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Abstract

Reading learning disability (RLD) is characterized by a specific difficulty in learning to read that is not better

explained by an intellectual disability, lack of instruction, psychosocial adversity, or a neurological disorder. According
to the domain-general hypothesis, a working memory deficit is the primary problem. Working memory in this popula-
tion has recently been linked to altered resting-state functional connectivity within the default mode network (DMN),
salience network (SN), and frontoparietal network (FPN) compared to that in typically developing individuals. The
main purpose of the present study was to compare the within-network functional connectivity of the DMN, SN, FPN,
and reading network in two groups of children with RLD: a group with lower-than-average working memory (LWM)
and a group with average working memory (AWM). All subjects underwent resting-state functional magnetic reso-
nance imaging (fMRI), and data were analyzed from a network perspective using the network brain statistics frame-
work. The results showed that the LWM group had significantly weaker connectivity in a network that involved brain
regions in the DMN, SN, and FPN than the AWM group. Although there was no significant difference between groups

memory

in reading network in the present study, other studies have shown relationship of the connectivity of the angular
gyrus, supramarginal gyrus, and inferior parietal lobe with the phonological process of reading. The results suggest
that although there are significant differences in functional connectivity in the associated networks between children
with LWM and AWM, the distinctive cognitive profile has no specific effect on the reading network.
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Introduction

Reading learning disability

Reading learning disability (RLD) is characterized by a
significant difficulty in reading that manifests as impre-
cise or slow and effortful word reading, difficulties with
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spelling, and difficulties understanding the meaning of
what is read compared to people of the same age and
education level (scores less than 1.5 standard deviations
below the mean in specific reading tests) [1]. In the lit-
erature, children with RLD are usually described as hav-
ing dyslexia; however, not all children with RLD have
dyslexia because only some have reading comprehension
difficulties. RLD includes difficulties in reading accuracy,
reading comprehension, and reading speed; according to
the American Psychiatric Association [1], children can
present difficulties in one, two, or all domains. RLD is
more common in children in the early years of primary
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school; it is not better explained by intellectual disabili-
ties, neurological disorders, psychosocial adversity, or the
type of education program [2]. Children with RLD are
more likely to present with anxiety and isolation [3], and
it has been related to school desertion, low self-esteem,
and childhood depression [4].

Domain-general vs. domain-specific hypotheses

Despite efforts to elucidate the causes of cognitive defi-
cits in children with learning disorders, there is no con-
sensus framework [5]. There are two main hypotheses
about atypical processing in RLD. The first hypothesis,
the domain-specific cognitive deficit hypothesis, refers to
the presence of learning disorder subgroups with specific
deficits. Supporting this hypothesis, Siegel reported that
RLD subgroups exhibited distinct characteristics that
consistently predicted patterns of RLD. Such deficien-
cies were morphological, semantic, or syntactic in nature,
including lexical access. Under the domain-specific view,
Landerl [6] reported that dyslexic children showed spe-
cific difficulties in phonological processing, which is a
specific constraint limiting access to phonological rep-
resentations and affecting the sequential recall of words
and pseudowords. Brandenburg [7] proposed a 5-profile
model in which there is no dominant profile of learning
disorders. This is consistent with the idea that the cogni-
tive deficits associated with learning disorders are multi-
factorial and are not the same for all children.

The second hypothesis, the domain-general hypothesis,
refers to a limited capacity of attentional control and an
impairment in executive functions, particularly in work-
ing memory (WM) [8], specifically in the central execu-
tive and the phonological loop in Baddeley’s model of
WM [9, 10]. The domain-general hypothesis is supported
by the finding that children with learning disabilities not
only present deficits specific to their academic perfor-
mance but also present attentional and WM impairment
compared to typically developing (TD) children [11].
Moreover, the mistakes made by children with learning
disabilities during graphical codification are not due to
a phonological deficit but rather a visual attention defi-
cit within the magnocellular pathway [12], which could
explain their sluggish attentional shifting ability, along
with other deficits in sensory and cognitive domains [13].
The multiple disorders observed in dyslexic subjects do
not have to be mutually exclusive or form a single causal
chain; some of them may not even be related to the read-
ing problem but simply be correlated with it.

On the other hand, behavioral evidence supporting the
domain-specific hypothesis was obtained in a compari-
son of children with dyslexia, children with other spe-
cial educational needs (dyspraxia, attentional deficits,
language deficits, and behavioral difficulties), and TD
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children; both the dyslexia and special education groups
had lower scores in phonological tasks than the control
group; however, the special education group showed a
deficit in WM and visuospatial ability [14].

Working memory
WM is a cognitive system that allows short-term mem-
ory storage and the simultaneous manipulation of this
information while an individual is performing a complex
cognitive task, such as reasoning or learning [15-18].
The information is maintained in consciousness or in the
span of attention until it needs to be used for processing;
depending on the stage of the process, it is continually
updated [19]. The dynamic nature of WM is contrasted
with the passive short-term memory system [20]. Badde-
ley and Hitch [15] proposed a model in which a super-
visory system, called the central executive, regulates two
temporary memory slave systems, that are responsible for
short-term maintenance of domain-specific (e.g., verbal,
numerical, or visuospatial) information. The two slave
systems are the phonological loop and the visuospatial
sketchpad. Both slave systems interact through an epi-
sodic buffer to manipulate episodic long-term memory.
The WM system has been linked with functional con-
nectivity, which is the correlation of low-frequency
fluctuations in blood oxygen level-dependent (BOLD)
signal across different brain regions; more specifically,
fluctuations of activity in the salience network (SN),
default mode network (DMN), and frontoparietal net-
work (FPN). Although WM has been considered a func-
tion of the SN, it is more likely that executive functions,
such as WM, result from the interaction among the SN,
DMN, and FPN [21]. The SN includes the anterior cin-
gulate cortex, anterior insula, rostral prefrontal cortex,
and supramarginal gyrus [22]. The DMN encompasses
the posterior cingulate cortex, middle prefrontal cortex,
angular gyrus, and middle temporal cortex. Fang et al.
[23] analyzed the resting-state connectivity of 264 young
adults and the correlation of such activity with perfor-
mance on an n-back WM task. The researchers found
significant moderate correlations of the connectivity
between the dorsolateral prefrontal cortex (dALPFC) and
the anterior cingulate cortex and between the dLPFC
and the fronto-insular cortex with performance on the
active working memory task. The mentioned areas are
cortical structures in the SN and FPN, suggesting that
there is causal interconnectivity between both resting-
state networks and WM performance. A longitudinal
study conducted by Horowitz-Kraus et al. [24] revealed
that the DMN is related to narrative comprehension dur-
ing childhood, and there is a general deactivation of the
DMN during a narrative comprehension task in indi-
viduals between 11 and 18 years of age that could be
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due to functional brain specialization and reduced need
for compensatory mechanisms; narrating comprehen-
sion is linked with passive working memory. In addition,
the FPN contains the dIPFC, inferior parietal lobe, and
inferior parietal sulcus [16]. A study by Ostby, Tamnes,
Fjell and Walhovd [25] containing 108 participants rang-
ing between 8 and 19 years reported associations of the
radial diffusivity of the superior longitudinal fasciculus
(SLF) and cortical thickness of the supramarginal gyrus
with WM performance on a digit span task. Further-
more, differences in the impact of SLF diffusivity and
supramarginal gyrus thickness were found with partici-
pant age. Based on structural equation modeling of data
from 158 participants between 7 and 18 years old, there
was a direct influence of age on processing speed that
positively affected WM, which is highly correlated with
fluid and crystalized intelligence [26].

