to identify
the time windows where the difference between experimental con-
ditions was maximized.! The averaged values of combined planar
gradient entered the statistical analysis. This test increases the sen-
sitivity of the statistics while controlling for multiple comparisons.
First, for every sensor the experimental conditions were compared
by means of dependent-samples t-tests. All contiguous sensors
exceeding a preset threshold (p=0.05) were grouped into clusters
based on temporal, spatial and spectral adjacency. For each cluster
the sum of the t-values was calculated and used at the cluster-
level statistics. Then, a null distribution assuming no difference
between conditions was approximated by drawing 1000 random
permutations of the observed data and calculating the maximum
cluster-level summed t-values for each randomization. Finally, the
observed cluster-level statistics were evaluated under the null dis-
tribution. When the clusters fell in the highest 5th percentile, we
concluded that the data in the two conditions do not come from
the same probability distributions; hence, they were significantly
different.

For each participant and each time window of interest, the ERF
difference between regularly configured and scrambled conditions
was calculated at the sensors that were previously identified by
the cluster-based random permutation test (and that showed a
significant difference for at least 100 ms).

To estimate the degree of association between brain activ-
ity change and reading performance, partial correlations were
computed between the effect size of each significant cluster (i.e.,
regularly configured condition minus scrambled condition) and the
number of errors during word and pseudoword reading. All cor-
relations were controlled for age, vocabulary size and nonverbal
intelligence. Statistical comparisons between correlations of dif-
ferent tasks were carried out using cocor R package (Diedenhofen
and Musch, 2015).

To further check for brain changes during reading development,
we also looked at the brain responses of children whose reading
performance was above and below the median (i.e., defined here
as poor and skilled readers) and we performed additional cluster-
based permutation tests on these two groups.

3. Results

Participants showed 87% of correct identification of repeated
items (poor readers: 83%, SD: 5; skilled readers: 89%, SD: 4). Accu-
racy rates did not differ across blocks (F(2,87)<2.03, p=0.14) and
across groups (£(28) <1, p=0.83). Results from correlation analyses
are shown in Figs. 2, 4 and 6. Averaged ERF waveforms recorded
during each block for poor and skilled readers are displayed in
Figs. 3,5 and 7.

3.1. Visual word block

Between 200 and 300 ms after stimulus onset, the overall group
showed a greater activity for written words than scrambles over left
posterior sites (p <0.01). The magnitude of this effect (i.e., the brain
activity difference between words and scrambles) negatively cor-
related with the number of errors made during reading (r=—0.45,

1 These time windows were consistent with those reported in previous electro-
physiological studies (visual words: Brem et al., 2010; Salmelin et al., 2000; auditory
words: Helenius et al., 2009; Simos et al., 2000; visual objects: Friedman et al., 1988,
1992).
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Fig. 2. Partial correlation between visual word responses and reading errors. Val-
ues from all participants (n=30) are represented. The graphs show the residuals of
number of errors in reading (y-axis) and the ERF amplitude difference (words minus
scrambles) in the time windows of interest (left: 200-300 ms; right: 400-800 ms).
Values were adjusted for age, vocabulary size, and nonverbal intelligence.

p<0.01), after controlling for age, vocabulary size and nonverbal
intelligence measures (see Fig. 2). Between 400 and 800 ms, words
elicited greater responses than scrambles over left temporal sites
(p<0.01). Again, this effect size negatively correlated with the num-
ber of errors during reading (r=—0.41,p <0.05, see Fig. 2). Itis worth
noting that the brain response changes observed in both time win-
dows were specifically associated with reading expertise since the
ERF effects did not correlate with participants’ characteristics (i.e.,
age, vocabulary size, nonverbal intelligence) after correcting for
reading performance (all ps > 0.05). Thus, brain responses to written
words relative to scrambles progressively increased over left pos-
terior (200-300 ms) and temporal sites (400-800 ms) as reading
performance improved.

The analyses on poor and skilled readers showed results in line
with the correlations above. Specifically, skilled readers showed
stronger neural activity for words than scrambles over left pos-
terior sites between 200 and 300 ms (p<0.01) and a greater left
temporal activity was observed after 400 ms (p <0.01). Poor read-
ers did not show any significant difference between visual words
and scrambled words (200-300 ms: p=0.22; 400-800 ms: p=0.37,
see Fig. 3). The between-group analyses on brain responses did not
reach statistical significance (ps >0.05).

