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Abstract

Background An intronic deletion within intron 2 of the DCDC2 gene encompassing the entire READ1 (hereafter,
READ1d) has been associated in both children with developmental dyslexia (DD) and typical readers (TRs), with
interindividual variation in reading performance and motion perception as well as with structural and functional brain
alterations. Visual motion perception -- specifically processed by the magnocellular (M) stream -- has been reported
to be a solid and reliable endophenotype of DD. Hence, we predicted that READ1d should affect neural activations in
brain regions sensitive to M stream demands as reading proficiency changes.

Methods We investigated neural activations during two M-eliciting fMRI visual tasks (full-field sinusoidal gratings
controlled for spatial and temporal frequencies and luminance contrast, and sensitivity to motion coherence at 6%, 15%
and 40% dot coherence levels) in four subject groups: children with DD with/without READ1d, and TRs with/without
READ1d.

Results At the Bonferroni-corrected level of significance, reading skills showed a significant effect in the right polar
frontal cortex during the full-field sinusoidal gratings-M task. Regardless of the presence/absence of the READ1d,
subjects with poor reading proficiency showed hyperactivation in this region of interest (ROI) compared to subjects
with better reading scores. Moreover, a significant interaction was found between READ1d and reading performance
in the left frontal opercular area 4 during the 15% coherent motion sensitivity task. Among subjects with poor reading
performance, neural activation in this ROl during this specific task was higher for subjects without READ1d than for
READ1d carriers. The difference vanished as reading skills increased.

Conclusions Our findings showed a READ1d-moderated genetic vulnerability to alterations in neural activation in
the ventral attentive and salient networks during the processing of relevant stimuli in subjects with poor reading
proficiency.
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Background

Developmental dyslexia (DD) is a complex, heritable,
neurodevelopmental disorder characterised by impaired
reading acquisition in spite of adequate neurological and
sensory function, educational opportunities and average
intelligence [1]. DD represents one of the most common
neurodevelopmental disorders, affecting about 7% of
school-age children across languages, and is often asso-
ciated with undesirable secondary outcomes [2], as well
as with negative social impact and economic burden [3].
Following earlier descriptions of high familial aggrega-
tion of the disorder [4], substantial heritability typical of a
complex trait has been reported [5], with estimates across
DD and related quantitative traits ranging from 0.18 to
0.72 [6]. As expected for a complex heritable disorder
with heterogeneous genotype-phenotype association pat-
terns, several DD risk genes have been identified [2, 7, 8].
Although they have not been found to be associated with
DD-related traits by recent genome-wide association
studies [9-17] and in a large cross-linguistic sample [18],
such genes play a role in neurodevelopmental processes
such as neuronal migration, neurite outgrowth, cortical
morphogenesis, and ciliary structure and function [19].

Among these genes, DCDC2 has been identified as
one of the main risk genes for DD. Animal studies have
shown that DCDC2 encodes for a protein with two DCX
domains that are known to be essential for neurite out-
growth, neuronal migration and ciliary functions [19]. Its
total and partial inactivation may result in structural and
functional neuronal alterations, as well as in behavioral
deficits in motion perception, auditory processing, work-
ing memory, visuo-spatial memory, visual discrimination
and long-term memory [19]. Moreover, Dcdc2 knock-out
mice showed altered spike-time temporal precision and
heightened excitability, which may in turn cause local
interference with transmission of visual information and
an effective loss of samples at specific positions [20, 21].
Human studies have demonstrated that variations span-
ning DCDC?2 are associated with performance on reading
and reading-related skills in both clinical [20, 22—-34] and
general population samples [35-39].