WM in individuals with RLD

There are numerous reports linking poor reading perfor-
mance with lower WM scores [19, 27-32]. Some authors
believe that WM is more important for advanced reading
skills, such as reading comprehension [29], while others
posit that WM is more important for developing reading
skills, as in younger children [20].

WM can include verbal, numerical, or visuospatial
information or combinations of these domains. Several
authors have suggested that verbal WM is more closely
related to reading than numerical WM [33] or visuos-
patial WM [34]. However, in a meta-analysis, Peng et al.
[20] concluded that there is a strong relationship between
reading and WM in younger readers (before 4th grade)
and that this relationship does not depend on the speci-
ficity of WM.

Resting-state functional magnetic resonance imaging
(fMRI) revealed a strong correlation of activity in the SN
and the DMN with that in the reading network (RN'W),
defined by the functional connectivity between differ-
ent brain regions related to reading performance [35] in
young children [36]. A study by Twait et al. [22] com-
pared the functional connectivity of children (31 with
developmental dyslexia (DD) and 35 TD children) dur-
ing a reading comprehension task; children with DD had
lower general connectivity of the SN than TD children.
Regions of interest (ROIs) were based on the atlas pro-
vided in the CONN toolbox. Another resting-state fMRI
study showed that children with DD had higher func-
tional connectivity between the right visual association
areas and right prefrontal attention areas than TD chil-
dren [37]. Moreover, there is evidence that reading inter-
ventions for children with reading difficulties increase
the connectivity of the SN and the cingulo-opercular net-
work (CON) [38]. CON activation was strongly related to
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FPN activation and top-down control of executive func-
tions [39]; however, the CON was more closely related to
tonic alertness, while the FPN was more closely related to
executive functions [40].

In an fMRI n-back task, Bailey [35] observed that
children with DD who had a lower response rate to a
sound-symbol letter correspondence treatment exhibited
weaker connectivity among the dIPFC, supramarginal
gyrus, inferior frontal gyrus, and mid-frontal cortex than
children who had a higher response rate. Furthermore,
there is behavioral evidence that children with DD with
poor pseudoword reading ability had a longer response
time in an extraneous attention task than children with
DD with good pseudoword reading ability and individu-
als in two control groups, one matched by age and the
other by reading level [41].

The presented evidence suggests that although children
with RLD share the same clinical indicators [1], some of
them have greater WM impairments than others. This
raises the following question: Are WM differences in
children with RLD associated with differences in brain
functional connectivity? To our knowledge, no study has
addressed this question. The aim of this research was to
compare the resting-state functional connectivity of chil-
dren with RLD and lower-than-average WM with that of
children with RLD and average WM. We hypothesized
that children with lower WM would have weaker con-
nectivity of WM-related and reading-related regions than
matched individuals with average WM.

Methods

Ethical consent

A verbal and written explanation of the research and pro-
cedure was given to all the participants and their parents.
An informed consent form was signed by every partici-
pant’s parent or legal guardian and signed by the child.
The study guaranteed the confidentiality of the collected
data, adhered to the ethical standards of the latest revi-
sion of the Declaration of Helsinki (Brazil 2013) and was
approved by the Ethics Committee of the Institute of
Neurobiology of the Universidad Nacional Auténoma de
México (UNAM) [INEU/SA/CB/146].

Sample

Twenty-six right-handed children with RLD who
attended first or second grade in public primary schools
in Querétaro, México, were included in this study. Based
on the DSM-5 [1], all participants had a diagnosis of RLD
as they met the following criteria: 1) intellectual coef-
ficient (IQ) equal to or above the standard score of 75;
2) no physical impairments, such as of vision or hear-
ing (need for hearing aids); 3) no other psychiatric dis-
orders, such as ADHD, according to the assessment of a
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neuropediatrician and psychologist; 4) scores two stand-
ard deviations below the mean (i.e., 9th percentile or
below) in at least one of the reading areas of the Children
Neuropsychological Scale [42] which measures reading
accuracy, reading comprehension, and reading speed.
The Children Neuropsychological Scale includes several
reading tasks, such as syllable, nonword, and word read-
ing; sentence and paragraph reading comprehension; and
silent and active reading duration. This scale is stand-
ardized for the Mexican population. The participants
in this study exhibited heterogeneity in reading domain
difficulties; most children (n=10) showed significant dif-
ficulties (below 1.5 standard deviations from the mean)
in all three domains, 3 children showed difficulty in read-
ing accuracy, 1 child in reading comprehension, 6 chil-
dren in reading speed, 2 children in reading accuracy and
reading comprehension, 3 children in reading accuracy
and reading speed, and 1 child in reading comprehen-
sion and reading speed, as shown in Fig. 1. According
to the Wechsler Intelligence Scale for Children [43], the
participants had an IQ of 75 or above (mean=90.12;
range="75-115). All had normal neurological examina-
tion results without a history of brain injury, and they did
not present any other psychiatric disorder beyond RLD,
according to the results of a neuropediatric evaluation or
the Mini-International Neuropsychiatric Interview [44].
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The participants were divided into two groups depend-
ing on their WM index on the WISC-IV. We use the
WM index from the WISC-IV as a proxy for WM. On
the one hand, the relationship between WM and read-
ing is stronger in younger children [20], and this relation
does not depend on the WM type; on the other hand,
the majority of the children in this study, who had RLD
exhibited reading processing similar to that of younger
children. Taking these considerations into account, it
was appropriate to evaluate WM in this way, although
the WM index is a composite measure that includes the
scores from direct-digits and letters-and-numbers tests,
which assess numeric and verbal WM, respectively.

