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Abstract
The visual word form area (VWFA) plays a significant role in the development of reading skills.
However, the developmental course and anatomical properties of the VWFA have only
limitedly been investigated. The aim of the current longitudinal MRI study was to investigate
dynamic, bidirectional relations between reading and the structure of the left fusiform gyrus at
the early-to-advanced reading stage. More specifically, by means of bivariate correlations and
a cross-lagged panel model (CLPM), the interrelations between the size of the left fusiform
gyrus and reading skills (a composite score of a word and pseudo-word reading task) were
studied in a longitudinal cohort of 43 Flemish children (29M, 14F) with variable reading skills
in grade 2 (the early stage of reading) and grade 5 (the advanced stage of reading) of primary
school. Results revealed that better reading skills at grade 2 lead to a larger size of the left
fusiform gyrus at grade 5, whereas there are no directional effects between the size of the left
fusiform gyrus at grade 2 and reading skills at grade 5. Hence, according to our results there is
behavior-driven brain plasticity and no brain-driven reading change between the early and
advanced stage of reading. Together with pre-reading brain studies showing predictive relations
to later reading scores, our results suggest that the direction of brain-behavioral influences
changes throughout the course of reading development.
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Introduction
Learning to read is a developmental process accompanied by functional and anatomical
changes in the brain. According to the traditional reading network (Pugh et al., 2000, 2001),
beginning readers mainly rely on phonological representations and grapheme-phoneme
conversions and thereby activate dorsal temporal parietal brain regions, whereas more advanced
readers mainly rely on orthographic representations and thereby activate ventral occipital
temporal brain regions. In particular the visual word form area (VWFA), corresponding to the
middle part of the left fusiform gyrus in the ventral occipital temporal cortex, is assumed to
play a significant role in reading (Cohen & Dehaene, 2004; Dehaene et al., 2010; DehaeneLambertz et al., 2018). The traditional reading network is supported by fMRI (e.g. Glezer et al.,
2016) and dMRI studies (e.g. Vandermosten et al., 2012) revealing that in adult readers dorsal
temporal parietal regions are sensitive to phonology and ventral occipital temporal regions to
orthography. However, developmental aspects of the traditional reading network have been
questioned (Richlan, 2012). First, whereas the model assumes that the ventral regions are only
involved in later reading stages, in which orthographic whole-word recognition plays an
important role, the available studies in pre-to-beginning readers indicate that the VWFA already
shows sensitivity for print over symbols after a few weeks of grapheme-phoneme training (Bach
et al., 2013; Brem et al., 2010; see Dehaene-Lambertz et al., 2018), or even less than 30 minutes
(Pleisch et al., 2019). Second, it is argued that in pre- to beginning readers the left ventral
occipital temporal region contributes to phonological processes besides orthographic processes
(Beelen et al., 2019; Brem et al., 2010; Conant et al., 2020; see Richlan et al., 2011;
Vanderauwera et al., 2018; Vandermosten et al., 2015).
The VWFA is not present from birth, but develops as soon as individuals learn how to
read (Dehaene-Lambertz et al., 2018). Saygin et al. (2016) performed a combined functional
magnetic resonance imaging (fMRI) and Diffusion Tensor Imaging (DTI) longitudinal study in
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5-year-old pre-reading children and observed that connectivity patterns from the ventral visual
cortex to distinct language areas predict at which location along the pathway the VWFA
develops three years later (see also Dehaene & Dehaene-Lambertz, 2016). The onset of the
VWFA was investigated in detail in a longitudinal fMRI study of Dehaene-Lambertz et al.
(2018). Children aged 6-7 years were scanned once before reading onset in kindergarten and
multiple times at the early stage of reading in the first year of primary school. Results revealed
that reading onset leads to functional changes in voxels in the mid-fusiform gyrus that initially
are weakly specialized for tools. After reading onset, these voxels remain active for tools, but
acquire an additional, stronger response for words, i.e. these voxels form the VWFA. This is
also confirmed by EEG studies showing a negative potential (N1) after 188-281 ms occurring
over occipital temporal scalp regions in pre-readers and second graders when confronted with
print in contrast to symbols or false fonts (Maurer et al. 2006, 2007; Bach et al., 2013; Brem et
al. 2013). A few weeks of grapheme-phoneme-coupling training in kindergarten induces the
N1-potential already (Brem et al. 2010). In addition, a combined fMRI and EEG study of
Pleisch et al. (2019) showed that even very short grapheme-phoneme training (i.e. less than half
an hour) in preschoolers induces the N1-potential and leads to altered visual character
processing with increased activity for trained false font characters as opposed to untrained ones.
Although the onset of the VWFA may occur at a short period of time in early childhood, crosssectional fMRI studies observed that the VWFA develops over a prolonged trajectory from
early childhood into late adolescence (Centanni et al., 2017; Dehaene et al., 2010; Olulade et
al., 2013). For instance, Centanni et al. (2017) investigated VWFA sensitivity (print versus nonlinguistic faces) and specificity (print versus line drawings of nameable objects) in children
aged 7-14 years and adults, and observed that children aged 7-14 years have a similar VWFA
sensitivity for print over faces as adults, but that their VWFA specificity for print over object
line drawings is not at the level of that of adults yet. Results therefore suggest that in the VWFA
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sensitivity for print (relative to non-linguistic stimuli) develops before the age of 7, but
specificity for print still develops after the age of 14.
With regard to poor readers and children with dyslexia (i.e., children with severe and
persistent reading or spelling deficits), cross-sectional child (f)MRI studies revealed that the
VWFA differs between poor and typical to strong readers (Maurer et al., 2007, 2011; Shaywitz
et al., 2007; Van der Mark et al., 2009; Beelen et al., 2019). For instance, Beelen et al. (2019)
reported in their MRI study a smaller fusiform gyrus in pre-reading children who a few years
later were classified as having dyslexia. Additionally, a small number of available longitudinal
child (f)MRI studies reported differences in activation in the region that will later form the
VWFA between children who develop into poor or strong readers (Bach et al., 2013; Centanni
et al., 2019). Centanni et al. (2019) indicated in their fMRI study that pre-reading children with
dyslexia at the end of the second grade have accompanying reductions in print responses in the
location that will become the VWFA, both for familiar letters and novel letter-like false fonts.
Bach et al. (2013) observed in their fMRI study that in pre-readers activation of the region that
develops into the VWFA together with behavioral assessment scores predicts their reading
performance in the second grade. Because these studies focused on the pre-reading phase in
which children have none to very limited reading experience yet, observed differences between
children who will become poor or strong readers are presumably not caused by variation in
reading experience. Furthermore, a longitudinal fMRI study of Preston et al. (2016) observed
that print-speech co-activation in the left hemispheric reading network (amongst which the
fusiform gyrus) of beginning to advanced readers (readers between 6 and 10 years old) predicts
their reading achievement two years later, suggesting that not only pre-reading, but also during
reading development, impairments in the fusiform gyrus will lead to later observed reading
difficulties. Particularly, the pre-reading studies suggest that impairments in the fusiform gyrus,
and more specifically the VWFA, will lead to later observed reading difficulties in a
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unidirectional way. However, reading skills might also impact the development of the left
fusiform gyrus, similar to having reciprocal associations between reading and cognitive skills,
with good phonological skills being important for learning to read, and reading improving
phonological skills in turn. According to the interaction specialization theory, brain structures
and functions develop as a result of continuous dynamic interactions between genetics, the
brain, the body and the environment (Johnson, 2001, 2011), hence arguing that brain
development is not solely the result of a unidirectional genetic-driven maturation process, but
is also influenced by daily activities. This view supports the idea of a reciprocal, dynamic
relation between reading skills and the structure of the left fusiform. In a similar vein, the neural
recycling theory states that brain changes may be behavior-induced, in which a weakly specified
cortical region, after acquiring a skill for which it was not genetically programmed, becomes
specialized for the new skill (Dehaene, 2005; Dehaene & Cohen, 2007; Dehaene et al., 2010;
Olulade et al., 2013; Dehaene-Lambertz et al., 2018). So, learning to master the writing system
can be thought of as a new skill, which gradually develops in an originally weakly specified
area of the mid-fusiform gyrus as a result of print experience. After reading skills are acquired,
the area still responds to other visual inputs, but to a larger extent to print. The area is referred
to as the VWFA. Hence, early reading development induces neuronal recycling and shapes the
development of the VWFA.