Research has increasingly focused on a naturally occur-
ring intronic deletion of 2,445 bp within intron 2 of the
DCDC2 gene, which encompasses the entire READI1
within its breakpoints (hereafter, READ1d). READ1
is a regulatory element, as it could act as a modifier of
DCDC2 gene expression and thereby influence neuro-
nal migration [37]. With some lack of consistency [26,
40], independent studies showed a significant associa-
tion between READ1d and DD, and DD-related pheno-
types [17, 22, 25, 27, 29, 33, 41]. While negative findings
have also been reported [40], two independent studies
provided initial evidence about the association between
READId and visual motion perception underlying the
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magnocellular (M) stream in both subjects with DD [42,
43] and typical readers (TRs) [43]. Visual motion percep-
tion was proved to be a reliable endophenotype (EP) of
DD [44], significantly mediating the pathway from DD
risk genes to reading [45]. Taken together, these find-
ings supported the dominant, albeit controversial [46, 47]
magnocellular theory of DD [48]. This theory hypothe-
sizes that DD is due to a multimodal sensory impairment
in the processing of transient and dynamic stimuli [46,
49-51] which arises from a deficit along the neural path-
ways involved in the fast transmission and processing of
sensory information [47, 52, 53].

Extant imaging genetics research of READ1d suggests
that this genetic mutation is associated with both struc-
tural and functional alterations in both subjects with DD
and TRs [41, 54-56]. In adult TRs, READ1d was signifi-
cantly associated with increased gray matter volumes in
numerous reading/language-related regions, especially in
the left hemisphere [54]. Moreover, READ1d was asso-
ciated with reduced white matter integrity in the left
arcuate fasciculus and the posterior corpus callosum,
regardless of reading impairment status. For subjects
with DD, white matter integrity was reduced bilaterally
in the inferior longitudinal fasciculus and anterior corpus
callosum in those with READ1d compared to those with-
out it [55]. Recently, it has been shown that perceptual
impairments exist in subjects with DD and READ1d [42,
43]. These perceptual impairments are accompanied by
specific white matter anomalies in primary visual path-
ways that have been implicated in motion perception (i.e.,
optic radiations and ventral tracts which provide input to
and output from V1) [56]. In addition to structural find-
ings, an fMRI study found a nominally significant, posi-
tive correlation between READI1d and the activation in
the left paracentral lobule during processing of printed
non-words [41]. Interestingly, the functional alterations
associated with READI1d in the temporo-parietal cortex
is consistent with the localization of structural corre-
lates of the READI1d [54]. Taken together, these results
seem to link READ1d with temporo-parietal anomalies
observed in DD.

Building upon the previous results demonstrating an
association between READI1d, psychophysical func-
tioning in response to M stimuli, and structural and
functional brain alterations, we predicted that READ1d
should affect neural activations in brain regions sensitive
to M stream demands as reading proficiency changes.
To address this prediction, we measured neural activa-
tion during two well-established fMRI visual tasks, i.e.,
full-field sinusoidal gratings in which we simultaneously
manipulated spatial and temporal frequencies and lumi-
nance contrast close to threshold levels, and sensitivity to
motion coherence for both threshold and suprathreshold
levels [57] in subjects with DD with/without READ1d
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and in TRs with/without READ1d. To the best of our
knowledge, this is the first study to apply a hypothesis-
driven approach to an imaging-genetic study [7]. In par-
ticular, our study aimed to identify the links connecting
a putative functional genetic variant (READ1d) span-
ning one of the most replicated DD-candidate genes (i.e.,
DCDC?2), neural activations during tasks sensitive to M
stream demands, and reading skills.

Methods

The protocol was approved by the Scientific Review
Board and the Ethical Committee of the Scientific Insti-
tute IRCCS Eugenio Medea.

Sample

Due to the population imbalance of the frequency of sub-
jects with/without READ1d, we contacted all parents of
children with READI1d, and we randomly selected sub-
jects without READ1d until we could form two samples
about the same size. Logistical and time constraints were
followed in doing so.

Subjects with a clinical diagnosis of DD [1] were
recruited from a sample of a genetic study cohort, which
had been genotyped for READ1d (N=930) [29]. Inclusion
criteria at the time of recruitment for the genetic study
were: (1) either accuracy or speed z-score < -2.00 on one
or more of the following tests: text reading; reading of
single unrelated words; reading of single pronounceable
pseudowords [58-61]; (2) a mean score of 7 or higher
(i.e., z > -1.00) between the weighted scores of the vocab-
ulary and the block design subtests of the WISC-III [62];
(3) absence of other neuropsychiatric, neurological or
sensorial disorders. One hundred and fourteen subjects
had READ1d (one homozygous and 113 heterozygous;
hereafter, DD+), while 816 subjects did not (hereafter,
DD-) (allelic READ1d frequency=0.078) [29]. Subjects
were asked to participate in the present study if they were
10-18 years old, had no contraindications to MRI, and
had normal or corrected-to-normal vision. Thirty-nine
subjects (18 DD+and 21 DD-) met these inclusion crite-
ria and both parents signed a written informed consent
form to participate in the present study.

