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a b s t r a c t
Individual diﬀerences in reading ability have been linked to characteristics of functional connectivity in the
brain in both children and adults. However, many previous studies have used single or composite measures of
reading, leading to diﬃculty characterizing the role of functional connectivity in discrete subskills of reading. The
present study addresses this issue using resting-state fMRI to examine how resting-state functional connectivity
(RSFC) related to individual diﬀerences in children’s reading subskills, including decoding, sight word reading,
reading comprehension, and rapid automatized naming (RAN). Findings showed both positive and negative RSFCbehaviour relationships that diverged across diﬀerent reading subskills. Positive relationships included increasing
RSFC among left dorsal and anterior regions with increasing decoding proﬁciency, and increasing RSFC between
the left thalamus and right fusiform gyrus with increasing sight word reading, RAN, and reading comprehension
abilities. In contrast, negative relationships suggested greater functional segregation of attentional and reading
networks with improved performance on RAN, decoding, and reading comprehension tasks. Importantly, the
results suggest that although reading subskills rely to some extent on shared functional networks, there are also
distinct functional connections supporting diﬀerent components of reading ability in children.

1. Introduction
Reading is a complex skill that relies on multiple cognitive processes and many diﬀerent regions of the brain. Many previous studies examining the neural substrates of reading have used neuroimaging
techniques to identify regions of the cortex associated with reading in
both proﬁcient readers and individuals with reading disability (RD; see
Price 2012 for a review). However, these regions are distinct and are distributed across many areas of the cortex, and studies of regional activity
only capture a part of the neural processes involved in reading. Application of modern techniques in functional magnetic resonance imaging
(fMRI) and analysis of fMRI data have highlighted the importance of coordinated processing across functional networks of distinct brain regions
in supporting proﬁcient reading.

∗

Neuroimaging studies examining connectivity among readingrelated brain regions have provided insight into the importance of
functional connectivity for eﬃcient and accurate reading. For example, Pugh et al. (2000) found that adults with RD exhibited reduced functional connectivity between the left angular gyrus and left
occipito-temporal areas during tasks with high phonological processing demands, but no disruption in functional connectivity was observed on tasks with low phonological processing demands. Similarly,
Horwitz et al. (1998) observed reduced functional connectivity in adults
with RD between the left angular gyrus and left frontal, temporal, and
occipito-temporal areas during a single-word reading task. In children
with RD, a disruption in functional connectivity between the fusiform
gyrus and left inferior parietal and left inferior frontal language areas
was observed during a phonological lexical decision task (van der Mark
et al., 2011). These studies all used task-based approaches, examining
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functional connectivity based on interregional correlations in functional
activation while participants completed reading or related phonological
processing tasks.
Unfortunately, there is no consensus regarding the type of task that is
optimal for characterizing brain networks for reading in task-based neuroimaging. This is problematic given that patterns of functional connectivity are known to diﬀer signiﬁcantly based on the type of task used in
task-based fMRI studies (Mechelli et al., 2005; Nakamura et al., 2007).
As the process of reading can be decomposed into a number of diﬀerent
subskills, diﬀerent types of reading tasks are likely to produce diﬀerent patterns of functional connectivity. Additionally, group-based differences observed in task-based functional connectivity data, comparing
RD and typically developing groups, could be related to diﬀerences in
task performance or processing strategies associated with that particular
task; thus, ﬁndings of group diﬀerences in task-based fMRI ﬁndings are
therefore confounded with behavioural diﬀerences in task performance,
making it diﬃcult to diﬀerentiate between the cause and eﬀect of these
diﬀerences or the mechanisms that account for group diﬀerences.
Examining functional networks while participants are in a restingstate is a promising alternative to the use of task-based paradigms.
Resting-state fMRI is a task-free technique used to measure temporal
correlations in the low-frequency ﬂuctuations (< 0.1 Hz) in the bloodoxygenation-level-dependent (BOLD) signal of functionally related brain
areas (Biswal et al., 1995). These patterns of resting-state functional connectivity (RSFC) are thought to be organized in a way that reﬂects the
brain’s functional networks (see Fox and Raichle 2007). Regions that
are functionally related tend to be temporally correlated in terms of
their spontaneous BOLD activity. In contrast, regions that have opposing or unrelated functionality tend to have weakly or negatively correlated BOLD activity during resting-states. Some advantages of the RSFC
technique are that the neuroimaging data cannot be inﬂuenced by any
particular task demands, diﬀerences in task performance, or diﬀerences
in cognitive processing strategies.
RSFC has made signiﬁcant contributions to our understanding of
both typical and atypical functional brain development (for a review,
see Uddin et al. 2010). With respect to reading, previous studies using
a RSFC approach have shown that networks of functional connectivity
align closely between task-based and task-free fMRI data. Using a seedbased approach, Hampson et al. (2006) observed consistent patterns of
functional connectivity from the left inferior frontal gyrus in adults, both
while they completed a sentence reading task and while they rested
quietly in the scanner. The correlations observed from the seed region,
the left inferior frontal gyrus, included positive correlations with areas adjacent to the inferior frontal gyrus, and positive correlations extending bilaterally to the superior and middle temporal gyri, the medial
occipito-temporal cortex, middle frontal gyrus, and angular gyrus. Additionally, negative correlations were observed between the left inferior
frontal gyrus and the bilateral anterior and posterior cingulate cortices.
Koyama et al. (2010) extended these ﬁndings to examine functional connectivity from six seed regions in the left hemisphere, and found that
patterns of RSFC aligned closely with the reading networks identiﬁed in
previous task-based studies (Hampson et al., 2006; Horwitz et al., 1998;
Mechelli et al., 2005; Nakamura et al., 2007; Pugh et al. 2000). This included positive correlations between the left temporoparietal junction
and left frontal and temporal areas, as well as between the left fusiform
gyrus and the left inferior frontal gyrus extending into the left precentral gyrus. Koyama et al. (2010) also observed negative connectivity
from the reading network seed regions to the medial prefrontal cortex,
dorsolateral prefrontal cortex, anterior cingulate cortex, superior lateral
parietal cortex, lateral temporal cortex, posterior cingulate cortex, and
precuneus. These regions are known to be associated with eﬀortful control (Cazalis et al., 2003; MacDonald, 2008), high working memory load
(Marklund et al., 2007; Wendelken et al., 2008), and the default mode
network, a network of brain regions in which activity is increased during rest and attenuated during other cognitive tasks (for a review see
Raichle 2015). Hampson et al. (2006) and Koyama et al. (2010) suggest

