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Abstract

Functional neuroimaging studies have advanced current understanding of changes in
patterns of neuronal activation during verbal working memory with specific
cerebrocerebellar functional networks identified. However, research examining the
influence of typical and atypical neurodevelopment and task-related characteristics on
functional connectivity in the context of verbal working memory is sparse. Thus, the
present study conducted a two-fold investigation to elucidate the differences in effective
network connectivity in typically developing children and that of young adults. Thereafter,
the study compared the effect of dyslexia on the network connectivity patterns. Thirty-five
young adults, ten neurotypical children and ten children with dyslexia underwent fMRI
scanning while performing a modified Sternberg working memory task. Dynamic causal
modelling (DCM) was employed to analyze the effective connectivity between

co-activated brain regions. Results showed that (i) young adults and neurotypical children
had patterns of activation for working memory with similar network connectivity, however
(ii) children with dyslexia had a better fit for effective network connectivity models without
cortical-subcortical modulatory connectivity. These findings provide a significant
contribution to our present understanding of the effect of cross-sectional
neurodevelopment and the impact of dyslexia on the effective network connectivity during
verbal working memory.

SUMMARY

This paper investigates how brain regions are connected while we try to hold and maintain
verbal information briefly in our minds (verbal working memory). We examined this in both
adults and children, and how reading difficulties (dyslexia) affect this process using a
functional Magnetic Resonance Imaging (fMRI). fMRI is a non-invasive brain scan that can
show changes in brain activity during a task. We examined the connectivity of these brain
networks between 35 young adults and compared them to brain networks seen in 10
typically developing children. We also examined how the network connections are different
in 10 children with dyslexia. The findings of this study may provide insights to understand
dyslexia better. It can help improve our ability to diagnose the condition, and develop
precise ways to help children struggling with reading.

Keywords: verbal working memory, fMRI, dynamic causal modelling, children, effective
connectivity, dyslexia
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INTRODUCTION

Verbal working memory is a fundamental building block for complex cognitive processes
which are pertinent for knowledge acquisition. The phonological loop plays a central
role in verbal working memory, which is a key component in reading. It functions as a
temporary storage for the manipulation of verbal information and has been postulated
to comprise of two subcomponents—the phonological store and the phonological output
buffer (Baddeley & Hitch, 1974).

Functional neuroimaging studies have been instrumental in identifying neuronal regions
which are selectively activated during verbal working memory. Vallar and Papagno
(2002) postulated that auditory input is analyzed and relayed to the shortterm store in
the inferior parietal lobe (IPL). These inputs are then passed on to the phonological
output buffer, located in the premotor cortex, which can result in a spoken output or a
rehearsal process that recycle information (Vallar & Papagno, 2002). Building on these
findings, Chen and Desmond (2005a, 2005b) provided evidence of two
cerebrocerebellar networks underlying verbal working memory— a phonological storage
system that connects the left IPL to the right inferior cerebellum, and an articulatory
control system which connects the left inferior frontal gyrus (IFG) to the right superior
cerebellum.

Importantly, these studies have also highlighted the need to elucidate the effect of
neurodevelopment in brain activation patterns observed during verbal working memory.
Crone and colleagues (2006) reported that although children and adults exhibited
similar activation profiles in the ventral lateral prefrontal cortex (VLPFC) during the
maintenance phase of an object working memory (WM) task, children failed to recruit
the right dorsal lateral prefrontal cortex (DLPFC) and bilateral superior parietal cortex if
additional manipulation demands were added on during the delay phase. These
findings indicate that the fronto-parietal regions in verbal working memory networks
could be less functionally developed in children relative to adults. They also suggest that
the effect of neurodevelopment in brain activation may only be observable in tasks that
place greater demands on working memory.

To further understand the effect of brain maturation and working memory task demands
on neural activation patterns, O'Hare and colleagues (2008) explored developmental
differences among three distinct age groups—children, adolescents, and young adults—
using the Sternberg verbal working memory task paradigm (Sternberg, 1966). They found
that participants across all three groups engaged the cerebro-cerebellar network.
However, significant age-related differences were found in relation to working memory
load-dependency. In particular, while children displayed increasing activation in the left
ventral prefrontal cortex only, this pattern was observed in the right prefrontal, left
parietal, bilateral superior cerebellum (VI/Crus |), and right inferior cerebellum (VHA/
VIIB) regions in adolescents and young adults. Results from the study reinforced the
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findings in earlier studies by demonstrating that the neural basis of verbal working
memory load-dependency changes with maturation.

A key limitation of functional neuroimaging studies is that network shift (i.e., a change in
functional network pathways) is not accounted for. This is significant because network
shift could occur due to connectivity between network components, as opposed to mere
changes in activation at specific cortical or subcortical regions. This is evident in studies
showing task-dependent alteration in the interaction between network components,
which was postulated to be independent of the level of brain activation (Bitan et al,,
2005; Friston, 2011). As a result, recent research has moved beyond the study of co-
activated regions during verbal working memory and ventured towards examining
network connectivity—typically quantified using functional or effective connectivity analysis
techniques. Functional connectivity is defined as the temporal correlations between
spatially remote neurophysiological events, while effective connectivity is defined as the
influence one neuronal system exerts over another (Friston, 1994). Dynamic Causal
Modeling (DCM) and structured equation modeling (SEM) are the most commonly used
methods for analyzing the effective connectivity between co-activated brain regions.
However, DCM has two methodological advantages over SEM. Specifically, DCM models
the dynamics between a network of neuronal regions, thereby providing greater clarity
on the functioning of neural network (Daunizeau, David, & Stephan, 2011). Furthermore,
DCM is not constrained by the temporal precedence of one time series in a particular
area relative to another (unlike multivariate autoregressive models); dependence on time
lag may pose difficulties because the nature of fMRI data may obscure modeling
accuracy (Friston, Moran, & Seth, 2013).

To date, limited research has examined the impact of brain maturation and task
demands on functional connectivity within the networks associated with verbal working
memory. Finn and colleagues (2010) examined functional network connectivity between
mid and late adolescence and found differences in the prefrontal and hippocampal
regions. A later study by van den Bosch and colleagues (2014) examined
neurodevelopmental changes across three age groups—children, young adolescents and
older adolescents—using a region of interest approach as opposed to a data-driven
approach. The seed-based functional connectivity analyses found age-related differences
between children and adolescents in the first load-dependent network and between
children and older adolescent in the second load-dependent network: (i) the left motor
and right cerebellum, which have been linked with motor coordination, and (ii) the left
prefrontal cortex, left parietal lobe and right cerebellum, which play a role during load-
dependent verbal working memory (van den Bosch et al., 2014). Few studies have
examined the working memory network using the effective connectivity approach.
However, Sobczak-Edmans and colleagues (2018) employed DCM to investigate the
effective cerebrocerebellar connectivity pathway during verbal working memory in adults.
Bayesian model selection (BMS) was used to compare eight permutated dynamic causal
models. They found the best fitting model had modulatory effects from the left inferior
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frontal gyrus (IFG) to the left inferior parietal lobule (IPL) via the pons to the right superior
cerebellum, as well as from the left IPL via the pons to the right inferior cerebellum.