The function of the VWFA has extensively been investigated in adult studies, but its
developmental course has only limitedly been investigated (Dehaene-Lambertz et al., 2018;
Bach et al., 2013; Centanni et al., 2019, Preston et al., 2016, Saygin et al., 2016). The aim of
the current longitudinal MRI study is to investigate the dynamic, bidirectional relations between
the left fusiform gyrus (encompassing the VWFA) and reading skills at the early-to-advanced
reading stage. More specifically, the interrelations between the size of the left fusiform gyrus
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and reading skills (a composite score of a word and pseudo-word reading task) will be studied
in a longitudinal cohort of children with variable reading skills in grade 2 (the early stage of
reading) and grade 5 (the advanced stage of reading) of primary school. We chose to have our
focus on the relation between the size of the left fusiform gyrus and reading skills, since in our
former study (Beelen et al., 2019) we observed significant differences in the size of the fusiform
gyrus between pre-readers who subsequently develop dyslexia and pre-readers who later on
become typical readers. In the current study, children of the same cohort are investigated, but
now at the early (grade 2) and advanced (grade 5) reading stage. In the current study, we will
use bivariate correlations and a cross-lagged panel model (CLPM) to investigate the relations
between the size of the left fusiform gyrus and reading skills. By means of the CLPM we can
examine whether (1) the left fusiform structure during the early stage of reading has an impact
on reading skills during the advanced stage of reading, or whether (2) reading skills during the
early stage of reading have an impact on the left fusiform structure during the advanced stage
of reading (see figure 1). The first pattern of results resembles longitudinal (f)MRI studies in
pre-readers (Bach et al., 2013; Centanni et al., 2019) and readers (Preston et al., 2016), showing
that the structure of left fusiform gyrus predicts later reading skills. The second pattern of results
is congruent with the interaction specialization theory and neuronal recycling. In addition, we
hypothesize to find autoregressive relations, in the sense that the size of the left fusiform gyrus
at grade 2 will predict the size of the left fusiform gyrus at grade 5, and that reading skills at
grade 2 will predict reading skills at grade 5.
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Fig 1 Hypothetical cross-lagged panel model
[Insert Fig 1]
Fig 1 shows our hypothetical cross-lagged panel model (CLPM). Cross-lagged predictive
relations between the size of the left fusiform gyrus and reading skills (word and pseudo-word
standardized reading tests) are investigated in early stage readers (grade 2) and advanced
readers (grade 5) with a wide range of reading skills. Single-headed arrows represent
regressions and double-headed arrows covariations between the variables. Covariations were
constrained to equality (“).
Method
Participants
The study contained 43 Flemish children (29M, 14F) with a wide range of reading scores (word
reading 2nd grade: M= 100.83; SD = 15.54; CI [70, 135], pseudo-word reading 2nd grade:
M = 95.83; SD = 14.77; CI [70, 135], word reading 5th grade: M = 85.35; SD = 20.25; [CI 55,
125], pseudo-word reading 5th grade: M = 92.38; SD = 16.64; CI [55, 120], of which 16
children with (DR) and 27 children without (TR) a dyslexia classification (see Beelen et al.,
2019). The study sample is part of a large longitudinal project (DYSCO) in which participants
were followed-up from kindergarten until grade 5 of primary school. In this period participants
underwent cognitive-behavioral testing sessions once a year, and EEG and MRI scanning
sessions once every two years alternately.
In the current study, MRI data of grade 2 and grade 5 of primary school were included.
MRI data acquired in kindergarten were not taken into account due to absence of concurrent
reading data. During the MRI session at the end of grade 2 of primary school 65 participants
were scanned (M = 95.4 months; SD = 3.1 months). As a result of excessive motion in the
scanner, 17 participants were excluded from the study. Images of excluded participants had
severe blurring, ringing or ghosting artifacts according to the Blumenthal criteria (Blumenthal
et al., 2002; Vân Phan et al., 2018) and were unusable for analyses purposes. Images of
remaining participants showed none, mild or moderate ringing, blurring or ghosting artifacts.
During the MRI session at the middle of grade 5 of primary school (M = 127.6 months;
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SD = 3.3 months) 63 participants were scanned. No participants were excluded from the study
due to excessive motion in the scanner; none of the images showed severe blurring, ringing or
ghosting artifacts. From all participants with no severe imaging artifacts (48 in grade 2 and 63
in grade 5), 43 participated in both the MRI session of grade 2 and grade 5, and were included
in our study. In addition, reading data, i.e. a standardized one-minute word reading test, ‘EMT’
(Brus & Voeten, 1973), and a two-minute pseudo-word reading test, ‘de Klepel’ (Van den Bos
et al., 1994), obtained from these 43 participants at the beginning of grade 2 (M = 86.2 months;
SD = 3.3 months; CI [80, 92 months]) and at the middle of grade 5 (M = 127.8 months;
SD = 3.2 months; CI [122, 134 months]), were included in the current study. The study was not
pre-registered. Approval was given by the ethical research committee of the local university
hospital of Leuven (KU/UZ Leuven), Belgium. The study is in accordance with ethical
standards described within the declaration of Helsinki. Informed consent had been obtained
from the parents.