Children with a WM index between 85 and 115 were
placed in the average working memory (AWM) group,
and children with a WM index between 70 and 84 were
placed in the lower-than-average working memory
(LWM) group. The AWM group comprised 15 partici-
pants (5 females), with a mean age of 8.53 years (range:
7.31-11.72 years), and the LWM group comprised 11
participants (2 females) with a mean age of 9.57 years
(range: 7.64—11.53 years). Children in the AWM group
align with the domain-specific hypothesis of a specific
impairment in reading but not in other domain-general
cognitive functions. In contrast, children in the LWM
group align with the domain-general hypothesis where
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Fig. 1 Venn diagram showing the distribution of the areas of difficulty within the reading domain for the lower-than-average working memory

group (shown in red) and average working memory group (shown in blue)
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an impairment in reading is linked to a deficit in domain-
general cognitive functions, such as WM.

According to the Mann—Whitney U test, there were
no significant differences between groups in terms of the
processing speed index, verbal comprehension index, or
perceptual reasoning index of the WISC-IV; however,
there was a statistically significant difference between
groups in the WM index (AWM average=94.40; LWM
average=79.72; W=0; p=0.001), IQ (AWM aver-
age=94.86; LWM average=283.63; W =25.50; p=0.003)
and age (AWM average=8.53; LWM average=9.57;
W =124; p=0.033). The behavioral scores are shown in
Table 1. The AWM (females =33.33%) and LWM groups
(females=18.18%) had different sex distributions (chi-
square =0.74; p=0.389), although the difference was not
significant. No differences were found on reading sub-
tests of the ENI-2 (reading accuracy, reading compre-
hension, and reading speed). In Fig. 1, the red and blue
points represent children in the LWM and AWM groups,
respectively; children in both groups exhibited a wide
variety of deficits in the areas of the reading domain.

Procedure

The participants completed a behavioral evaluation
within the Laboratory of Psychophysiology at the Insti-
tute of Neurobiology of the Universidad Nacional
Auténoma de México. The behavioral evaluation con-
sisted of completing the ENI-2 and WISC-IV scales and
undergoing a clinical interview and neuropsychiatric
evaluation to identify if the participants met the inclu-
sion criteria.
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Behavioral instruments

Children Neuropsychological Scale (ENI-2) [42] This
scale explicitly evaluated reading, writing, arithmetic,
and visual attention abilities.

Wechsler Intelligence Scale for Children (WISC-1V) This
scale was used to assess the general indices of verbal
comprehension, perceptual reasoning, the WM index,
processing speed, and 1Q [43].

fMRI data acquisition
To estimate the functional brain connectivity of the
AWM and LWM groups, each participant underwent
resting-state fMRI with their eyes closed.

fMRI data were acquired at the National Laboratory
of Magnetic Resonance Imaging (Laboratorio Nacional
de Imagenologia por Resonancia Magnética; LANIREM)
located at the Instituto de Neurobiologia, Universidad
Nacional Auténoma de México. A 3 Tesla magnetic reso-
nance imaging (MRI) scanner (GE Healthcare systems,
Discovery MR750 3.0 T) was used for this study. fMRI
data were acquired with a T2*-weighted echo-planar
imaging sequence (repetition time (TR)=2000 ms, echo
time (TE)=40 ms, and voxel size=4x4 x4 mm?), with
300 volumes obtained in a 10-min acquisition period.
A T1 reference image was obtained for anatomical ref-
erence using an SPGR sequence with a spoiled gradi-
ent of 1x1x1 mm? (TR=8.1 ms, TE=3.2 ms, and spin
angle=12.0°).

Table 1 Scores on the Children Neuropsychological Scale (ENI-2) reading area and Wechsler Intelligence Scale for Children (WISC-IV)

Test Variable Group N mean SD SE w P
WISC-IV (normalized scores) Intellectual Coefficient LWM 15 83.63 6.59 1.98 25.20 0.003
AWM 1 94.86 8.95 2.31
Verbal Comprehension Index LWM 15 86.63 7.73 233 54.00 0.144
AWM 11 94.86 13.69 353
Perceptual Reasoning Index LWM 15 92.63 11.86 357 59.00 0.231
AWM 1 100.53 15.90 4.10
Working Memory Index LWM 15 79.72 313 0.94 0.00 0.001
AWM 1 94.40 4.64 1.19
Processing Speed Index WM 15 88.63 8.89 2.68 71.00 0.563
AWM 1 93.40 12.57 3.24
ENI-2 (percentile scores) Reading Accuracy WM 15 5.72 9.09 2.74 77.50 0.805
AWM 1 8.71 11.75 3.03
Reading Comprehension LWM 15 19.80 2867 8.63 69.50 0.513
AWM 11 17.87 2132 5.05
Reading Speed LWM 15 12.94 2214 6.67 89.50 0.726

AWM 11 6.57 7.89 2.03
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In total, including localization, functional and anatomi-
cal sequences, this study lasted approximately 30-40 min
per participant.

The preprocessing of the data was the same as that used
by Gracia-Tabuenca et al. [45]. Preprocessing was per-
formed with FMRIB’s Software Library FSL v.5.0.6 [46].
Briefly, preprocessing included eliminating the first four
volumes, temporal spacing, head movement correction,
brain extraction, regression of the confounding variables,
bandpass filtering (0.01-0.08 Hz), and spatial normaliza-
tion. The confounding variables were the six parameters
from rigid-body motion correction, the average signal
from the white matter, cerebrospinal fluid, and the deriv-
atives of the eight mentioned variables, for a total of 16
variables. Finally, each volume was coregistered with the
corresponding T1 image and an additional nonlinear reg-
istration to the Montreal Neurological Institute (MNI)
space.

