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Abstract

Dyslexia can have different manifestations: this has motivated different theories on its nature, on
its underlying brain bases and enduring controversies on how to best treat it. The relative weight of
the different manifestations has never been evaluated using both behavioural and fMRI measures,
a challenge taken here to assess the major systems called into play in dyslexia by different
theories.

We found that adult well-compensated dyslexics were systematically impaired only in reading and
in visuo-phonological tasks, while deficits for other systems (e.g. motor/cerebellar, visual
magnocellular/motion perception) were only very occasional. In line with these findings, fMRI
showed a reliable hypoactivation only for the task of reading, in the left occipito-temporal cortex
(1-0TC).

The I-OTC, normally a crossroad between the reading system and other systems did not show the
same level of intersection in dyslexics; yet, it was not totally silent because it responded, in
segregated parts, during auditory phonological and visual motion perception tasks.

This minimal behavioural and functional anatomical comorbidity demonstrates that a specific
deficit of reading is the best description for developmental dyslexia, at least for adult well
compensated cases, with clear implications for rehabilitation strategies. The reduced intersection
of multiple systems in the I-OTC suggests that dyslexics suffer from a coarser connectivity,
leading to disconnection between the multiple domains that normally interact during reading.
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Milan, Italy. eraldo.paulesu@unimib.it.
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1 Introduction

Developmental dyslexia is currently defined as a specific learning disorder characterized by
persistent — at least 6 month - difficulties in reading accuracy, fluency and/or
comprehension, despite normal learning opportunities (World Health Organization, 2013).

The nature of the cognitive and neurophysiological mechanisms underlying dyslexia has
been the focus of lively debate (Nicolson et al., 2001; Snowling, 2001; Stein, 2001). Four
major classical alternative hypotheses describe dyslexia as (i) a phonological disorder that
also affects the decoding of orthography to phonology (Frith, 1999; Snowling, 2001; Ramus
et al., 2003), (ii) a disorder of the magnocellular pathways (Galaburda, 1993; Eden et al.,
1996b; Hari and Renvall, 2001; Stein, 2001), (iii) dysfunction of the visuospatial attention
system? (Facoetti et al., 2000; Facoetti et al., 2006; Peyrin et al., 2011; Gabrieli and Norton,
2012) or (iv) a cerebellar dysfunction (Fawcett et al., 2001; Nicolson et al., 2001; Bishop,
2002; Rae et al., 2002). Surprisingly, a modular hypothesis that posits a specific deficit in the
translation of orthography to phonology, that is independent of meta-phonological
operations (Cossu et al., 1993a), has never gained great popularity nor has it inspired
imaging studies. One other theory, the disconnection theory of dyslexia (Paulesu et al., 1996;
Rosen et al., 2000; Silani et al., 2005), has also not yet been fully developed.

The availability of supporting evidence for each of these hypotheses may cast doubts on the
meaningfulness of the dyslexic syndrome as a specific developmental disorder that affects
the reading acquisition with a unitary mechanism. Indeed, all these hypotheses? were
originally somewhat supported by behavioural, anatomical and anatomofunctional data. For
example, some studies were taken in support of what is historically known as the visual/
magnocellular hypothesis, which was originally benchmarked by a reduced activation of
area V5/MT in dyslexic subjects (Eden et al., 1996a; Demb et al., 1998)2; other studies,
however, did not confirm the hypoactivation of area MT/V5 (Vanni et al., 1997). Recently
Eden and colleagues (Olulade et al., 2013) reconsidered the role of V5/MT and concluded
that it was less likely to be dysfunctional if the reference groups are subjects matched for
reading age. Olulade and colleagues (2013; see also Goswami, 2015 for a review) propose
that some of the deficits seen for elementary perceptual tasks might be the consequence of a
reduced reading experience rather than the underlying cause.

Similar considerations apply to the cerebellar hypothesis (Nicolson et al., 2001): together
with reports of “grey matter”3 volumetric reductions (Brown et al., 2001; Brambati et al.,

1we do not test explicitly this hypothesis in this article. We rather tested the visual motion perception system, the stem of the dorsal
visual pathway that feeds into the visual attentional system. As the reader shall see, the patterns of activation associated with a visual-
motion perception task activate most of the dorsal visual stream involved in visuo-spatial attention.

There is some controversy on whether testing the functioning of magnocellular system, of the visual-motion perception system and
the dorsal visual-attentional system are equivalent or comparable matters. For example, there is now evidence to suggest that visual
motion perception and the functioning of the dorsal stream are not solely depending on magnocellular input (for discussions, see
Skottun, 2015).
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2004; Eckert et al., 2005; Kronbichler et al., 2008) there have been VBM studies with no
such findings (Hoeft et al., 2007; Pernet et al., 2009a&b#; Raschle et al., 2011; Steinbrinck
et al., 2008; Vinckenbosch et al., 2005). Similarly, functional imaging studies have shown
contrasting results on this matter: after the initial description of a reduced cerebellar
activation for motor tasks (Nicolson et al., 1999), there have been a few replications
(Menghini et al., 2006; Baillieux et al., 2009; Yang et al., 2013): yet, several meta-analyses
on dyslexia failed to confirm that finding (see Richlan et al., 2009, Paulesu et al., 2014 and
Martin et al., 2016), while Linkersdorfer et al. (2012) in their meta-analysis of VBM data,
and PET/fMRI reading data, report the challenging finding of a cerebellar common area
where activations were stronger while grey matter density was lower for dyslexics.

There are several possible explanations for the contrasting “evidence”on the brain
foundations behind dyslexia and its very neurocognitive nature. For example, one possible
cause of the divergent results may be a variability in the recruitment/diagnostic criteria: in
some studies only highly compensated dyslexics, frequently taken from university
populations, were recruited to limit the possibility of spurious comorbidities, including the
one of specific language impairment (e. g. Brunswick et al., 1999; McCrory et al., 2000;
Ruff et al., 2002; McCrory et al., 2005; Pekkola et al., 2006; Dufor et al., 2007;
MacSweeney et al., 2009; Olulade et al., 2012); in other studies, no specification was given
on the level of compensation of the subjects who were recruited from dyslexia clinics
(Menghini et al., 2006; Conway et al., 2008; Kast et al., 2011). Historically, some of the
studies, including the first study by one of us (Paulesu et al., 1996) were biased towards a
given theory and only a limited set of theory-relevant behaviours were tested?.

The age of the participants may be another important source of noise as younger subjects
may appear to have a greater comorbidity simply because some of the systems under
investigation are still under development. Small sample sizes with limited power may have
also played a role in generating observations that proved difficult to replicate (Poldrack et
al., 2017).

What would be an effective strategy to address these issues successfully?

