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ABSTRACT

The goal of the present study was to investigate intrinsic and reading-related
brain function associated with dyslexia and typical readers in monolingual
Brazilian children. Two fMRI studies were carried out: a resting-state and a
word-reading study. The results show (a) underconnectivity between the occi-
pitotemporal region (visual word form area) and the brain’s default-mode
network in dyslexic readers and (b) more activation of the anterior cingulate
cortex for typical readers relative to dyslexic readers. The findings provide
evidence for brain connectivity and function differences in an underrepresented
population in fMRI studies of dyslexia; the results suggest atypical intrinsic
function, and differences in directed attention processes in dyslexia.

Dyslexia is a brain-based learning disorder that affects approximately 5% to 10% of the world’s
population. It is characterized by a persistent and unexpected difficulty to develop age-appropriate
fluent reading by readers who are otherwise motivated, intelligent, and regularly attend school
(Lyon, Shaywitz, & Shaywitz, 2003; Pugh et al., 2000; Shaywitz et al., 2002). There are no psychiatric
disorders or environmental factors that explain the persistently effortful and inaccurate reading in
dyslexia. The disorder is associated with atypical brain structure and function relative to typically-
developing readers. In the past 20 years, the evidence for the brain basis of dyslexia has evolved in
light of noninvasive brain imaging studies. The present study aims to contribute to the under-
standing of the brain-behavior relationship in dyslexia.

Dyslexia is associated with atypical function of left-hemisphere posterior brain regions (Paulesu
et al., 2001; Shaywitz, 1998; Shaywitz et al., 1998; Shaywitz et al., 2002). The atypical function
includes hypoactivation of the left-lateralized, posterior brain systems (occipital, temporal, and
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parietal) typically activated by children who learn to read fluently and in a timely manner (Devlin,
Jamison, Gonnerman, & Matthews, 2006; Horwitz, Rumsey, & Donohue, 1998; Pugh et al., 1996;
Shaywitz et al., 1998). There is amassing evidence of a relationship between the difficulty to develop
fluent reading and the absence of activation of brain mechanisms associated with learning to read
(Hoeft et al., 2011, 2007; Meyler et al,, 2007; Shaywitz et al., 1998; Shaywitz et al., 2002, 2004).
Typical readers develop a left-lateralized network of posterior brain systems that “grafts” onto the
left-lateralized, hardwired language network for spoken language (Buchweitz, Mason, Tomitch, &
Just, 2009; Constable et al., 2004; Michael, Keller, Carpenter, & Just, 2001; Pugh et al., 1996; Rueckl
et al., 2015).

Dyslexia remains misunderstood in less-than-scientific pedagogical circles. The persistently poor
reading performance in dyslexia is at times misrepresented as mere lack of motivation or of
opportunity. In some circles it is even argued that there is no such thing as dyslexia; see, for
example, the cases narrated in Shaywitz (2008), including schools that refuse to accommodate
dyslexic students. Noninvasive brain imaging has contributed, and continues to contribute, to
debunking these notions by providing evidence for the neurological basis of dyslexia.

Brain adaptation and learning to read: The role of the left occipitotemporal region (visual
word form area)

Learning to read is a “fragile process” (Shonkoft & Families, 2000) that depends on timely stimulation
and systematic instruction. Recently, a brain imaging study of four different languages (Spanish, English,
Hebrew, and Chinese) showed evidence of a universal brain signature for listening and reading despite
the idiosyncrasies of sounds of the languages, and of the different orthographies. The study showed that
the brain signature for reading was similarly constrained by the left-lateralized brain network for spoken
language, in all four languages (Rueckl et al., 2015).

Learning to read is associated with systematic adaptation of a brain center in the occipitotemporal
region. The center is involved in associative visual processing of faces and objects. As one learns to
read, it becomes specialized in the identification of the visual form of words (Cohen et al., 2000;
Dehaene, 2009; Dehaene & Cohen, 2011). The region has been coined the visual word form area
(VWEFA), due to its newly found function (Laurent Cohen et al., 2002; Dehaene, 2009; Dehaene et al.,
2010); the process of adaptation, in turn, has been coined “neuronal recycling”(Dehaene, 2009).