Analysis

From each resting-state fMRI session, the average signal
was extracted from each ROI The analysis considered
the interaction among the SN, DMN, and FPN follow-
ing Goulden et al. [21] and the evidence in this specific
population described in the introduction. Each ROI con-
sisted of a 4 mm sphere that represented a cortical and
subcortical structure that belonged to the SN [22], DMN,
and FPN [26] (Fig. 2). A separate analysis was performed
with the ROIs corresponding to the RNW [36]. The selec-
tion of the specified reading network was based on the
study by Alcauter et al. [36] which provide resting-state
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fMRI evidence of a reading network in control children.
The ROIs were centered at the coordinates reported in
Table 2. Pearson’s correlation coefficients of the relation-
ship between the average signal from all the possible
ROI-to-ROI pairs were calculated for each subject, yield-
ing a connectivity matrix, and Fisher’s-z transformation
was subsequently applied. The network-based statistics
(NBS) approach [47, 48] was applied, using age as a con-
founding variable, based on the possible impact of age on
brain structure and connectivity and WM performance
[25, 26] to identify networks (sets of joint connections
or clusters of connections) with significant differences
between the two groups. In brief, the strength of the
clusters of connections that were significantly differ-
ent (at an initial statistical threshold of t=2.5) between
the two groups was compared with a null distribution
of the maximal strength of the components (clusters of
connections) that surpassed the same initial statistical
threshold using randomly permuted data (here, 10,000
permutations). Based on this null distribution, only clus-
ters with probability of being a false positive lower than
5% were reported. The NBS approach involves multiple
mass comparisons, considering the internal structure of
the connectivity networks, enabling the construction of
general linear models with permutation tests. This proce-
dure naturally explores the network differences between
groups of patients and controls adjusting for multiple
comparisons using permutation methods. This approach
was implemented using the Network-Based Statistics
toolbox (NBS v1.2) [47] for MATLAB (version R2019a).
Post hoc analyses were performed to characterize the
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Fig. 2 The regions of interest (ROls, 4 mm spheres) in the DMN (green), SN (red), FPN (dark blue), and RNW (light blue) visualized with BrainNet
Viewer [48]
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Table 2 Regions of interest (4 mm-radius spheres) of the explored functional brain networks

Areas Network MNI Coordinates Sphere

Center

X y z
Dorsolateral Prefrontal Cortex (r) Frontoparietal task control Network (Power et al. 2011) [16] 46 28 31
Dorsolateral Prefrontal Cortex () -44 27 33
Frontal Lobe (r) 44 8 34
Frontal Lobe (I) -42 7 36
Inferior Parietal Lobe (r) 54 -44 43
Inferior Parietal Lobe (1) -53 -50 39
Inferior Parietal Sulcus (r) 32 -59 41
Inferior Parietal Sulcus (1) -32 -58 46
Posterior Cingulate Cortex Default Mode Network (Power et al. 2011) [16] 1 -51 29
Middle Prefrontal Cortex -1 61 22
Angular Gyrus (I) -48 -66 34
Angular Gyrus (r) 53 -61 35
Lat_tempus Middle Temporal Gyrus (1) -65 -23 -9
Lat_tempus Middle Temporal Gyrus (r) 61 -21 -12
Anterior Cingulate Cortex Salience Network (Twait et al. 2018) [22] 0 22 35
Anterior Insula (1) -44 13 1
Anterior Insula (r) 47 14 0
Rostral Prefrontal Cortex (I) -32 45 27
Rostral Prefrontal Cortex (r) 32 46 27
Supramarginal Gyrus (1) -60 -39 31
Supramarginal Gyrus () 62 -34 31
Caudate (1) Reading Network (Alcauter et al. 2017) [36] -10 14 8
Insula (1) -22 22 -8
Lat_Middle Frontal Gyrus -26 10 36
Middle Temporal Gyrus (1) -50 -10 -4
Operculum Inferior Frontal Gyrus (1) -30 6 32
Orbital Inferior Frontal Gyrus (1) -25 33 -8
Putamen (1) -18 18 0
Rolandic Operculum (1) -38 6 20
Dorsolateral Superior Frontal Gyrus (1) -18 30 36
Superior Temporal Gyrus (1) -46 6 0
Superior Temporal Pole (1) -46 6 4
Transverse Temporal Gyrus (1) -30 -26 12
Area Triangularis (1) -30 10 28
Postcentral Gyrus (1) -42 -10 40
Precentral Gyrus (1) -38 -2 36

(r) Right hemisphere, () Left hemisphere

individual connections of each network or set of connec-
tions showing significant differences.

In a secondary analysis, to explore the possibility of
an association among cognitive functions (WM, pro-
cessing speed, perceptual reasoning, and verbal com-
prehension), reading ability (accuracy, speed, and

comprehension) and the connectivity strength of the
identified subnetworks, linear regression analysis was
performed with the cognitive and reading variables as
dependent variables. The variables group, sex, and net-
work connectivity strength were considered independ-
ent variables. The analysis was corrected for multiple
comparisons using false discovery rate (FDR).
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Results

Is there a significant difference in the functional
connectivity strength between groups?

NBS revealed a subnetwork with higher functional con-
nectivity strength (p=0.034; Fig. 3) in the AWM group
(mean=0.196; SD=0.610) than in the LWM group
(mean=-1.097; SD =0.340). This subnetwork was formed
by connections among the right angular gyrus (rAG), left
angular gyrus (IAG), right supramarginal gyrus (rSMG),
right inferior parietal lobe (rIPL), and the anterior cingu-
late cortex (ACC). For more detail on ROI connectivity,
see Table 3. No significant connectivity strength differ-
ences in the specified RNW in this paper were found
between the groups.

Are there associations of network connectivity strength
with cognitive and reading variables?

The linear regression analysis revealed a significant effect
of interaction between network connectivity strength
(B=-0.324; p=0.041) and group (p=1.124; p=0.001) on
the WM index (R*=0.822; F (3,22)=33.901; p=0.001).
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There was also a significant effect of interaction between
the network connectivity strength (f=-0.687; p=0.027)
and group (p=0.712; p=0.024) on the processing speed
index (R?=0.329; F (3/22) =3.589; p =0.030). Plots show-
ing associations between network connectivity strength
and WM and between network connectivity strength and
processing speed are shown in Fig. 4.