3.2. Auditory word block

Between 300 and 700 ms after stimulus onset spoken words
elicited greater responses than scrambles over left temporal sites
(p<0.01). The magnitude of this effect (averaged word-scramble
activity difference) did not correlate with the number of errors
during reading (r=+0.11, p=0.29, see Fig. 4).

Both poor and skilled readers showed greater left temporal
responses for auditory words relative to scrambles (poor readers:

2 Two subsets of poor and skilled readers (n=10), who were matched for age,
vocabulary size and nonverbal intelligence, were also considered and further ana-
lysed. The results were similar to those presented above, with significant differences
between words and scrambles only for the skilled readers. In addition, between-
group comparisons revealed greater effects for skilled readers as compared to
matched poor readers between 400 and 800 ms.

3 Scrambled audios elicited greater responses than spoken words within the first
200 ms after stimulus onset (p <0.01). The effect size did not correlate with reading
performance (r=—0.03, p=0.45).

p<0.01, skilled readers: p<0.05, see Fig. 5). Between-group compar-
isons were not significant (p >0.05).*

3.3. Visual object block

Between 200 and 500 ms after stimulus onset, visual objects
elicited greater responses than scrambles over left sites (p<0.01)
and right posterior sites (p <0.05). Partial correlations between the
effect size (i.e., object-scramble activity difference) and reading
performance were calculated for both groups of sensors. While
the magnitude of the effect over left sensors negatively correlated
with the number of reading errors (r=-0.31, p<0.05), the right-
lateralized brain responses did not show any significant correlation
with reading measures (r=—0.05, p=0.40, see Fig. 6).> The left brain
response changes did not correlate with age and nonverbal intel-
ligence after correcting for reading performance (all ps > 0.05) but
they still correlated with vocabulary size (i.e., scores from a pic-
ture naming task; r=-0.40, p <0.05). Thus, greater left lateralized
brain responses to objects versus scrambles were associated with
improvements in reading and in verbal decoding of visual configu-
rations (i.e., black-and-white pictures).

In skilled readers, the cluster-based permutation test revealed
a significant difference between objects and scrambles in left pos-
terior sensors (p <0.05), with greater amplitudes for visual objects.
A significant difference was observed for poor readers over right
temporal sensors (p<0.01, see Fig. 7). Between-group comparisons
were not significant (p > 0.05).5

3.4. Comparisons across tasks

Statistical comparisons among the three tasks showed that the
correlation between reading errors and brain responses to visual
words did not differ in strength from the correlation of visual
object effects (zs<0.80, ps>0.20; Pearson and Filon, 1898). This
suggests that children’s reading expertise had a similar impact on
brain responses to visual words and objects. On the other hand,
the correlation between reading errors and auditory brain changes
was significantly weaker as compared to the correlations of visual
objects and words (zs>1.55, ps <0.05; Pearson and Filon, 1898).

4. Discussion

The present MEG study investigated children’s verbal and non-
verbal processes during reading acquisition. The results showed
a wide reorganization of brain activity when verbal stimuli were
visually presented, while no consistent variations were found in
the auditory domain. Neural correlates of visual object recognition
also changed as reading improved, suggesting that learning to read
can influence how children treat visual representations.

The present results on written words confirmed that as reading
skills improve, an increased left occipitotemporal activity can be
seen around 200 ms (as similarly observed in longitudinal studies
with children: Brem et al., 2010; Maurer et al., 2006). The distribu-
tion and the time course of this effect are compatible with those
of the visual word form area, which is supposed to be the gateway
region for reading that enables the access to abstract representa-
tions of letters (McCandliss et al.,2003), or amultimodal integration

4 Similar results were found for poor and skilled readers (n=10) matched for age,
vocabulary size and nonverbal intelligence.

5 Scrambles elicited greater responses than objects within the first 200 ms after
stimulus onset (poor readers: p <0.01; skilled readers: p <0.05). The effect size did
not correlate with reading performance (r=+0.08, p=0.35).