The activation of the occipitotemporal region is a brain marker of fluent reading development
(Dehaene & Cohen, 2011; Dehaene et al., 2010; McCandliss, Cohen, & Dehaene, 2003). VWFA
activation positively correlates with reading fluency, and it is also modulated by the age at which a
reader is taught to read: There is more activation of the VWFA in readers who have learned to read
as children than adults who learned later in life (Dehaene et al., 2010). It is a marker of the
development of automaticity in reading. Visual objects in the shape of words are automatically
recognized by the VWFA. The connectivity of the VWFA region was investigated in the present
study in its association with dyslexia. We sought to explore evidence of disrupted intrinsic
connectivity with the region in dyslexia.

Neural bases of reading in different languages

The investigation of learning disorders with noninvasive brain imaging holds promise for the future
of evidence-based education policies. Though research in cognitive neuroscience and education
differ in, for example, goals (e.g., understanding mind and brain relationships vs. improving
educational material) (Ansari & Coch, 2006), the development of much-needed targeted
interventions may benefit from an interaction between neuroscience and education (Stern, 2005).
A challenge faced by cognitive neuroscience is to broaden the research of reading to languages
other than English; see, for example, the previously referred multi-language, multi-center study in
Rueckl et al. (2015). Reading is nearly universal, and as such needs to be investigated in its different
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orthographic forms and demographic settings. The transparency of orthographies is one of the
variables across languages.

Orthographic transparency indicates the regularity of the letter-sound (grapheme-phoneme)
associations (Seymour, Aro, & Erskine, 2003): the more regular (as in one-to-one) the associations
between letters and sounds, the more transparent the orthography. For example, Spanish and Italian
orthographies are transparent. In Spanish, there are five vowel sounds, one for each vowel symbol.
English and French orthographies, on the other hand, are not transparent. In American English,
there are about 16 vowel sounds for the five vowel symbols. Portuguese is relatively more transparent
than French and English (Seymour et al., 2003). In a continuum of the transparency of orthographies
of European languages, Portuguese is somewhere in the middle between the transparent and opaque
(non-transparent) orthographies (Seymour et al., 2003).

This is the first brain imaging study to investigate brain function in Portuguese-speaking dyslexic
children relative typical readers (either Continental or Brazilian Portuguese). There are, however,
brain imaging studies of Portuguese reading and listening (Buchweitz, Shinkareva, Mason, Mitchell,
& Just, 2012; Buchweitz et al., 2009; Castro-Caldas et al., 1999; Castro-Caldas, Petersson, Reis, &
Stone-Elander, 1998). The present study aims to contribute to the understanding of atypical brain
function that underpins dyslexia and of the disorder in an orthography that is under-represented in
brain imaging studies.

The goal of the present study was to investigate brain function and brain functional connectivity
in a dyslexic population of children and address the results in the light of brain imaging studies of
the disorder. We carried out two functional magnetic resonance imaging (fMRI) studies to
investigate brain function in dyslexic children and IQ, socioeconomic status and age-matched typical
readers: a task-related study of word reading and a resting-state investigation of brain function.

Methods
Materials

Dyslexic readers were part of a cohort of children evaluated at a reading clinic. The clinic was
established as part of an umbrella study of brain markers of reading development and disorders. The
following reading tests (validated for Brazilian Portuguese children) were carried out: a word and
pseudoword reading task (Salles, Piccolo, Zamo, & Toazza, 2013), a reading (silently and out-loud)
fluency test and reading comprehension test (Saraiva, Moojen, & Munarski, 2006). The tests were
applied with the reading clinic participants between 2014 and 2015, and typical readers in 2014 at the
end of their second year of elementary school. A detailed description of the word and pseudoword
reading, reading comprehension and writing evaluations protocols is published elsewhere (Costa,
Toazza, Bassoa, Portuguez, & Buchweitz, 2015).