Impairments in verbal working memory have been identified as a core deficit of dyslexia.
Despite the growing body of literature documenting observations of behavioural deficits
in verbal working memory in children with dyslexia (de Jong, 1998; Peng & Fuchs, 2016;
Swanson, Zheng, & Jerman, 2009) (see also supplementary document for theories of
dyslexia), little is known about the functional neuroanatomy underlying this impairment in
individuals with dyslexia. To elucidate the role of verbal working memory in dyslexia,
several studies have attempted to understand the neuroanatomical basis of the
phonological loop within the context of its role in verbal working memory.

Despite differences in participant age, analytical approaches, and regions of interest
across studies, existing studies of network connectivity have demonstrated an agerelated
increase in activations at regions of interest [right prefrontal, left parietal, superior
cerebellum bilaterally (VI/Crus 1), and right inferior cerebellum (VHA/VIIB) associated with
the load-dependent verbal working memory. To the best of our knowledge, however, no
study has attempted to understand the effective network connectivity during verbal
working memory in typically developing children. Building upon the work by Sobczak
Edmans and colleagues (2018), this study investigated the effective connectivity network
in typically developing children. Importantly, it explored the cross-sectional
neurodevelopmental changes in effective network connectivity during verbal working
memory between children and young adults. By examining how the different regions
involved in verbal working memory interact, a more granular understanding of the verbal
working memory network in children may be attained.

With clearer knowledge of the typical neurodevelopmental trajectory of verbal working
memory, the study then sought to further elucidate how dyslexia might affect the network
in children. Despite emerging functional imaging studies conducted in the adolescence
and adult population to examine the effect of dyslexia on the verbal working memory
network, such studies have not been conducted in child populations. Hence the present
study, provided a valuable preliminary insight into the effect of dyslexia on the verbal
working memory network in children.

METHODS
Participants

Thirty-five young adults, ten typically developing children and ten children with dyslexia
were included into the present study after the following exclusion criteria were applied:
(i) excessive head motion (thresholds for children and adults were 5mm and 3mm
respectively) and (ii) lack of functional activity at one or more regions of interest at an
uncorrected threshold of p <.05. Additionally, children with dyslexia had to be formally
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diagnosed with developmental dyslexia by a registered psychologist.

All child participants (Typically developing: six males, four females; Dyslexia: six males,
four females) had no prior history of neurological or psychiatric conditions. All children
were age matched and were between seven to ten years old (Typically developing: M=
7.8, SD = 1.03; Dyslexia: M= 8.2, SD=0.79), and were studying in mainstream schools in
Singapore. All children were right-handed, based on scores obtained on the Edinburgh
Handedness Inventory (EHI). Recruitment and selection procedures and data on key
demographic variables for the adult subsample can be found in supplementary
document entitled “method supplement”.

Ethics approvals were obtained from the relevant Institutional Review Board. Informed
consent was obtained from adult participants and the parents of child participants, and
child participants provided assent.

Task Description

All participants completed 40 trials (20 high-load and 20 low-load) of a modified
Sternberg working memory task (Sternberg, 1966). The young adults completed the
alternating blocks of high-load and low-load task in two runs while the children
completed it in four runs. The task was programmed using E-Prime version 2.0
(Psychology Software Tools, Inc, Pittsburgh, US). Visual stimuli were presented on either a
Toshiba Portege computer, or a Fujitsu Lifebook computer (Fujitsu, Tokyo, Japan).
Supplementary figure S1 summarizes the sequence of events for each trial in the task for
both children and adults as well as a detailed account of the task.

Behavioral Data Analysis

Paired-sample t-tests were conducted to investigate the effects of stimulus load on
accuracy rate and reaction time in the typically developing children subsample. To
examine behavioural differences between children and adults, a twoway repeated
measures analysis of variance (ANOVA) with load (low, high) as the within-subjects
variable and group (children, adult) as the between-subjects variable was conducted.

Neuroimaging Data
Multiband echo planar imaging

A general limitation in many fMRI studies, especially pediatric studies, is the lack of
sufficient statistical power, which decreases the ability to detect true effects.
Circumventing this problem by increasing the sample size is challenging in pediatric
studies owing to reasons such as high imaging cost, high drop-out rates, and the
possibility of situations where it is impractical to increase scan time.
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With that in mind, the image acquisition parameters for the collection of pediatric
samples were set up differently from the adult population (see supplementary document
“supplementary imaging methodology”) for optimal acquisition of whole brain data in
the pediatric population. Multiband echo planar imaging @ (EPI) was utilized to reduce
scan time and improve statistical power t». The multiband EPI approach enabled the
simultaneous acquisition of excited slices, which contributed to a significant increase in
the temporal resolution as the acceleration factor could be obtained from the number of
simultaneously excited slices. In the present study, an acceleration factor of four was
utilized to simultaneously acquire four slices at each time point. As such, 200 volumes per
subject were obtained in each run, yielding a total of 800 volumes per subject across
four runs.

Pediatric MRI Data Acquisition

Whole-brain MRI data was acquired in a 3-Tesla Siemens MRI scanner (Siemens Trio,
Erlangen, Germany), equipped with a 32-channel birdcage head coil. To reduce head
movements, foam padding was used to pack the participant’s head within the head coil.
A combination of localizer, structural and functional scans were done as part of the
acquisition protocol. MPRAGE sequence was applied to obtain high resolution, T1-
weighted structural scans in the sagittal plane with the ensuing parameters: TR=1950ms;
TE=3.06ms; FOV=256mm; isotropic voxel size of Tmms. For the functional scans, T2*-
weighted EPI were obtained in the oblique axial plane with the following parameters: TR
= 1000 ms; TE = 30 ms; 52 interleaved slices; flip angle = 90°; FOV = 200 mm; voxel size
of 2.5 mms with 0.5mm gap. To increase the signal measurements obtained from the
subcortical regions, in particular the cerebellum, the acquisition plane was rotated 25°
about the posterior vertical axis of the brainstem . Additionally, the E-Prime software
was employed to synchronize the collection of fMRI data with the behavioural task.
Participants were also provided instructions before each run through the intercom system.

Functional Data Analyses

Functional image processing and analyses were done using the Statistical Parametric
Mapping (SPM12) software package, version 6470 (www.fil.ion.ucl.ac.uk/spm). Images
(functional and structural) were all DICOM converted and reoriented to the AGPC line.
Subsequently, preprocessing was done using a protocol comprising of slice timing
correction, realignment, co-registration, normalisation and smoothing. High pass filtering
at 128s was also used. To correct for temporal lag during image acquisition, slice timing
correction was aligned to the middle slice of the EPI images. This was followed by the
realignment of images to the first volume. Structural images were then coregistered to
the EPI images before they were normalised to the Montreal Neurological Institute (MNI)
space. Lastly, images were smoothed using a Gaussian kernel of 8mm fulkwidth at half-
maximum (FWHM).
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To estimate the experimental effects, we applied general linear model (GLM) within
SPM. Load-dependent contrast images (HL > LL) were computed individually, generating
a total of 10 contrast images for each group. All trials (HL and LL) and movement
parameters were included for the calculation. Both correct and incorrect trials were
included in the statistical analysis, as a two-sample ttest was conducted and no
significant activation differences were found between children with high accuracy (> 70%)
and children with lower accuracy (<70%).