6 Similar results were found for a subset of poor and skilled readers matched for
age, vocabulary size and nonverbal intelligence (n=10).
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Fig. 3. Average ERF waveforms to visual words and scrambled words for poor readers (top) and skilled readers (bottom). The ERF responses were calculated averaging
left posterior and left temporal planar gradiometers that showed significant ERF differences in the 200-300 and 400-800 ms intervals. Evoked responses to the scrambled
words were subtracted from the responses to the visual words. For each time window of interest (200-300 ms; 400-800 ms after stimulus onset), topographic distribution
of grand-average difference waveforms and t-values of the significant group of sensors are displayed below the ERF responses (on the left and right side, respectively).
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Fig.4. Partial correlation between auditory word responses and reading errors. Val-
ues from all participants (n=30) are represented. The graph shows the correlation
between the number of errors in reading (residuals, y-axis) and the ERF amplitude
difference (words minus scrambles) in the time window of interest (300-700 ms)
after adjusting for age, vocabulary size, and nonverbal intelligence.

hub (Carreiras et al., 2014; Price and Devlin, 2011). However, since
no frontal brain changes were found at this early stage of reading
the current data do not provide evidence supporting interactive
models (Price and Devlin, 2011).

Our findings on written words further reveal that when a long
training period is considered (up to two years) children show
a strong reorganization of brain responses, with an additional
increase of left-lateralized brain responses at a later stage of pro-
cessing (400-800 ms). According to modular models, this effect is
supposed to reflect phonological, lexical, and semantic processes
that would take place after a first stage of orthographic encod-
ing (Pugh et al., 2013; Turkeltaub et al., 2003; Simos et al., 2000).
Overall, the present MEG findings are consistent with what has
been reported in cross-sectional studies using different techniques
and experimental paradigms (Carreiras et al., 2009; Dehaene et al.,
2010; Pugh et al., 2013; Turkeltaub et al., 2003). The time win-
dows of interest are slightly delayed with respect to the adults
(Salmelin et al., 2000), suggesting that reading mechanisms might
be further automatized and speeded up through life (Maurer et al.,
2005, 2006). Although previous studies suggest that occipitotem-
poral responses to visual words are bilaterally distributed after few
reading sessions (Brem et al., 2010), the present findings reveal that
an adult-like left lateralization of posterior responses can emerge
within the first two years of formal reading instruction. The lack
of between-subject differences together with the correlation val-
ues might suggest that the effect of reading acquisition on neural
responses is continuous rather than a sudden change (see also
Monzalvo and Dehaene-Lambertz, 2013).

Auditory words elicited greater responses relative to scrambles
over left temporal sites 300 ms after stimulus onset. The distri-
bution and time course of this effect are consistent with what
previously reported, reflecting lexical and semantic access of spo-
ken words (Helenius et al., 2009; Simos et al., 1998, 1999, 2000).
However, this effect did not modulate as a function of reading
performance, suggesting that reading acquisition did not strongly
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Fig. 5. Average ERF waveforms to auditory words and scrambled words for poor
readers (top) and skilled readers (bottom). The ERF responses were calculated aver-
aging left temporal planar gradiometers (which showed significant ERF differences
between 300 and 700 ms). The evoked responses to the auditory scrambles were
subtracted from the responses to the spoken words in the time window of interest.
Topographic distribution of grand-average difference waveforms and t-values of the
significant group of sensors are displayed below the ERF responses (on the left and
right side, respectively).

change the way children processed auditory words relative to
scrambles within the first years of formal instruction.” The present
findings are difficult to reconcile with previous neuroimaging data,
which rather suggest an impact of literacy on auditory processes
(Castro-Caldas et al., 1998; Dehaene et al., 2010; Dehaene, 2011;
Helenius et al., 2009; Pugh et al., 2013).

Methodological differences across studies can contribute to
explain these different patterns of results. Neuroimaging studies
on adults highlight the strong impact of literacy on spoken word
responses when people perform explicit tasks (e.g., rhyming, rep-
etition, lexical decision tasks; Castro-Caldas et al., 1998; Dehaene
etal., 2010; Dehaene, 2011). Importantly, they did not report brain
changes during passive listening (Dehaene et al., 2010). Similarly,
a neuroimaging study where children were passively listening to
sentences did not systematically report reading-induced changes
(Monzalvo and Dehaene-Lambertz, 2013). Variations in neural cor-
relates of spoken sentences relative to foreign sentences were
reported after few months of reading instructions (6 years old), but
not after years (6-9 years old; Monzalvo and Dehaene-Lambertz,
2013; see also Simos et al., 2000 for a similar null effect). Apart from
the task, the contrast of interest might also contribute to explain the
different patterns of results. In Monzalvo and Dehaene-Lambertz
(2013) significant differences in the speech network were observed
between 6 and 9 years of age only when responses to native and
foreign sentences were grouped, but not when they were com-
pared against each other. Similarly, Pugh et al. (2013) reported an