Image Acquisition
Participants were scanned at the local university hospital of Leuven (KU/UZ Leuven),
Belgium. For each MRI session, T1-weighted images were acquired within 6 min. and 22 sec.
During both MRI sessions, the same Philips 3T-scanner (Best, The Netherlands) with 3D Turbo
field echo and a 32-channel head coil was used. In addition, applying the following parameter
settings: TR = 9.6 ms; TE = 4.6 ms; flip angle = 8°; FOV = 250 x 250 x 218 mm3; voxel
size = 1 x 1 x 1.2 mm3, per participant 182 contiguous coronal slices were collected at both
scanning sessions. The period between the MRI session of grade 2 and grade 5 was about 2.5
years (M = 32.4 months; SD = 1.0 months; CI [30, 34 months]).
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Image Processing
T1-weighted images acquired in the MRI scanning session of grade 2 and grade 5 were
automatically processed by the cross-sectional reconstruction processing stream of FreeSurfer,
version 5.3, which was installed on a Linux Ubuntu software system, version 14.02. In our
former study (Beelen et al., 2020), it has been shown that the automatically Freesurfer processed
data does not necessarily has to undergo further manual edits. Therefore, the fully automatically
processed data (i.e. without additional manual editing) were included in the current study. The
processing steps of the cross-sectional reconstruction processing stream contained skull
stripping by a hybrid watershed/surface deformation procedure (Ségonne et al., 2004), motion
and b1-bias field correction, white matter segmentation (Fischl et al., 2002, 2004), intensity
normalization (Sled et al., 1998), gray/white matter boundary tessellation, automated
topological correction (Fischl et al., 2001; Ségonne et al., 2007) and surface deformation (Dale
et al., 1999; Dale & Sereno, 1993; Fischl & Dale, 2000). Additionally, the Desikan-Killiany
atlas was implemented, automatically subdividing the inflated brain images into 34 gyral
regions-of-interest (Desikan et al., 2006; see also Beelen et al., 2019, 2020). For the current
study, the left fusiform gyrus was selected from the Desikan-Killiany atlas, since in this region
morphological differences have been observed between children with poor and strong reading
skills (Beelen et al., 2019) and the current study is based on nearly the same sample.

Statistical Analyses
Statistical analyses were performed in IBM SPSS, version 26.0 (IBM corp. 2019), R
version 3.6.3 (RCore Team, 2020) and RStudio version 1.2.5033 (RStudio Team, 2020). First,
bivariate correlations between all variables were calculated. Second, a cross-lagged panel
model (CLPM) analysis was performed. In the CLPM, the first time point refers to MRI data
and behavioral reading data obtained in grade 2 and the second time point refers to MRI data
and behavioral reading data obtained in grade 5. Additionally, MRI data correspond to the
10

surface area of the left fusiform gyrus, and behavioral reading data correspond to an average
score of the Dutch standardized one-minute word reading task ‘EMT’ (Brus & Voeten, 1973)
and the Dutch standardized two-minutes pseudo-word reading task ‘de Klepel’ (Van den Bos
et al., 1994) (see Figure 1). Furthermore, in the CLPM goodness-of-fit indices are chi-square
(χ2), comparative fit index (CFI), Tucker-Lewis index (TLI), root mean square error of
approximation (RMSEA) and the standardized root mean square residual (SRMR). Models with
chi-square being non-significant (i.e. testing the null hypothesis that the suggested model
matches the actual data) indicate a good model fit. In addition, models with TLI and CFI values
> .95 indicate a good model fit and > .90 an acceptable model fit, and models with RMSEA and
SRMR values < .05 indicate a good model fit and < .08 an acceptable model fit (Hu & Bentler,
1999). The proposed model will be evaluated and results of within-variable predictive relations
will be presented, followed by results of cross-lagged predictive relations between the variables.
Note that concurrent correlations are expected to remain stable over time and are therefore
constrained to equality. The equality constraint helps to reduce the total number of parameters
that need to be estimated by the model, making the model more parsimonious (Cole & Maxwell,
2003).

