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A B S T R A C T

To better characterize the neural correlates of the full spectrum of reading ability, this fMRI study examined how
variations in reading ability correlate with task-based brain activity during reading among a large community
sample of adolescents (N=234). In addition, complimentary approaches taking advantage of empirical as well
as independent meta-analytic information were employed to isolate neural substrates of domain-general ex-
ecutive processes that are predictive of reading ability. Age-related differences in brain activity were also ex-
amined. Better reading was associated with increased activation in left anterior and inferior temporal regions
and parts of orbitofrontal cortex, along with reduced activation in the thalamus and left frontal eye field (FEF).
Converging evidence suggests that FEF activity corresponds to executive processes during reading. In contrast,
activity in temporal regions is likely to reflect cognitive processes specific to reading. Older adolescents also
demonstrated increased activation in an orbitofrontal region that overlaps with the aforementioned age-in-
dependent, reading-related regions, along with reduced activity in parietal and occipital regions. These results
suggest that comparedto poor readers, proficient readers benefit from efficient reading-specific processes and
require less executive effort, implemented via the FEF, during a reading comprehension task.

1. Introduction

There is wide variability among individuals in their ability to
comprehend written language. Understanding the mechanisms of such
individual differences is of considerable theoretical and practical im-
portance. For example, low reading ability is associated with a host of
negative outcomes including the likelihood of academic and occupa-
tional underachievement or the development of mental disorders (e.g.,
Goldston et al., 2007). Although substantial progress has been made in
understanding the general cognitive and neural mechanisms of reading
comprehension (for reviews, see Landi et al., 2013; Price, 2012), much
less is known regarding the neural substrates that underpin individual
differences in reading ability. In this study, we therefore examined how
neural activity changes as a function of individuals’ reading ability, as
well as the roles of domain-general executive processes vs. reading-
specific processes in influencing these individual differences.

Reading comprehension is generally supported by a typically left

lateralized language network, the core of which includes the inferior
frontal gyrus (IFG) and the middle and superior temporal gyri (Ferstl
et al., 2008a,b; Friederici and Gierhan, 2013; Martin et al., 2015). After
lower-level visual features are processed by occipital visual areas,
prelexical word form recognition is accomplished primarily by the vi-
sual word form area (Dehaene and Cohen, 2011). Multiple regions of
the core language network, which spread across posterior and anterior
regions of the left hemisphere, are involved in higher-level reading
processes like accessing sematic information and syntactic analysis
(Dronkers et al., 2004; Friederici, 2011; Price, 2012). To achieve
comprehension, domain-general processes like working memory and
executive functions are also essential (more details below; e.g.,
Fedorenko and Thompson-Schill, 2014).

As for determining neural activity associated with differences
amongst individuals in reading ability, most neuroimaging studies so
far have adopted a group-differences approach, examining variations in
the pattern of brain activity between two (or more) groups of
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participants that differ in their level of reading skill. This comparison is
most often between dyslexic (or poor) readers and a control group of
average readers. People with dyslexia exhibit reduced activation in
portions of the left language network mentioned above, including in-
ferior temporal regions, fusiform gyrus, and temporo-parietal regions
(Maisog et al., 2008; Norton et al., 2015; Paulesu et al., 2014). Such
reduced activation is thought to reflect deficits in phonological and
orthographic processing associated with dyslexia. Furthermore, a meta-
analysis suggested that individuals affected by dyslexia also showed
reduced activation in the fronto-parietal network (FPN), suggesting
potential deficits in the executive system as well (Paulesu et al., 2014).

Very few studies have examined brain activity as a function of levels
of reading ability in a continuous manner among members of a non-
clinical population during performance of a reading-related task.
Moreover, the information obtained so far is not consistent. For ex-
ample, in two studies of this nature, Prat and colleagues showed in one
study that adults with smaller vocabulary size had increased activity in
right paracentral lobule during sentence reading (Prat and Just, 2011),
and in another that such individuals had increased activity in right
hemisphere homologues of left hemisphere language areas while
reading passages that require causal inference (Prat et al., 2011).
Welcome and Joanisse (2012) have also reported that adults with
higher reading ability show less activity in the right subgenual anterior
cingulate cortex and the left middle temporal gyrus during word re-
cognition.