Group-level random effects analyses were conducted on task-specific contrasts with one-
sample ttests. Only clusters of voxels that survived the uncorrected thresholding of p <
0.005; k=20 were reported. According to Lieberman & Cunningham (2009), a combined
intensity and cluster thresholding of p < 0.005; k=20 would be comparable to a false
discovery rate (FDR) correction of p < 0.05. Additionally, to determine if activations at the
regions of interests would still be observed with a more stringent thresholding, a cluster
level thresholding of p < 0.05, FWE corrected with a cluster-defining primary threshold of
uncorrected p < 0.001 was applied (Woo, Krishnan, & Wager, 2014).

Cortical and subcortical activations were superimposed onto the MNI template brains,
respectively, and their anatomical labels were determined using the Anatomical
Automatic Labelling (Tzourio-Mazoyer et al., 2002; AAL) within WFU PickAtlas tool
(Maldjian, Laurienti, Kraft, & Burdette, 2003).

A similar imaging data analysis pipeline was used for the adult data. Details of the
procedures can be found in the paper by Sobczak-Edmans and colleagues (2018).

Dynamic Causal Modeling

DCM10, as implemented in SPM12 (v6470) (Functional Imaging Laboratory, UCL, UK),
was used for the analysis of effective connectivity. DCM is a non-linear system
recognition process, which makes use of Bayesian methods in parameter estimation for
drawing inferences about the underlying brain connectivity between neuronal regions
and examining how experimental conditions may alter the neural connectivity. Three sets
of parameters were estimated using DCM: intrinsic connectivity between region (A
parameters), modulatory connectivity (B parameters) and driving input from the
experimental task (C parameters) using the ensuing model specification criteria. Slice
timing for each of the VOIs was specified as the middle slice, as per Kiebel and
colleagues (2007) recommendation that the slice timing selected should be similar to the
reference slice indicated at the slice timing correction step of preprocessing. Echo time
was set at 0.03s while bilinear modulatory effects were selected. Other criteria set were
such as one state per region and no stochastic effects.

Based on previous literature in the field of verbal working memory and language
(Baddeley, 2003; Chen & Desmond, 2005a, 2005b; Wu et al., 2014), eight a priori regions-
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of-interest (ROI) were selected from the left cerebral and right cerebellum: left inferior
occipital gyrus (I0G) (BA 17/18), left fusiform gyrus (FG) (BA 37), left inferior frontal gyrus
(IFG) (BA 44/45/47), left inferior parietal lobule (IPL) (BA 40), thalamus, pons, right
superior cerebellum (VI/Crusl) and right inferior cerebellum (VIIB/ VIIIA). An anatomical
mask was created for each of the ROl using the WFU PickAtlas toolbox (Maldjian et al.,
2003) available in SPM12 (v6470), an anatomical mask was created for each of the
regions.

With the base model (see supplementary figure S2) established using the eight a priori
ROls, eight modulated pathway models were proposed. For the visual input and analysis,
the model postulated that activity in the IOG—involved for primary visual analysis—was
modulated by visual stimulation at the driving input region. Intrinsic connectivity between
the 10G and the FG, which has a pertinent role in secondary visual analysis, was also
proposed in the present model based on the previous findings by Wu and colleagues
(2014). In their study examining age-related effective connectivity during a homophone
judgment task, Wu et al. (2014) found clear preferences across age groups for models
with driving input on the 10G as opposed to both the |IOG and FG. Their study also
demonstrated a positive intrinsic connection from the IOG to FG. The remaining portion
of the model, which is responsible for the phonological processing, is postulated based
on the two cerebro-cerebellar networks—an articulatory control system, which connects
the left IFG to the right superior cerebellum and a phonological storage system that
connects the left IPL to the right inferior cerebellum, as established by Chen & Desmond
(2005a) The cerebro-cerebellar networks were further validated by a recent study
examining the contralateral cerebro-cerebellar white matter pathways for verbal working
memory using diffusion spectrum imaging (Sobczak-Edmans et al., 2018).

From the base model, eight possible pathways were considered (see supplementary
figure S3). Modulatory effects are represented by the bolded lines and intrinsic effects
are represented by dotted lines. Model 1 and Model 2 were proposed based on the
phonological loop (Baddeley, 2003a). Here, we examined the bilateral modulatory
effects from the IFG to the IPL and the IPL back to the IFG (Model 1) and Model 2 with
only modulatory effects from the IFG to the IPL. The next six models were postulated
based on the two cerebro-cerebellar networks established by Chen and Desmond
(2005a). Here, we considered the modulatory effects of verbal working memory task load
on either the frontal/ superior cerebellar articulatory control system (Model 3 and 4) or
the parietal/ inferior cerebellar phonological storage system (Model 5 and 6). Lastly, two
more models (model 7 and 8) with the combination of modulatory effect on the two
cerebro-cerebellar pathways were considered. This resulted in a total of eight models for
comparison.

Using the eight postulated pathway models, Bayesian model selection (Stephan, Penny,
Daunizeau, Moran, & Friston, 2009) was conducted to compare the different models.
Specifically, random-effect analysis (RFX) was utilized as it accounts for between subject
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variability unlike fixed-effect analysis (FFX). RFX-BMS estimates the parameters of a
Dirichlet distribution, which includes the probability for all the models included into the
analysis. This allows for the computation of the likelihood that a specific model is
representative of the network pathway of a randomly chosen individual, as well as the
exceedance probability (xp) of a particular model having a higher probability than the
other models considered in the model space. Based on the exceedance probability of
each of the models at group level, the model with the highest exceedance probability
was selected as the model that best predicts the data and is referred to hereafter as the
most optimal model. For the most optimal model, one-sample ttests, Bonferroni
corrected, were conducted to test the significance of the parameter estimates.

To obtain the peak coordinate for each of the ROIs, the anatomical masks were then
applied individually to the group activation map with a threshold of p < 0.005 and p <
0.001 (uncorrected) used for child and adult participants respectively. The peak
coordinates of the VOls for the adult subsample can be found in our earlier paper
(Sobczak-Edmans et al., 2018), while the pediatric subsample were as follows (typically
developing; dyslexia): FG (x =-38, y =-66, z=-17; x =-43,y =-81,z=-17), IFG (x =-39, y
=9,z=11;,x=-48,y=14,2=33),10G (x=-30, y =-96, z =-12; x = 43,y = -79, z = -15),
IPL (x =-28, y =-56, z = 46; x = -28, y = -59, z = 48), thalamus (x =0, y =-14, z = 6; x = -13,
y=-9,z2=11),iCERE (x =33,y =-71,z=-52; x =8, y = -64, z = -32), sCERE (x =18, y =-76,
z=-20; x =35,y =-61,z=-27) and pons (x =-3,y =-39, z=-35; x =0, y =-36, z = -42). At
the individual level, the activation maps were thresholded at p < 0.5 (uncorrected) and
the ROI masks were applied. Volumes of interest (VOIs) were then created using 8mm
radius spheres centered at the peak coordinates and within the respective ROl masks.
Regional responses were extracted based on the eigenvariates of the activated voxels
within the respective VOlIs. The distance between the centers of the individual VOIs and
the peak coordinate was controlled within 10 mm.