Participants

The study included 32 children divided into two groups, typical readers (TYP; n = 16) and dyslexic
readers (DYS; n = 16). The participants were all monolingual speakers of Portuguese and right
-handed. The two groups were matched for age and sex [age 7-13; mean = 9; SD = 1.39; TYP 07
female (mean age = 8.44; SD = 0.51); DYS 05 female (mean age = 9.63; SD = 0.88]. All children were
participants of a reading disorders and development study but from two different arms of the study:
a longitudinal study (public schools) and a cross-sectional study (reading clinic). The 16 typical
readers were part of a cohort of students from public schools enrolled in the longitudinal arm of the
project; the goal of the study is to investigate the neurological markers of reading development over a
3-year period. For the present study, the school children were evaluated at the end of the 2014 school
year, and were scanned during the 2015 school year.
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The 16 dyslexic readers were from a pro bono reading clinic supported by the project. The goal of
the clinic is to establish a cohort of dyslexic readers of Portuguese and investigate the neurological
bases of dyslexia in the language. The clinic offers free psychological and reading and writing skills
evaluation to students who present with persistent reading difficulties. It was implemented in 2013
and over 200 children have been evaluated since, out of which 52 dyslexic children have been
identified. The 16 dyslexic children are part of this group and were scanned with an MRI between
2014 and 2015.

The reading fluency for the groups was significantly different. The school children showed
adequate for age reading speed, and the dyslexic children showed reading performance scores well
below what is expected for their age (Costa et al.,, 2015; Saraiva et al., 2006): TYP average reading
speed 84.71 words per minute (SD = 31.89); DYS average reading speed 13.07 words per minute
(SD = 7.68); t(30) = 7.8; p < 0.001.

Socioeconomic status (SES) and IQ were determined for the two population samples. SES was
determined using the ABIPEME criteria for classification in Brazil (ABEP, 2008), which provides a
score based on schooling and possession of consumer goods. These scores were available for 11 of
the 16 participants in each group. The dyslexic and the typical readers were classified, on average, as
level B2 SES in Brazil (DYS M = 24.1; SD = 4.9; TYP M = 26.4; SD = 6.5); there were no significant
SES differences between the groups. The IQ was determined for all participants in the two groups
(Wechsler Abbreviated Scale of Intelligence). There were no significant IQ differences between the
groups (DYS M = 108.3, SD = 15.5, range 88-144; TYP M = 102.7, SD = 15.3, range 86-127).

Children and their guardians voluntarily enrolled in the clinic by e-mail. The first screening was
carried out by phone, after which children who fit the study criteria were asked to participate in
psychological and reading evaluations (Costa et al., 2015). The schools, in turn, were part of a larger
longitudinal study of reading. The participants were selected based on reading scores carried out in
the schools. The 16 children had the top reading scores among those who agreed to participate in the
reading evaluations and the brain imaging parts of the longitudinal study, and were the better
matches for age, IQ and SES with the 16 dyslexic participants. There was no penalty for choosing not
to participate at all in the study or participating only in the reading evaluations stage of the study; the
longitudinal and cross-sectional studies were approved by the Pontifical Catholic University of Rio
Grande do Sul Research Ethics Committee.

Experimental design

A task-related and a resting-state paradigm were administered. The order of administration of the
task and the resting state paradigms was randomized between participants (see Supplementary
Figure 1 for an illustration of the design matrix).

Resting-state
Participants were asked to keep their eyes open and stare at a fixation crosshair for 7 min. They were asked
to clear their minds and try not to think of anything in particular for the duration of the experiment.