that the negative correlations they observed between areas of the reading network and other brain networks may reﬂect greater segregation
of functional systems for reading, attention, and rest, possibly related
to greater automatization of reading. Overall, these studies demonstrate
the value of resting-state based approaches in examining functional connectivity independent of the confounds associated with task-based designs.
Diﬀerences in RSFC in the reading network have also been linked
to behavioural reading ability, both in studies comparing individuals
with RD to typical readers, and by using an individual diﬀerences approach. In individuals with RD compared to typical readers, RSFC is
characterized by reduced connectivity between the left and right inferior frontal gyri (Farris et al., 2011), between the left intraparietal sulcus
and left middle frontal gyrus (Koyama et al., 2013), and between left
inferior gyrus and left posterior temporal areas including the fusiform
gyrus, and inferior, middle, and superior temporal gyri (Schurz et al.,
2015). RD has also been linked to diﬀerences in connectivity among
other brain networks, including decreased RSFC from visual networks to
executive function and attention networks (Horowitz-Kraus et al., 2015)
and increased RSFC between regions associated with reading and areas
of the default mode network, particularly the precuneus (Schurz et al.,
2015).
Although the above studies have documented diﬀerences in RSFC
between individuals with RD and typically developing peers, reading
performance is distributed on a continuum and thresholds for dividing
groups based on reading ability tend to be arbitrary (Lyon et al., 2003)
and variable across diﬀerent studies (Siegel, 2006). Research using
an individual diﬀerences approach suggests that individual diﬀerences
along the full continuum of reading ability are linked to diﬀerences in
the strength of RSFC. For example, Vogel et al. (2012) observed that in
children aged 6 to 9 years old, RSFC of the putative visual word form
area and the bilateral anterior inferior parietal sulcus increased with
reading skill, as measured by a composite of single-word reading, reading comprehension, and decoding ability. Koyama et al. (2011) found
positive associations between single word reading ability and RSFC for
both children and adults in connections from the left precentral gyrus
seed to the left postcentral gyrus, bilateral supplementary motor area
and posterior cingulate cortex, and right postcentral/precentral gyrus,
as well as from the left inferior frontal gyrus pars opercularis seed to
the left superior temporal gyrus; however, when the authors compared
RSFC-behaviour relationships between children and adults, divergent
patterns of results emerged. In adults only, positive RSFC-behaviour relationships were found for connections from the left fusiform gyrus seed
to the left inferior frontal gyrus pars opercularis and the left inferior
parietal lobule. For the same functional connections in children, negative correlations were observed between RSFC strength and word reading performance. The authors suggest this may be related to experiencedependent functional development of the fusiform gyrus. Additionally, a
positive RSFC-behaviour relationship was observed in children for functional connections between the left fusiform gyrus seed and regions of
the default mode network, whereas the same connections showed a negative relationship between RSFC strength and reading performance in
adults similar to that observed by Koyama et al. (2010). Finally, positive RSFC-behaviour correlations were observed for connections from
the left intraparietal sulcus and the bilateral thalamus in children, but
this relationship was negative in adults. Koyama et al. (2011) argue
that these ﬁndings may be related to functional segregation among the
networks associated with reading, rest, and visual attention processes.
Although functional segregation among networks may be important
for eﬃcient and automatized reading in adults, a lack of segregation
may not be detrimental to reading in children. Overall, these studies
demonstrate that while the relationship between RSFC and behaviour
changes throughout development, stronger reading in children is related to stronger functional connectivity among regions of the reading
network as well as reduced segregation between areas of the reading
network and other neural networks.
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1.1. Current study

native speakers of English and had normal hearing, normal or correctedto-normal vision, and no known neurological impairments. All parents
provided informed consent and children provided assent to participate
at the beginning of the study.