RESULTS
In-scanner Behavioral Data

Results of the repeated-measures ANOVA analysis used to examine the age-related
differences in accuracy rates between typically developing children and adults (see
supplementary Figure S4 and supplementary Table S1). When comparing typically
developing children to adults, an effect of Group on accuracy, A1, 39) = 91.8, p < .001
was found. Adults displayed significantly better accuracy than children. There was an
effect of Load on accuracy, A1, 39) = 54.8, p <.001. Both adults and children responded
less accurately to high load stimuli than low load stimuli. A significant Group X Load
interaction effect was observed, A1, 39) = 19.3, p <.001. Inspection of estimated
marginal means revealed that high-load stimuli adversely affected children’s response
accuracy to a greater degree than that of adults.

© 2023 Dyslexia Association of Singapore Limited Asia Pacific Journal of Developmental Differences
www.das.org.sg Vol. 10 No. 2 July 2023



Network connectivity during Verbal Working Memory: Neurodevelopment and the Influence of Dyslexia 221

Significant main effects for group (p < 0.001) and load (p < 0.001), as well as a
significant interaction effect (p < 0.001) was found. This indicates that the decrease in
performance from low to high load is greater for children than for the adult group.

Similar analyses were performed to examine the differences in reaction time (see
supplementary Figure S5 and supplementary Table S2). When comparing typically
developing children to adults, an effect of Group on RT, A1, 39) = 92.8, p < .001 was
found, indicating that adults displayed significantly shorter reaction times than children.
There was also an effect of Load on RT, A1, 39) = 180, p < .001. Both adults and children
took significantly longer to react to high load stimuli than low load stimuli. No Group X
Load interaction effect was observed, A1, 39) = .212, p = .65 (ns).

Similarly, to understand differences in behavioural performance between typically
developing children and children with dyslexia, repeated-measures ANOVA analyses
were performed (see supplementary Figure S6 and supplementary Table S3). There was
no effect of Group on response accuracy, A1, 18) = 2.07, p=.167 (ns), indicating that
there were no differences in accuracy rates between children with dyslexia and typically
developing children. There was a significant effect of Load on response accuracy, A1,
18) = 32.9, p < .001, indicating that children responded poorer to high load stimuli than
to low load stimuli. No Group X Load interaction effect was observed, A1, 18) < 1, p

= .93 (ns).

No significant main effect for accuracy between TD and RD was observed. However, a
main effect for load was found whereby both TD and RD showed better performance for
low compared to high load. There was no significant interaction, which indicated that the
decrease in performance from low to high load was not significant between the TD and
RD.

Repeated-measures ANOVA analysis was also conducted on reaction time (see
supplementary Figure S7 and supplementary Table S4). There was no effect of Group on
reaction time, A1, 18) = .478, p = .50 (ns), indicating that children with dyslexia and
typically developing children displayed similar reaction times. There was a significant
effect of Load on reaction time, A1, 18) = 40.1, p < .001. Children took longer to respond
to high load stimuli than low load stimuli. A significant Group X Load interaction effect
was observed, A1, 18) = 11.6, p = .003. Stimuli load had a differential effect on reaction
time between the two groups of children. Comparison of marginal means revealed that
high-load stimuli adversely affected typically developing children’s reaction time to a
greater degree compared to children with dyslexia.

Functional Data

In line with previous studies examining the underlying neural activation in typically
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developing children during verbal working memory (O'Hare et al., 2008; Thomason et al.,
2009), the present study found load-dependent activation at the left prefrontal region
and the right inferior and superior cerebellum (see supplementary Figure S8).

In children with dyslexia, neural activity was observed at the left prefrontal region and
the right inferior and superior cerebellum, which are involved in verbal working memory
network (see supplementary Figure S9)

To understand the functional differences between children with dyslexia and typically
developing children, a two-sample #test with the following two contrasts were conducted:
(1) typically developing children > children with dyslexia (TD > RD) and (2) children with
dyslexia > typically developing children (RD >TD). For the first contrast (TD > RD),
significant activation difference was found at both the right inferior and superior
cerebellum (see supplementary Figure S10). For the second contrast examining RD > TD,
no voxel survived the Liebermann recommended threshold of p < 0.005, £ = 20.

Effective Connectivity

Bayesian Model Selection (BMS) was done across all eight models, for each of the
groups respectively. Results indicated that the data obtained from the adult population
showed a better fit for model 8 (xp = 0.9802) (see Figure 1), in which the connectivity
between the following regions were modulated by the verbal working memory task: (1)
connections from the IFG to the IPL, (2) IFG to superior cerebellum and (3) IPL to inferior
cerebellum. Significantly lower exceedance probability was observed for the other
models: Model 1 (xp=0.000), Model 2 (xp=0.000), Model 3 (xp=0.008), Model 4
(xp=0.000) Model 5 (xp=0.000), Model 6 (xp=0.000) and Model 7 (xp=0.0189).

Parameter estimates of the driving input, intrinsic connection and modulatory effects
within the most optimal model are summarized in Figure 1. One-sample #ests, Bonferroni
corrected at the alpha level of 0.05 were implemented to determine if the parameter
estimates were significant. All the parameter estimates were found to be significant.

The number alongside the connections or modulation summarizes the M(SD) of
parameter estimate (in Hertz). Bolded parameter estimates represent the modulatory
parameter estimates. The significance of parameter estimates was examined using one-
sample t-tests, with Bonferroni correction for multiple comparisons at the alpha level of
0.05. All parameter estimates were statistically significant. Black dash-arrows indicate
modulatory connections, whereas dotted arrows indicate intrinsic connections, and the
blue arrow indicates driving input from the visual stimuli. FG: left fusiform gyrus; IOG: left
inferior occipital gyrus; IFG: left inferior frontal gyrus; IPL: left inferior parietal lobule. Both
superior and inferior cerebellum are right lateralised while thalamus and pons are
bilateral.
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Figure 1. DCM parameter estimate for the most optimal model (Model 8) in adults.

Thereafter, BMS analysis was conducted on all eight models to examine which model
best accounted for the data acquired from typically developing children. Data obtained
indicated a better fit for model 8 (xp = 0.7504) (see supplementary Figure S11) in which
verbal working memory task modulated the connections from the IFG to the IPL, IFG to
superior cerebellum and IPL to inferior cerebellum. The exceedance probabilities for the
other models were as follows: Model 1 (xp=0.0122), Model 2 (xp=0.0119), Model 3
(xp=0.0130), Model 4 (xp=0.0594) Model 5 (xp=0.0124), Model 6 (xp=0.0131) and Model
7 (xp=0.1276).

Parameter estimates of the driving input, intrinsic connections, and modulatory effects
within the most optimal model (Model 8) are summarized in Figure 2. One-ssample t-tests,
Bonferroni corrected at the alpha level of 0.05 were performed to examine if the
parameter estimates were significant. All the parameter estimates were significant.

The number alongside the connections or modulation summarizes the M(SD) of
parameter estimate (in Hertz). Bolded parameter estimates represent the modulatory
parameter estimates. The significance of parameter estimates was examined using one-
sample t-tests, with Bonferroni correction for multiple comparisons at the alpha level of

© 2023 Dyslexia Association of Singapore Limited Asia Pacific Journal of Developmental Differences
www.das.org.sg Vol. 10 No. 2 July 2023



224 F.Y. Kwok, B. A O’Brien, S. K H Tay, M. Sobczak-Edmans, S. H. A. Chen

0.26* (0.03)
Visual o | > G
Stimuli <
A -0.24* (0.04)
0.17* (0.03) :
Y
0.45* (0.18)
IFG > IPL
4 .................... e
-0.03* (0.03)
A 1.35* (0.20) 037
-0.10 (0.03) : : : ] (0.18)
Thalamus Pons
A ‘ 0.10* 1.14*
: -+ (0.03) Superior (0.01)
Model 8 : T Cerebellum
(xp = 0.75) : . 0.47*
0.18* (0.04) Inferior (0.16)
""""""" Cerebellum [

Figure 2. DCM parameter estimate for the most optimal model that fits the data obtained from
typically developing children.