Word-reading task

A mixed event-related experiment was conducted using a word and pseudoword reading test
validated for Brazilian children (Salles et al., 2013). The test stimuli are controlled for regularity of
letter-sound association, word length and frequency in Portuguese. The task consists of 20 regular
words, 20 irregular words, and 20 pseudowords. The 60 stimuli were divided into two 30-item runs
to give participants a break halfway into the task. Words and pseudowords were presented on the
screen one at a time, for 7 sec each. The duration of 7 sec was established in a behavioral pilot study
(unpublished) with dyslexic children (average word reading time was approximately 4 1/2 sec, with a
2-sec standard deviation). A question was presented to participants together with each word (does
the word exist?), to which participants had to select “Yes” or “No” by pressing response buttons. The
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(a) Lower connectivity DYS:
DMN hub

Figure 1. Lower connectivity between the VWFA and the posterior cingulate cortex for dyslexic readers relative to typical readers: (a)
clusters significant at p < 0.05, corrected for multiple comparisons; MNI coordinates for posterior cingulate cluster: x = -2.3; y = -41.0;
z=28.0; 107 voxels. (b) VWFA seed located at MNI coordinates x = —44, y = =58, z=-15 (Dehaene & Cohen, 2011; Vigneau et al., 2005); the
seed had an 8.0 mm radius. (c) Z-score difference between groups for the cluster shown in (a). The red ellipse highlights the cluster in the
posterior cingulate cortex.

left-hand button was set for “Yes,” and right-hand button, for “No;” the configuration matched the
left-right presentation of “Yes” and “No” on the screen. Response times and accuracy were recorded
and computed for all trials. Prior to the scanning session, participants were given an out-of-scanner
practice in an MRI simulator (Psychology Software Tools, Pittsburgh, PA) to become acclimated
with the scanner environment and noise. The practice session included a shorter version of the word
and pseudoword reading task that used different stimuli.

Stimulus presentation was offset by jittered intervals. The jittered intervals between word
presentations ranged from 1 to 3 sec (in 1 sec intervals) and were randomly inserted after each
trial. After 10 trials (10 words) either a baseline condition or rest period was inserted in the
study. The baseline condition consisted of presentation of a crosshair in the middle of the
screen for 30 sec. During the presentation of the crosshair, participants were instructed to
relax and clear their minds. There were two 30-sec baseline conditions, one in each run. The
rest periods also consisted of presentation of a crosshair, for 7 sec. Rest periods were not
explicitly modeled in the analysis. A 6-sec dummy scan was inserted at the beginning of each
30-word set of tasks to ensure T1 magnetization reaches an equilibrium state. After the last
presentation of stimuli, an additional 10-sec rest was inserted in each run. One subject from
each group had to be excluded due to excessive head motion (see fMRI analyses in the
following section).

Data collection

fMRI parameters

Data was collected on a GE HDxT 3.0 T MRI scanner with an 8-channel head coil. The
following MRI sequences were acquired: a T1 structural scan (TR/TE = 6.16/2.18 ms, isotropic
Imm’ voxels); two task-related 5-min 26-sec functional FMRI EPI sequences; and a 7-min
resting state sequence. The task and the resting-state EPI sequences used the following
parameters: TR = 2000 ms, TE = 30 ms, 29 interleaved slices, slice thickness = 3.5 mm; slice
gap = 0.1 mm; matrix size = 64 x 64, FOV = 220 x 220 mm, voxel size = 3.44 x 3.44 x
3.60 mm.
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Behavioral data analysis

Participants responded to the task using mice buttons. The response and response times were
recorded using E-Prime (Psychology Software Tools, Pittsburgh, PA) for all trials. Behavioral data
were analyzed for significant differences between TYP and DYS response times and accuracy for the
lexical decision task.

fMRI analyses

Word reading task

Functional data were preprocessed using AFNTI’s (http://afni.nimh.nih.gov/) afni_proc.py program
(Cox, 1996). Preprocessing included slice-time and motion correction, smoothing with a 6-mm
FWHM Gaussian kernel, and a nonlinear spatial normalization to 3.0 x 3.0 x 3.0 mm voxel template
(HaskinsPedsNL template). TR’s with motion outliers (>0.9 mm) were censored from the data. The
criteria for exclusion due to head motion were: excessive motion in 20% of the TRs. The average
head motion for each group for the participants included in the study, in the word-reading
paradigm, was: DYS M = 0.16 (SD = 0.08), TYP M = 0.18 (SD = 0.15). One participant from each
group was excluded due to excessive head motion.