First and foremost, it is important to test the different hypotheses in the same sample of
subjects. At the behavioural level this has been done in at least six studies (Ramus et al.,
2003; White et al., 2006; Reid et al., 2007; Heim et al., 2008; Menghini et al., 2010). Even
though a comparative study on comorbidity across different age ranges is lacking, the
aforementioned studies can be tentatively summarized as follows: (1) observation of a broad
comorbidity may be more frequent in children (Heim et al., 2008; Heim et al., 2010;
Menghini et al., 2010) than in adults; and (2) the strategy of recruiting highly compensated
dyslexics (usually university students) may have helped to identify dyslexics with limited

3VBM is unable to differentiate normal grey matter from dyslaminated grey matter, ectopias or scars, all microscopical pathological
hallmarks of dyslexia (Galaburda et al., 1985): accordingly, any VBM finding in dyslexia should be treated with some caution.
Instead of a focal grey matter reduction, Pernet et al. (2009a) found reversed correlations between behavioural variables and grey
matter cerebellar density in their dyslexics. In a further description of their data, Pernet et al. (2009b) found that dyslexics could have
lower or higher “grey matter” density than controls, rather than a systematic cerebellar grey matter reduction.
Of course, any experiment, in which only one possible explanation of developmental dyslexia is tested, makes it impossible to draw
conclusions on whether phonological, visual-motion perception or cerebellar deficits co-occur in dyslexia.
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comorbidity because the studies of adults (Ramus et al., 2003; Reid et al., 2007) concur in
showing a core reading and phonological deficit with only occasional co-morbidities.

A second requirement would be to assess the same issues using functional anatomical
techniques as well. Indeed, some of the theories of dyslexia are anatomical in nature (e.g. the
cerebellar or the visual-perception/dorsal stream hypotheses) and behavioural tests alone
simply cannot challenge the implied neural systems explicitly. Today we can take advantage
of almost 30 years of functional imaging studies of normal reading (reviews and meta-
analyses in Cattinelli et al., 2013; Taylor et al., 2013) and on dyslexia (reviews and meta-
analyses, for example, in Maisog et al., 2008; Richlan et al., 2009; Paulesu et al., 2014)
whereby we have a broad knowledge of the functional properties of the brain regions
involved in normal reading (see also Cohen et al., 2004; Danelli et al., 2013) and the brain
area where hypoactivation is most likely to be observed in dyslexia (e.g. the left occipito-
temporal cortex; see Richlan et al., 2009; Paulesu et al., 2014; Martin et al., 2016).
Furthermore the combination of fMRI and behavioural testing allows us to assess
compensatory phenomena, successful compensation or compensatory attempts (Berlingeri et
al., 2010; Berlingeri et al., 2013): these should manifest in the form of hyperactivations in
the pathological group with normal performance, for the former case, and pathological
performance in the latter (see also, Reuter-Lorenz and Cappell, 2008).

Until an explicit longitudinal study of comorbidity in dyslexia is not available8, the same
combined fMRI/behavioural approach may provide insights on a possible developmental
trajectory of cognitive maturation in dyslexics. For example, Figure 1 shows a possible
theoretical account of the behavioural dynamic changes in dyslexics as they would emerge
from the aforementioned behavioural literature. During childhood, the dyslexic child may sit
behind schedule in the maturation of several systems (for convenience only four systems are
mentioned); but the only systems to be persistently pathological would be those identified by
studies of comorbidity in adults (e.g. Ramus et al., 2003; Reid et al., 2007)7.

Why this might be remains a matter of speculation: perhaps the motor and visuo-
magnocellular and dorsal-visual systems are not truly pathological during childhood or,
maybe, compensation of these systems is more likely because of their anatomically more
distributed nature, compared to the encapsulated left hemispheric reading system (Shaywitz
et al., 2003; Bishop, 2013). Alternatively, the development of some systems (e.g. the
oculomotor and attentional systems) is only delayed because reduced reading experience
prevents the maturation of other systems that are normally boosted when reading is fluent
(review in Goswami, 2015).

What counts here is that a combined functional anatomical and behavioural assessment of
well-compensated adult dyslexics may help to decide, in a more explicit manner, whether
multiple deficits (overt or hidden by compensation) persist into adulthood in dyslexia and
whether they are necessary for the reading disorder to persist. To test this empirically, we
assessed whether the well-known dysfunctional anatomical pattern observed in dyslexia for

GAdmittedIy, the ultimate tests for causality are longitudinal or training studies, some of which have found positive links between
“magnocellular” / visuospatial abilities even prior to reading (Franceschini et al., 2012; Gori et al., 2015 & 2016).
The temporal pattern illustrated in Figure 1 could be fully tested only in a longitudinal study.
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single word or pseudo-word reading (the left occipito-temporal hypoactivation; see Richlan
et al., 2009; Linkersddrfer et al. (2012) or Paulesu et al., 2014 for a recent meta-analyses) (1)
replicates in a new sample and (2) whether such replication is accompanied by significant
comorbidity in behavioural and functional imaging measures.

1.2 Aims of the study

The aim of this study was to investigate comorbidity® in adult dyslexics. Our approach is
more complete than those used previously because we integrated behavioural and fMRI data
and tested whether the well documented malfunctioning of the left ventral occipito-temporal
cortex during reading, was accompanied by other neurofunctional deficits in tasks and brain
regions that are not associated with readingg. In order not to bias our investigation towards a
particular type of dyslexia, subjects were recruited on the grounds of having a clinical
diagnosis of dyslexia based on their reading skills since their childhood. To minimize the
risk of spurious comorbidities, we tested adult well-compensated dyslexics, the same
strategy adopted, for example, in the behavioural comorbidity study of Ramus et al. (2003).

In addition to evaluating our subjects with a vast array of tasks, we assessed their brain
functionality during four different tasks: (1) reading, (2) auditory rhyming, (3) visuo-motion
perception (a test that challenges the visual dorsal stream from its roots and should depend,
even though not exclusively, on the visual magnocellular system), and (4) a motor sequence
learning task, which is normally accompanied by cerebellar activations (Danelli et al., 2013).

With this repertoire of behavioural and fMRI tasks we were in the position to challenge
some major theories of dyslexia and their predictions regarding the presence or absence of
specific comorbidities.

Predictions

On the basis of our own and others’ previous meta-analytical work, we anticipated our data
would replicate the hypoactivation of the left occipito-temporal cortex during reading, a
finding that was found in an overwhelming number of imaging experiments across different
cultures (Paulesu et al., 2001; Hu et al., 2010) and in groups of dyslexics of all ages (see for
a meta-analyses; Maisog et al., 2008; Richlan et al., 2009; Martin et al., 2016). If
endophenotypes of dyslexia exist for the task of reading, this is definitively a strong
candidate.

The different theories of dyslexia make different predictions on what should be observed in a
sample of dyslexics who, because of their compensation, should display a specific dyslexic
deficit: for example, a strictly modular reading deficit hypothesis would predict deficits for
reading tasks in reading specific brain regions only, (e.g. the left occipitotemporal cortex).
On the other hand, a general phonological theory would predict the co-existence of

8Throughout the paper, the wording comorbidity is used to mean the co-occurrence of deficits in distinct functional systems (e.g.
phonological and visual motion perception systems) rather than the co-occurrence of two syndromes (e.g. dyslexia and attention
deficit hyperactivity disorder).