Results
With regard to bivariate correlations, there is a strong, highly significant correlation
between the same variables at both time points: for the size of the left fusiform gyrus: r = .72;
p < .001, and for reading skills: r = .80; p < .001. Furthermore, concurrent correlations
indicated that at grade 2 there was a non-significant correlation between the size of the left
fusiform gyrus and reading skills (r = .20; p = .202), and at grade 5 there was a significant
correlation between the size of the left fusiform gyrus and reading skills (r = .38; p = .014).
Finally, the size of the left fusiform gyrus at grade 2 and reading skills at grade 5 showed a
weak, non-significant correlation: r = .23; p = .164, and reading skills at grade 2 and the size
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of the left fusiform gyrus at grade 5 showed a moderate, significant correlation: r = .44;
p = .003 (see figures 2a and 2b). Results of all bivariate correlations are presented in figure 3a.
With regard to the crossed-lagged panel model (CLPM) analyses, the CLPM model that
was tested revealed: χ2(1, N = 43) = 1.34, p = 0.248; RMSEA = 0.093, 90% CI (<0.001, 0.45),
p = 0.270; CFI = .995 ; TLI = .972; SRMR = 0.085. The values of Chi-square, CFI and TLI
indicate a good model fit, whereas the values of the RMSEA and the SRMR are slightly below
an acceptable model fit. However, RMSEA can incorrectly indicate a poor model fit if the
sample size is small (N < 100) and the degrees of freedom are low (Kenny et al., 2015). The
cross-lagged predictive relations indicate that reading skills at grade 2 predict the size of the
left fusiform gyrus at grade 5: β = 12.6, SE = 4.1; Z = 3.1; p = .002. Hence, reading ability in
grade 2 influences the size of the left fusiform gyrus in grade 5, with better reading skills scaling
up with larger left fusiform size. Contrary, the size of the left fusiform gyrus at grade 2 does
not predict reading skills at grade 5: β = .001, SE = .003; Z = .5; p = .596. Results of the CLPM
are presented in figure 3b.

Fig 2a Bivariate correlation between the left fusiform (grade 2) and reading (grade 5)
[Insert Fig 2a]
Fig 2a shows the bivariate correlation between the sizes of the left fusiform gyrus (grade 2)
and the reading composite scores (grade 5).

Fig 2b Bivariate correlation between reading (grade 2) and the left fusiform (grade 5)
[Insert Fig 2b]
Fig 2b shows the bivariate correlation between the reading composite scores (grade 2) and the
sizes of the left fusiform gyrus (grade 5).

Fig 3a Bivariate correlations between the variables
[Insert Fig 3a]
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Fig 3a shows the bivariate correlations between the variables. * p < .05; ** p < .01; ***
p < .001.
Fig 3b Cross-lagged regressions in the CLPM
[Insert Fig 3b]
Fig 3b shows the outcomes of the cross-lagged regressions in the CLPM. β-coefficients and
their standard errors (between brackets) are presented. * p < .05; ** p < .01; *** p < .001. A
solid line indicates a significant relation and a dashed line a non-significant relation between
the variables. Single-headed arrows represent regressions and double-headed arrows
covariations between the variables. The concurrent covariations were constrained to equality
(“).

Discussion
In the current study, interrelations between the size of the left fusiform gyrus and reading
skills (a composite score of a standardized word and pseudo-word reading task) were
investigated in a longitudinal cohort of children with a variety of poor to strong skills, assessed
in grade 2 (the early stage of reading) and grade 5 (the advanced stage of reading) of primary
school. Specifically, it was examined whether we could observe directional effects between the
size of the left fusiform gyrus and reading skills at two different time points. Results of bivariate
correlations revealed that the size of the left fusiform gyrus and reading skills both show a high
association over time, suggesting longitudinal stability. In addition, there is an association
between the size of the left fusiform gyrus and reading skills at grade 5, and between reading
skills at grade 2 and the size of the left fusiform gyrus at grade 5. With regards to the directional
effects, results of the CLPM-analysis revealed that better reading skills at grade 2 lead to a
larger size of the left fusiform gyrus at grade 5, whereas directional effects between the size of
the left fusiform gyrus at grade 2 and reading skills at grade 5 were not observed. Hence,
between grade 2 and grade 5 there is behavior-driven brain plasticity, but we could not observe
a brain-driven reading behavior change.
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The main outcome of our study is that better reading skills at the early reading stage
(e.g. grade 2) lead to a larger size of the left fusiform gyrus at the advanced reading stage (e.g.
grade 5). Bivariate correlations showed that there is a significant association between reading
skills at grade 2 and the size of the left fusiform gyrus at grade 5, and the CLPM analyses
demonstrated the directionality, namely that early reading skills are impacting the size of the
fusiform at a later stage. Our prior study (Beelen et al., 2019) revealed that pre-readers with a
retrospective classification of dyslexia (as determined from reading measures obtained at the
early-to-advanced reading stage) have a smaller left fusiform gyrus in their pre-reading stage.
The smaller fusiform gyrus cannot be a consequence of poor reading skills, since pre-readers
have no reading experience yet. Therefore, during the pre-reading stage, the size of the left
fusiform gyrus influences later reading skills. The current study, consisting of largely the same
sample, reveals that the direction of influence switches at the early stage of reading
development, since results indicate that reading skills in grade 2 determine the size of the left
fusiform in grade 5. At the cognitive level, reading development shows a similar kind of
reciprocal relation, in which phonological awareness predicts later reading achievement prereading, and reading skills influence the development of phonological awareness after reading
onset (Hogan et al., 2005).
A dynamic interplay between reading skills and the structure of the left fusiform gyrus
is supported by the interaction specialization theory, which states that cortical functions develop
and specialize through continuous dynamic interactions between genetics, the brain, the body
and the environment (Johnson, 2001, 2011). The outcome of our MRI study is also congruent
with the recent observation that behavioral-induced neuronal recycling of the left fusiform
gyrus shapes the development of the VWFA (Dehaene-Lambertz et al., 2018). Neuronal
recycling has often been indicated by functional studies, but is now supported by our structural
MRI study. Throughout the first two decades of human development, changes in brain volume
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are non-linear; cortical and sub-cortical gray matter volume change according to an inverted Ushape, peaking in adolescence (Lenroot & Giedd, 2006; Tanaka et al., 2012). According to a
longitudinal fMRI study of Ben-Shachar et al. (2011), there is an increase in grey matter volume
in the posterior left occipital temporal sulcus (nearby the anatomical location of the VWFA)
from the age of 7 up until the age of 9, which levels off at the age of 10 to 12, followed by a
decrease at the age of 13 to 15, in which time period grey matter volume in the left occipital
temporal sulcus reaches adulthood level. In similar vein, EEG/ERP studies revealed that the
N1-potential has its peak between grade 2 and grade 5 (e.g. between 8-11 years), and decreases
thereafter (Brem et al., 2013; Maurer et al., 2006, 2007, 2011). Results of our MRI study and
these studies (Ben-Shachar et al., 2011; Brem et al., 2013; Maurer et al., 2006, 2007, 2011)
suggest that acquiring reading skills causes an increase in gray matter volume, which decreases
again as soon as sufficient reading skills have been obtained.
The outcome of our study contradicts Preston et al. (2016), who reported in their
longitudinal fMRI study that print-speech co-activation in the reading network (encompassing
the fusiform gyrus) of beginning to advanced (e.g. 6 to 10 years old) readers predicts their
reading achievement two years later. However, Preston et al. (2016) performed an fMRI study,
whereas our study was an MRI study. According to few studies, functional activation is
preceded by structural connectivity (Saygin et al., 2016; Osher et al., 2016; Ekstrand et al.,
2020). Hence, functional and structural plasticity processes may not happen simultaneously,
and reading skills may predict the function (e.g. activation) of the left fusiform gyrus at a later
reading stage than the structure (e.g. size) of the left fusiform gyrus, i.e. at the advanced instead
of the early reading stage.
Another observation in our study is that both the size of the left fusiform gyrus and the
reading skills show a high association over time, which suggests that they are stable over time.
Several studies reported that typical and poor readers show longitudinal stability in reading