First level analysis included modeling regressors for the conditions for each of the three types of
word (regular words, irregular words and pseudowords), and for the fixation condition, convolved
with the canonical hemodynamic response function as implemented in AFNI (Cox, 1996). The 7-sec
rest periods were not explicitly modeled. T-test analyses were carried out to compare the distribution
of activation between the two groups (3dttest++) using a random-effects model and the contrast
images for all word types versus fixation. To correct for multiple comparisons, the 3dClustSim
program was used to calculate a corrected p-score of <0.05: following the calculation, the analyses
were carried out for a cluster of p < 0.005 with a minimum cluster size = 62 voxels (1674 pl).
Participant age was entered as a covariate in the analyses between groups to control for any effects
due to the average one-year difference in age between the groups.

Resting-state
Preprocessing for the resting-state data was equivalent to the word reading task. Additional
preprocessing for the resting-state data included a nuisance regression of the six estimated
motion parameters (x, y, z roll, pitch, yaw) and time-series of the average signal of the white
matter and cerebral spinal fluid, as well as signal detrending using a third order polynomial fit
and a bandpass temporal filter (0.01 and 0.1 Hz) (Weissenbacher et al., 2009). TR’s with motion
outliers (>0.9 mm) were censored from the data. Participants with more than 20% of the TRs
exceeding the limit were excluded. The average head motion for the participants included in
resting state study was: DYS M = 0.10 (SD = 0.05), TYP M = 0.15 (SD = 0.10). The average
number of TRs censored for the Dyslexic Group was was 9.0 (£9.2) and 12.8 (+14.0) for the
typically developing group for the resting task. Independent sample t-tests between groups for
each task showed a t-score of -0.886 (p = 0.383). For additional verification of the effects of
head-motion on resting-state results (e.g. Satterthwaite et al., 2012), we carried out a more
conservative analysis of the data: participants with motion outliers >0.3 mm in 20% of the TRs
were excluded. The reanalysis eliminated five participants (4 typical, 1 dyslexic). Nonetheless, the
seed-based connectivity result reported in the results section remained significant. We thus
report the result for the analysis of resting-state data including all 32 participants. The average
number of TRs censored for the Dyslexic Group was 11.5 (£18.1) and 11.5 (+11.1) for the
typically developing group for the reading task. Independent sample t-tests between groups for
each task showed a t-score of 0.12 (p = 0.990).

In the present study, functional connectivity refers to correlations of resting-state BOLD signal
for specific language-related regions of the brain and the default mode network, within subjects
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in the two groups. Seed-based analysis of connectivity was performed. A spherical seed was
drawn to investigate the connectivity between reading-related regions of the left-hemisphere and
the remainder of the brain. The following areas of the brain were investigated: (all radii 8.0 mm;
all coordinates Montreal Neurological Institute, MNI) left fusiform gyrus/visual word form area
(x = —44, y = =58, z = —15); left angular gyrus (x = —45, y = —64, z = 33); left inferior frontal
gyrus (x = —44, y = 24, z = 2); left middle temporal gyrus (x = =52, y = —-19, z = 7; left superior
temporal gyrus (x = —=51, y = =17, z = 0). For each subject, the average time course of the voxels
within the seed was extracted and then a Pearson’s correlation was calculated of this time-series
against all the voxels of the brain. The resulting r-score was then converted to z using Fisher’s
method. An independent sample t-test analysis was performed between groups, where age was
included as a covariate. Statistical group differences where corrected for multiple comparison as
previously described.

Results

Resting-state: Intrinsic connectivity of the VWFA and the posterior cingulate cortex in
dyslexia

The results for the resting state experiment show lower connectivity for the DYS group between the
VWFA seed and the posterior cingulate cortex (107 voxels, 2.8 ml, peak coordinate: x = 1.5, y = —44.5,
z = 21.5) (Figure 1). The other language-related seeds investigated did not show a significant difference
between dyslexic and typical readers in the analyses of resting-state data. The decoupling of the VWFA
and the posterior cingulate cortex (PCC) was also found using the stricter threshold for head motion
(head motion TR >0.03 mm; 145 voxels; 3.9 ml, p < 0.05 corrected for multiple comparisons).