Activation of area MT/V5 is never seen when reading single words or pseudo-words in central presentation, two tasks in which
dyslexic are pathologically slow. A dysfunction of area MT/V5 in a visual motion perception task would be a deficit in a task/domain
associated with dyslexia for a region not immediately associable with the task of reading.
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important auditory phonological deficits together with fMRI hypoactivations during the
auditory phonological task. The cerebellar and the visual motion perception hypotheses
postulate the additional presence of motor specific deficits and /or visual motion perception
deficits together with specific brain malfunctions.

Although we did not commit ourselves to any of these hypotheses from the outset, we made
all possible efforts to put ourselves in the position to find reliable results using sensitive
measures to decide among the aforementioned scenarios.

In challenging these hypotheses, we capitalized on our previous work in normal readers in
which we mapped the reading, phonological, visuo-motion perception and motor learning
systems and we also assessed the degree of topographical convergence of those systems in
the brain with particular reference to the left occipito-temporal cortex (Danelli et al., 2013):
as in that previous paper, we took the presence/absence of overlaps of multiple systems in
this region as an indication of functional/anatomical connectivity though convergence there
(see Zeki and Shipp, 1988). We hypothesized that dyslexics may suffer from a reduction in
such connectivity.

This mapping allowed us to produce an in depth characterization of the normal functional
nature of the brain regions with reduced activation during reading in the dyslexic subjects,
and to generate a more specific hypothesis about the nature of the neurocognitive deficit
behind dyslexia. In addition, by having a relatively vast array of tasks we were able to test
whether any brain region that was malfunctioning for reading in dyslexia was generally
silent or responsive to other stimulations.

As the reader shall see, there is one clear winner among the aforementioned hypotheses with
the additional suggestion of a reduced connectivity within the left ventral occipitotemporal
cortex as an important trait of the disorder.

2 Methods

2.1 Participants

To minimize the risk of recruiting subjects with multiple uncorrelated deficits, all subjects
were in the highest range of education. They comprised 23 healthy right-handed Italian
university students [F=12, M=11; agemean(s.d.)=20.6 (2.29)] with at least 13 years of
schooling, and 20 subjects fulfilling a diagnosis of dyslexia [F=5, M=15; agémean(s.d.)=21.2
(5.2)], matched with the normal controls for educational level (Mann-Whitney U-test, Z-
value=-1.67, p=.09, |r|=.25).

The subjects with dyslexia were recruited on the grounds of their past medical/school history
and the presence of a previous diagnosis of developmental dyslexia based on their reading
skills. Accordingly, the recruitment of the dyslexics was not biased towards the presence of
any additional sign (e.g. phonological, motor, etc.).

2.2 Neuropsychological tests

All subjects, controls and dyslexics, were tested with following tests.
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General intelligence: Wechsler Adult Intelligence Scale Revised (WAIS-R; Wechsler,
1981).

Simple “visuo-verbal simple vocal reaction time” (VOT task): Simple vocal-reaction
times were measured by asking subjects to say ‘pronti’ (“ready”) as quickly as possible
every time a small dot appeared on a computer screen at random intervals. This measure
served as a reference baseline for what is implied form detection of a simple visual stimulus
to the generation of the utterance of a bi-syllabic word.

Reading: single word- and pseudo-word reading for disyllabic stimuli (reaction times and
accuracy) as in Paulesu et al. (2001).

Elementary auditory perception: discrimination of pairs of pure tones (from the fMRI
scans).

Phonology: digit span (from the WAIS-R); auditory discrimination of letter names (from the
fMRI scans); spoonerisms test, digit naming and picture naming tasks (see also Paulesu et
al., 2001).

“Magnocellular” and dorsal stream visual tests: contrast discrimination; speed
discrimination with both low-frequency and high-frequency Gabor patches; coherent motion
perception tasks.

“Cerebellar tests”: sequence motor learning task (from the fMRI scans).

A detailed description of these tasks is reported in the supplementary materials (section
sm-1) or in the description of the fMRI tasks.

For all reaction time tasks the individual median of the RTs were used for further analysis.

2.3 fMRI tasks

During 4 separate fMRI scans, participants performed (1) a pseudo-word reading task, in
which subjects were instructed to mentally read each bi-syllabic pseudo-word (2) an
auditory letter-name rhyming task, in which subjects were instructed to respond when two
letter names rhymed and, in the baseline, when two pure tones were matched for pitch (3) a
visual motion stimulation task, in which subjects stared at a fixation point while a low-
frequency Gabor patch was either stationary (baseline) or moving randomly across the
screen (experimental condition), and finally, (4) a motor sequence learning task, in which
subjects were instructed to learn a sequence of 8 key presses, receiving specific auditory
feedback for correct or wrong taps. A detailed description of the tasks is reported in the
supplementary materials (section sm-2, see also Danelli et al., 2013).

2.4 fMRI data acquisition

MRI scans were performed on a 1.5 T Marconi-Philips /nfinion Scanner or with a General
Eletric Signa HD-XT scanner, using an Echo Planar Imaging (EPI) gradient echo sequence
(Flip angle = 90°; TE = 60msec; TR = 3000 msec; FOV = 240x240; matrix = 64 x 64) and a
8channel phased array coil. A substantially identical number of controls and dyslexic was
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scanned with each scanner (Controls: /nfinion#12; Signa#11; Dyslexics Infinion #7;
Signa:#13; X2 (2, N = 43) = 1.28, p=.26).

The selected volume consisted of 35 contiguous, interleaved, axial and coplanar with ACPC
line, images (thickness = 5 mm; interslice gap = 0 mm), acquired every 3 seconds. The four-
fMRI experiments described below involved 60 fMRI scans collected in alternating 30-
second blocks of 10 scans of baseline and experimental task. Ten initial “dummy” scans
were acquired and then discarded. For all participants, the sample anatomical space included
the entire cerebral hemispheres and the cerebellum down to -40 below the bicommissural
plane.

2.5 Behavioural data analysis

Individual behavioural performance on 1.Q., phonological skills, reading skills,
magnocellular and motor skills (see tables 1) were assessed using the Crawford and Howell's
method (Crawford et al., 1998). Because there were many variables under statistical testing,
a Family Wise Error (FWER) correction was adoptedlo. We studied the pattern of between-
variable correlations in the control group by means of Spearmann’s rho tests. The
Spearmann’s rho correlation matrices are reported in table sm-1 and sm-2, respectively. The
global level of significance of the two patterns of correlation was tested by means of
Bartlett’s sphericity test (Bartlett, 1937).

On the basis of the correlation matrices, we identified the following families of variables to
generate family specific thresholds:

. Family 1: word-reading, pseudo-word reading, VOT task, picture naming, rhyme
(d-prime); for this family the corrected alpha level was set to .01;

. Family 2: digit naming and spoonerisms; for this family the corrected alpha level
was set to 0.025;

. Family 3: verbal and performance 1.Q.; for this family the corrected alpha level
was set to 0.025;

. Family 4: correct taps and lack of corrections; for this family the corrected alpha
level was set to 0.025;

. Family 5: contrast discrimination for magnocellular stimuli, contrast
discrimination for parvocellular stimuli, speed discrimination for magnocellular
stimuli and coherent motion perception; for this family the corrected alpha level
was set to .0125;

. Family 6: speed discrimination with parvocellular stimuli (alpha level .05 - i.e.
independent measure).