15

across primary and high school (Juel, 1988; Ferrer et al., 2015; Kwiatkowska-White et al.,
2015). Poor reading performance, however, can mostly be changed through intervention
throughout primary and high school (Scammacca et al., 2016), including in young children at
risk for reading difficulties (Simmons et al., 2008; Cavanaugh et al., 2004; O’Connor et al.,
2005; Scanlon et al., 2005). Simmons et al. (2008) revealed in their behavioral study on
kindergartners, which were followed up from grade 1 until grade 3, that intervention in at-risk
children works effectively in the majority of cases. Additionally, a meta-analysis of Wanzek &
Vaughn (2007) comparing large intervention studies performed in kindergarten and the first
few grades of primary school, revealed that interventions performed in kindergarten or grade 1
have higher effect sizes than interventions performed in grade 2 or grade 3. In that perspective,
early (e.g. at the pre-to-early reading stage) intervention might be most effective. In addition,
our results might support early intervention, since in our study it is shown that having better
reading scores by grade 2 is a determinant for later structural development of the fusiform.
Training reading skills at the pre-to-early reading stage could lead to a more regular
development of the left fusiform gyrus. Improving the reading level at a later stage of reading
than in grade 2, the typical intervention window in clinical practice, might be too late to have a
direct effect on brain development in the fusiform gyrus, as suggested by our study, although
further investigation will be necessary. Another observation of our study is that concurrent
correlations are non-significant at grade 2, and significant at grade 5. The data obtained in grade
5 might be a bit more reliable than the data obtained in grade 2, since participants were more
familiar with the testing procedure, both regarding the MRI session and the reading tasks, and
showed less head motion in the MRI (although it should be mentioned that participants with
excessive head motion had been excluded from the analysis).
A limitation to our study is that the sample size is small (N = 43), since not all
participants of the original sample underwent an MRI at both time points, which was an
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inclusion criteria of our study. Another limitation of our study is that the classical CLPManalysis is not capable of fully separating between-persons from within-person effects. The
classical CLPM-analysis may reflect either one of them, or both, to a certain extent, and it is
very difficult to unravel which observed effects reflect within-person changes or betweenpersons differences (Berry & Willoughby, 2016). Furthermore, it should be noted that we have
not gathered data yet on how advanced reading skills influence the size of the fusiform gyrus
beyond grade 5 of primary school.
Altogether, results indicate that reading skills at the early stage of reading impact the
size of the left fusiform gyrus at the advanced stage of reading, whereas the size of the left
fusiform gyrus at the early stage of reading does not influence reading skills at the advanced
stage of reading. The outcome is in accordance with behavior-driven brain plasticity at the
early-to-advanced reading stage.