Word-reading task: More activation of the anterior cingulate cortex for good readers

The results show more activation of the dorsal portion of the Anterior Cingulate Cortex (ACC) in
typical readers, relative to dyslexic readers (Figure 2). The dorsal portion is part of the subdivision of the
ACC associated with cognitive control (Bush, Luu, & Posner, 2000; Devinsky, Morrell, & Vogt, 1995;
Vogt, Finch, & Olson, 1991). The comparison of activation for reading regular, irregular, and pseudo-
words for typical readers relative to dyslexic readers also showed more activation of the ACC in each of
the three conditions; these results are shown in Supplementary Figure 2. Additionally, a plot of the
impulse response for the reading tasks separated by word-type condition and collapsed across all words
is shown in Supplementary Figure 3. The impulse response is shown for the VWFA, it shows under-
activation of the posterior region in dyslexia, relative to typical readers. Combined, the results for the
resting-state experiment and the word-reading experiment suggest differences in typical readers and
dyslexic readers in intrinsic connectivity and in task-related VWFA function.

Behavioral results: Lower accuracy and slower response in dyslexia

The accuracy and response times for the task in the scanner show that DYS were significantly
less accurate and slower than typical readers to make the lexical decisions: DYS accuracy = 0.62
(SE = 0.06); TYP accuracy = 0.91 (SE = 0.02); #(30) = —4.30, p < 0.001. DYS RT = 3858 ms
(SE = 268); TYP RT = 2138 ms (SE = 116); #(30) = 5.87; p < 0.001. The results corroborate our
previous reading tests carried out in the schools and reading clinic, and the existing literature,
which show that dyslexic readers are characteristically slower and less accurate than appro-
priate for reading age.
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Figure 2. More activation of the anterior cingulate gyrus for typical readers relative to dyslexic readers during reading. Clusters
significant at p < 0.05, corrected for multiple comparisons (165 voxels, 4.455ml; MNI coordinates x = 1.5; y = 33.5; z = 12.5). The
bar graphs show the beta values for both groups for activation in the anterior cingulate region highlighted with the red ellipse.
Standard error bars are shown for the beta values.

Discussion

The present study shows evidence of brain-behavior relationship for the anterior and posterior
regions of the cingulate cortex in typical reading and in dyslexia. The resting-state study showed that
the there is a disruption in the connectivity between the PCC and a key area for reading, in dyslexia.
In the word reading task, the ACC was more active in typical readers. More activation of this portion
of the ACC suggest executive function processes associated with achieving fluent reading in the early
stages of typical reading.

VWFA and the default mode network: The functional architecture of the reading brain at rest

An increasing number of studies have used resting-state to investigate the intrinsic functional
connectivity of the brain in clinical populations (Binder et al., 1999; Damoiseaux & Greicius,
2009; Mannell et al., 2010; Supekar et al., 2010). One of the reasons for the increasing number of
resting-state studies is the reproducibility across studies and sites (Franco, Mannell, Calhoun, &
Mayer, 2013): for example, the multi-site consortium of autism brain imaging data (Nielsen
et al., 2013).

Resting-state brain imaging studies have helped unveil neuromarkers associated with the brain
function of clinical conditions, such as social anxiety (Geiger et al., 2015; Toazza et al., 2016), stutter
(Xuan et al., 2012), autism (Nielsen et al., 2013), and dyslexia (Koyama et al., 2010; Schurz et al., 2015;
Wei, Zhichao, Yanchao, & Hua, 2015). The technique shows promise for the understanding of the brain
architecture of clinical populations, and for predicting brain-behavior relationships based on patterns of
intrinsic brain connectivity. The question, in relation to dyslexia, lies in understanding the patterns of
brain function at rest associated with key centers for reading.