Discussion

This research aimed to explore whether the functional
connectivity among the DMN, SN, FPN, and RNW
structures differed between two groups of children
with RLD: the LWM group and the AWM group. The
results showed that individuals in the LWM group had
significantly weaker connectivity in a network that
comprises the rAG, 1AG, rSMG, rIPL, and ACC than
individuals in the AWM group. Importantly, the areas
included in this network belonged to the DMN, SN,
and FPN. Research has shown a functional interac-
tion among these networks. For example, the SN regu-
lates the connectivity between the DMN and the FPN,

B
5
L R
3 1
il

Fig.3 A Connectivity strength of the lower-than-average working memory (LWM) group (red) and the average working memory (AWM) group
(blue) for the network shown in B. B Network (cluster of connections) with significant differences in connectivity strength between the LWM
and AWM groups, as shown in A. The brain regions in this network include the 1) right angular gyrus, 2) right inferior parietal lobe, 3) left angular

gyrus, 4) right supramarginal gyrus, and 5) anterior cingulate cortex

Table 3 Bivariate connectivity between regions of interest of the resulting network cluster for the lower-than-average working
memory group (LWM) group (red) and average working memory (AWM) group (blue)

Regions of Interest Group Connectivity sD t Cohen-d Power

Angular Gyrus (1) Supramarginal Gyrus () LWM -0.365 0.174 3.72 147 0.94
AWM 0.023 0.383

Angular Gyrus (1) Anterior Cingulate Cortex LWM -0423 0.204 340 1.35 0.90
AWM -0.139 0.194

Inferior Parietal Lobe (r) Supramarginal Gyrus (r) LWM 0.194 0.283 2.76 1.09 0.75
AWM 0450 0.290

Angular Gyrus (I) Supramarginal Gyrus () LWM -0.503 0.250 2.83 1.12 0.77
AWM -0.138 0.300

(r) Right hemisphere, (I) Left hemisphere



Flores-Gallegos et al. BMC Pediatrics

30.00

20.00

10.00

.00

Processing Speed Index

-10.00

-20.00

15.00

10.00

5.00

.00

Working Memory Index

-5.00

-10.00

(2024) 24:318 Page 9 of 12
[ ]
[ J
PY [ ]
L 4 ®
]
o
[
@
] &) L ] L ] o
[ ®
[ J [ ]
-] @
([ X J
4 °
®
-1.00 -.50 .00 .50 1.00
Network Connectivity Strength
@
L ]
Py Y L ] oe @
® [ J
®e ©
° ® ® o
¢ o o ® ® ®
L4 o
L ]
-1.00 -.50 .00 .50 1.00

Network Connectivity Strength

Fig. 4 Scatter plots of partial regression results showing the association between network connectivity strength and processing speed (upper)
and between network connectivity strength and the WM index (lower)

reflecting constant modulation between the resting and
cognitive-processing states [21]. This network interac-
tion has been related to cognitive functions, including
WM and processing speed. The results are congruent
with the literature, with higher WM scores related to
stronger connectivity between the DMN and SN [35].

Furthermore, evidence indicates that TD children
have higher functional connectivity than children with
developmental dyslexia [22]. In the present study, it was
expected that children with higher WM levels would
have stronger connectivity. The obtained results fur-
ther demonstrate the relation between the resting-state
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functional networks (DMN, SN, and FPN) and executive
functions. Evidence shows that children with RLD had
stronger connectivity among the superior frontal gyrus,
middle frontal gyrus, and superior temporal gyrus than
TD children during a reading comprehension task; this
stronger connectivity seems to be related to poorer task
performance and may compensate for the noted disabil-
ity [49]. There is also resting-state fMRI evidence in an
adult population of a positive relationship between DMN
connectivity and reading comprehension, particularly
the connectivity between the posterior cingulate cor-
tex and anterior insula [50] and between the ACC and
the middle temporal gyrus [51]. Although NBS analysis
revealed a stronger connectivity of the resulting network
in the AWM group, the regression analysis showed nega-
tive associations of the WM and processing speed indi-
ces with network connectivity strength. These results are
congruent with the findings of Horowitz-Kraus et al. [49]
that suggested that children with RLD have a compensa-
tory mechanism independent of WM. Although a sig-
nificant difference between groups in the specified RN'W
was not found in the present paper, the brain regions
of the resulting network (supramarginal gyrus, angular
gyrus, and inferior parietal lobe) are also related to the
phonological process of reading [52] and could explain
the findings of the linear regression analysis.

The domain-general hypothesis suggests that a deficit
in WM would affect other higher-order cognitive pro-
cesses, such as reading. Although we did not find sig-
nificant differences in participants’ reading performance
or in the functional connectivity within the specified
reading-related network, other studies have included the
angular gyrus, supramarginal gyrus and inferior parietal
lobe as structures involved in the phonological process
of reading [52]; these regions are relevant to the resulting
network. Based on this, our results could link the cogni-
tive processes of WM and phonological awareness. The
lack of significant differences in reading abilities between
the groups could be due to specific clinical difficulties
in reading comprehension, reading accuracy, and read-
ing speed experienced by individuals in both groups.
Although both groups differed in their WM index, nei-
ther had an IQ below 75 on the WISC-IV.

Even though both groups had the same clinical diag-
nosis and reading impairment, analysis of resting-state
fMRI data revealed a significant difference in how WM
affected the functional connectivity of a cluster that
included the DMN, SN, and FPN. Although the resulting
network involved brain regions related to the phonologi-
cal process of reading, the lack of significant differences
between groups in the specified RN'W yields inconclusive
evidence regarding the domain-general hypothesis, under
which a deficit in WM and other cognitive functions is
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proposed to impact complex cognitive functions, such
as reading [8, 10]. According to Baddeley [17], WM has
two slave systems: a phonological loop and a visuospa-
tial sketchpad. The results prompt the question of which
systems in WM are affected in children with RLD and
whether they are related to other brain structures. Group
comparison revealed connectivity strength differences
in the angular gyrus, supramarginal gyrus, and inferior
parietal lobe; such structures are also related to the pho-
nological system in reading [52] and could play a role in
the differences found in a network related to WM.