Group comparisons (dyslexics versus controls) were performed using multiple Mann-
Whitney U tests with the software SPSS (http://www-01.ibm.com/software/it/analytics/

10The adoption of a Bonferroni correction would have been unnecessarily too harsh and it would be based on the assumption that each
task-specific comparison between a dyslexic and the group of control would be independent, something that from a methodological
and psychometrical point of view is difficult to maintain.

Cortex. Author manuscript; available in PMC 2018 June 01.


http://www-01.ibm.com/software/it/analytics/spss

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Danelli et al.

Page 9

spss). For the non-parametric between-groups comparisons, the magnitude of the effect sizes
was calculated according to the equation:

|r|=\

: ‘

VN

Comparison of different naming skills.

A two-way 2x3 ANOVA with one between-group factor (controls, dyslexics) and one
within-group factor (word-reading, pseudo-word reading and picture naming) was calculated
to compare different kinds of naming skills (reading words, pseudo-words, picture naming).
The partial eta squared was also computed to measure the magnitude of the effect sizes.

2.6 fMRI data analysisll

After standard pre-processing of the fMRI data (Friston et al., 1995) the experimental
conditions were modelled in a block-design and the condition-specific effects were
estimated using the General Linear Model as implemented in SPM8 (Wellcome Department
of Imaging Neuroscience, London, UK). For each subject and task, images were converted
from DICOM to NIFTI, realigned (default options in SPM8 saved in “estimate and reslice”
batch) to remove movement artefacts and normalized into an MRI stereotactic space (using
standard SPM8 procedures and the EPI template). Images were then convolved in space with
a three-dimensional isotropic Gaussian kernel (10 mm FWHM) to improve the signal-to-
noise ratio. The data were also high-pass filtered with a cut-off period of 128 sec.

Finally, individual effects, i.e. the contrast-images estimated at the first level, were entered in
a random-effect analysis for group-level inference (Friston, 2005). These analyses conform
to a second-level ANOVA with a between-group factor (two-levels, controls and dyslexics,
with unequal variance) and a within-group factor (four-levels with equal variance) that
modelled the four task effects: (1) pseudo-word reading versus baseline (2) auditory rhyme
detection versus baseline (3) motion perception versus baseline (4) motor sequence learning
versus baseline. To this end we used the full factorial routine in SPM8 with correction for
global signal omitted by default.

Whole brain analyses—Simple effects, conjunction effects and between-group
comparisons were assessed for each task and pairs of tasks. For the between group analyses,
we also calculated higher order group-by-task interactions which allowed us to test the
specificity of any given difference in a given task (e.g. for pseudo-word reading) with
reference to other tasks (e.g. auditory phonological processing). The form of such
interactions was therefore, for example, [(reading — rhyming)controls > (reading-
rhyming)gysiexics]- All these analyses were performed first on the entire brain volume.

11as this paper is primarily concerned with inferences at a population level, we deliberately do not describe individual fMRI data.
Such description will be the subject of a companion paper on the diagnostic value of different fMRI tests in dyslexia at the individual

level.
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Small volume corrected analyses—The main between-group comparisons were also
tested on the 9 clusters identified in the recent meta-analysis by Paulesu et al. (2014), which
was based on 53 previous imaging studies on dyslexia. The aim of the small-volume-
corrected analyses was to test to what extent new results would be consistent with a
substantial body of previous independent empirical work summarized by the clusters
identified in that meta-analysis12. The 9 clusters for small volume correction included, the
left ventral occipito-temporal cortices, lateral middle and superior temporal cortices, left
dorsal-parietal and premotor cortices (see table 2a in Paulesu et al. 2014, and the
supplementary figure SF-1 of this article).

“In depth” analyses: normal and pathological convergence of multiple
systems in reading areas—Finally, we characterized the properties of the brain regions
that were significantly less active in the dyslexics for the task of reading.

First, we assessed such properties in the normal controls. we replicated the approach
published in Danelli et al. (2013) where we quantified the level of intersection of the four
systems challenged by our tasks in the left ventral occipito-temporal cortex. This established
the normal level of convergence of multiple systems in the region that proved hypoactive in
this sample of dyslexics. First we isolated the region of hypoactivation in the dyslexics for
the reading task (p<0.001 FWER corrected for cluster extent). Second, within this region,
we sought conjunctions between the reading task and each other task. Finally we isolated
again what we called reading per-se regions (Danelli et al., 2013), namely voxels that within
the mask were active while not showing even trends for activation in any other task (no
voxels above the p<0.05 uncorrected threshold)13 or were significantly more active for
reading than in all other tasks combined4.

Second, for the same region, we evaluated whether the dyslexic subjects activate this region
in other tasks. An image containing the pseudo-word reading hypo-activations of the
dyslexics was used as a mask for each simple effect to further evaluate whether the
dysfunction of this brain region was either specifically associated with a reading task or it
was task-independent.

Statistical thresholds—All analyses were thresholded at p<0.05 after voxel wise family
wise error (FWE) correction either across the whole brain or in our regions of interest. If this
correction was not met, a p<0.05 FWE cluster-wise correction was adopted after an
uncorrected voxel-wise threshold of p<0.001. Accordingly, all results described were all
corrected for multiple comparisons, using state of the art approaches.

12The small volume corrected —ROI- analyses allowed us to test specific a priori anatomical hypotheses, and were justified because
the ROIs were derived from independent data.
This effect was calculated on the reading data exclusively masked on the other three tasks data thresholded at 0.05 uncorrected.
This region was identified in the controls by comparing the reading task with all the other tasks with the linear contrast “3 -1 -1 -1”
for reading, rhyming, visuo-motion perception and motor learning respectively.
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3 Results

3.1 Behavioural data

All behavioural data are summarized in Table 1.

3.1.1 Group analyses—Between-group differences that survived a correction for
multiple comparisons were the reading times for words and pseudo-words, several
phonological tasks (spoonerisms task; digit naming; picture naming), and the Arithmetic
subtest of the WAIS. Other nominally significant results (e.g. the Digit-Symbol Coding or
Similarities subtest of the WAIS) did not survive the correction for multiple comparisons.

In the majority of the other tests, and crucially the visual magnocellular/dorsal stream tests,
or the motor learning test, there was no significant difference when a corrected threshold
was applied. A detailed description of all the group-comparisons is reported in
supplementary materials (section sr-3.1).

Comparisons of the effect sizes across different tasks

The tasks that provided the strongest discrimination of dyslexics and controls (using non-
parametric |r| values > 0.5; Field, 2005) were those involving visuo-ortho-phonological
integration either explicitly (e.g. naming tasks) or implicitly (e.g. spoonerism tasks).

A comparison of different kinds of naming skills (word-reading, pseudo-word reading and
picture naming), measured with the same RT latency procedure, also revealed an interesting
pattern that discriminated dyslexics from controls. Although response times were fastest for
reading words in both groups, controls showed slower responses for picture naming than
pseudoword reading whereas dyslexics were slower for pseudowords than picture naming
(see table 1 and supplementary figure SF-2). This group difference was formally
demonstrated by a two-way 2x3 ANOVA with one between-group factor (controls,
dyslexics) and one within-group factor (tasks) showed significant group (F(1-40)=77, p<.001,
nzp:.659) and task (F(2-gp)=76, p<.001, nzp:.654) effects and group-by-task interaction
effects (F(2-g0)=45, p=.001, n?,=.532).