0.05. Significant parameter estimates were denoted by an asterisk (*). Black dash-arrows
indicate modulatory connections, whereas dotted arrow indicates intrinsic connections,
and the blue arrow indicates driving input from the visual stimuli. FG: left fusiform gyrus;
IOG: left inferior occipital gyrus; IFG: left inferior frontal gyrus; IPL: left inferior parietal
lobule. Both superior and inferior cerebellum are right lateralised while thalamus and
pons are bilateral.

Similarly, BMS analysis was conducted for children with dyslexia. Data obtained from the
children with dyslexia indicated a slightly better fit for model 2 (xp = 0.29) (see
supplementary Figure S$12), in which the verbal working memory task modulated the
connections from the IFG to the IPL. The exceedance probabilities for the other models
were as follows: Model 1 (xp=0.0962), Model 3 (xp=0.1098), Model 4 (xp=0.2055), Model
5 (xp=0.0828) Model 6 (xp=0.0944), Model 7 (xp=0.0614) and Model 8 (xp=0.1615).

Parameter estimates of the driving input, intrinsic connection and modulatory effects
within the most optimal model are summarized in Figure 3. One-sample t-tests, Bonferroni
corrected at the alpha level of 0.05, were performed to examine if the parameter

© 2023 Dyslexia Association of Singapore Limited Asia Pacific Journal of Developmental Differences
www.das.org.sg Vol. 10 No. 2 July 2023



Network connectivity during Verbal Working Memory: Neurodevelopment and the Influence of Dyslexia 225

estimates were significant. All the parameter estimates were significant with the
exception of the intrinsic connectivity from the left IPL to the left IFG, the left IPL to the
right inferior cerebellum via the pons and the left IFG to the right superior cerebellum via
the pons.
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Figure 3. DCM parameter estimate for the model 2 using data obtained from the children with dyslexia.

The number alongside the connections or modulation summarizes the M(SD) of
parameter estimate (in Hertz). Bolded parameter estimates represent the modulatory
parameter estimates. The significance of parameter estimates was examined using one-
sample t-tests, with Bonferroni correction for multiple comparisons at the alpha level of
0.05. Significant parameter estimates were denoted by an asterisk (*). Black dash-
arrows indicate modulatory connections, whereas dotted arrows indicate intrinsic
connections, and the blue arrow indicates driving input from the visual stimuli. FG: left
fusiform gyrus; 10G: left inferior occipital gyrus; IFG: left inferior frontal gyrus; IPL: left
inferior parietal lobule. Both superior and inferior cerebellum are right lateralised while
thalamus and pons are bilateral.
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To understand if the data obtained from children with dyslexia fit better with the models
that have only cortical-cortical modulatory connectivity (i.e., model 1 and 2) or models
with both cortical-cortical as well as cortical-subcortical modulatory connectivity (i.e.,
model 3, 4, 5, 6, 7 and 8), model space partitioning was utilized to compare two different
families of models. The result indicated that the data obtained from the children with
dyslexia had a better fit for the models with cortical modulatory connectivity (xp = 0.61)
as opposed to the models with both cortical-cortical and cortical-subcortical modulatory
connectivity (xp = 0.38).

DISCUSSION

Verbal working memory plays a vital role in many complex cognitive processes, including
the ability to read. However, little is known about the neurodevelopmental changes that
occur for verbal working memory in children when compared with adults; particularly, in
terms of network connectivity. Thus, the present study sought to systematically elucidate
the impact of cross-sectional neurodevelopment on the network connectivity during verbal
working memory, and the effects of developmental dyslexia on the network connectivity
using dynamic causal modeling. Results revealed that, during verbal working memory,
typically developing adults and children were most likely to show use of a cerebro-
cerebellar network, while children with dyslexia demonstrated an effective network
connectivity pathway that mainly involved the cerebral networks.

The influence of cross-sectional neurodevelopment on the verbal working memory
network

Although behavioral data showed that the Sternberg verbal working memory task was
more difficult for children than adults, children displayed less activation in the cortical
regions (specifically, left IFG, left IPL) compared to adults. At first glance, these findings
seem inconsistent with previous research (e.g., Finn et al., 2010, van den Bosch et al,,
2014), since the level of brain activation is expected to be positively correlated with the
cognitive demands of the task. However, this may be accounted for by two reasons.
Firstly, the study included 35 adults with a total of 14,000 functional volume as compared
to 10 children with 8000 functional volumes. As such, the statistical power may have been
affected. Secondly, the degree of functional maturation should be considered. It is known
that the process of myelination—reflective of functional maturation—progresses from the
subcortical to the cortical regions (Sowell, Thompson & Toga, 2004). Given that these
cortical regions may not be fully developed in children, the expected degree of
activation in the left IFG and left IPL may therefore not have been observed. Importantly,
children exhibited greater activation than adults in the non-cortical regions of interest
(right inferior and superior cerebellum). These findings provide complementary evidence
in line with the functional maturation process. In summary, data from the comparison of
adults and typically developing children suggest that increased modulatory effective
connectivity observed in children in both the cerebral and cerebellar pathways is
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reflective of task demands, as well as the course of maturation of both cortical and
subcortical regions and white matter pathways.

The effect of dyslexia on the verbal working memory network in children

In addition to the in-scanner verbal working memory task, prior to the scanning session,
children were administered a brief neurocognitive test (see supplementary materials).
Differences were observed between children with dyslexia and their typically developing
peers on both the brief neurocognitive test, and the in-scanner Sternberg verbal working
memory task paradigm. Children with dyslexia generally demonstrated poorer reading
ability in the brief neurocognitive test than their typically developing counterparts—the
former performed significantly poorer in the reading domain, and marginally poorer in
the pseudoword phonological awareness and verbal working memory domains. These
results indicate a generalized reading deficit and specific weakness in phonological
awareness and verbal working memory in children with dyslexia. The above findings
were partly similar to those obtained by Norton and colleagues (2014), revealing trends
of weaker phonological awareness and verbal working memory—albeit only marginally
significant—in children with dyslexia. Taken together, the studies highlight the importance
of both the superior and inferior cerebellum in verbal working memory and rapid
automatized naming.

For the in-scanner verbal working memory task, both children with dyslexia and typically
developing children showed significantly lower mean accuracy and higher mean
reaction time for high load conditions versus low load conditions. Additionally, while
children with dyslexia had longer reaction times relative to their typically developing
peers in the low load condition, children with dyslexia had shorter reaction times relative
to their typically developing peers in the high load condition. The reduced reaction time
observed during the high load condition could be attributed to difficulty with task
mastery. This is plausible considering the low response accuracy rates for children with
dyslexia—close to chance levels (57.5%). As such, the condition of load may not have
affected children with dyslexia as much as their typically developing peers.