TRs were recruited via two different schemes. (A)
children 10-18 years old with no contraindications to
MRI, absence of other neuropsychiatric, neurological,
or sensorial disorders, and normal or corrected-to-nor-
mal vision, were contacted by word of mouth among
students attending middle and high schools. Paren-
tal written informed consent for the collection of the
mouthwash-sample to obtain DNA was acquired from
124 subjects; 15 subjects (all heterozygous) had READ1d
(hereafter, TR+), and 109 subjects did not (hereafter,
TR-) (allelic READ1d frequency=0.069). All parents of
the TR+group were contacted, and 14 of them provided
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written informed consent to participate in the present
study. Parents of 17 TR- matched to the TR+group for
demographic variables, provided written informed con-
sent to participate in the present study. (B) children were
selected from a community-based cohort of Italian chil-
dren who had been recruited for a larger study [63, 64]
investigating the effects of both genetic and environmen-
tal risk factors on behavioural, cognitive and linguistic
measures. For the present study, we selected the sub-
sample of subjects recruited in one (n=235) of the five
school districts involved in the original study. Genotyp-
ing for READ1d was available for 194 out of 235 subjects,
and yielded 43 TR+ (one homozygous and 42 heterozy-
gous) and 151 TR-. Allelic frequency of READ1d in this
sub-sample did not significantly differ from those of the
other four school districts (data available upon request).
We were interested in 96 subjects who (1) were 10-18
years old, (2) had no contraindications to MRI and nor-
mal or corrected-to-normal vision, and (3) were free
from neuropsychiatric, neurological, or sensorial dis-
orders. Parents of nine subjects (five TR+and four TR-)
provided written informed consent to participate in the
present study.

Overall, the final sample of the present study was com-
posed of 79 subjects, grouped in 18 DD+, 21 DD-, 19
TR+, and 21 TR-. Forty-four of these subjects (two DD+,
20 DD-, two TR+, and 20 TR-) had been included in a
previous study aiming to identify the brain regions sensi-
tive to M stream demands and relevant to classifying the
subjects as either DD or TRs [57].

Neuropsychological assessment [57]

At the time of recruitment for the present study, all
subjects were administered the following tests: (1) An
estimate of IQ was yielded with the Vocabulary and
Block-Design subscales of the WISC-III [62]; (2) Reading
abilities were assessed by means of the Text reading test
[58, 59], the Single Unrelated Words reading test, and the
Single Unrelated Pseudo-words reading test [60]. Speed
(time in seconds) [65] and accuracy (number of errors)
were recorded and converted in z-scores [60, 61]. Since
bivariate correlations (r) across reading tasks were sub-
stantial (mean r=0.723, Additional Table 1la), a single
reading score was obtained by averaging the z-scores
from the six reading parameters (hereafter, Mean Read-
ing); (3) Verbal working memory (VWM) was assessed
by the Single-Letter backward/forward span and the
Single-Digit backward/forward span [66]. Scores were
computed relying on the number of accurate letters/dig-
its recalled in the correct order for each string, and then
converted into z-scores [66]. Bivariate correlations (r)
were moderate within VWM tasks (mean r=0.457, Addi-
tional Table 1b); therefore, we created a composite score
by averaging each test within VWM; (4) Phonological
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awareness was assessed by the Nonword Repetition sub-
test [67]. Scores were computed based on the number of
correctly repeated nonwords, and z-scores were obtained
[67]; and, (5) The Conners’ Parent Rating Scales-Revised:
Long version [68—70] was used to assess attention defi-
cit hyperactivity disorder (ADHD) traits. For the current
purpose, two subscales were considered: DSM-IV-inat-
tention (DSM-1V-I) and DSM-1V-hyperactivity/impulsiv-
ity (DSM-IV-HI). Hand preference was assessed by the
Briggs and Nebes Inventory [71]. Socioeconomic status
was defined on grounds of parental occupation which
was scored according to the Hollingshead nine-points
scale, whereby a score ranging from 10 to 90 was assigned
to each parental job, and the higher of the two scores was
used when both parents were employed [72].