3.1.2 Single-subject behavioural analyses—All subjects with dyslexia, with one
exception, showed a lengthening of vocal reaction times for pseudo-word reading. Half of
dyslexics showed a pathological performance in, at least, one phonological task — in
particular, the majority showed a lengthening of their processing times for the spoonerisms
task. Only occasional deviations emerged for “visual magnocellular’/dorsal stream tests and
motor/cerebellar tasks (see table 1 and section sr-3.2 in the supplementary materials for
details).

For the group of normal controls, deviant performances were observed only very
occasionally.
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3.2 fMRI results

3.2.1 Behavioural patterns during fMRI—For pseudo-word reading subjects reported
to have read all the stimuli, consistently throughout the task. This was ensured, a priori, by
selecting a stimulus presentation rate that was longer than the VOT of the slowest dyslexic.

In the auditory rhyming task, neither accuracy nor reaction times differed significantly
between controls and dyslexics in the auditory rhyming task (Mann-Whitney U-testaccuracys
Z-value=-1.3, p=.2, |r|=.21; Mann-Whitney U-testspeeq, Z-value=-1.9, p=.06, |r|=.31) and in
the tone-discrimination task (Mann-Whitney U-testaccyracy, Z-value=-1.9, p=.05, |r|=.31;
Mann-Whitney U-testgpeed, Z-value=-1.6, p=.1, |r|=.26).

For the visual motion stimulation task, subjects confirmed to have clearly perceived the
moving Gabor patches while fixating the centre of the virtual display.

For the motor learning task, there was no significant difference between controls and
dyslexics either in the number of correct taps (Mann-Whitney U-test, Z-value=-.67, p=.5, |r|
=.11), nor in the lack of corrections (Mann-Whitney U-test, Z-value=-.81, p=.42, |r|=.13).

3.2.2 fMRI results—Results of the within-group fMRI effects for each task are described
in details in supplementary materials (section sr-4.1, see also figure 2: columns A and B).
Here it is worth noting that our fMRI data from controls replicated previous observations on
similar tasks. This includes activation in (i) the occipito-temporal cortex during pseudoword
reading, (ii) the dorsal visual stream from area MT/V5, up to parietal cortex and the
connected dorsal oculomotor cortices for the visual motion task; and (iii) the anticipated
cerebellar activations during the sequence motor learning task.

3.2.2.1 Common task effect for controls and dyslexics: A detailed description of these
results is in the supplementary materials (section sr-4.2; see also figure 2: column C). Here it
is worth mentioning that, among other effects, there was common activation in (i) the left
inferior temporal cortex during the auditory phonological task (the same region was
hypoactivated in dyslexics for reading — see below), (ii) area V5/MT for the moving Gabor
patches stimulation and (iii) the cerebellum for the motor learning task.

3.2.2.2 Between-group comparisons: Whole brain volume analyses

Pseudoword reading was the only task where activation was significantly different in the
controls and dyslexics. Dyslexics showed reduced activation (i.e. hypoactivation) in the left
occipito-temporal cortex (table 2.1) (p<0.001 FWER corrected at voxel-level). No other
between-group differences (hypoactivations or as hyperactivations) emerged between
controls and dyslexics in the other tasks (auditory rhyming, visual-magnocellular and motor-
cerebellar tasks). This task specific effect was confirmed by a group-by-task interaction in
the left ventral occipito-temporal cortex for the [reading > rhyming] and for the [reading >
visual motion perception] comparisons (table 2.2). These effects were significant,
respectively, at p=.02 and p=.004 FWER corrected for cluster size after voxel level
thresholding at p<0.001. No other interaction effects were found. These results indicate that
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the best neuro-anatomical marker for dyslexia was observed in the left occipitotemporal
cortex during reading.

Small-volume corrected analyses based on the meta-analysis of Paulesu et al. (2014)

Apart from the obvious replication of a left ventral occipito-temporal cortex hypoactivation
(all three clusters revealed in Paulesu et al. 2014, clusters L5, L6 and L2315, were
significantly less active in dyslexics; see table 3.1) there was a further small-volume
corrected finding in the dorsal left parietal cortex in cluster L30: this emerged for the
[reading > rhyming] (stereotactic coordinates: X= -40; y=-44; 7=42, ; SVC p = 0.03; see
table 3.2-a) and for the [reading > visual motion perception] (stereotactic coordinates: X=
-38; y=-42; Z=42; SVC p = 0.05; table 3.2-b) higher-order interactions.

3.2.2.3 In depth functional analyses: These analyses addressed two questions.

Question (1) what are the normal functional properties of the occipito-temporal cortices that
were more active in normal readers for reading? What is the level of intersection of multiple
systems in such regions?

Question (2) Does the cortical region hypoactivated in dyslexics for reading respond in the
other tasks?

The analyses addressing question 1, using the approach of Danelli et al. (2013), showed that
the brain region that is hypoactive in this sample of dyslexics, normally contains three
functionally distinct sub-regions:

Q) a more posterior portion localized in the lateral part of the fusiform gyrus where
activations for reading and visuo-motion perception overlap (table 4-b and
purple areas in the upper part of figure 3).

(i) amore anterior and lateral portion localized in the posterior part of the inferior
temporal gyrus that responds to both reading and auditory phonological
processing (table 4-a and blue areas in the upper part of figure 3), a region called
LIMA (lateral inferior-temporal multimodal area) by Cohen et al. (2004).

(i) an anterior ventro-medial portion of the fusiform gyrus specifically activated for
pseudo-word reading with no overlapping response with that seen for the
auditory phonological task nor for the visual motion perception task (table 4-c
and yellow areas in the upper part of figure 3). This region may be equivalent to
the one described by Cohen et al. (2002) as the visual word-form area (VWFA).

The analyses addressing question 2, showed that in dyslexics, within the region that is
hypoactivated for reading (areas in red in the lower part of figure 3 and table 5-a), there were
activations for the auditory phonological processing more laterally (areas in blue in the
lower part of figure 3 and table 5-b) and posteriorly for the visual motion perception task
(purple areas in the lower part of figure 3; see also table 5-c), but, of course, no intersection
with the reading task as the region is not significantly activated for reading in dyselxics.16

15The cluster labels used for the small volume correction are those presented by Paulesu et al. (2014) in table 2.
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To summarize, part of the region of hypoactivation for reading in dyslexia responded
normally during simple auditory phonological processing and for the moving Gabor patch.
On the other hand, the medial portion, that may correspond to the VWEFA in normal controls,
was not significantly activated by our dyslexics in any of our tasks.

4 Discussion

How many behavioural deficits in dyslexia?

The first aim of this study was to evaluate co-morbidity in adult well-compensated
developmental dyslexics. To our knowledge, this is the first such an attempt in adult readers
using both behavioural and functional imaging techniques.