Children in both groups displayed distinct patterns of cerebro-cerebellar activation. It
must be noted that there was some similarity in the regions activated. These included the
regions sub-serving the frontal/superior cerebellar articulatory control system, and the
parietal/inferior cerebellar phonological storage system (Chen & Desmond, 2005a), all of
which have been established in the cerebro-cerebellar verbal working memory network
of adults. However, children with dyslexia showed less activation than their typically
developing peers in the right inferior and superior cerebellum. Typically developing
children had increased activation in the right inferior cerebellum.

Findings pertaining to reduced activation at the right inferior and superior cerebellum
among children with dyslexia were similar to some studies (Baillieux et al., 2009; Norton
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et al., 2014), but different from others (Feng et al., 2017; Linkersdorfer et al., 2012). Study-
related differences could have resulted in the lack of concurrence in cerebellar activation
findings across studies. For example, the study by Feng and colleagues (2017) was
conducted on children who were native Mandarin speakers. However, differential
functional activation patterns for alphabetic words and Chinese characters have
previously been reported (Kwok, 2013). Notwithstanding, other study-related differences—
such as the characteristics of the study sample, task paradigms, and scanning
parameters—may also have contributed to mixed findings observed.

Effective connectivity network data revealed that, in contrast to both typical adults and
children, children with dyslexia displayed a slightly better fit for Model 2, which includes
a very weak unilateral modulatory effect (.10) from the left IFG to the left IPL. This finding
is in line with an earlier study Cao et al.(2008), where only typically developing children
showed positive correlation between reading skills and the increasing unilateral
modulatory effect from the inferior frontal gyrus to the inferior parietal lobule—suggesting
that children with better reading ability are more proficient in top-down modulation
involving the integration of orthographic and phonological information. However, it may
be important to note that the weak modulatory unilateral modulatory effect from the left
IFG to the left IPL found in our study may possibly be attributed to the differences in the
extent of brain maturation between study samples. The mean age of the participants in
the study by Cao and colleagues was 12.4 years (range: 8.9—14.11), whereas those in the
present study were much younger—mean age: 8 years (range: 7.8-10.2).

Nonetheless, it is important to note that the data obtained from children with dyslexia did
not indicate a clear fit for model 2, as the exceedance probability for the other models
were all within a narrow range. Thus, it may be argued that children with dyslexia have
yet to develop a specialized verbal working memory pathway. The slightly better fit
obtained for model 2 does not negate the possibility that children with dyslexia could
have utilized other network pathways.

Although children with dyslexia did not show a clear fit for any model, further analysis
using model space partitioning analysis indicated that the data obtained from the
children with dyslexia displayed a better fit for models with corticalcortical modulatory
connectivity as opposed to models with both cortical-cortical and cortical-subcortical
modoulatory connectivity. The finding concurs with previous research (Linkersdorfer et al.,
2012, Stoodley, 2014) documenting reduced activation in both the right superior and
inferior cerebellum of children with dyslexia during language processing.

In summary, there are differences in network connectivity between children with dyslexia
and those with typical reading development. These have important implications in
relation to the advancement of our understanding of dyslexia. Specifically, while
connectivity between cortical regions may account for some of the deficits associated
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with dyslexia, the connectivity between cortical and subcortical regions cannot be
overlooked.

The cerebro-cerebellar network connectivity theory of dyslexia

In light of the above, we propose an alternative theory: the cerebro-cerebellar network
connectivity theory of dyslexia. This theory is a more elaborate than the traditional
cerebellar deficit theory of dyslexia and postulates that the core deficits of dyslexia—such
as phonological awareness, verbal working memory, rapid automatizing, as well as less
widespread deficits such as motor deficits—can be accounted for by the differences in
the cerebro-cerebellar effective connectivity. Notably, it also builds upon existing theories
of dyslexia. Researchers in the field of dyslexia have postulated various theories to
account for the deficits observed as documented in the supplementary literature review
section. In a nutshell, the most widely accepted theory is the phonological deficit theory
(Stanovich, 1988), which holds that the difficulties children have in the mapping of
grapheme to phoneme is accountable for the reading deficits observed. This was
subsequently expanded upon with the postulation of the double-deficit theory (Wolf &
Bowers, 1999) that suggests that both phonological deficit and rapid automatised
naming are independent core deficits associated to the reading deficits in children with
dyslexia. The theory posits that children with dyslexia may have either or both deficits;
children with both deficits would display more pronounced reading difficulties.
Separately, the cerebellar theory of dyslexia (Nicolson et al., 2001) tried to account for a
wider range of deficits, such as automatisation and motor skills in addition to
phonological awareness, which was thought to be related to the dysfunction of the
cerebellum. While studies have shown varying support for existing theories of dyslexia,
they all do not fully account for the wide-spread challenges observed in individuals with
dyslexia.

Tapping on previous studies that have established the cerebro-cerebellar network
pathway during verbal working memory in young adults (Chen & Desmond, 2005q,
2005b) as well as the functional and effective connectivity between cortical regions
during language processing in children with dyslexia (Cao et al., 2008; Quaglino et al.,
2008; Richards & Berninger, 2008), we develop a framework to understand dyslexia from
the cerebro-cerebellar circuitry. The present study provided new evidence by elucidating
differences in the effective connectivity between cortical and subcortical regions in
adults, typically developing children and children with dyslexia using an established
cerebro-cerebellar verbal working memory network (Chen & Desmond, 2005a). It was
found that children with dyslexia, in contrast to typically developing children, do not
engage typical adult-like cerebro-cerebral effective connectivity but instead engage
cortico-cortical effective connectivity during verbal working memory.

As such, the cerebro-cerebellar network connectivity theory of dyslexia contributes a
unifying framework to previously disjointed findings of behavioral working memory
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deficits and cerebellar activation anomalies. lts recognition of the importance of
understanding brain functions collectively as a network, rather than focusing on neuronal
activations at isolated brain regions, extends our understanding of reading deficits. In
particular, it is important to consider not only the connectivity between cortical regions,
which may account for some of the deficits observed in children with dyslexia, but also
the connectivity between cortical and subcortical regions.

Nonetheless, the cerebro-cerebellar network connectivity theory is not without its
limitations. While the present study has provided evidence that children with dyslexia
show reduced connectivity between the cerebral and cerebellar regions during the
Sternberg’s verbal working memory task, it has yet to be tested with other types of tasks,
including that of motor skills. Therefore, the current specific identified connectivity model
cannot fully account for all behavioral deficits observed in children with dyslexia, such as
fine motor skills and coordination. However, the topographical cerebro-cerebellar
projections (e.g., E, Chen et al. 2014; Stoodley et al., 2000) have shown specificity of the
cerebellar involvement in various cognitive and motor coordination. Thus, it is possible to
use the cerebro-cerebellar framework to examine deficits related to this network using
network connectivity techniques. Despite this, our current model and the larger proposed
theory provides a more comprehensive explanation for both the aberrant activation as
well as the atypical network connectivity pathway during the processing of two of the
core deficits—phonological awareness and verbal working memory in individuals with
dyslexia.

The present study is the first to document a difference in cortical to subcortical
connectivity in the verbal working pathway exhibited by children with dyslexia. These
results, coupled with previous anatomical connectivity findings, provide substantial
evidence pointing towards a differential connectivity pathway between the cortical and
subcortical regions. The proposed theory therefore represents an advancement in current
understanding of the verbal working memory deficits observed in children with dyslexia.
Future studies are needed to examine if the theory’s postulations apply to other aspects
of cognition associated with dyslexia, such as rapid automatized naming.