While the number of participants in this study is lim-
ited, the results pave the way for new considerations
in children with RLD. On the one hand, we question
whether WM differences affect more general factors
embedded within fluid intelligence. Fluid intelligence
comprises the cognitive processes related to inductive
reasoning, reductive reasoning, and quantitative rea-
soning [53]. There is evidence supporting a relationship
between executive functions and fluid intelligence [54].
A study conducted by Passolunghi et al. [55] with 182
fourth graders reported that the ability to solve inconsist-
ent arithmetic word problems depended on the executive
functions of WM, updating, and inhibition; this ability
is not limited to solving arithmetic problems but also
encompasses solving other problems, including verbal
ones, that require fluid intelligence. WM and fluid intel-
ligence differences may have a significant impact on read-
ing comprehension even when accounting for children’s
prior experience [56]. Although our AWM and LWM
groups did not differ significantly in reading compre-
hension, this may be based on the specific difficulties of
their RLD diagnosis that alter their overall reading per-
formance. We also question whether these differences are
related to other functions that may be affected, such as
attention [12], or phonological consciousness, a key char-
acteristic in reading [2]. On the other hand, the results
raise questions regarding the clinical implications for
children’s evaluation and treatment. Some training pro-
grams for children with RLD focus on domain-specific
or domain-general functions. Aylward et al. [57] evalu-
ated the behavioral and functional effects of instructional
reading intervention in children with dyslexia. After three
weeks of training, the authors observed that children had
better phonological discrimination and reading compre-
hension that were related to higher activity in several
brain structures, such as the cerebellum, inferior tem-
poral gyrus, and inferior frontal gyrus. Notably, a study
conducted by Ramezani et al. [58] focused on a visual
WM intervention by considering affected variables, such
as balance, resulting in a program that improved WM,
reading skills, and postural control. There is also evidence
that visual and verbal WM training applied separately or
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jointly improves performance on visual rhyming tasks,
orthographic awareness, and fast word naming in chil-
dren with DD [59].

Although many intervention programs focus on
domain-specific or domain-general abilities, there are
no clear criteria for selecting a specific training pro-
gram. The results suggest that the WM index could be
an additional variable for consideration in interventions
because it is a factor in two subgroups of individuals with
different functional relations between reading and WM-
related brain structures; therefore, a distinct intervention
program may be needed to address this factor.

Conclusions

The results showed that cognitive differences in WM are
associated with functional connectivity differences in a
cluster that involves different functional brain networks
(DMN, SN, and FPN). Even though the resulting network
included brain regions related to the phonological pro-
cess in reading activities, the lack of group differences in
the connectivity of the specified RNW limits the support
for the domain-general hypothesis. The results present
new considerations for clinical evaluation and interven-
tion. The consideration of other criteria, such as WM,
could help or influence treatment decisions.

Acknowledgements

Florencia Assaneo, Gloria Otero Ojeda, Francisca Salcedo Diaz, Benito Javier
Martinez Briones, Ricardo Bravo Chéavez, Catalina Alatorre Cruz, Monserrat
Palacios Martinez, Mauricio Gonzalez-Lopez, Alejandro Ramirez Reyes, Maria
Elena Judrez, Héctor Belmont Tamayo, Maria de los /-\ngeles Zavala, Saulo
Hernandez, Melissa Bass, Thalia Harmony, Teresa Alvarez, Lourdes Lara Ayala,
Nuri Aranda, Daniela Roldan, and the parents and children who participated
in the study.

Authors’ contributions

RF-G.and TF. conceptualized this study. RF-G, TF, S.A, and E.P. designed the
methodology, and R.F-G. did the formal analysis. R.F-G. wrote the original draft
and prepared figures. RF-G, LA-C, BB-D, and PR-L. recollected the data and
did data curation. T.F, S.A, and E.P. supervised the project. T.F. acquired financ-
ing and administered the project resources. All authors reviewed and edited
the manuscript and approved the submitted version of the manuscript.

Funding

This work was supported by Projects IN207520 from PAPIIT and 251309 from
CONACYT. Rodrigo Flores Gallegos (scholarship recipient: 917148) is a benefi-
ciary of the CONACYT scholarship 720424.

Availability of data and materials
The dataset supporting the conclusions of this article is available in the fig-
share repository, https://doi.org/10.6084/m9.figshare.19189889.

Declarations

Ethics approval and consent to participate

This project was approved by the Ethics Committee of the Institute of Neuro-
biology of the Universidad Nacional Autonoma de México (UNAM) [INEU/SA/
CB/146]. An informed consent form was signed by every participant’s parent
or legal guardian and signed by the child.

Consent for publication
NA.

Page 11 of 12

Competing interests
The authors declare no competing interests.

Received: 18 August 2023 Accepted: 25 April 2024
Published online: 08 May 2024

References

1. American Psychiatric Association. Diagnostic and statistical manual of
mental disorders (DSM-5 TR). 5th ed. Washington DC: American Psychiat-
ric Association Publishing; 2013.

2. Committee to Evaluate the Supplemental Security Income Disability
Program for Children with Mental Disorders. Clinical characteristics of
learning disabilities. In: Boat TF, Wu JT, editors. Mental disorders, and
disabilities among low-income children. 1st ed. Washington DC: National
Academies Press (US); 2015. p. 179-89.

3. Alesi M, Rappo G, Pepi A. Self-esteem at school and self-handicapping in
childhood: comparison of groups with learning disabilities. Psychol Rep.
2012;,111:952-62.

4. Singer E. Coping with academic failure, a study of Dutch children with
dyslexia. Dyslexia. 2008;14:314-33.

5. Buttner G, Hasselhorn M. Learning disabilities: debates on definitions,
causes, subtypes, and responses. Intl J Disabil Dev Educ. 2011;58:75-87.

6. Landerl K, Fussenegger B, Moll K, Willburger E. Dyslexia and dyscalculia:
two learning disorders with different cognitive profiles. J Exp Child Psy-
chol. 2009;103:309-24.