Put together, the present literature shows that RSFC within the reading network of the brain, as well as RSFC between the reading network and other functional networks such as the default mode network,
varies based on reading ability in children and adults. However, previous studies of reading ability and RSFC have examined reading skills
using single word reading measures involving reading of words likely
to be familiar to the reader, or composite measures of reading that
combine scores across many types of reading tasks. Little research to
date has examined whether the RSFC-behaviour relationship for reading diﬀers across the many subskills associated with proﬁcient reading. These include decoding, in which readers match orthographic representations onto phonological representations to decode words; sight
word reading, in which skilled readers recognize familiar words without decoding; and reading comprehension, in which readers map lexical representations onto to semantic representations to understand a
word, sentence, or text. Finally, reading is also known to be strongly
associated with performance on rapid automatized naming (RAN) tasks
(for a review see Norton and Wolf 2012). In RAN tasks, an individual
quickly names an array of familiar stimuli such as letters, digits, colours,
or objects. This is thought to index the ﬂuent perceptual, attentional,
and motoric processes involved in reading aloud (Arnell et al., 2009;
Kirby et al., 2010). Although phonological awareness and RAN are both
strong early predictors of reading abilities (Pennington and Leﬂy, 2001;
Scarborough, 1998; Schatschneider et al., 2004), studies of older children and adolescents suggest that performance on RAN tasks remains
a strong predictor of reading ability throughout later school-age years,
particularly with respect to RAN tasks involving naming letters or numbers (Meyer et al., 1998; Wolf, 1986).
A study of task-based functional connectivity has demonstrated differences in functional connectivity observed in children with rapid naming deﬁcits, with phonological awareness deﬁcits, and with deﬁcits in
both skills, suggesting that patterns of functional connectivity are dissociable for diﬀerent predictors of reading ability (Norton et al., 2014).
However, these ﬁndings have not yet been extended to RSFC, or to other
reading-related skills such as decoding, sight word reading, and reading
comprehension. In the present study, we aimed to examine individual
diﬀerences in children’s reading subskills, including decoding eﬃciency,
sight word reading eﬃciency, comprehension, and RAN, and their relationship with RSFC in the brain’s reading network. Nonverbal intelligence was also included as a measure in the present study to assess
whether any eﬀects observed were speciﬁc to reading ability or whether
they could be attributed to more general cognitive factors. We focused
on 11 regions of interest (ROIs) implicated in previous neuroimaging
studies of reading (Bolger et al., 2005; Houdé et al., 2010; Koyama et al.,
2010) and measured the correlation between performance on the behavioural tasks and functional connectivity from ROI seed regions to all
other voxels in the brain. With this approach, we examined common
and divergent relationships between RSFC and behaviour for diﬀerent
subskills associated with reading in children.

2.2. Procedures
All participants completed a battery of behavioural tests of reading
and cognitive abilities and mock scanner training, as described below.
The behavioural test battery included measures of sight word reading
eﬃciency, decoding eﬃciency, reading comprehension, and rapid automatized naming.
2.2.1. Sight word reading eﬃciency
Children completed the Test of Word Reading Eﬃciency-II (TOWRE-2;
Torgesen et al., 2012) Sight Word Eﬃciency subtest (Form A), in which
they were given a list of words of increasing diﬃculty and were asked to
read as many words aloud as possible in 45 seconds. This task measures
ﬂuency and accuracy of sight word reading. The corrected reliability
coeﬃcients for Form A of the TOWRE-2 Sight Word Eﬃciency subtest are
0.90 for children aged 8 to 12 years old and 0.84 for children aged 13
to 18 years old (Torgesen et al., 2012).
2.2.2. Decoding eﬃciency
Fluency and accuracy of decoding was assessed using the TOWRE-2
Phonemic Decoding Eﬃciency subtest (Form A). Children were given a
list of nonwords of increasing diﬃculty and were asked to read as many
nonwords aloud as possible in 45 seconds. The corrected reliability coefﬁcients for Form A of the TOWRE-2 Phonemic Decoding Eﬃciency subtest
are 0.91 for children aged 8 to 12 years old and 0.90 for children aged
13 to 18 years old (Torgesen et al., 2012).
2.2.3. Reading comprehension
Children
completed
the
Woodcock
Johnson-III
(WJ-III;
Woodcock et al., 2001) Passage Comprehension subtest as a measure of their ability to integrate syntactic and semantic information
while reading. In this task, children read sentences and paragraphs
of increasing diﬃculty and supplied a missing word. The reliability
coeﬃcients for the Passage Comprehension subtest of the WJ-III are 0.92
for children aged 8 years old, 0.91 for children aged 9 years old, 0.89
for children aged 10 years old, 0.83 for children aged 11 years old,
0.80 for children aged 12 years old, 0.83 for children aged 13 years
old, 0.86 for children aged 14 years old (Woodcock et al., 2001).
2.2.4. Rapid automatized naming (RAN) task
Children were asked to name the items in the 5 × 10 array of letters
(k, r, m, g) as quickly and accurately as possible (Howe et al., 2006)
This task was used to assess rapid naming abilities known to
contribute to reading skill (Bowers and Wolf, 1993; Denckla and
Rudel, 1976). We standardized this task by converting raw scores to
age-corrected z-scores, derived from the present study along with data
from three ongoing studies (ﬁnal N = 343) using this same measure in
children aged 8 to 14 years old. This larger sample included a range
of reading abilities such that the distribution of reading ability was
centered approximately on the population mean. For standardization
purposes the larger sample was divided into the following age bands:
8-year-olds (n = 95); 9-year-olds (n = 53); 10-year-olds (n = 50); 11year-olds (n = 73); 12- to 14-year-olds (n = 72). This wider age band
was used for the oldest group, based on evidence that growth in RAN
skill tends to slow at approximately 11 to 12 years old (Mazzocco and
Grimm, 2013), and to ensure a suﬃciently large sample size to meet
assumptions of normality. The distribution and standard deviation of
RAN scores in the 12–14-year-old age band was similar to the younger,
narrower age bands, suggesting that combining these older age groups
did not obscure age-bound eﬀects. After ensuring that the RAN data in

2. Methods
2.1. Participants
Participants were 83 children between 8 and 14 years old (mean
age = 10.91 years, 45 female, 75 right-handed) in southwestern Ontario, Canada, recruited through local schools and social media advertisements. Some recruitment was targeted to children with reading disabilities participating in a reading intervention program in local schools,
for the purposes of another study. As a result, eighteen of the participants had been previously identiﬁed with reading diﬃculties by school
professionals. The remaining participants had a wide range of reading
abilities but any poor readers had not been formally identiﬁed with reading diﬃculties. All participants’ parents reported that the children were
3
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each age band met assumptions of normality, sample means and standard deviations for each age band were used to transform the raw RAN
scores from each participant in the present study into RAN z-scores.
2.2.5. Nonverbal intelligence
Children completed the Weschler Abbreviated Scale of Intelligence Second Edition (WASI-II; Wechsler 1999) Performance IQ measures, which
included the Block Design and Matrix Reasoning subtests, as a measure of
nonverbal intelligence. The Block Design task, which has an average reliability coeﬃcient of 0.89 in children, involves viewing a sample model
or a picture and replicating the design as quickly as possible using red
and white blocks. In the Matrix Reasoning task, which has an average
reliability coeﬃcient of 0.87 in children, participants viewed an unﬁnished matrix or series of visual designs and are asked to select an item
that completes the matrix from an array of ﬁve items. The scores on the
Block Design and Matrix Reasoning subtests were combined to provide
a standardized Performance IQ score measuring nonverbal intelligence.
The nonverbal intelligence measures were administered in only 63 of
the 83 participants.