Table 1 summarizes the descriptive statistics of demo-
graphic and neuropsychological variables of the total
sample and the four groups (DD+, DD-, TR+, TR-).

fMRI task design and data processing [57]

MRI acquisition protocol

MRI data were acquired on a 3T Philips Achieva d-Stream
scanner (Best, The Netherlands) with a 32-channel head
coil. Visual stimuli were developed with Presentation®
software (Neurobehavioral System Inc., Berkeley, CA,
USA) and delivered through a VisuaStim digital device
for fMRI (Resonance Technology Inc., Northridge, CA,
USA). MRI-compatible goggles with two displays were
used, with a 60 Hz frame rate and 800600 spatial res-
olution (4/3 aspect ratio) subtending a horizontal visual
angle of 30 degrees. An MRI-compatible pad was used
to record subjects’ answers and response times. The MRI
protocol included the use of an anatomical T1-weighted
(T1W) 3D Turbo Field Echo sequence as a subject
morphological reference of MRI data (Field Of View
(FOV)=256x256x175 mm?>, voxel size 1x1x1 mm?3
time of repetition (TR)=shortest (~8.1 ms), Time of
Echo (TE)=shortest (~3.7 ms), Flip Angle (FA)=8 deg).
The fMRI data were acquired with a T2*-weighted Gra-
dient Echo planar sequence (FOV=240x240 mm?
voxel size=3x3 mm? slice thickness=3 mm, slice
gap=0.5 mm, slice number=39, TR=2 s, TE=26 ms,
FA=90 deg). fMRI sequences included five dummy vol-
umes acquired at the beginning of the sequence to reach
steady states.

fMRI task design. Full-field sinusoidal gratings

The task consisted of 14s blocks of M, P and blank stimuli
(fixation point only). The M stimulus was a monochrome,
low spatial frequency (0.5 cycles per degree (cpd)), high
temporal frequency (15 Hz), high luminance contrast,
full-field sinusoidal grating with sinusoidal counter-
phase flicker. The P stimulus was a high colour contrast
red—green, high spatial frequency (2 cpd), low temporal

Page 4 of 14

frequency (5 Hz), low luminance contrast full-field sinu-
soidal grating with sinusoidal counterphase flicker. The
blank stimulus was a grey screen of mean luminance.
Both gratings were presented at one of six orientations (0,
30, 60, 90, 120 and 150) and changed to the next orienta-
tion every 2.33s. The protocol included 28 blocks (8 M, 8
P and 12 blank) presented in pseudorandom order with
the constraint that the same stimulus type could not
appear in adjacent blocks to minimize adaptation to the
stimuli. A white, 0.2-deg fixation point appeared at the
centre of the screen throughout the blocks. Subjects were
instructed to maintain fixation throughout the run, and
they performed an irrelevant target detection task during
the M and P stimulus blocks to encourage them to do so.
The target appeared for 300ms with an appearance prob-
ability of 50%, in a random position and at random times
during the second half of each stimulus block. At the end
of each block, the screen turned grey and subjects were
asked to press the corresponding button on the response
pad to answer questions (i.e., ‘Did the target appear?—
right button for ‘Yes” and left button for ‘No’).