Our results clearly show that, in adult subjects with a history of dyslexia, the
neuropsychological pattern is dominated by a reading decoding difficulty that manifests
even at a single bi-syllabic word or pseudo-word level, and is accompanied by phonological
deficits (Snowling, 1981; Pennington et al., 1990; Swan and Goswami, 1997a, b; Ramus et
al., 2003).

However, the phonological deficit was not present in a uniform manner across all
phonological tasks. It was most evident in phonological tasks that require accessto
phonology from visual inputs (picture and digit naming tasks) or tasks like the spoonerisms
that are facilitated by (i) orthographic knowledge and (ii) phonological segmentations skills
that develop when orthographic-to-phonological decoding strategies are mastered (see, for
example, Bradley and Bryant, 1983).

In other phonological tasks, e.g. the digit span task of the WAIS, the difference between the
groups was not as significant or not significant at all as in the case of the simple auditory
phonological task used during fMRI (see below). This finding is perfectly compatible with
recent longitudinal observations by Caravolas et al. (2012) in developing children from
different cultures and consistent with previous cross-cultural work in adults (Paulesu et al.,
2001).

Furthermore, when a formal comparison was made between two tasks that share the general
process of recoding from visual input into phonology, that is the pseudo-word reading and
the picture naming tasks, dyslexics showed a reversed pattern of reaction times when
compared with normal controls: normal controls were considerably slower in naming
pictures (by 90 msec on average), dyslexics were much slower in naming pseudo-words (110
msec slower than for picture naming).

On the contrary, no group difference emerged for the auditory phonological task that
involved discrimination of letter-names during fMRI, even though processing load in this
task was similar to the pseudo-word reading task because it required the manipulation of at
least two syllables (the letter name —e.qg.: [pi], [di], [éf-fe], [36-ta] - and the reference letter

16\e have preliminary data showing that, for picture naming the vast majority of this area is normally active in dyslexia with a small
but significant region of hypoactivation corresponding to the mesial fusiform region labelled as VWFA by Cohen et al. (2002). This
has previously been noted by McCrory et al. (2005).
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name [bi]). Accordingly, auditory phonological tasks, that require minimal reliance on
orthographic codes, were performed flawlessly by adult well-compensated dyslexics.

Taken together, these findings confirm the phonological deficit normally seen in dyslexia
(Ramus et al., 2003; Marinelli et al., 2011). Of the many phonological behaviours,
phonological retrieval from visual input is particularly problematic for dyslexics and
particularly so when orthographic strings are involved.

In contrast, behavioural deficits in tasks designed to challenge the other systems under
investigation (visual magnocellular/visual dorsal stream; motor/cerebellar) were only
observed occasionally for individual subjects.

This pattern is highly reminiscent of the one described by Ramus et al. (2003) or with the
observations of Reid et al. (2007) if one considers that having relatively small samples of
patients exposes to the risk of missing the observation of specific cases which, by all means,
occur with a very low frequency.

7o summarize the behavioural results, our co-morbidity study shows that, as much as this
might seem obvious, reading deficits are of utmost prominence in dyslexia. This core deficit
is accompanied by phonological difficulties particularly in tasks that require orthographic
knowledge or phonological retrieval from visual input such as letter strings. As normally
observed in cultures with transparent orthographies, the reading disorder was in the form of
a speed-dyslexia, as subjects made only occasional errors (Landerl et al., 1997; Paulesu et
al., 2001; Hutzler and Wimmer, 2004).

These findings suggest that one should observe a functional anatomical deficit in regions not
only involved in reading, conceived as a visual task, but also in the integration of visual and
phonological codes (Cohen et al., 2004; Danelli et al., 2013). In contrast, the same
behavioural pattern predicts little if any reduction of brain activation in simple auditory
phonological tasks or indeed all other non-reading tasks. Functional imaging is needed to
test these predictions and search for evidence of compensatory activity during non-reading
tasks that might be indicative of abnormal processing that was not evident in behavioural
measures. Compensatory activity is expected to be observed as hyperactivations (see for
example the literature on graceful aging; Cabeza et al., 2002; Berlingeri et al., 2010;
Berlingeri et al., 2013; Zapparoli et al., 2013; Zapparoli et al., 2016). If we had observed
hyperactivation during non-reading tasks, we would have concluded that a broad
comorbidity persists into adulthood, but for some domains this is only detectable at the
endophenotypical functional anatomical level in the form of a compensatory process. We did
not, however, find evidence to support this hypothesis.

How many functional anatomical deficits in dyslexia?

The functional imaging data complement the behavioural ones in a revealing way. These
new fMRI results replicate a well-established finding in showing a reduced activation of the
left inferior temporal/fusiform region and neighbouring extra-striate cortices for reading. A
similar pattern has been seen in several previous studies of reading in dyslexia across
multiple age-ranges. For example, the meta-analysis of left-occipito-temporal cortex data
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summarized in Paulesu et al. (2014) was derived from 273 controls and 251 dyslexics from
17 studies. The sample of dyslexics investigated in the current study are therefore similar to
the populations described so far in the imaging literature for this particular endophenotype.

By providing an array of behavioural and functional neuroimaging investigations, our results
permit a deeper and more discriminatory interpretations of previous data.

The key observation we are focusing on is’ the lack of significant functional anatomical
differences (hypoactivation or hyperactivations) in the non-reading tasks (i.e. the visual
magnocellular, simple auditory phonological and cerebellar tasks).17 If we had observed
hyperactivations, with equivalent behaviour, we would have suggested some form of
successful compensation in a still deficient system. However, this was not the case which
implies that systems thought to play a causal role in dyslexia, like the visual-magnocellular
account or the cerebellar account, may finally reach maturation despite enduringly
malfunction in the decoding system for reading18. We therefore have no evidence that our
dyslexics differed in domains outside those of reading, phonological retrieval from visual
stimuli or orthographic processing, in the context of strong evidence that behaviour and
brain activation were abnormal during the reading task.

To summarize, our interpretation of the present data with well compensated dyslexics
excludes a causal link between the enduring reading disorderand an enduring broad deficit
in visual magnocellular or dorsal stream. This is consistent with the proposal that deficits in
elementary perceptual tasks might be the consequence rather than cause of reduced reading
experience (Olulade et al., 2013). However, our data are also compatible with the likely
possibility that perceptual deficits will slow reading acquisition in childhood (see figure 1)
and prevent effective compensation in adult dyslexics (see also Franceschini et al., 2012;
Gori et al., 2016).

A generic phonological theory is also weakened by our findings that well-compensated adult
dyslexics were perfectly capable of performing a simple auditory phonological
discrimination task, providing that this did not involve phonological retrieval from visual
input, as in the picture-naming task (McCrory et al., 2005). They also had a normal digit
span. This indicates that, although subtle phonological deficits can be found in some pre-
school children at risk for dyslexia and these predict the disorder (for recent meta-analysis,
see Snowling and Melby-Lervég, 2016), not all kinds of phonological abilities correlate with
the ease of reading acquisition (Caravolas et al., 2012) and some phonological tasks are
better compensated than others.