LIMITATIONS

There were several limitations in the present study. First, the number of child participants
was modest. This was due to various factors, such as parents’ reluctance towards their
children undergoing a MRI scan, availability of scanning slots, participant attrition, and
the lack of functional activation at one or more regions of interest. This may have
contributed the lack of activation found in children and the variability in preferred
connectivity model pathway. The use of the multiband EPI sequence in the data analyses
may have mitigated this statistical limitation to some extent. Notwithstanding, future
research with larger sample sizes are needed for conclusive replicability.
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Second, the use of block design instead of the eventrelated design did not allow
discrete mental processes involved during verbal working memory (encoding,
maintenance, and retrieval) to be studied. Additionally, all responses, regardless of their
accuracy, were included in the analyses. To ensure this did not compromise the validity
of findings obtained, preliminary eventrelated analyses were conducted to ensure that
there were no statistically significant functional differences between trials that were
answered correctly versus those that were erroneous during the pilot phase. Despite
these drawbacks, block design was favored over eventrelated design in this study, as it
affords two advantages over the latter. Specifically, the use of block design minimized
the length of the runs and the overall scan time, and maximized the power of the signal
for children, where head motion leading to dropout is a major concern. Nonetheless,
future studies with eventrelated task paradigm are warranted to understand the specific
components that are observed during task modulation.

Third, it may be argued that the Sternberg verbal working memory task was too
challenging for children. To address this, pilot testing was done to determine task
suitability. Children showed no differential performance statistically across the number of
stimuli utilized (4, 5 or 6). As such, six letters were used for the study to make the task
more comparable to the adult study. Moreover, timings for the presentation of stimuli,
encoding, maintenance and retrieval were also examined. Based on the pilot sample’s
feedback and performance (reaction and accuracy), timings for the different components
were adjusted to ensure that children could attain an accuracy of above 80%.

In conclusion, no study to date has attempted to understand the effective network
connectivity during verbal working memory in typically developing children. The current
study is the first to examine the neural networks involved during verbal working memory
by using the Sternberg task paradigm. The findings have significant implications in two
broad areas. First, they reinforced the role of cerebellum in verbal working memory.
Second, they shed new light on how the differences in the cerebro-cerebellar network
connectivity pathway may be an added dimension to the deficits observed in children
with dyslexia. It is hoped that the present findings would serve as a platform for future
research on the cerebro-cerebellar circuitry in dyslexia, and that this strand of research
would culminate in the development of more targeted and effective interventions for
dyslexia.
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SUPPLEMENTARY LITERATURE REVIEW
Theories of dyslexia

Three main theories have attempted to elucidate the reading deficits seen in dyslexia:
the (i) phonological theory (Stanovich, 1988), (ii) cerebellar theory (Nicolson & Fawcett,
2001) and (iii) magnocellular theory (Stein & Walsh, 1997). For the purpose of the article,
only the phonological theory (including its extension, the double-deficit hypothesis) and
the cerebellar theory will be discussed in greater detail in the subsequent paragraphs.
However, in short, the magnocellular theory postulates that the magnocellular channel of
the visual system is impaired in individuals with dyslexia, which leads to impaired visual,
sensory and motor systems (Stein, 2001). As the focus of the article is on the cerebro-
cerebellar effective network, the magnocellular theory will not be elaborated further.

Phonological theory of dyslexia.

The phonological theory postulates that phonological impairment is the single dominant
cause of dyslexia (Stanovich, 1988). Phonology is associated with speech sounds used in
languages. Individuals with phonological awareness display proficiency in grapheme-
phoneme mapping (the mapping of speech codes to speech sounds). Behaviourally,
studies have constantly shown that competent readers have higher levels of
phonological awareness than poor readers, thereby highlighting the importance of
phonological awareness in the acquisition of reading skills (Fletcher et al., 1994;
Shankweiler, Liberman, Mark, Fowler, & Fischer, 1979; Stanovich & Siegel, 1994)

Reduced phonological awareness in individuals with dyslexia has been associated with
specific cognitive impairments in the representation, storage and/or retrieval of speech,
all of which are governed by the phonological loop. Therefore, the phonological theory
of dyslexia was postulated to account for the clear relationship between cognitive
deficits and observed behavioural difficulties (Ramus, 2003). According to the theory,
phonological impairment of individuals with dyslexia leads to poor reading ability
because the acquisition of grapheme-phoneme correspondence is necessary for gaining
mastery in reading an alphabetic system (Ramus et al., 2003).

Apart from the aforementioned behavioural deficits, proponents for the phonological
theory have also found aberrant neuronal activation through the utilisation of imaging
techniques. Differential activations have been predominantly observed in the left IFG, left
STG and the left IPL. These regions sub-serve the different cognitive functions involved in
phonological processing, as described in detail in the previous section.

In summary, research has provided both behavioural as well as neuroimaging evidence
supporting the phonological theory. From a behavioural perspective, children with
dyslexia experience problems with tasks requiring phonological awareness such as
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spelling and reading (Ho & Bryant, 1997; Swan & Goswami, 1997). Findings also indicate
that children with dyslexia display a deficit in both rapid automatised naming and verbal
working memory, which suggests a more basic phonological deficit (Baddeley, 1986;
Ramus, 2003; Snowling, 2000). From a neurological standpoint, children with dyslexia are
found to have decreased activation in the left IFG, and brain imaging studies have found
that the basis of phonological deficits lies primarily in Brodmann areas 44/45—which
includes regions such as Broca’s area and the IFG (Cao et al., 2006; Paulesu et al., 2001;
Paulesu et al., 1996; Richlan et al., 2009).

Despite the wide consensus, critics of the phonological theory point out that the theory is
unable to account for the range of deficits observed in children with dyslexia that are
unrelated to phonetic decoding difficulties, such as impairments in the shortterm
memory, visual processing, as well as gross and fine motor coordination (Ramus et al.,
2003). In view of the limitations of the phonological theory and the need to more
holistically account for the array of deficits associated with dyslexia, an extension of the
phonological theory has been proposed—the double-deficit hypothesis (Wolf & Bowers,
1999).

Double-deficit hypothesis.

The double-deficit hypothesis (Wolf & Bowers, 1999), an extension of the phonological
theory, posits that both rapid automatised naming (RAN) and phonological awareness
(PA) impairments are independent core deficits that can cause reading difficulties seen
in many individuals with dyslexia. According to the theory, individuals with both these
deficits display more pronounced impairments in reading than their counterparts, who
possess only a single deficit (Wolf & Bowers, 1999).

Behaviourally, studies have shown that RAN is associated with the speed of an
individual’s ability to name consecutively presented visual stimuli, reflective of the
automaticity process that is essential for reading (Norton & Wolf, 2012). Children with
dyslexia have largely been observed to display difficulties with lexical retrieval (rapid
automatised naming), making it one of the core deficits (Ramus & Szenkovits, 2008).

The first neuroimaging study examining the double deficit hypothesis discovered that the
networks related to PA and RAN were independent of each other (Norton et al., 2014).
Findings from the study also indicated that the left fronto-parietal network were
associated with PA, while the right cerebellum Lobule VI was involved in RAN (Norton et
al., 2014). Additionally, converging behavioural and neuroimaging findings from the study
indicated that children with PA deficit, RAN deficit and double (PA + RAN) deficit
displayed differential performance and neural activation.