CM detection

Sensitivity to motion coherence was assessed for radial
motion (expanding or contracting). The stimuli included
100 small dots (each 20 arcmin across), half white and
half black, presented for 250ms on a mean-luminance
grey background. A portion of dots drifted coherently at a
speed of 10 deg/s (limited lifetime of 8 frames, frame rate
60 Hz), while the remainder were displayed in random
positions on each frame. Three proportions of coherently
moving dots were used (CML: Coherent Motion Level):
6%, 15%, and 40%. At the beginning of each stimulation
block, a white 0.2-deg fixation point appeared at the cen-
tre of the screen for 0.5s and was followed by the 0.25s
CM stimulus. Subjects were instructed to maintain fixa-
tion throughout the run and were actively engaged in
performing a motion detection task by pressing a button
on the response pad (i.e., right button for ‘expanding’ and
left button for ‘contracting’ pattern). After the stimulus,
subjects had 4s to answer the question and were asked
to respond even when they could not detect the motion
direction. After responding, a 4.25s inter-stimulus inter-
val was added to let the BOLD signal return to the initial
steady state. The protocol included 48 stimuli (8 repeti-
tions for each combination of coherence level and motion
direction) administered in a pseudorandom order with
the constraint that the same coherence level could not
appear in more than two adjacent blocks regardless of
motion direction.

Anatomical MRI data analysis
T1W images were corrected for bias field intensity
artifacts using the N4 algorithm ([73]. Subsequently,
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Right hemisphere Left hemisphere

Frontal view Lateral view

Lateral view

Polar frontal cortex (Area 10d) Frontal opercular cortex (Area 4)

Fig. 1 Contributions of Mean Reading, READ1d and READ1d*Mean Reading upon neural activations after Bonferroni correction for multiple comparison
(p<0.00014)

The HCP-MMP1 atlas was used to parcellate the cortical grey matter of each hemisphere (Glasser et al.,, 2016). Significant Mean Reading (Right polar frontal
cortex - Area 10d) and READ1d*Mean Reading (Left frontal opercular cortex - Area 4) effects were reported. No significant effects of READ1d were found

Table 2 GLM analysis on the brain activation of the right orbital and polar frontal cortex during the M task

M task

CML15 task

Right - Polar frontal cortex (Area 10d)

Left - Frontal opercular cortex (Area 4)

B Standard error p-value npz B Standard error p-value npz
Intercept 1.262 0.289 <0.001 0214 5579 6354 0.383 0011
Sex Male 0.044 0.052 0.400 0.010 1.735 1.126 0.128 0.033
Female 0.000 0
Age -0.005  0.001 <0.001 0.203 -0.004 0027 0.887 0.000
1Q, Block design -0.027 0.009 0.005 0.109 0.334 0.201 0.101 0.038
DSM-IV-I -0010  0.003 <0.001 0.169 -0014 0057 0.810 0.001
READ1d No READ1d 0.065 0.063 0.146 0.030 -3136 1.367 0.025° 0.070
READ1d 0.000 0
Mean Reading# -0.087  0.021 0.00007 0.203 0857 0451 0.062 0.049
READ1d No READ1d*Mean Reading 0.055 0.026 0.037 0.061 -2.294 0.562 0.00012 0.193
READ1d*Mean Reading 0 0

Regression estimates ($), their standard errors, p-values, and r]p2 are reported for all parameters of the model

°The direction of this effect is unexpected and is likely to be an artifact of the standard use of linear regression; however, it did not survive Bonferroni correction
*The DSM-IV-Inattention (DSM-IV-I) subscale of the CPRS-R: L (Conners, 1989; Conners et al., 1998; Nobile et al., 2007)
# Mean Reading=Average score among the z-scores from TR, SWR and SPWR (both accuracy and speed)

Results
Planned analyses
At the Bonferroni-corrected level of significance
(p<0.00014), two significant effects were found (Fig. 1).
Firstly, reading skills showed a significant effect in the
right polar frontal cortex during the M task (Table 2).
Specifically, regardless of the presence/absence of the
READ1d, subjects with poor reading proficiency showed
hyperactivation in this ROI compared to subjects with
better reading scores. Secondly, there was a significant
READ1d*Mean Reading interaction in the left frontal
opercular area 4 (insular and frontal opercular cortex)
during the CMLI15 task (Table 2; Fig. 2).
Specifically, a reliable difference between the two
genetic groups emerged among subjects with poor

reading proficiency, suggesting that neural activation in
this ROI during this specific task was higher for subjects
without READ1d (Fig. 2, blue plot) than for READ1d car-
riers (Fig. 2, orange plot). Such a difference vanished as
reading skills increased.