Fig. 1. Seed regions of interest, shown in a lateral and medial view.

functional data using a 3-dimensional 5mm full width at half maximum Gaussian smoothing kernel. The structural data was segmented
into gray matter, white matter, and cerebrospinal ﬂuid. The denoising
pipeline used an anatomical component-based noise correction procedure (aCompCor), which included removal of noise components from
white matter and cerebrospinal ﬂuid areas (Behzadi et al., 2007), regression of subject-motion parameters along three axes each of rotation
and translation (Friston et al., 1996), and scrubbing to remove outlier
scans identiﬁed during preprocessing (Power et al., 2014). Nuisance regression was followed by band pass ﬁltering between 0.008 Hz to 0.09
Hz on the resulting BOLD time-series. Two subjects were excluded from
further analysis, as less than 5 min of resting-state fMRI data remained
for these subjects following scrubbing.
Following preprocessing and denoising, analyses focused on the association between RSFC from seed regions of interest (ROIs) and individual diﬀerences in reading subskills. Anatomical ROI-based seed regions
were selected based on a previous resting-state functional connectivity
study of reading in children (Koyama et al., 2011) and a meta-analysis of
brain areas associated with reading in children (Houdé et al., 2010), and
included: the middle frontal gyrus (MFG), inferior frontal gyrus pars opercularis (IFGoper), inferior frontal gyrus pars triangularis (IFGtri), precentral gyrus (PreCG), posterior superior temporal gyrus (STGpost), angular gyrus (AG), superior parietal lobule (SPL) including the intraparietal sulcus, supplementary motor area (SMA), posterior fusiform gyrus
(FFG), occipital pole (OP), and thalamus (Thal), all within the left hemisphere. The seeds were all identiﬁed for analysis using the CONN atlas
image volume which deﬁnes a 132-region anatomical parcellation in
standard MNI space, derived from the FSL Harvard-Oxford and AAL atlases (Desikan et al., 2006; Frazier et al., 2005; Goldstein et al., 2007;
Makris et al., 2006; Tzourio-Mazoyer et al., 2002). The seed ROIs consisted of the entire anatomical parcels pictured in Fig. 1 and their centre
coordinates and sizes are detailed in Table 1.
Each individual’s residual BOLD time course was extracted for each
seed ROI by averaging across all voxels in the seed. At the ﬁrst level of
analysis, a weighted general linear model with hemodynamic response
function weighting was used to estimate each individual’s functional
connectivity from each seed region to the rest of the brain by calculating
correlations between time series of the seed region and all other voxels
in the brain for each subject. The ﬁrst-level correlation coeﬃcients were
Fisher transformed into z-scores to increase normality for the secondlevel (whole-group) analyses.
The second level analysis used multiple regression to examine
whether the z-scores representing RSFC between seed ROIs and other
voxels were associated with scores on behavioural tasks. All analyses
used age-adjusted standard scores or z-scores, with age added as a regressor of no interest to account for any additional confounding effects of age. First, multiple regressions were performed for each subskill including only age and nonverbal intelligence as regressors of
no interest. Next, nonverbal intelligence and all other reading subskill measures were added simultaneously to the model as regressors
of no interest. Control for false positives was implemented using a
cluster size threshold, deﬁned by false-discovery rate (FDR) corrected

2.2.6. Mock scanner training
Participants were asked to lie still for 10 min in a mock MRI scanner
while listening to recorded noises from an MRI scanner. The purpose
of this training was to familiarize the participant with the safety rules,
protocols, and environment associated with the MRI scan. In the same
subset of 63 participants who completed the nonverbal intelligence measures, head movements were monitored via an electromagnetic position
tracker (Polhemus FasTrack) during the simulated scan, which provided
feedback about movement to the child and served as an informal assessment of whether they would be able to remain suﬃciently still during
the actual MRI scan to acquire good quality MRI images. No participants
were excluded from the study based on movement in the simulated scan.
2.3. MRI acquisition and processing
The imaging session was completed at the University of Western Ontario’s Centre for Functional and Metabolic Mapping within one to eight
weeks of the ﬁrst session. MRI data was collected using a Siemens 3
Tesla Prisma scanner with a 32-channel head coil. Foam pads were used
to minimize head movement. A six-minute T2∗ -weighted resting-state
fMRI scan was acquired using an echo planar imaging pulse sequence
and oblique axial orientation (TR = 1000 ms; TE = 30ms; ﬂip angle = 45;
voxel size = 3 × 3 × 3 mm; FOV = 210 × 210 mm; 48 slices). During
this scan, the participants were told to lie still while looking at a ﬁxation cross on a display. A high-resolution 3-D T1-weighted anatomical
scan was also acquired in the sagittal plane (MPRAGE; GRAPPA acceleration factor = 2; TR = 2300 ms; TE = 2.98 ms; ﬂip angle = 9; ﬁeld of
view = 256 × 256 mm; voxel size = 1 × 1 × 1 mm; 192 slices), lasting ﬁve
minutes. In 43 participants, a diﬀusion tensor imaging scan was also acquired during the same session as part of another study, yielding a total
scan time of approximately 10–15 min. Twenty participants completed
three additional task-based fMRI scans as part of another study, for a
total scan time of 22 min. The remaining twenty participants completed
both a diﬀusion tensor imaging scan and three additional fMRI tasks as
part of another study, with a total scan time of approximately 45 min
for this group.
The resting-state fMRI data was pre-processed and denoised using the CONN-fMRI toolbox 17.a (Whitﬁeld-Gabrieli and NietoCastanon, 2012) for SPM12 in Matlab R2016b. Pre-processing consisted of realignment using the SPM12 realign and unwarp procedure
(Andersson et al., 2001), identiﬁcation of outlier scans using a threshold
of 0.5mm framewise displacement and 3 standard deviations in global
BOLD signal change, non-linear normalization to the MNI anatomical
template using the SPM 12 uniﬁed segmentation and normalization procedure (Ashburner and Friston, 2005), and spatial smoothing of the
4
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Table 1.
MNI coordinates and sizes of seed regions of interest (ROIs).
Seed ROI (left hemisphere only)