7 Note that the presence of a clear effect in poor readers confirmed that we had
enough statistical power to detect differences even in this group of children.
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Fig. 6. Partial correlation between visual object responses and reading errors. Val-
ues from all participants (n=28) are represented. The graphs show the residuals of
reading errors (y-axis) vs. the ERF amplitude difference (objects minus scrambles) in
the time window of interest (200-500 ms). Values were adjusted for age, vocabulary
size, and nonverbal intelligence.

enhancement of left temporal responses after combining activity
from words and pseudowords (Pugh et al., 2013). However, results
concerning the direct contrast between words and pseudowords
were not reported.

Altogether, these findings show that the impact of reading
acquisition on the left spoken language network is evident only
under specific experimental circumstances. Both the task and the
contrast of interest might influence the final pattern of results
(Dehaene et al., 2010; Monzalvo and Dehaene-Lambertz, 2013;
Pugh et al,, 2013). Given the paucity of studies on literacy and
reading development it is difficult to draw definitive conclusions
on this issue. Based on the available findings, we can claim that
reading expertise does not have strong effects on auditory pro-
cesses involved in passive listening. This questions a consistent
automatic access to orthography during auditory word processing
(Perre et al., 2011) and highlights that, at least in children, ortho-
graphic representations are not always activated by the passive
listening to the corresponding words. In addition, reading acqui-
sition does not seem to affect processes that are specifically related
to the analysis of meaningful words and sentences compared to
other auditory controls (i.e., scrambles, foreign sentences). Other
auditory subdomains might be more affected by the experience of
reading. Behavioural and electrophysiological studies seem to sug-
gest that the processing of prosodic contours (Goswami et al., 2009;
Molinaro et al., 2016), syllabic boundaries (Hornickel et al., 2009;
Lizarazu et al., 2015; Morais et al., 1986) and phonological cues
(Morais et al., 1979; Morais et al., 2007; Woodruff et al., 2014; for
a review see Huettig and Mishra, 2014) might be more affected by
reading expertise as compared to lexical analysis.

Brain responses to visual objects differ from those to scrambles
over posterior sites (200-500 ms). The distribution and the tim-
ing of this effect are consistent with those reported in previous
electrophysiological studies for recognition and semantic encod-
ing of visual objects (Friedman et al., 1988, 1992; He et al., 2015).
Importantly, we observed changes of these responses as a function
of reading scores and picture naming scores, with increased left
responses to objects relative to scrambles as reading and verbal
decoding of visual images improves. The lack of clear differences
between poor and skilled readers in the between-group compar-
isons might suggest that these brain changes gradually happen over
time.
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Fig. 7. Average ERF waveforms to visual objects and scrambled objects for poor readers (top) and skilled readers (bottom). The ERF responses were calculated by averaging
left and right posterior planar gradiometers. Between 200 and 500 ms after stimulus onset the evoked responses to the scrambled objects were subtracted from the responses
to the visual objects. Topographic distribution of grand-average difference waveforms and t-values of the significant clusters are displayed below the ERF responses (on the

left and right side, respectively).

These findings show for the first time that neural correlates of
children’s object recognition change as they become more expert
readers. Reading acquisition is associated with the activation of
the left language network during children’s object recognition. One
possible explanation of the present finding is related to the linguis-
tic decoding of visual material. This effect can be interpreted as
reflecting a more efficient access to lexical codes through visual
configurations after reading acquisition. As children learn to read
they get trained to associate symbolic visual material (e.g. letters)
with phonological, lexical and semantic content (Kolinsky et al.,
1990; Reis et al., 2006). This training would influence the interac-
tion between the visual and the language systems (for a similar
proposal see Hoving et al., 1974; Reis et al., 2006) and it would
enable the left language network to be activated by different types
of visual representations.

The present findings can be alternatively explained by a pro-
gressive enhancement of the neural visual system while children
learn to read. In this case, the present changes in brain responses
to visual objects would be mainly due to a specific improvement
of basic perceptual skills as the result of reading training. How-
ever, previously reported reading-related brain changes in primary
visual areas were typically observed in earlier time windows (e.g.,
100-200 ms; Pegado et al., 2014) and they were usually bilaterally
distributed (Dehaene et al., 2010, 2015).