Sensitivity analyses were conducted using the G*Power
software, Version 3.1.9.2 [75, 76], to compute the small-
est effect size that our samples could detect with at least
80% statistical power. As a model, we selected “ANCOVA
with fixed effects, main effects and interactions”; a was
set at the Bonferroni-corrected level (0.00014), N=79,
power=0.80. Under these assumptions, the minimal
detectable effect size was 0.551.
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Mean Reading

Fig. 2 Contributions of READ1d*Mean Reading upon the left frontal opercular area 4 during the CML15 task

Mean Reading =Average score among the z-scores from Text, Single Unrelated Words, and Single Unrelated Pseudo-words reading tests (both speed
and accuracy); lower scores correspond to worse reading skills. 95% confidence intervals are reported. Significant READ1d*Mean Reading (Left frontal
opercular cortex - Area 4) effects were plotted after Bonferroni correction for multiple comparison (p < 0.00014)

Additional analyses

For the sake of completeness, we also report results
which turned out to be significant without Bonferroni
correction (p<0.001). Significant effects of Mean Read-
ing, READ1d and READ1d*Mean Reading upon neural
activation during the different tasks are reported in Addi-
tional Table 2, and 3. During the M and CML6 tasks,
subjects with poor reading proficiency showed altered
activation in the right posterior cingulate, frontal and
inferior parietal cortices, in the left dorso-lateral pre-
frontal and superior parietal cortices, and in the bilateral
middle cingulate cortex compared to subjects with bet-
ter reading scores (Fig. 3 - Panel A). In addition, there
were significant READ1d*Mean Reading interactions in
the right area PFm complex (inferior parietal cortex) and
in the right presubiculum (medial temporal cortex) dur-
ing the CML6 task. A difference between the two genetic
groups emerged among subjects with poor reading pro-
ficiency, but not in participants with better reading skills
(Fig. 3 - Panel B and Fig. 4).

Discussion

In this study we analysed in vivo evidence of differences
in neural activation during M-stimuli processing linked
to the READId-moderated genetic vulnerability and

reading proficiency. Whereas genes are distal contribu-
tors, the brain is a more proximal driver of human behav-
iour; therefore, data on the putative functional pathways
from candidate genes to behaviour are essential for the
advancement of the field. Currently, there is a relative
paucity of studies relating candidate genes, brain func-
tioning, and behaviour in the developmental cognitive
neurosciences, and in the DD literature specifically [41,
77-80]. To the best of our knowledge, this study pro-
vides the first piece of evidence for a hypothesis-driven
approach [7] aimed at investigating the relationship
between a putative functional genetic variant (READ1d)
spanning one of the most replicated DD-candidate gene
(i.e., DCDC(C2), neural activations during tasks sensitive to
M stream demands, and reading skills.

Overall, our findings showed that, regardless of the
presence/absence of READI1d, subjects with poor read-
ing proficiency showed hyperactivation in the right polar
frontal cortex compared to subjects with better reading
scores during the M task. Moreover, our results showed
that, among subjects with poor reading skills, READ1d
significantly affected neural activations in the left frontal
opercular cortex during the 15% CML, a stimulus known
to require additional attentional resources for appropri-
ate processing [42, 57, 81-83]. In particular, poor readers
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A) Mean Reading B) READ1d*Mean Reading

Left Hemisphere  Superior parietal cortex Left Hemisphere
(Lateral area 7p)

Dorsolateral Preformntal Cortex (Area 9p)
Paracentral Lobular and Midcingulate cortex (Area 6m)

Right Hemisphere Paracentral Lobular and
Midcingulate Cortex (Area 6maje

Inf Parietal Cortex (Area PF Opercular)
Posterior Cingulate Cortex (Prostriate Area)

Orbital and Polar Frontal Cortex (Area 131)
Orbital and Polar Frontal Cortex (posterior OFC complex)
Polar Frontal Cortex (Area 10d)

Inferior Parietal Cortex (PFM complex)
Posterior Cingulate Cortex (Prostriate Area)