Even fewer studies have examined this issue of the neural substrates
underlying individual differences in reading ability specifically among
adolescents. In the only study we know to have addressed this issue,
Ryherd et al. (2018) examined multivariate brain patterns during a
reading task and observed that reading ability was positively related to
activity in the left language network, but negatively related to activity
in the executive network.

In the present study, we intentionally focus on adolescent readers as
we wished to determine how individual variation in patterns of brain
activation during adolescence is related to reading proficiency.
Previous neuroimaging studies of this nature have predominantly fo-
cused on either earlier ages (< 13 years old), when children are de-
veloping basic reading skills, or adulthood, when reading is likely quite
proficient (> 20 years old). Adolescence, however, is an important
developmental period during which key aspects of an individual’s
reading skills continue to develop. For instance, adolescents’ vocabu-
lary and word-level skills grow steadily (Nippold, 2007; Perfetti et al.,
2005) while the fluent word recognition functions of the visual word
form area become increasingly refined (Schlaggar and McCandliss,
2007). Adolescents also begin to master higher-level reading skills like
complex syntax and figurative language, as well as the abilities to ap-
preciate texts’ social context and synthesize multiple viewpoints. To
better understand these developmental changes during adolescence, a
sub-goal of this study was also to determine the degree to which age
affects patterns of reading-related brain activation during this devel-
opmental period.

Another goal of the study was to examine the degree to which
neural activation associated with domain-general executive processes
(EP) might influence individual differences in reading ability. Domain-
general executive processes have been argued to be a major contributor
to differences in individuals’ reading abilities (Cartwright, 2012;
Gernsbacher, 1997; Wagner and Sternberg, 1987). These domain-gen-
eral abilities are supported by the frontoparietal network (i.e., dorsal
lateral prefrontal cortex, DLPFC, anterior cingulate cortex, and inferior
parietal lobule; Banich, 2009; Botvinick et al., 2001) and the dorsal
attention network (i.e., frontal eye field, FEF, and regions along the
intraparietal sulcus; Corbetta and Shulman, 2002; Fox et al., 2006).
Multiple studies have shown that individuals with better executive
abilities tend to be stronger readers as well (Columbus et al., 2015;
Kieffer et al., 2013; Protopapas et al., 2007; van der Sluis et al., 2007).
Deficits in executive processes may also be an important etiological

factor among individuals with specific-reading comprehension dis-
order, who have a selective deficit in reading comprehension with in-
tact word recognition abilities (for a review, see Hudson et al., 2016).

Executive processes may also interact with processes that are spe-
cific to the reading domain. For instance, the verbal efficiency theory
proposes that the amount of domain-general executive resources
available for higher-level comprehension processes while reading is
determined by individual’s word identification efficiency (Perfetti,
1985, 1988). According to this theory, one would expect reversed ac-
tivation patterns in executive brain regions and reading-specific re-
gions. As such, an important sub-goal of this study was to examine the
neural mechanisms through which executive and reading-specific pro-
cesses contribute to variations in reading ability.

In summary, we sought to identify the neural substrates activated
during a reading comprehension task that are associated with adoles-
cents’ reading ability, as determined via a comprehensive behavioral
battery among a large sample of adolescents (N=234 after quality
assurance). A potential explanation for the inconsistent results across
prior studies of the neural substrates of individual differences in reading
is that these studies were consistently underpowered (N<33). For a
correlational analysis of this nature, however, a sufficient sample size is
essential to obtain robust and reliable effects (Yarkoni, 2009). We also
examined the degree to which reading-related neural activity changes
over the course of adolescence and how the neural substrates of do-
main-general executive processes correlate with individual differences
in reading ability (see Analytic Strategy in Method).

We predicted that a lower-level of reading ability would be asso-
ciated with hypoactivation within a subset of left language network
regions, mainly involving middle and inferior temporal gyrus, primarily
based upon results from studies of poor readers compared to control
participants. We also predicted that lower reading ability would be
associated with an increased need to engage executive resources in
order to adequately comprehend text, which would be associated with
increased activation within the frontoparietal network and the dorsal
attention network. We also expected that such activation might de-
crease within the adolescent time period, as youth become more fluent
readers.