17

References




















Bach, S., Richardson, U., Brandeis, D., Martin, E., & Brem, S. (2013). Print-specific
multimodal brain activation in kindergarten improves prediction of reading
skills
in
second
grade.
Neuroimage,
82,
605-615.
https://doi.org/10.1016/j.neuroimage.2013.05.062
Beelen, C., Vanderauwera, J., Wouters, J., Vandermosten, M., & Ghesquière, P. (2019).
Atypical gray matter in children with dyslexia before the onset of reading
instruction. Cortex, 121, 399-413. https://doi.org/10.1016/j.cortex.2019.09.010
Beelen, C., Phan, T. V., Wouters, J., Ghesquière, P., & Vandermosten, M. (2020).
Investigating the Added Value of FreeSurfer’s Manual Editing Procedure for the
Study of the Reading Network in a Pediatric Population. Frontiers in Human
Neuroscience, 14, 143. https://doi.org/10.3389/fnhum.2020.00143
Ben-Shachar, M., Dougherty, R. F., Deutsch, G. K., & Wandell, B. A. (2011). The
development of cortical sensitivity to visual word forms. Journal of Cognitive
Neuroscience, 23(9), 2387-2399. https://doi.org/10.1162/jocn.2011.21615
Berry, D., & Willoughby, M. T. (2017). On the practical interpretability of cross‐lagged
panel models: Rethinking a developmental workhorse. Child development,
88(4), 1186-1206. https://doi.org/10.1111/cdev.12660
Blumenthal, J. D., Zijdenbos, A., Molloy, E., & Giedd, J. N. (2002). Motion artifact in
magnetic
resonance
imaging:
implications
for
automated
analysis. Neuroimage, 16(1), 89-92. https://doi.org/10.1006/nimg.2002.1076
Brem, S., Bach, S., Kucian, K., Kujala, J. V., Guttorm, T. K., Martin, E., ... &
Richardson, U. (2010). Brain sensitivity to print emerges when children learn
letter–speech sound correspondences. Proceedings of the National Academy of
Sciences, 107(17), 7939-7944. https://doi.org/10.1073/pnas.0904402107
Brem, S., Bach, S., Kujala, J. V., Maurer, U., Lyytinen, H., Richardson, U., & Brandeis,
D. (2013). An electrophysiological study of print processing in kindergarten: the
contribution of the visual n1 as a predictor of reading outcome. Developmental
neuropsychology,
38(8),
567-594.
https://doi.org/10.1080/87565641.2013.828729
Brus, B. T., & Voeten, M. J. M. (1973). Een-minuut test [EMT]. Vorm A en B.
Verantwoording en handleiding. Nijmegen, The Netherlands: Berkhout.
Cavanaugh, C., Kim, A., Wanzek, J., & Vaughn, S. (2004). Kindergarten reading
interventions for at-risk students: Twenty years of research. Learning
Disabilities: A Contemporary Journal, 2(1), 9-21.
Centanni, T. M., King, L. W., Eddy, M. D., Whitfield-Gabrieli, S., & Gabrieli, J. D.
(2017). Development of sensitivity versus specificity for print in the visual word
form
area.
Brain
and
Language,
170,
62-70.
https://doi.org/10.1016/j.bandl.2017.03.009
Centanni, T. M., Norton, E. S., Ozernov-Palchik, O., Park, A., Beach, S. D., Halverson,
K., ... & Gabrieli, J. D. (2019). Disrupted left fusiform response to print in
beginning kindergartners is associated with subsequent reading. NeuroImage:
Clinical, 22, 101715. https://doi.org/10.1016/j.nicl.2019.101715
Cohen, L., & Dehaene, S. (2004). Specialization within the ventral stream: the case for
the
visual
word
form
area.
Neuroimage,
22(1),
466-476.
https://doi.org/10.1016/j.neuroimage.2003.12.049

18
























Cole, D. A., & Maxwell, S. E. (2003). Testing mediational models with longitudinal
data: questions and tips in the use of structural equation modeling. Journal of
abnormal psychology, 112(4), 558.
https://doi.org/10.1037/0021-843X.112.4.558
Conant, L. L., Liebenthal, E., Desai, A., Seidenberg, M. S., & Binder, J. R. (2020).
Differential activation of the visual word form area during auditory phoneme
perception in youth with dyslexia. Neuropsychologia, 146, 107543.
https://doi.org/10.1016/j.neuropsychologia.2020.107543
Dale, A. M., & Sereno, M. I. (1993). Improved localizadon of cortical activity by
combining EEG and MEG with MRI cortical surface reconstruction: a linear
approach. Journal of cognitive neuroscience, 5(2), 162-176.
Dale, A. M., Fischl, B., & Sereno, M. I. (1999). Cortical surface-based analysis: I.
Segmentation and surface reconstruction. Neuroimage, 9(2), 179-194.
Dehaene, S. (2005). Evolution of human cortical circuits for reading and arithmetic: The
“neuronal recycling” hypothesis. From monkey brain to human brain, 133-157.
Dehaene, S., & Cohen, L. (2007). Cultural recycling of cortical maps. Neuron, 56(2),
384-398. https://doi.org/10.1016/j.neuron.2007.10.004
Dehaene, S., Pegado, F., Braga, L. W., Ventura, P., Nunes Filho, G., Jobert, A., ... &
Cohen, L. (2010). How learning to read changes the cortical networks for vision
and
language.
science,
330(6009),
1359-1364.
https://doi.org/10.1126/science.1194140
Dehaene, S., & Dehaene-Lambertz, G. (2016). Is the brain prewired for letters?. Nature
Neuroscience, 19(9), 1192-1193. https://doi.org/10.1038/nn.4369
Dehaene-Lambertz, G., Monzalvo, K., & Dehaene, S. (2018). The emergence of the
visual word form: Longitudinal evolution of category-specific ventral visual
areas during reading acquisition. PLoS biology, 16(3), e2004103.
https://doi.org/10.1371/journal.pbio.2004103
Desikan, R. S., Ségonne, F., Fischl, B., Quinn, B. T., Dickerson, B. C., Blacker, D., ...
& Albert, M. S. (2006). An automated labeling system for subdividing the
human cerebral cortex on MRI scans into gyral based regions of interest.
Neuroimage, 31(3), 968-980. https://doi.org/10.1016/j.neuroimage.2006.01.021
Ekstrand, C., Neudorf, J., Kress, S., & Borowsky, R. (2020). Structural Connectivity
Predicts Functional Activation during Lexical and Sublexical
Reading.
NeuroImage, 117008. https://doi.org/10.1016/j.neuroimage.2020.117008
Ferrer, E., Shaywitz, B. A., Holahan, J. M., Marchione, K. E., Michaels, R., & Shaywitz,
S. E. (2015). Achievement gap in reading is present as early as first grade and
persists through adolescence. The Journal of pediatrics, 167(5), 1121-1125.
https://doi.org/10.1016/j.jpeds.2015.07.045
Fischl, B., & Dale, A. M. (2000). Measuring the thickness of the human cerebral cortex
from magnetic resonance images. Proceedings of the National Academy of
Sciences, 97(20), 11050-11055. https://doi.org/10.1073/pnas.200033797.
Fischl, B., Liu, A., & Dale, A. M. (2001). Automated manifold surgery: constructing
geometrically accurate and topologically correct models of the human cerebral
cortex.
IEEE
transactions
on
medical
imaging, 20(1),
70-80.
https://doi.org/10.1109/42.906426
Fischl, B., Salat, D. H., Busa, E., Albert, M., Dieterich, M., Haselgrove, C., ... &
Montillo, A. (2002). Whole brain segmentation: automated labeling of
neuroanatomical structures in the human brain. Neuron, 33(3), 341-355.
https://doi.org/10.1016/S0896-6273(02)00569-X.
19