The present study shows evidence of disrupted connectivity between the visual word form area
and the PCC in a resting-state paradigm (there was a negative correlation between VWFA and PCC
function). For typical readers, in turn, there was a positive correlation between the two centers. The
result converges with other resting-state studies that suggest that the coupling between
occipitotemporal regions of the brain and the brain’s default mode network is disrupted in dyslexia.
In a study of three dyslexic groups (no remediation, partial remediation, and full remediation), an
increase in resting-state functional connectivity was identified between the visual word form area
and medial prefrontal cortex in full remediation participants (Koyama et al., 2013). In another study,
reading performance positively correlated with stronger connectivity between the visual word form
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area and anterior and posterior regions of the brain associated with phonological processing
(Koyama et al., 2011). A study of correspondence between brain function in tasks and at rest
showed the occipitotemporal region integrated a frontal-posterior network of brain regions that
were strongly left-lateralized and associated with language paradigms (Smith et al., 2009). The
present study corroborates the evidence that the coupling of the occipitotemporal region with
other centers in the brain is associated with reading perfomance.

We postulate that the coupling of the VWFA in typical reading, and decoupling in dyslexia, may
be evidence that as a child learns to read an “open channel” of communication is setup between the
default mode network and the visual word form area. At rest, the brain of a typical reader would
sync up with the VWEFA; it may evidence of a state of readiness for reading. At rest, the brain of a
dyslexic reader, in turn, is decoupled from the VWFA.

Role for the anterior cingulate in early reading development

The ACC is associated with emotional processes, as part of the limbic system, but is also implicated
in executive functions and the ability to focus attention (Bush et al., 2000; Vogt et al., 1991).
According to more fine-grained investigations of ACC function, cognitive and emotional processes
are subserved by different sections of the ACC: the dorsal cognitive division, and the rostral
emotional division, respectively (Bush et al., 2000; Devinsky et al.,, 1995; Vogt et al., 1991). In the
present study, the region of the ACC more active for typical readers was the dorsal cognitive division
described in previous studies.

Activation of the ACC has been identified in investigations of typical, nonimpaired readers
relative to dyslexic readers (Shaywitz et al,, 2002; Shaywitz & Shaywitz, 2005). The study showed
more activation for the ACC, relative to baseline, for nonimpaired readers than poor readers while
they performed a rhyme task in the scanner (in the study, the ACC activation for the nonimpaired
readers in the rhyme task did not survive the direct comparison with the dyslexic readers).
Additionally, in the same study, activation of the ACC was negatively correlated with performance.
The latter result was interpreted as an indication of poorer reading being associated with the need to
put forth a greater deal of mental effort (Shaywitz et al.,, 2002). A role for the ACC activation for
nonimpaired readers remains to be better understood.

It is possible that in earlier stages of reading, a greater deal of directed attention is a marker of more
fluent reading. The present study shows that typical readers activated the ACC more than dyslexic
readers in the word reading task. The difference resulted from significant deactivation of the ACC in
dyslexic readers in the task, relative to baseline (as the Beta values show) versus activation of the ACC in
typical readers, relative to baseline. The ACC is remarkably disengaged in dyslexic readers.

ACC dysfunction has been associated with inattention and impulsivity in attention-deficit/hyperactivity
disorder (Bush et al., 1999). The ACC has also been implicated in a study of reading compensation in young
adults. The accuracy-improved (compensated) poor readers, relative to persistently poor readers, showed
more activation of the ACC (Shaywitz et al., 2003). It is possible that typical readers engage the ACC as a
function of focusing attention and the effort associated with reading in early stages. Their average reading
speed, for example, was 84 words per minute; reading at this speed reflects effortful reading at the word
level (though it is an adequate speed for the age of the typical readers). The ability to read more fluently and
accurately at this age may require more attention at the word level than at later, more mature stages of
reading as some adult fluent readers surpass the 180 words per minute mark.

The increased activation of the ACC may be associated with psychological processes of strategic
control that are part of learning of a novel process (Chein & Schneider, 2005). In sum, the present
study provides evidence of the functional organization of dyslexia and typical reading, suggesting
differences in the configuration of the brain at rest and during word reading. The findings extend
previous studies and suggest a mechanism of coupling/decoupling between the VWFA and the
brain’s DMN associated with dyslexia.
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