Size (mm3 )

MNI Coordinate of Seed Centre
x
y

z

MFG: Middle frontal gyrus
IFGoper: Inferior frontal gyrus, pars opercularis
IFGtri: Inferior frontal gyrus, pars triangularis
PreCG: Precentral gyrus
STGpost: Superior temporal gyrus, posterior
AG: Angular gyrus
SPL: Superior parietal lobule
SMA: Supplementary motor area
FFG: Fusiform gyrus, posterior
OP: Occipital pole
Thal: Thalamus

73757
32699
31317
109023
36754
48044
52217
23550
26612
65997
24134

-38
-51
-50
-34
-62
-50
-29
-5
-34
-17
-10

42
15
9
49
4
30
57
56
-16
7
6

Table 2
Descriptive statistics for behavioural tasks.

Age (years)
Sight word reading eﬃciency (standard score)
Decoding eﬃciency (standard score)
Reading comprehension (standard score)
RAN (z-score)
Nonverbal intelligence (standard score)
Framewise displacement pre-censoring (mm)
Framewise displacement post-censoring (mm)

Mean (SD)

Range

10.91 (1.03)
94.13 (19.60)
95.16 (18.71)
92.06 (12.42)
-0.15 (0.94)
108.68 (18.42)
0.058 (0.166)
0.024 (0.011)

8.83–14.68
55–139
56–131
46–120
-2.22–2.34
63–147
0.001–11.932
0.001–0.049

18
15
29
-12
-29
-56
-49
-3
-54
-97
-19

for descriptive purposes (Table 3). Following Bonferroni correction at
p < .0018, correlations were generally signiﬁcant among reading measures, and only weak correlations between nonverbal intelligence and
reading measures were observed. Age was not signiﬁcantly correlated
with decoding eﬃciency, sight word eﬃciency, reading comprehension,
RAN, and nonverbal intelligence which was expected since all behavioral scores were age-adjusted prior to analyses.
Table 3 also includes measures of estimated subject motion during
the scanning. This was completed because head motion during scanning can cause artifacts in fMRI data that persist even after correction
(Hajnal et al., 1994), which can confound our brain-behaviour analyses. The motion measures consisted of mean motion, an average of the
temporal time series characterizing each subject’s motion during the
resting-state fMRI scan (three translation and three rotation parameters
and their associated ﬁrst order derivatives), as well as maximum motion,
represented by the largest motion observed among these parameters. We
noted that neither measure of motion was signiﬁcantly correlated with
any behavioural measures or with age, suggesting that motion during
the resting-state scan is not a signiﬁcant confound in the present study.
Regardless, all functional connectivity analyses also regressed out subject motion along three axes of rotation and translation, to account for
the possibility of motion eﬀects that were not completely captured by
the Pearson’s correlations. We also found that the number of valid scans
remaining after scrubbing was not signiﬁcantly correlated with age (r = 0.04) or behavioural measures (sight word reading eﬃciency: r = -0.06;
decoding eﬃciency: r = -0.05; reading comprehension r = 0.10; RAN:
r = -0.05; nonverbal intelligence: r = -0.03), suggesting that loss of data
due to motion did not interact signiﬁcantly with age or reading ability.

p-values (FDR < .01). With functional connectivity datasets, many statistical tests can be considered simultaneously to examine connectivity
across multiple regions of the brain, and standard procedures for correcting for multiple comparisons such as the Bonferroni correction tend
to be overly conservative, eliminating both false and true positives when
applied to large neuroimaging datasets. In contrast, the FDR is the proportion of false positives among only those tests for which the null hypothesis is rejected. This procedure is adaptable to the properties of the
dataset and has been shown to have greater sensitivity and power than
other methods for multiple correction when applied to fMRI datasets
(Genovese et al., 2002).
3. Results
3.1. Behavioural results
As two participants were excluded from analysis due to insuﬃcient
data remaining after scrubbing, a total of 81 subjects were included in
analyses. Analyses involving nonverbal intelligence scores include only
the subset of 61 participants who completed this measure. Descriptive
statistics for standard scores on the behavioural measures are presented
in Table 2. The descriptive statistics showed that the sample included
a wide range of variability in sight word reading eﬃciency, decoding
eﬃciency, reading comprehension, rapid naming, and nonverbal intelligence. Thirteen children met criteria for reading disability, deﬁned as
standard scores over 1.5 standard deviations below the mean on at least
two of the three normed reading measures. These thirteen children were
all part of the subsample previously identiﬁed by school professionals
as struggling readers. One of these thirteen participants scored over 1.5
standard deviations below the mean on the nonverbal intelligence measure as well as the three normed reading measures, which is suggestive
of a more general cognitive impairment. Although we did not administer a measure of attention, parents’ reports indicated that ﬁve children
in the sample had received diagnoses of ADHD, one of whom was part
of the group of thirteen children meeting criteria for reading disability,
as described above.
Pearson’s correlations among behavioural measures and age were
calculated using standard scores for the TOWRE and WJ-III measures