In contrast, a meta-analysis conducted by Vukovic & Siegel (2006) reviewed studies
examining the double-deficit hypothesis and found converging findings of a significant
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association between phonological processing and RAN. This suggests that more
evidence is required to substantiate the theory’s postulation of RAN and phonological
impairments as two independent core deficits (Vukovic & Siegel, 2006).

Cerebellar Theory of Dyslexia.

Despite extensive research on the phonological deficits observed in dyslexia, it is thought
that the theory of a single dominant cause in phonological awareness fails to account for
the full range of difficulties that individuals with dyslexia face, such as impairments in fine
motor skills and motor coordination where cerebellar dysfunction is implicated (Fawcett,
Nicolson, & Dean, 1996). Therefore, the cerebellar theory (Nicolson & Fawcett, 1990)
postulates that the cerebellums of individuals with dyslexia are mildly dysfunctional,
resulting in the abovementioned phonological and motor deficits.

In terms of phonological deficits, the cerebellar theory postulates that the cerebellum
impairment causes difficulties in articulation leading to language-based problems in
phonological awareness and rapid processing as emphasised in the phonological
theory. Cerebellum impairment was also postulated to affect kinestatic abilities such as
balancing and motor skills (Fawcett et al., 1996; Nicolson, Fawcett, & Dean, 2001; Ramus,
2003). Impairments in motor skills of children with dyslexia are evident through difficulties
in performing tasks such as speed of tapping, heeloe placement, rapid successive
finger opposition, accuracy in copying, and learning and execution of motor sequences
(Denckla & Rudel, 1976; Nicolson, Fawcett, & Dean, 2001).

Support for the cerebellar theory comes from research findings indicating deficiency in
phonological awareness. In addition, motor skills deficiencies—including motor, time
estimation and balance tasks—that are evident amongst some individuals with dyslexia,
can be explained by the cerebellar theory but not solely by the phonological theory
(Fawcett & Nicolson, 1999; Fawcett et al., 1996; Nicolson & Fawcett, 2006).

However, critics such as Rochelle and Talcott (2006) pointed out that impaired balance,
as accounted for by the cerebellar theory, should not be a determinant of dyslexia. The
study found that impaired balance in individuals with dyslexia was attributed to the
presence of other developmental disorders such as attention-deficit/hyperactivity
disorder (ADHD; Rochelle & Talcott, 2006). Additionally, although phonological deficits
are established as a core impairment in individuals with dyslexia, it is not well
understood if the neurological causes underlying these deficits can indeed be attributed
to the impairment in articulation brought about by the dysfunction in the cerebellum. This,
in turn, is postulated to lead to language-based difficulties involving phonological
processing.

In summary, both behavioural and functional imaging findings have provided substantial
evidence documenting differential activation in the cerebellums of individuals with
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dyslexia. Studies have also established the role of the cerebellum in higher cognitive
processes such as language and verbal working memory (E, Chen, Ho, & Desmond,
2012), which have been identified as a core deficit in individuals with dyslexia. However,
it remains debatable if deficits in kinesthetic abilities (e.g., motor coordination) should be
considered as a core deficit and included into the theory.
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SUPPLEMENTARY FIGURES
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Figure S1. Sternberg’s verbal working memory task paradigm.
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Figure S2. Base model for verbal working memory model. Cortical regions that were left-lateralised
included the 10G, FG, IFG and IPL. Subcortical regions that were right-lateralised comprised of both the
superior and inferior cerebellum. Both bilateral pons and thalamus were included.
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Figure S3. Proposed networks for verbal working memory model. Black solid lines indicate modulatory
connections, whereas dotted lines indicate intrinsic connections and the large blue arrow indicates
driving input from the visual stimuli
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Figure S4. Interaction effect and mean accuracy by stimuli load, for adults and typically developing
children. Significant main effects for group (p<0.001) and load (p<0.001), as well as a significant
interaction effect (p<0.001) was found. This indicates that the decrease in performance from low to
high load is greater for children than for the adult group.
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Figure S5. Interaction and mean reaction time by stimuli load, for adults and typically developing
children. Significant main effect for group and for load (p<0.001) was found. However, the interaction
effect is not significant. This indicates that the increase in reaction time from low to high load did not

differ between the adults and children.
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Figure S6. Interaction effect and the mean accuracy by stimuli load, for typically developing children
(TD) and children with dyslexia (RD). No significant main effect for accuracy between TD and RD was
observed. However, a main effect for load was found whereby both TD and RD showed better
performance for low compared to high load. There was no significant interaction, which indicated that
the decrease in performance from low to high load was not significant between the TD and RD.
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Figure S7. Interaction effect and the mean reaction time by stimuli load, for typically developing
children and children with dyslexia. There was no significant main effect for reaction time between the
groups. However, a main effect for slower reaction time in the high load condition was found.

A significant interaction effect (p<0.001) was also found whereby the TD group was faster than RD in
low load, but slower than RD for high load.
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Figure S8. Brain activation map for the Sternberg verbal working memory task
(High Load > Low Load) in typically developing children. The axial, coronal and
sagittal views showed the activation at the group maxima for the ROIs.
Activation was thresholded at p< 0.005; k=20.

Figure S9. Brain activation map in children with dyslexia for the Sternberg verbal
working memory task (High load > Low load). The axial, coronal and sagittal views
showed the activation at the group maxima for the ROIs. Images were thresholded

at p< 0.005 (uncorrected) with minimum cluster > 20 voxels
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Figure S10. TD > RD brain activation map for the Sternberg verbal working memory
task (High Load > Low Load). The axial, coronal and sagittal views showed the
activation at the group maxima for the ROIs. Activation was thresholded at
p < 0.005 (uncorrected) with minimum cluster with minimum cluster > 20 voxels
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SUPPLEMENTARY TABLES

Table 1. Repeated-measure ANOVA analysis on accuracy rates.

ar1 arz F P n
Main Effects
Group 1 39 91.8 .000~ .70
Load 1 39 54.8 .000~ .58
Interaction Effects
Group X Load 1 39 19.3 .001~ .32

Note. *** p <.001; ** p < .01. Group represents both adults and children while load refers to
high load/ low load.

Table S2. Repeated-measures ANOVA analysis on reaction time.

ar1 ar F P n
Main Effects
Group 1 39 92.8 .000 .70
Load 1 39 180 .000 .82
Interaction Effects
Group X Load 1 39 212 .65 .05

Note. *** p < .001. Group represents both adult and children while load refers to high
load/ low load.

Table S3. Repeated-measure ANOVA analysis on accuracy rates in children when
performing the Sternberg'’s verbal working memory task.

ari arz F P n
Main Effects
Group 1 18 2.07 167 10
Load 1 18 32.9 .000~ .64
Interaction Effects
Group X Load 1 18 .007 .93 .00

Note. *** p <.001. Group represents both children with dyslexia and typically
developing children while load refers to high load/ low load.
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Table S4. Repeated-measure ANOVA analysis on reaction time in children during
Sternberg’s verbal working memory task.

art arz F p n
Main Effects
Group 1 478 .50 .03
Load 1 40.1 .000~ .69
Interaction Effects
Group X Load 1 11.6 .003~ 39

Note. *** p <.001; ** p <.01. Group represents both children with dyslexia and typically
developing children while load refers to high load/ low load.
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