The greater involvement of the left hemisphere between 200
and 500ms during object recognition seems to be more likely
related to a stronger linguistic decoding of visual stimuli. This
interpretation is further supported by the presence of a negative
correlation between the left posterior brain responses to visual
objects and children’s ability to access linguistic codes given simple
line drawings. The more children were able to verbalize schematic
visual representations, the stronger the effect over left posterior
sites.

Consistently with these findings, behavioral studies showed that
literates are better than illiterates at naming pictures and retrieving
linguistic information based on visual representations of objects
(Ardilla et al., 1989; Kremin et al., 1991; Manly et al., 1999; Reis
et al., 1994, 2001). Interestingly, literates’ and illiterates’ perfor-
mances during picture naming are different especially when the
visual configurations are two dimensional, contour based, and black
and white (Reis etal., 1994,2001, 2006). This suggests that the more
the visual material implies a certain level of abstraction and sym-
bolic representation (as in the case of letter strings), the stronger
the effect of literacy on object recognition. Since reading represents
atraining in accessing linguistic information based on conventional
visual representations, acquiring a new writing system would gen-
erally entrench the verbal decoding of graphic material. The effects
of this training would not be restricted to letter strings but they
could be generalized to those visual configurations that require
a certain level of symbolism and conventional meaning (e.g., line
drawings). This might explain why previous neuroimaging studies
did not find strong brain changes with photographs and tridimen-
sional representations (Dehaene et al., 2010; Pegado et al., 2014;
see Reis et al., 1994 for similar null effects at the behavioral level).

The present findings enable us to reconcile previous contrasting
and challenging findings reported in object recognition literature.
For instance, reading expertise can help to explain why object
detection areas are highly heterogeneous and particularly difficult
to be mapped in children (Gathers et al., 2004). Similarly, the dif-
ferent patterns of response lateralization so far reported in visual
object detection (i.e., left-lateralized, Sergent et al., 1992; Dawson
etal.,2002) might be accounted by differences in participants’ read-
ing skills.

Moreover, our findings on visual objects seem to be in line with
recent data on visual categorization (Franklin et al., 2008). In a
visual-half field study on color categorization, a stronger involve-
ment of left hemisphere was reported in adult readers compared to
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infants (Franklin et al., 2008). Although further investigations are
needed in order to better define the exact role of literacy on visual
analysis, this might suggest that reading acquisition has an effect
not only on the way people decode figurative representations but
also on the way they discriminate and categorize visual input.

Finally, the comparison between correlations of different cog-
nitive domains showed that children’s brain responses to visual
configurations (i.e., words and objects) are more related to reading
performance as compared to auditory brain changes. This suggests
that during the first two years of formal education, reading has a
stronger impact on the visual domain as compared to the audi-
tory domain (Dehaene et al., 2010, 2015). The present result does
not seem to support theoretical models that assume the presence
of phonological changes before being able to observe any visual
improvement (Blomert, 2011). Reading-related phonological brain
changes might be more evident later on or might involve specific
auditory subprocesses that were not examined in the present study
(such as phonological awareness, Castles and Coltheart, 2004).
Additional investigation is needed in order to draw definitive con-
clusions on this issue.

4.1. Limitations

The current study, as many electrophysiological studies on
young participants, has several limitations. Due to low quality of
data we had to exclude eight children from our analyses and two of
the children included in the experimental sample could not attend
to the last experimental block of the MEG recording session. In addi-
tion, it should be noted that children who achieved high reading
performances were also those who received a substantial amount of
formal reading instruction. Thus the effect of schooling and reading
expertise cannot be disentangled in the present study. Although the
present cross-sectional study could highlight associations between
brain changes and reading performance, it does not allow us to
infer any causal relationship. Additional studies where the devel-
opmental factors are controlled or kept constant (i.e., longitudinal
designs, studies on children with the same age but different read-
ing performances) are highly needed in order to clearly identify the
consequences of reading acquisition.

5. Conclusions

The present study provides evidence that learning to read is
associated with changes in the way children treat visual config-
urations. The better the reading performance the stronger is the
involvement of the left language network in response to both writ-
ten words and visual representations of objects. This seems to
suggest that during reading training linguistic information can be
better accessed through visual material.
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