3.2. Functional connectivity results
Multiple regression analyses were conducted to examine relationships between each reading subskill and RSFC from each seed region to
other voxels of the brain. Initial analyses were performed for each reading subskill while controlling for age and for nonverbal intelligence, to
minimize any confounding eﬀects of age or more general cognitive factors. Importantly, data met the assumptions of multivariate normality,
multicollinearity, and homoscedasticity required for multiple regression
analyses. All results presented below are those that survived the FDR
correction for multiple comparisons.
The initial multiple regression analyses demonstrated that when controlling for nonverbal intelligence and age, sight word reading eﬃciency
was positively associated with RSFC from the left Thal seed to the left
fusiform gyrus and inferior temporal gyrus (FDR < .01; Fig. 2A). Similarly, reading comprehension was positively related to RSFC from the
Thal seed to a cluster in the right fusiform gyrus and inferior temporal
gyrus (FDR < .01; Fig. 2B). Reading comprehension was also negatively
associated with RSFC from the left SPL seed to a cluster in the left superior and middle frontal gyri (FDR < .01; Fig. 2C). RAN scores were
positively associated with RSFC from both the left IFGtri seed and the
5

A.M. Cross, R. Ramdajal, L. Peters et al.

NeuroImage 243 (2021) 118529

Table 3.
Pearson’s correlations among behavioural measures and motion parameters.

1. Age
2. Sight word reading eﬃciency
3. Decoding eﬃciency
4. Reading comprehension
5. RAN
6. Nonverbal intelligence
7. Maximum motion
8. Mean motion
∗

1.

2.

3.

4.

5.

6.

7.

0.21
0.24
0.15
0.05
-0.02
-0.19
-0.16

0.88∗
0.67∗
0.61∗
0.39∗
-0.04
-0.01

0.68∗
0.67∗
0.33
-0.09
-0.01

0.28
0.34
-0.16
-0.09

0.15
-0.06
-0.06

0.05
0.08

0.40∗

Note: denotes r-values that are signiﬁcant at corrected p < .0018.
Fig. 2. Signiﬁcant seed-to-voxel clusters by
seed region, controlling for age and nonverbal intelligence. Seeds are shown in yellow
and cluster colour represents signiﬁcant positive (red) and negative (blue) t-values (FDR
< .01). (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

left Thal seed to clusters of voxels in the right fusiform cortex (FDR <
.01; Fig. 2D, E). Finally, analyses controlling for only nonverbal intelligence and age showed that decoding eﬃciency was not signiﬁcantly
associated with RSFC from any seed regions.
Given that the reading subskills tested here are known to be related
to one another and scores on most tasks were signiﬁcantly correlated,
subsequent analyses of a reading subskill included all other subskill
scores as measures of no interest, along with age and nonverbal intel-

ligence; this allowed us to examine the unique eﬀects associated with
each skill of interest. This approach ﬁrst demonstrated that decoding
eﬃciency was uniquely and negatively related to RSFC from the left AG
seed to a cluster of voxels in the right frontal pole and middle frontal
gyrus (FDR < .01; Fig. 3A). When examining RSFC from the left PreCG
seed, decoding eﬃciency was uniquely related to connectivity from the
seed to ﬁve clusters of voxels. Speciﬁcally, scores on the decoding eﬃciency task were positively associated with RSFC to a voxel cluster in
6
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Fig. 3. Signiﬁcant seed-to-voxel clusters by
seed region, controlling for age, nonverbal intelligence, and each of the other reading subskills. Seeds are shown in yellow and cluster
colour represents signiﬁcant positive (red) and
negative (blue) t-values (FDR < .01). A blue
arrow is used to highlight the small negative
(blue) clusters. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)

the right supramarginal gyrus and angular gyrus, a cluster in the right
middle frontal gyrus and frontal pole, and bilateral clusters in the superior and middle frontal gyri (FDR < .01; Fig. 3B). In addition, decoding
eﬃciency scores were negatively associated with RSFC to a cluster of
voxels in the right central opercular cortex (FDR < .01; Fig. 3B). Scatterplots in Fig. 4A show decoding scores and RSFC residuals after controlling for covariates of no interest. Decoding eﬃciency was not uniquely
related to connectivity from the IFGtri, IFGoper, STGpost, SPL, SMA
FFG, OP, and Thal seeds when controlling for the other subskills and
age.
Next, the associations between performance on the RAN task and
RSFC were examined in a similar manner. When simultaneously controlling for all other behavioural measures and age, RAN performance
was uniquely and negatively associated with RSFC from the left Thal
seed to the right central opercular cortex, planum polare, and Heschl’s
gyrus (FDR < .01; Fig. 3C). RAN scores and RSFC residuals after controlling for covariates of no interest are plotted in in Fig. 4B. Scores on
the RAN task were not associated with RSFC from the IFGoper, MFG,
PreCG, FFG, AG, STGpost, OP, and SMA seed regions.
We next examined patterns of connectivity uniquely related to reading comprehension ability. When accounting for the other behavioural
measures in addition to age, reading comprehension performance was
uniquely and negatively related to connectivity from the Thal seed to
a cluster of voxels in the right supramarginal gyrus, middle temporal gyrus, and planum temporale (FDR < .01; Fig. 3D). Scatterplots in
Fig. 4C show reading comprehension scores and RSFC residuals after