7. Brandenburg J, Huschka SS, Visser L, Hasselhorn M. Are different types of
learning disorder associated with distinct cognitive functioning profiles?
Front Psychol. 2021;12:725374.

8. Swanson L, Siegel L. Learning disabilities as a working memory deficit.
Issues Educ. 2001;7:1-48.

9. Landerl K, Freudenthaler HH, Heene M, De Jong PF, Desrochers A,
Manolitsis G, Parrila R, Georgiou GK. Phonological awareness, and rapid
automatized naming as longitudinal predictors of reading in five alpha-
betic orthographies with varying degrees of consistency. Sci Stud Read.
2019;23:220-3.

10. Swanson HL. Cognitive profile of adolescents with math disabilities: are
the profiles different from those with reading disabilities? Child Neu-
ropsychol. 2012;18:125-43.

11. Swanson L. Intelligence, working memory and learning disabilities. In:
Papadopoulos T, Kirby J, Parrilla R, editors. Cognition, intelligence and
achievement. 1st ed. London: Academic Press; 2015. p. 175-96.

12. Vidyasagar TR, Pammer K. Dyslexia: a deficit in visuo-spatial attention, not
in phonological processing. Trends Cogn Sci. 2010;14:57-63.

13. Hari R, Renvall H. Impaired processing of rapid stimulus sequences in
dyslexia. Trends Cogn Sci. 2001;5:525-32.

14. Jeffries S, Everatt J. Working memory: its role in dyslexia and other spe-
cific learning difficulties. Dyslexia. 2004;10:196-214.

15. Baddeley AD, Hitch GJ. Working memory. In: Bower GH, editor. The
psychology of learning and motivation, vol. 8. 1st ed. Stanford: Stanford
University; 1974. p. 47-89.

16. Power JD, Cohen AL, Nelson SM, Wig GS, Barnes KA, Church JA, Vogel AC,
Laumann TO, Miezin FM, Schlaggar BL, Petersen SE. Functional network
organization of the human brain. Neuron. 2011,72:665-78.

17. Baddeley AD, Hitch GJ. Development of working memory: should the
Pascual-Leone and the Baddeley and Hitch models be merged? J Exp
Child Psychol. 2000;77:128-37.

18. Gathercole SE, Alloway TP, Willis C, Adams AM. Working memory in chil-
dren with reading disabilities. J Exp Child Psychol. 2006;93:265-81.

19. Gupta P, Sharma V. Working memory and learning disabilities: a review.
Int J Indian Psychol. 2017;4:111-21.

20. Peng P, Barnes M, Wang C, Wang W, Li S, Swanson HL, Dardick W, Tao S.
A meta-analysis on the relation between reading and working memory.
Psychol Bull. 2018;144:48-76.

21. Goulden N, Khusnulina A, Davis NJ, Bracewell RM, Bokde AL, McNulty JP,
Mullins PG. The salience network is responsible for switching between
the default mode network and the central executive network: replication
from DCM. Neuroimage. 2014;99:180-90.


https://doi.org/10.6084/m9.figshare.19189889

Flores-Gallegos et al. BMC Pediatrics

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

(2024) 24:318

Twait E, Farah R, Horowitz-Kraus T. Decreased functional connectivity of
the salience network during narrative comprehension in children with
reading difficulties: an fMRI study. Neuroimage Clin. 2018;20:987-92.
Fang X, Zhang Y, Zhou'Y, Cheng L, Li J, Wang Y, Friston KJ, Jiang T. Resting-
state coupling between core regions within the central-executive and
salience networks contributes to working memory performance. Front
Behav Neurosci. 2016;10:27.

Horowitz-Kraus T, Farah R, Hajinazarian A, Eaton K, Rajagopal A, Schmith-
orstVJ, Altaye M, Vannest JJ, Holland SK. Maturation of brain regions
related to the default mode network during adolescence facilitates narra-
tive comprehension. J Child Adolesc Behav. 2017;5:328.

@stby Y, Tamnes CK, Fjell AM, Walhovd KB. Morphometry and connectivity
of the fronto-parietal verbal working memory network in development.
Neuropsychologia. 2011,;49:3854-62.

Tourva A, Spanoudis G. Speed of processing, control of processing,
working memory and crystallized and fluid intelligence: evidence for a
developmental cascade. Intelligence. 2020;83:101503.

de Jong PF, van der Leij A. Specific contributions of phonological abilities
to early reading acquisition: results from a Dutch latent variable longitu-
dinal study. J Educ Psychol. 1999;91:450-76.

Siegel LS, Ryan WB. The development of working memory in nor-

mally achieving and subtypes of learning disabilities. Child Dev.
1989;60:973-80.

Savage R, Lavers N, Pillay V. Working memory and reading difficulties:
what we know and what we don't know about the relationship. Educ
Psychol Rev. 2007;19:185-221.

Carretti B, Borella E, Cornoldi C, De Beni R. Role of working memory in
explaining the performance of individuals with specific reading compre-
hension difficulties: a meta-analysis. Learn Individ Differ. 2009;19:246-51.
Garcfa-Madruga JA, Elostia MR, Gil L, Gémez-Veiga |, Vila JO, Orjales |, Con-
treras A, Rodriguez R, Melero MA, Duque G. Reading comprehension and
working memory'’s executive processes: an intervention study in primary
school students. Read Res Q. 2013;48:155-74.

Lopez-Resa P, Moraleda-Sepulveda M. Working memory capacity and text
comprehension performance in children with dyslexia and dyscalculia: a
pilot study. Front Psychol. 2023;14:1191304.

Daneman M, Merikle PM. Working memory and language comprehen-
sion: a meta-analysis. Psychon Bull Rev. 1996;3:422-33.

Zheng X, Swanson HL, Marcoulides GA. Working memory components as
predictors of children’s mathematical word problem solving. J Exp Child
Psychol. 2009;110:481-98.

Bailey SK, Aboud KS, Nguyen TQ, Cutting LE. Applying a network frame-
work to the neurobiology of reading and dyslexia. J Neurodev Disord.
2018;10:37.

Alcauter S, Garcia-Mondragén L, Gracia-Tabuenca Z, Moreno MB, Ortiz JJ,
Barrios FA. Resting state functional connectivity of the anterior striatum
and prefrontal cortex predicts reading performance in school-age chil-
dren. Brain Lang. 2017;174:94-102.