We have also argued above that difficulties on the spoonerism task may be a consequence of
dyslexics having weaker orthographic knowledge and phonological segmentation abilities

Mtis important to stress that our data go beyond a naif claim as if we had demonstrated the null hypothesis for the non-reading tasks,
something that would be problematic to state firmly: rather, as there were higher level group by task interactions, we also provide
explicit evidence of a greater fMRI activation difference for the reading task, compared with any other tasks tested, particularly for the
left occipito-temporal cortex.

This pattern of results is also compatible with Olulade et al. (2013) or Goswami’s (2015) interpretation of the causal link between a
limited reading experience and a delayed maturation of the visual magnocellular system: our subjects were well-compensated
dyslexics with considerable reading training throughout their life.
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because of inefficient orthographic to phonological decoding strategies. This suggests that
the integration between phonology and other representations is a crucial part of an enduring
disorder in its pure form together with the maturation of the underlying neuronal
substrates19.

Our proposal for a relatively pure reading disability in well-compensated dyslexics is also
supported by the dissection of the functional properties of the L-OTC. In normal controls,
this area appears to be a crossroad of different functional systems (Tarkiainen et al., 1999;
Xue and Poldrack, 2007; Danelli et al., 2013). In particular, our normal readers activated the
more anterior and lateral component in the inferior-temporal region (LIMA, Cohen et al.,
2004) during reading and auditory phonological tasks, and the more posterior lateral
fusiform during reading and visual motion perception. The intersection of activation across
tasks in these two regions contrasts to the response in the more medial region described as a
visual word-form area (VWEFA) that is not responsive during visual motion or auditory
language tasks and therefore appears to be more selective for reading (Cohen et al., 2002;
but see Price and Devlin, 2003; Twomey et al., 2011). Irrespective of what specific function
VWEFA plays, its co-activation with LIMA and the posterior fusiform during normal reading
suggests that activation in all three of these regions might need to be functionally integrated
for fast and efficient reading (see Zeki and Shipp, 1988 for a discussion of integration by
convergence in this region). Evidence that this integration process has broken down in
dyslexics is provided by our observation that dyslexics were able to activate LIMA during
auditory phonological tasks, and the posterior fusiform during visual motion perception, but
showed hypoactivation in all three regions during reading.

Finally, the “cerebellar” hypothesis is also not supported by our data.

“Reading is Reading is Reading”? A revival of the disconnection hypothesis of dyslexia
and the modular nature of the decoding deficit of dyslexia

Although our evidence does not support any of the major theories of dyslexia in their
extreme formulation, is there any other hypothesis that might be reinforced by the present
findings? In a more than twenty years-old paper, Cossu and Marshall (Cossu et al., 1993b)
contended that dyslexia is the result of a deficit limited to the reading system. Their evidence
was based on the observation of hyperlexic Down syndrome subjects who were unable to
perform phonological awareness tasks while being extremely good at reading. Their
evidence was criticized (see, for example, the reactions by Morton and Frith, 1993), yet
Cossu et al. (1993a) provided a vehement response in a commentary called Reading is
Reading is Readling.

Their theory is still viable if we put it in a broader context. Our data on adult dyslexics, with
a fairly pure form of dyslexia, definitively points to the lack of maturation in a specialized
print-to-phonology interface. Moreover, we have shown how the deficit can persist when

19The same argument could be taken if one considers the other end of the spectrum between elementary visual processing, the
integration between phonology and vision and auditory phonology itself. Much as described by Ziegler et a/. (2010) in children, our
dyslexics did not show systematic elementary visual deficits, nor they were delayed in generating a stereotyped utterance in response
to a visual stimulus; yet, they were impaired when the visual tasks involved rapid naming, i.e., the integration of visual inputs with
stimulus specific phonological codes, as in reading or picture naming.
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other putative deficits are not observed or have been resolved. The reason behind the lack of
maturation of the left occipito-temporal cortical decoding module remains mysterious, and
possibly it has genetic origins (see Peterson and Pennington, 2015 for a review; see also
Skeide et al., 2015): we propose that a perturbed connectivity between visual cortical
analysers and auditory phonological representations may be a crucial factor. In the present
data, the L-OTC of normal subjects is a crossroad of several systems while in dyslexic
subjects it is not. Integration through a form of functional anatomical convergence, is one of
the processes used by the brain to integrate multidimensional stimuli (Zeki and Shipp, 1988)
but it is clearly not operating affectively in dyslexics, at least in this brain region.

Perturbed functional connectivity in dyslexia has already been postulated on the basis of
PET activation data from visual phonological tasks (Paulesu et al., 1996), DTI MRI data
(Klingberg et al., 2000; Deutsch et al., 2005; Zhao et al., 2016), VBM data (Silani et al.,
2005) and pathological animal models (Galaburda, 1993). Recent seed based functional
connectivity analyses of fMRI data collected when reading or at rest further support this
concept (Schurz et al., 2015). The pathological data from Galaburda’s group suggest that the
disconnectional impact of dyslaminations and ectopias in dyslexia, provide a
microanatomical explanation of the bases for disconnection. Reduced connectivity would
prove particularly critical for the task of reading, causing dyslexia, because reading requires
the de-novo integration of multiple other systems (visual, semantic phonological) that may
each independently be involved in many other tasks.

Functional disconnection in the reading system can also explain why dyslexics fail on
auditory phonological tasks that are facilitated by orthographic awareness, like in complex
rhyming tasks (Seidenberg and Tanenhaus, 1979). It is well known that complex auditory
phonological awareness tasks are associated with left occipito-temporal cortical activations
(Démonet et al., 1994). The same disconnection hypothesis may also explain why dyslexics
also struggle with tasks that require phonological retrieval from non-orthographic stimuli as
reported by McCrory et al., (2005).

While one could argue that less compensated dyslexics may show a broader degree of
comorbidity, the present study shows that dyslexia, in a relatively pure form, exists and it is
accompanied by specific behavioural and dysfunctional anatomical patterns.

The present data and interpretations have a very obvious practical implication: reading is the
best test for dyslexia because it is systematically accompanied by pathological behaviour
and tangible and reproducible functional anatomical signs. It is also very likely that practice
and training in orthographic-to-phonological awareness is the best rehabilitation program for
dyslexia (McArthur et al., 2015) because it may activate connections between the visual and
auditory systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

We found a very specific deficit for reading in adult well compensated
dyslexics

Other deficits were primarily in tasks requiring access to phonology from
vision

This pattern went with reduced activation of the left occipitotemporal cortex
(I-0TC)

Multiple systems converge in the I-OTC for normal readers but less so for
dyslexics

We argue that dyslexics lack a I-OTC multiple domain integration needed for
reading
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- Reading

= Phonological abilities

- Magnocellular skills
Motor/cerebellar skills

Threshold for observation of a

behavioural deficits

S

Age

Figure 1.
Hypothetic developmental changes in co-morbidities in dyslexia as a focal or as a more

diffused disorder in relationship with hypothetical different time courses of maturation of
various systems called into play in reading. The figure provides a hypothetical fit of the
different outcomes of behavioural comorbidity studies in children (see, for example, Heim et
al., 2008) and comorbidity studies in adults (see, for example, Ramus et al., 2003).
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Figure 2.