Glezer, L. S., Eden, G., Jiang, X., Luetje, M., Napoliello, E., Kim, J., & Riesenhuber,
M. (2016). Uncovering phonological and orthographic selectivity across the
reading network using fMRI-RA. Neuroimage, 138, 248-256.
https://doi.org/10.1016/j.neuroimage.2016.05.072
Hogan, T. P., Catts, H. W., & Little, T. D. (2005). The relationship between
phonological awareness and reading. Language, speech, and hearing services
in schools. https://doi.org/10.1044/0161-1461(2005/029)
Hu, L. T., & Bentler, P. M. (1999). Cutoff criteria for fit indexes in covariance structure
analysis: Conventional criteria versus new alternatives. Structural equation
modeling:
a
multidisciplinary
journal,
6(1),
1-55.
https://doi.org/10.1080/10705519909540118
Johnson, M. H. (2001). Functional brain development in humans. Nature Reviews
Neuroscience, 2(7), 475-483. https://doi.org/10.1038/35081509
Johnson, M. H. (2011). Interactive specialization: a domain-general framework for
human
functional
brain
development?. Developmental
cognitive
neuroscience, 1(1), 7-21. https://doi.org/10.1016/j.dcn.2010.07.003
Juel, C. (1988). Learning to read and write: A longitudinal study of 54 children from
first to fourth grades. Journal of Educational Psychology, 80(4), 437447. https://doi.org/10.1037/0022-0663.80.4.437
Kwiatkowska-White, B., Kirby, J. R., & Lee, E. A. (2016). A longitudinal study of
reading comprehension achievement from grades 3 to 10: Investigating models
of stability, cumulative growth, and compensation. Journal of
Psychoeducational
Assessment,
34(2),
153-165.
https://doi.org/10.1177/0734282915593188
Kenny, D. A., Kaniskan, B., & McCoach, D. B. (2015). The performance of RMSEA
in models with small degrees of freedom. Sociological Methods &
Research, 44(3), 486-507. https://doi.org/10.1177/0049124114543236
Lenroot, R. K., & Giedd, J. N. (2006). Brain development in children and adolescents:
insights from anatomical magnetic resonance imaging. Neuroscience &
biobehavioral
reviews,
30(6),
718-729.
https://doi.org/10.1016/j.neubiorev.2006.06.001
Maurer, U., Brem, S., Kranz, F., Bucher, K., Benz, R., Halder, P., ... & Brandeis, D.
(2006). Coarse neural tuning for print peaks when children learn to read.
Neuroimage, 33(2), 749-758. https://doi.org/10.1016/j.neuroimage.2006.06.025
Maurer, U., Brem, S., Bucher, K., Kranz, F., Benz, R., Steinhausen, H. C., & Brandeis,
D. (2007). Impaired tuning of a fast occipito-temporal response for print in
dyslexic children learning to read. Brain, 130(12), 3200-3210.
https://doi.org/10.1093/brain/awm193
Maurer, U., Schulz, E., Brem, S., van der Mark, S., Bucher, K., Martin, E., & Brandeis,
D. (2011). The development of print tuning in children with dyslexia: Evidence
from longitudinal ERP data supported by fMRI. Neuroimage, 57(3), 714-722.
https://doi.org/10.1016/j.neuroimage.2010.10.055
O’Connor, R. E., Fulmer, D., Harty, K. R., & Bell, K. (2005). Layers of reading
intervention in kindergarten through third grade: Changes in teaching and
student outcomes. Journal of Learning Disabilities, 38, 440-455.
https://doi.org/10.1177/00222194050380050701
Olulade, O. A., Flowers, D. L., Napoliello, E. M., & Eden, G. F. (2013). Developmental
differences for word processing in the ventral stream. Brain and
language, 125(2), 134-145. https://doi.org/10.1016/j.bandl.2012.04.003
20























Osher, D. E., Saxe, R. R., Koldewyn, K., Gabrieli, J. D., Kanwisher, N., & Saygin, Z.
M. (2016). Structural connectivity fingerprints predict cortical selectivity for
multiple visual categories across cortex. Cerebral cortex, 26(4), 1668-1683.
https://doi.org/10.1093/cercor/bhu303
Pleisch, G., Karipidis, I. I., Brauchli, C., Röthlisberger, M., Hofstetter, C., Stämpfli, P.,
... & Brem, S. (2019). Emerging neural specialization of the ventral
occipitotemporal cortex to characters through phonological association learning
in
preschool
children.
NeuroImage,
189,
813-831.
https://doi.org/10.1016/j.neuroimage.2019.01.046
Preston, J. L., Molfese, P. J., Frost, S. J., Mencl, W. E., Fulbright, R. K., Hoeft, F., ... &
Pugh, K. R. (2016). Print-speech convergence predicts future reading outcomes
in
early
readers.
Psychological
science, 27(1),
75-84.
https://doi.org/10.1177/0956797615611921
Pugh, K. R., Mencl, W. E., Jenner, A. R., Katz, L., Frost, S. J., Lee, J. R., ... & Shaywitz,
B. A. (2000). Functional neuroimaging studies of reading and reading disability
(developmental dyslexia). Mental retardation and developmental disabilities
research reviews, 6(3), 207-213.
https://doi.org/10.1002/1098-2779(2000)6:3<207::AID-MRDD8>3.0.CO;2-P
Pugh, K. R., Mencl, W. E., Jenner, A. R., Katz, L., Frost, S. J., Lee, J. R., ... & Shaywitz,
B. A. (2001). Neurobiological studies of reading and reading disability. Journal
of communication disorders, 34(6), 479-492.
https://doi.org/10.1016/S0021-9924(01)00060-0
RCore Team (2020). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria.
RStudio Team (2020). RStudio: Integrated Development for R. RStudio, PBC, Boston,
MA, USA.
Richlan, F., Kronbichler, M., & Wimmer, H. (2011). Meta-analyzing brain dysfunctions
in dyslexic children and adults. Neuroimage, 56(3), 1735-1742.
https://doi.org/10.1016/j.neuroimage.2011.02.040
Richlan, F. (2012). Developmental dyslexia: dysfunction of a left hemisphere reading
network.
Frontiers
in
human
neuroscience,
6,
120.
https://doi.org/10.3389/fnhum.2012.00120
Saygin, Z. M., Osher, D. E., Norton, E. S., Youssoufian, D. A., Beach, S. D., Feather,
J., ... & Kanwisher, N. (2016). Connectivity precedes function in the
development of the visual word form area. Nature neuroscience, 19(9), 12501255. https://doi.org/10.1038/nn.4354
Scammacca, N. K., Roberts, G. J., Cho, E., Williams, K. J., Roberts, G., Vaughn, S. R.,
& Carroll, M. (2016). A century of progress: Reading interventions for students
in grades 4–12, 1914–2014. Review of Educational Research, 86(3), 756-800.
https://doi.org/10.3102/0034654316652942
Scanlon, D. M., Vellutino, F. R., Small, S. G., Fanuele, D. P., & Sweeney, J. M. (2005).
Severe reading difficulties — Can they be prevented? A comparison of
prevention and intervention approaches. Exceptionality, 13, 209-227.
https://doi.org/10.1207/s15327035ex1304_3
Schurz, M., Sturm, D., Richlan, F., Kronbichler, M., Ladurner, G., & Wimmer, H.
(2010). A dual-route perspective on brain activation in response to visual words:
evidence for a length by lexicality interaction in the visual word form area
(VWFA).
Neuroimage,
49(3),
2649-2661.
https://doi.org/10.1016/j.neuroimage.2009.10.082
21