controlling for covariates of no interest. No additional eﬀects were observed for reading comprehension in the other seed ROIs.
Finally, the relationship between RSFC and sight word reading eﬃciency was also investigated. When controlling for decoding eﬃciency,
reading comprehension, and RAN in addition to nonverbal intelligence
and age, no eﬀects of sight word reading eﬃciency were observed in
any of the seed regions.
4. Discussion
The aim of the present study was to examine resting-state functional
connectivity (RSFC) indices of reading subskills in young readers with a
wide range of reading abilities. The results demonstrate both common
and dissociable RSFC-behaviour relationships for nonword decoding,
sight word reading, reading comprehension, and rapid naming. Interestingly, while many positive RSFC-behaviour relationships were present
indicating stronger functional connectivity with increasing reading task
proﬁciency, a number of the RSFC-behaviour relationships observed
were negative, indicating an inverse relationship between reading skill
and functional connectivity. These negative associations may represent
a pattern of atypical functional connectivity in struggling readers, and
a shift towards reduced dependence on these networks in proﬁcient
readers. Further, negative associations may represent anticorrelation of
functional activity with increased reading skill, possibly related to inhibition of particular brain regions or networks for more eﬃcient reading. Including other reading subskills as covariates showed that RSFC-
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Fig. 4. Behavioural scores and resting-state functional connectivity residuals after controlling for age, nonverbal intelligence, and each of the other reading subskills.

behaviour relationships diverged across the diﬀerent subskills, suggesting that although these subskills are related, diﬀerent component skills
of reading rely on unique functional connections.
Our initial analyses controlling for only age and nonverbal intelligence showed an RSFC-behaviour relationship that was shared across a
number of subskills. Speciﬁcally, RSFC from the left thalamus seed to the
voxels in the right fusiform gyrus was positively associated with performance on the RAN, reading comprehension, and sight word reading efﬁciency tasks. RSFC from the left inferior frontal gyrus pars triangularis
seed to a similar region in the right fusiform gyrus was also positively
associated with RAN performance. Although functional connectivity of
the fusiform gyrus has previously been implicated in RSFC studies of

reading (Koyama et al., 2011; Schurz et al., 2015; Vogel et al., 2012),
these studies have focused on left hemisphere fusiform regions. However, studies of reading development suggest an initial reliance on both
hemispheres for reading with a shift towards more left lateralized reading function in older readers (Shaywitz et al., 2007; Turkeltaub et al.,
2003). In line with this, our ﬁndings suggest that functional coordination of the left thalamus and left inferior frontal gyrus with right hemisphere fusiform regions is important for sight word reading, rapid naming, and comprehension in developing readers. Importantly, the signiﬁcant ﬁndings for functional connectivity to the right fusiform gyrus did
not persist when we controlled for other reading subskills, suggesting
that this RSFC-behaviour relationship was shared among multiple subcomponents of reading skill.
8
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Our subsequent analyses sought to identify connectivity patterns
unique to each reading subskill under investigation. This approach revealed both positive and negative RSFC-behaviour relationships that
were unique to decoding, reading comprehension, and RAN skills.
With respect to positive RSFC-behaviour relationships, our primary
ﬁnding was that better performance on the decoding eﬃciency task
was uniquely characterized by stronger RSFC from the left precentral
gyrus seed to right inferior parietal regions, the right middle frontal
gyrus, and the bilateral superior and middle frontal gyri. Although
RSFC from the left precentral gyrus has been previously associated
with single word reading ability in children (Koyama et al., 2011),
the speciﬁc connections implicated in our ﬁndings diﬀer. Speciﬁcally,
Koyama et al. (2011) found links between reading ability and RSFC to
left parietal regions, whereas our ﬁndings involve RSFC from the left
precentral gyrus to a number of clusters in right inferior parietal areas
and bilateral frontal areas. The novel functional connections implicated
in the present study may be related to our approach examining multiple
subskills of reading ability, in contrast with previous studies measuring
only single word reading ability. In line with this, the regions implicated
here are consistent with previous models of single word reading positing
ventral, dorsal, and anterior circuits for diﬀerent aspects of reading (for
a review see Pugh et al., 2000 and Sandak et al., 2004). Speciﬁcally, a
dorsal circuit including the left angular gyrus and other left temporoparietal regions is associated with mapping orthography to phonology
when decoding, and a more anterior circuit centered around the left
IFG is related to articulatory recoding while reading aloud. The ﬁndings
of the present study highlight the importance of functional connections
among these temporo-parietal and frontal regions in supporting children’s ability to quickly and accurately decode words aloud. Further, the
implication of connections from the left precentral gyrus to right parietal and frontal regions suggests that coordinated activation between
the left and right hemispheres plays a role in ﬂuent phonemic decoding
in school-aged readers.
A number of speciﬁc negative RSFC-behaviour relationships were
also observed when controlling for other reading subskills, marked by
decreases in RSFC with increasing reading proﬁciency. These negative
associations may represent an over-reliance on atypical functional connections in less proﬁcient readers, and a shift towards reduced dependence on these areas as reading skill increases. Furthermore, these could
represent inhibition of function between regions, or functional segregation of diﬀerent networks in stronger readers, resulting in patterns of
anticorrelation in RSFC. Speciﬁcally, negative RSFC-behaviour relationships were observed for the left thalamus seed, in which RSFC from the
left thalamus to the right supramarginal gyrus and middle temporal regions was negatively associated with reading comprehension, and RSFC
from the left thalamus to right temporo-parietal regions was negatively
associated with RAN. These ﬁndings are novel in that, to our knowledge, the only RSFC study of RAN to date focused on connectivity between cerebellar to cortical regions (Ang et al., 2020); our results thus
shed light on the relationship between RAN and connectivity speciﬁcally within subregions of the cortical reading network. With respect to
reading ability more generally, the negative relationship between thalamic RSFC and reading ability observed here diﬀers from the ﬁndings
of Koyama et al. (2011), who observed a positive association between
single word reading and RSFC from the left intraparietal sulcus to the
bilateral thalamus and attributed this to functional coupling of cortical
and subcortical attention regions. In contrast, our ﬁndings suggest that
functional segregation of the left thalamus and right temporo-parietal
regions is important for rapid naming and reading comprehension, possibly related to a decrease in the visual attentional load of these tasks
with improved reading ability.
Further, decoding skill was negatively associated with RSFC from the
left angular gyrus to right middle frontal regions and from the left precentral gyrus to the right central operculum. These speciﬁc functional
connections have not been previously implicated in RSFC studies of
reading. However, these negative relationships are consistent with pre-