Finn ES, Shen X, Holahan JM, Scheinost D, Lacadie C, Papademetris X,
Shaywitz SE, Shaywitz BA, Constable RT. Disruption of functional net-
works in dyslexia: a whole-brain, data-driven analysis of connectivity. Biol
Psychiatry. 2014;76:397-404.

Horowitz-Kraus T, Toro-Serey C, DiFrancesco M. Increased resting-state
functional connectivity in the cingulo-opercular cognitive-control
network after intervention in children with reading difficulties. PLoS One.
2015;10:e0133762.

Dosenbach N, Visscher KM, Palmer ED, Miezin FM, Wenger KK, Kang HC,
Burgund D, Stanfill A, Schlaggar BL, Petersen SE. A core system for the
implementation of task sets. Neuron. 2006;50:799-812.

Sadaghiani S, D'Esposito M. Functional characterization of the cingulo-
opercular network in the maintenance of tonic alertness. Cereb Cortex.
2015;25:2763-73.

Facoetti A, Trussardi AN, Ruffino M, Lorusso ML, Cattaneo C, Galli R,
Molteni M, Zorzi M. Multisensory spatial attention deficits are predic-
tive of phonological decoding skills in developmental dyslexia. J Cogn
Neurosci. 2010;22:1011-25.

Matute Durdn E, Ostrosky Solis F, Rosselli M, Ardila A. Evaluacion
Neuropsicolégica Infantil (ENI-2) manual de aplicacion. México: Manual
Moderno; 2013.

Wechsler D. WISC-IV Escala Wechsler de Inteligencia para nifos. Manual
de aplicacion. 4th ed. Mexico: Manual Moderno; 2008.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

Page 12 of 12

Sheehan DV, Lecrubier Y, Sheehan KH, Amorim P, Janavs J, Weiller E,
Hergueta T, Baker R, Dunbar GC. The Mini-International Neuropsychiat-
ric Interview (M.LN.1): the development and validation of a structured
diagnostic psychiatric interview for DSM-IV and ICD-10. J Clin Psychiatry.
1998;59(Suppl 20):22-33; quiz 34-57.

Gracia-Tabuenca Z, Diaz-Patifio JC, Arelio |, Alcauter S. Topological data
analysis reveals robust alterations in the whole-brain and frontal lobe
functional connectomes in attention deficit/hyperactivity disorder.
eNeuro. 2020;7:ENEURO.0543-19.2020.

Jenkinson M, Beckmann CF, Behrens TEJ, Woolrich MW, Smith SM. FSL.
Neuroimage. 2012;62:782-90.

Zalesky A, Fornito A, Bullmore ET. Network-based statistic: Identifying
differences in brain networks. Neuroimage. 2010;53:1197-207.

Xia M, Wang J, He Y. BrainNet viewer: a network visualization tool for
human brain connectomics. PLoS One. 2013;8:68910.

Horowitz-Kraus T, Buck C, Dorrmann D. Altered neural circuits accompany
lower performance during narrative comprehension in children with
reading difficulties: an fMRI study. Ann Dyslexia. 2016,;66:301-18.
Smallwood J, Gorgolewski KJ, Golchert J, Ruby FJM, Engen H, Baird B,
Vinski MT, Schooler JW, Margulies DS. The default modes of reading:
modulation of posterior cingulate and medial prefrontal cortex connec-
tivity associated with comprehension and task focus while reading. Front
Hum Neurosci. 2013;7:734.

Zhang M, Savill N, Margulies DS, Smallwood J, Jefferies E. Distinct indi-
vidual differences in default mode network connectivity relate to off-task
thought and text memory during reading. Sci Rep. 2019;9:16220.

Martin A, Schurz M, Kronbichler M, Richlan F. Reading in the brain of
children and adults: a meta-analysis of 40 functional magnetic resonance
imaging studies. Hum Brain Mapp. 2015;36:1963-81.

Carroll JB. Part I: A psychometric approach. In: Sternberg RJ, Ben-Zeev T,
editors. The nature of mathematical thinking. 1st ed. New Jersey: Law-
rence Erlbaum Associates; 1996. p. 1-26.

Duncan J, Parr A, Woolgar A, Thompson R, Bright P, Cox S, Nimmo-Smith I.
Goal neglect and Spearman’s g: competing parts of a complex task. J Exp
Psychol Gen. 2008;137:131-48.

Passolunghi MC, de Blas GD, Carreti B, Gomez-Veiga |, Doz E, Garcia-
Madruga JA. The role of working memory updating, inhibition, fluid
intelligence, and reading comprehension in explaining differences
between consistent and inconsistent arithmetic word-problem-solving
performance. J Exp Child Psychol. 2022,224:105512.

Vernucci S, Aydmune Y, Andrés ML, Burin DI, Canet-Juric L. Working
memory and fluid intelligence predict reading comprehension in
school-age children: a one-year longitudinal study. Appl Cogn Psychol.
2020;35:1115-24.

Aylward EH, Richards TL, Berninger VW, Nagy WE, Field KM, Grimme AC,
Richards AL, Thomson JB, Cramer SC. Instructional treatment associated
with changes in brain activation in children with dyslexia. Neurology.
2003;61:212-9.

Ramezani M, Behzadipour S, Pourghayoomi E, Joghataei MT, Shirazi E,
Fawcett AJ. Evaluating a new verbal working memory-balance program:
a double-blind, randomized controlled trial study on Iranian children
with dyslexia. BMC Neurosci. 2021,22:55.

Yang J, Peng J, Zhang D, Zheng L, Mo L. Specific effects of working
memory training on the reading skills of Chinese children with develop-
mental dyslexia. PLoS One. 2017;12:e0186114.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Functional connectivity is linked to working memory differences in children with reading learning disability
	Abstract 
	Introduction
	Reading learning disability
	Domain-general vs. domain-specific hypotheses
	Working memory
	WM in individuals with RLD

	Methods
	Ethical consent
	Sample
	Procedure
	Behavioral instruments
	fMRI data acquisition

	Analysis

	Results
	Is there a significant difference in the functional connectivity strength between groups?
	Are there associations of network connectivity strength with cognitive and reading variables?

	Discussion
	Conclusions
	Acknowledgements
	References