Fig. 3 Contributions of Mean Reading, READ1d and READ1d*Mean Reading upon neural activations without Bonferroni correction (p <0.001)
The HCP-MMP1 atlas was used to parcellate the cortical grey matter of each hemisphere (Glasser et al., 2016). Significant Mean Reading (Panel A) and
READ1d*Mean Reading (Panel B) effects were reported. No significant effects of READ1d were found

A) B)

15 4 20 o

05 -
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== NoREAD1d == NoREAD1d

00 1 — READ1d — READId

Right — Area PFm Complex
Right — Presubiculum

-7.5 -5.0 -2.5 0.0 2.5 -7.5 -5.0 -2.5 0.0 2.5

Mean Reading Mean Reading

Fig. 4 Contributions of READ1d*Mean Reading upon the right area PFm complex during the M task (Panel A) and upon the right PreSubiculum during
the CML6 task (Panel B)

Mean Reading = Average score among the z-scores from Text, Single Unrelated Words, and Single Unrelated Pseudo-words reading tests (both speed and
accuracy); lower scores correspond to worse reading skills. 95% confidence intervals are reported. Nominally significant READ1d*Mean Reading effects
were plotted (p <0.001, uncorrected). Please, note that the significant READ1d*Mean Reading effect on left frontal opercular cortex - Area 4 was plotted
in Fig.2

carrying READ1d had lower neural activation in the left READI1d. As to the apparent cross-over pattern visible
frontal opercular area compared to their counterparts in Fig. 2, we are unsure whether it reflects a real reversal
who lacked this functional genetic variant. Such a differ-  of the effect for subjects with better reading scores (the
ence changes based on reading proficiency, with the gap  effect did not survive Bonferroni correction; Table 2)
closing as reading skills increase. Among subjects with  or is an artefact of the use of a linear regression model.
high reading scores, no obvious differences in neural acti-  Indeed, if the real pattern involved curved plots con-
vations emerged between participants with and without  verging at Mean Reading=0 and remaining identical for
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Mean Reading positive values, the use of a (simple, stan-
dard) linear regression model would produce the cross-
over pattern as a mere effect of under-fitting.

Taken together, these findings support previous work
in which we reported that the M task elicits a set of areas
lying within the dorsal portion of the M stream, the ven-
tral attentive network (VAN) and the salience network,
which discriminate between subjects with DD and TRs
[57]. Although the pattern of activation did not com-
pletely overlap with the one previously described [57],
possibly because of statistical and methodological issues
(e.g., implementation of different statistical methods and
analyses pipelines, or unbalanced prevalence of READ1d
in the current samples), the current findings support the
role of the dorsal portion of the M stream, of the VAN
and of the salience network in DD. It is well-established
that the ventral fronto-parietal network is linked to ‘dor-
sal stream vulnerability’ underlying several neurode-
velopmental disorders, and that the functionality of the
M pathway is intimately related to the systems involved
in attention control [84, 85]. In other words, deficits in
the M pathway could influence higher visual processing
stages through the dorsal stream and, therefore, lead to
reading difficulties through impaired attentional orient-
ing [86—88]. The right frontoparietal system is a crucial
component of the network subserving the automatic
shifting of attention [89, 90], and developmental changes
in its activation have been linked to reading skills in
both children with DD [91, 92] and TRs [93]. Accord-
ingly, alterations in M input processing in the dorsal
visual stream and a consequent dysfunction of the main
frontoparietal attentional network, are associated with
a sluggish attentional shifting (SAS) [86] and a deficit in
perceptual noise exclusion [82, 83] in DD [48, 52, 53, 94].
Irrelevant lateral letters should be filtered out by accurate
and rapid shifts in spatial and temporal visual attention
before the letter-to-sound mapping mechanism is applied
[95-102]. This process may be more difficult if visual pro-
cessing is hampered by deficits in attentional shifting and
noise exclusion. Auditory and phonological impairments
aside, spatial and temporal visual attention shifting and
noise exclusion are crucially involved in forming repre-
sentations that enable the efficient recognition of letters
and letter sequences, the identification of word shapes
and boundaries between words, the representation of
sequential orthographic structure and the development
of phonological representations [82, 83, 88].