Ségonne, F., Dale, A. M., Busa, E., Glessner, M., Salat, D., Hahn, H. K., et al. (2004).
A hybrid approach to the skull stripping problem in MRI. Neuroimage, 22(3),
1060e1075. https://doi.org/10.1016/j.neuroimage.2004.03.032
Ségonne, F., Pacheco, J., and Fischl, B. (2007). Geometrically accurate
topologycorrection of cortical surfaces using nonseparating loops. IEEE Trans.
Med. Imaging 26, 518–529. https://doi.org/10.1109/TMI.2006.887364.
Shaywitz, B. A., Skudlarski, P., Holahan, J. M., Marchione, K. E., Constable, R. T.,
Fulbright, R. K., ... & Shaywitz, S. E. (2007). Age‐related changes in reading
systems of dyslexic children. Annals of neurology, 61(4), 363-370.
https://doi.org/10.1002/ana.21093
Sled, J. G., Zijdenbos, A. P., & Evans, A. C. (1998). A nonparametric method for
automatic correction of intensity nonuniformity in MRI data. IEEE transactions
on medical imaging, 17(1), 87-97. https://doi.org/10.1109/42.668698
Simmons, D. C., Coyne, M. D., Kwok, O. M., McDonagh, S., Harn, B. A., & Kame'enui,
E. J. (2008). Indexing response to intervention: A longitudinal study of reading
risk from kindergarten through third grade. Journal of Learning
Disabilities, 41(2), 158-173. https://doi.org/10.1177/0022219407313587
Tanaka, C., Matsui, M., Uematsu, A., Noguchi, K., & Miyawaki, T. (2012).
Developmental trajectories of the fronto-temporal lobes from infancy to early
adulthood in healthy individuals. Developmental neuroscience, 34(6), 477-487.
https://doi.org/10.1159/000345152
Van den Bos, K. P., Spelberg, H. C., Scheepstra, A. J. M., & de Vries, J. (1994). De
klepel. Vorm A en B. Verantwoording, handleiding, diagnostiek en behandeling.
Nijmegen, The Netherlands: Berkhout.
Van der Mark, S., Bucher, K., Maurer, U., Schulz, E., Brem, S., Buckelmüller, J., ... &
Brandeis, D. (2009). Children with dyslexia lack multiple specializations along
the visual word-form (VWF) system. Neuroimage, 47(4), 1940-1949.
https://doi.org/10.1016/j.neuroimage.2009.05.021
Vanderauwera, J., De Vos, A., Forkel, S. J., Catani, M., Wouters, J., Vandermosten, M.,
& Ghesquière, P. (2018). Neural organization of ventral white matter tracts
parallels the initial steps of reading development: A DTI tractography
study.
Brain
and
language,
183,
32-40.
https://doi.org/10.1016/j.bandl.2018.05.007
Vandermosten, M., Boets, B., Poelmans, H., Sunaert, S., Wouters, J., & Ghesquiere, P.
(2012). A tractography study in dyslexia: neuroanatomic correlates of
orthographic, phonological and speech processing. Brain, 135(3), 935-948.
https://doi.org/10.1093/brain/awr363
Vandermosten, M., Vanderauwera, J., Theys, C., De Vos, A., Vanvooren, S., Sunaert,
S., ... & Ghesquière, P. (2015). A DTI tractography study in pre-readers at risk
for dyslexia. Developmental cognitive neuroscience, 14, 8-15.
https://doi.org/10.1016/j.dcn.2015.05.006
Vân Phan, T., Sima, D. M., Beelen, C., Vanderauwera, J., Smeets, D., & Vandermosten,
M. (2018). Evaluation of methods for volumetric analysis of pediatric brain data:
The childmetrix pipeline versus adult-based approaches. NeuroImage:
Clinical, 19, 734-744. https://doi.org/10.1016/j.nicl.2018.05.030
Wanzek, J., & Vaughn, S. (2007). based implications from extensive early reading
interventions.
School
Psychology
Review,
36(4),
541-561.
https://doi.org/10.1080/02796015.2007.12087917

22

Figures

Figure 1
Hypothetical cross-lagged panel model

Figure 2
a Bivariate correlation between the left fusiform (grade 2) and reading (grade 5) b Bivariate correlation
between reading (grade 2) and the left fusiform (grade 5)

Figure 3
a Bivariate correlations between the variables b Cross-lagged regressions in the CLPM