vious task-based fMRI studies ﬁnding increased engagement of frontal
regions (Brunswick et al, 1999; Richards et al., 1999; Rumsey et al.,
1997; Salmelin et al., 1996; Shaywitz et al., 1998) and insular regions
(Hoeft et al., 2007; Kronbichler et al., 2006; Richlan et al., 2009) in RD.
This is proposed to reﬂect an atypical reliance on articulatory recoding (Pugh et al., 2000), and increased attentional or working memory
demands during reading (Achal et al., 2016; Hoeft et al., 2007). The observed negative RSFC-behaviour relationship in the present study may
be related to decreasing attentional or working memory load and decreasing reliance on articulatory recoding strategies as children become
more ﬂuent and accurate at decoding words.
Interestingly, no signiﬁcant RSFC-behaviour relationships were
found that were unique to sight word reading eﬃciency: although our
initial analyses found signiﬁcant RSFC-behaviour relationships in the
left thalamus seed when controlling for only age and nonverbal intelligence, these did not persist when decoding eﬃciency, reading comprehension, and RAN were also added as regressors of no interest. This
contrasts with previous studies of RSFC and reading that have identiﬁed
functional connections associated with individual diﬀerences in single
word reading (e.g., Koyama et al., 2011; Vogel et al., 2012). However,
sight word reading relies on a combination of other skills, such as decoding, vocabulary, and the ﬂuent processing indexed by rapid naming
tasks. This may explain why our second analyses, which controlled for
other reading subskills, did not reveal any RSFC-behaviour relationships
that could speciﬁcally be attributed to sight word reading eﬃciency. As
much of the RSFC research on reading to date has relied on sight word
reading tasks, our ﬁnding highlights the importance of considering subskills of sight word reading to better capture the neural substrates of
reading.
This study is the ﬁrst investigation of RSFC and reading to consider multiple subskills underlying reading in children, and clearly
demonstrates that RSFC-reading relationships diverge across diﬀerent
types of reading subskills. However, a number of other cognitive measures are known to be related to reading and were not included in
the current study. Reading competence is also related to skills such
as phonological awareness (Gathercole et al., 2006), listening comprehension (Catts et al., 2005, 2003; Hoover and Gough, 1990), oral language (Catts et al., 2002), and working memory (Gathercole et al.,
2006). Given the divergent RSFC-behaviour relationships observed in
the present study, it is likely that these other cognitive measures may
also diﬀer in their relationships with RSFC. Nonverbal intelligence was
included as a covariate in the present study as it is known to be correlated with reading ability (Ferrer et al., 2010; Hulslander et al., 2004),
although the magnitude of this correlation varies greatly across studies
(Cotton and Crewther, 2009). The presence of signiﬁcant RSFC-reading
relationships while controlling for nonverbal intelligence suggests that
the observed eﬀects are speciﬁc to reading-related subskills and are not
simply associated with general cognitive processes.
The school age years are periods in which the functional networks
of the brain undergo dynamic development (Dosenbach et al., 2010).
Importantly, although the present study included children ranging from
8 to 14 years of age, the analyses in the present study used standard
scores for all normed measures (all measures except RAN, in which zscores based on age bands were used) and included age as a regressor of
no interest to account for any maturational diﬀerences in functional connectivity. This suggests that our ﬁndings represent individual diﬀerences
in functional connectivity that are speciﬁcally linked to performance on
reading subskills across a wide range of school-aged years. Comparisons
of RSFC between children and adults have demonstrated that patterns of
RSFC and single word reading competence diﬀer (Koyama et al., 2011);
however, it is unclear how other component reading skills such as decoding eﬃciency, comprehension, or rapid naming may be related to
RSFC in adults or in pre-reading children. The developmental trajectory
of RSFC and its role in reading is of particular interest given previous
ﬁndings that hyperactivation of brain structures is more frequently reported in adults with RD relative to children with RD, suggesting in9
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5. Conclusions
We examined how functional connectivity at rest relates to individual diﬀerences in reading subskills in school-aged children. The results
suggest that both shared and distinct functional networks support different components of reading ability in children. In particular, RSFC
from the left thalamus to right fusiform gyrus was positively linked to
performance on sight word reading, reading comprehension, and rapid
naming tasks, suggesting that this functional network plays a shared role
in these reading skills. In contrast, speciﬁc RSFC-behaviour associations
were observed for phonemic decoding, in which decoding eﬃciency was
uniquely linked to increased RSFC from the left precentral gyrus to bilateral parietal and frontal regions. Negative RSFC-behaviour relationships were also observed for the decoding eﬃciency, RAN, and reading
comprehension tasks, possibly related to functional segregation of attentional networks and reading related regions with improved reading skill.
These ﬁndings further our understanding of the role of functional connectivity in supporting discrete reading processes involved in reading
development in children, and highlight the importance of considering
multiple components of reading when studying its neural correlates.
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