In addition, our results are consistent with previous
psychophysical findings suggesting that participants with
good reading skills and READ1d may develop sensitivity
to motion at both low and high spatial frequencies equal
to that of good readers without READ1d [42]. Accord-
ing to the present findings and despite methodological
differences, we can assume that the similar sensitivity to
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motion between good readers with and without READ1d
could be explained by overlapping neural activations
in brain regions spanning the ventral frontoparietal
network while processing relevant stimuli [89]. Even
though attention to stimulus attributes (e.g., sensitivity
to motion) most consistently activates the dorsal fron-
toparietal network, neurophysiological and fMRI stud-
ies indicate that this network is also modulated by some
properties of the salience maps in which top-down and
bottom-up information interact to specify which relevant
object to select [89]. By contrast, among participants
with poor reading skills, we found a READ1d-moderated
genetic vulnerability underlying neural activation within
the frontal opercular cortex during a stimulus requiring
additional attentional resources for appropriate process-
ing (i.e., 15% CML). As for the M task, this level of coher-
ently moving dots was previously found to be one of the
most likely to elicit the most discriminating activations
between subjects with DD and TRs in the dorsal por-
tion of the M stream, the VAN and the salience network
[57]. Moreover, we previously demonstrated that subjects
(both children and young adults) with DD and READ1d
were impaired in psychophysical tasks tapping the M
stream compared to their counterparts without READ1d
[42, 43]. The present findings suggest that differences in
processing sensory relevant stimuli between poor readers
with and without READ1d could be explained by a higher
vulnerability among the former sub-group in the ventral
frontoparietal network. This could in turn explain the
large inter-subject variability in the M stream functioning
observed in subjects with DD [46, 52, 86, 103—108].

The current study is not without limitations. First,
although the EPs we used provide very sensitive measures
of M function, thus increasing statistical power so results
can be interpreted [109], the sample size of our study
(N=79) can still be considered relatively small, especially
in light of the conservative multiple-comparison correc-
tion we used and of the results of the sensitivity analy-
ses. Nevertheless, although it could have increased the
probability of producing false negatives, the application
of this very conservative multiple-comparison correc-
tion is justified to reduce the possibility of Type-I errors.
In order to balance the risk of producing false negatives,
to support our empirically-corrected findings and to
formulate further hypothesis-driven investigations, we
also reported results which turned out to be significant
without Bonferroni correction (p<0.001). Second, sub-
jects with DD in our study might have had differences in
brain activation as a consequence of lifelong poor read-
ing, hindering our ability to make causal statements.
Supporting this possibility is the recent meta-analytic
data showing changes in brain activation from pre- to
post- reading intervention in children with DD [110]. As
a consequence, the use of subject-specific ROIs identified
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with ad-hoc experiments should be preferred over the
population-based atlas approach we used in this study.
Such an approach requires the implementation of func-
tion-specific fMRI tasks that should be administered to
each subject during the MRI experiment [111, 112] lead-
ing to an increase of the acquisition time. This approach
can therefore be implemented when focusing on few
hypothesis-driven ROIs. As our study did not have a-pri-
ori hypotheses about specific ROIs, a subject-specific
definition of functional ROIs was impossible. Third, lim-
ited by their correlational nature, neuroimaging genetic
approaches cannot directly investigate causal mecha-
nisms of DD in humans; however, these methods are key
in building theoretical models of the etiologies of these
prevalent neurodevelopmental disorders [7, 113, 114].

Conclusions

Overall, we provided a piece of evidence about a
READI1d-moderated genetic vulnerability to alterations
in the neural activation of a cortical region implicated
in the VAN and salience network during the processing
of relevant stimuli in subjects with poor reading profi-
ciency. Research investigating the relationship between
candidate genes and clinical outcomes through the use
of imaging derived functional EPs has the potential to
optimise the criteria to diagnose DD and thereby facili-
tate the early identification of children with genetically-
driven susceptibility. This could potentially develop into
adequate and well-timed prevention strategies and the
implementation of novel, evidence-based remediation
approaches targeting impairments in specific reading-
related EPs. These insights will aid in the earlier detec-
tion of children with DD and help improve their overall
academic success.
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