B. Dyslexics

Page 27

C. Controls & Dyslexics

¥

Activation patterns for normal readers and dyslexic readers. On the right-hand side
commonalities between normal readers and developmental dyslexics are reported. Effects
were thresholded at p<.05 corrected for multiple comparisons (FWER-corrected). On the
bottom, the colour scales indicate the significance of the SPMs[Z] maps. Only voxels
surviving a FWER p<0.05 threshold are visualized.
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Controls > Dyslexics
- Reading and visual motion perception
Reading and auditory rhyming

- Reading per se
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Figure 3.
In the upper part of the figure, the reduced activations for pseudo-word reading in dyslexics

(p<.05 FWE-corrected). All regions mapped were significantly less active in the dyslexic
readers for reading. The colour code represents the level of intersection seen in the normal
controls between reading and auditory rhyming (blue areas) or reading and visual motion
detection task (purple areas) in controls. In yellow, the area specifically involved in pseudo-
word reading task for controls.
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In the lower part of the figure, activations of each task for each group are reported for the
occipito-temporal areas. Dyslexics showed activations for the auditory phonological task
(blue areas), for the visual motion perception task (purple areas), but not for reading (red
areas in the controls).
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Figure 4.
The scatter plots (with the SEMSs) for the key region where we found a FWER corrected

reduced activation in dyslexics specifically for the reading task. The same regions showed
the high-level interaction (Reading > Rhyming)controls > (Reading > Rhyming)pysiexics
described in table 2.
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Table 2
Whole-brain analyses

(1) brain areas hypo-activated in dyslexics during pseudo-word reading (between-group comparisons at p<.05
FWE-corrected at voxel-level), and (2) brain areas that showed a group-by-task interaction effects (p<.05
FWE-corrected at cluster-level after a voxel-wise threshold of p<0.001 uncorrected). The two most significant
local-maxima in SPM are reported for each anatomical area. The number of voxels in the cluster is also
reported.

MNI Coordinates

X y z Zscore Cluster-size x 'y z Zscore

Brain regions Left hemisphere Right hemisphere

1. Between-group comparisons

a. Pseudo-word reading
Fusiform gyrus -42 50 -16 5.4 279
-40 54 -10 5.2 279

2. Group-by-task interactions

a. (reading — rhyming)controls > (reading-rhyming)dyslexics

Inf. temporal gyrus+ -42 46 -14 4.0 383
Fusiform gyrus+ -42 52 -10 4.1 383
-38 50 14 5.2 383

b. (reading — visual motion perception)controls > (reading - visual motion perception)dyslexics

Mid. temporal gyrus+ -46 -64 -2 3.7 733
-42 60 -2 35 733
Inf. temporal gyrus -54 -60 -12 3.6 733
-58 -60 -10 35 733
Fusiform gyrus -44 46 -22 4.4 733
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Table 3
Small-volume corrected analyses

(1) between-group and (2) higher-order group-by-task comparisons were tested on the 9 clusters identified in a
recent meta-analysis by Paulesu et al. (2014). Here, we report the results that survive at p<.05 FWE corrected
in the Small-Volume-Correction analyses. The p-values are corrected. All local-maxima in SPM are reported.

Brain regions MNI Coordinates # Cluster (see Paulesu et al., 2014)

X y z  Zscore p-value

1. Between-group comparisons

controls > dyslexics for reading

Inf. temporal gyrus  -46 -60 -8 4.4 .001 L6 (x=-50; y=-61; z=-9)

Fusiform gyrus -42  -50 -16 5.4 <.001 L23 (x=-45; y=-49; z=-15)
42 56 -18 5.0 <.001 L5 (x=-41; y=-60; z=-18)

Inf. occipital gyrus  -48 -58 -14 4.3 .001 L6 (x=-50; y=-61; z=-9)

2. Group-by-task interactions

a. (reading — rhyming)controls > (reading'rhyming)dyslexics

Inf. parietal lobule  -40 -44 42 3.4 .039 L30 (x=-43; y=-40; z=46)
Inf. temporal gyrus  -42  -46 -14 4.0 .005 L23 (x=-45; y=-49; z=-15)
Fusiform gyrus -42 50 -12 4.0 .005 L23 (x=-45; y=-49; z=-15)

b. (reading — motion perception)controls > (reading-motion perception)gysiexics

Inf. parietal lobule  -38 -42 42 3.3 .050 L30 (x=-43; y=-40; z=46)
Inf. temporal gyrus  -54 -60 -12 3.6 .025 L6 (x=-50; y=-61; z=-9)
50 -64 -4 35 .029 L6 (x=-50; y=-61; z=-9)
Fusiform gyrus -42 48 -18 4.3 .002 L23 (x=-45; y=-49; z=-15)
-42 56 -20 3.6 .025 L5 (x=-41; y=-60; z=-18)
Inf. occipital gyrus  -48 -58 -14 3.4 .045 L6 (x=-50; y=-61,; z=-9)

Cortex. Author manuscript; available in PMC 2018 June 01.



syduosnuelA Joyiny sispun4 DA @doing ¢

syduasnuel Joyiny sispund JINd adoin3 ¢

Danelli et al. Page 35

Table 4

In depth functional analyses (1): normal organization of the left occipito-temporal region according to the
methodology of Danelli et a/. (2013). This region is hypoactive for reading in the present sample of dyslexics.

Brain regions MNI Coordinates

X y z  Zscore

Controls > Dyslexics in reading

a. Reading & Rhyming
Inf. temporal gyrus  -48 -50 -22 4.8

b. Reading & Visual Motion Perception
Fusiform gyrus -42 54 -18 5.2
-42 54 -10 52

¢. Readling per se

Inf. temporal gyrus  -40 -46 -16 72%
Fusiform gyrus s34 46 22 g%

40 50 20 gg”

*
This effect was calculated on the reading data exclusively masked on the other three tasks data thresholded at 0.05 uncorrected.

A
This region was identified in the controls by comparing the reading task with all the other tasks with the linear contrast “3 -1 -1 -1” for reading,
rhyming, visuo-motion perception and motor learning respectively.
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Table 5

In depth functional analyses (2): functional characterization of the regions hypo-activated by dyslexics during
reading.

Brain regions MNI Coordinates

X y z Zscore X y z  Zscore

Left occipito-temporal activations

Controls Dyslexics

a. Pseudo-word reading
Fusiform gyrus -42 56 -20 P - 2 —
-38  -48 -24 P —

b. Auditory rhyming
Inf. temporal gyrus  -52  -48 -20 4.7 -50 -50 -12 5.83
48 -44 -14 554

¢. Visual motion perception
Fusiform gyrus -42  -64  -18 636 0000 —meeemeemeeeeeeee
Inf. occipital gyrus  -50 -74 -4 >8 48 -72 -4 >8
------------------ 48 -68 -2 >8

CS: contrast sensitivity. SD: Speed discrimination. n.e.: not executed (the subject did not performed the task). n.r.: not recorded (the subject
performed the fMRI task, but the behavioral response was not recorded because of a response box malfunction).
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