2. Method

2.1. Analytic strategy

The primary goal of the study was to determine task-based neural
correlates of individual differences in reading ability among a large
sample of adolescents. To this end, we used a covariate analysis to
determine the degree to which brain activity during a reading com-
prehension task (contrast: passage reading vs. symbol reading; see
supplemental material, SM 1) was associated with individual differ-
ences in reading ability. As an adjunct, to identify brain correlates of
individual differences in executive ability, activity during an N-back
task (Contrast: 2-back vs. 0-back; see SM 1) was also examined for its
associations with executive functioning behavior. While these analyses
controlled for age differences among participants to find patterns of
association independent of age, additional analyses were also per-
formed to determine age-related patterns of activation for each task.

Another goal of the study was to examine whether the neural un-
derpinnings of domain-general executive processes are associated with
individual differences in reading ability. We did so via three compli-
mentary approaches. In the first approach, we classified regions iden-
tified in the reading covariate analysis (i.e., whose activity is related to
individual differences in reading ability) into domain-general executive
regions and reading-specific regions. This was achieved by using the
meta-analytic tool of Neurosynth (Yarkoni et al., 2011) to generate
reading-specific and executive maps, which then were used to mask the
reading covariate effects. In the second approach, the conjunction map
of the reading covariate effect and the N-back covariate effect was
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obtained, thereby identifying regions whose task-state activity is pre-
dictive of both reading and executive abilities. We inferred that these
regions are likely supporting the domain-general executive processes of
interest. In the third approach, we examined the covariate effect of
executive ability on activation during the reading task. This result
provides information on the how adolescents with different executive
abilities utilize various brain regions in the context of a reading task. If
the results of these three approaches converged on one or more regions,
then it would provide strong evidence supporting the existence of do-
main-general executive regions that are predictive of individuals’
reading ability.

2.2. Participants

Participants for the study were drawn from the Learning Disabilities
Innovation Hub Sample, which is based upon a collaboration between
The Ohio State University, Case Western Reserve University, the
University of Colorado Boulder and Vanderbilt University. The sample
for the current image analyses consisted of 324 healthy individuals
(mean age=16.92, SD=1.56; age range, 13.33–23; male= 146; 79
MZ twin pairs, 73 same-sex DZ twin pairs and 20 singletons). After the
quality assurance procedures (see procedure details in supplementary
material, SM, 3.2), the final sample size was 234 for the reading task
(107 male, mean age=17.13, SD=1.56, 51 MZ twin pairs, 36 same-
sex DZ twin pairs, and 60 singletons) and 249 for the N-back task (113
male, mean age=17.06, SD=1.57, 53 MZ twin pairs, 45 same-sex DZ
twin pairs, and 53 singletons). All participants had normal or corrected-
to-normal vision and had no history of neurological disorders. Informed
consent was obtained from each family prior to participation, and all
study procedures were approved by the Institutional Review Board at
The Ohio State University, Case Western Reserve University Social/
Behavioral Institutional Review Board, and the University of Colorado
Boulder Institutional Review Board.

2.3. Behavioral assessments

Participants completed the behavioral tests described below in a
counter-balanced fashion in which each twin completed the behavioral
measures or imaging session first and then switched with his or her co-
twin.

2.3.1. Reading assessments
Reading achievement was measured using four assessments. The

Woodcock Reading Mastery Test - Revised (WRMT-R) Word
Identification and Word Attack subtests (Woodcock, 1998) measures
decoding of real and pseudo-words, respectively. The Passage
Comprehension subtest of the WRMT-R is a cloze form task in which
participants read a sentence or short passage and provide a semanti-
cally-appropriate word. WRMT-R tasks have reported reliabilities of
0.84 – 0.98 for the Word Identification and Word Attack subtests in the
age groups included in the present study and 0.68 – 0.92 for the Passage
Comprehension subtest. In addition to the Word Comprehension subtest
(not administered), these three measures make up the WRMT-R Total
Reading score, which demonstrates high concurrent reliability with
Peabody Individual Achievement Test (PIAT) Reading composite
(0.87), Woodcock-Johnson Reading Achievement score (0.88 – 0.90),
and the Woodcock Reading Achievement Test (WRAT) Reading com-
posite (0.90 – 0.92). A timed measure of reading was also obtained with
the Test of Word Reading Efficiency, Second Edition (Torgesen et al.,
2012). In the Phonemic Decoding Efficiency subtest, participants had
45 s to read as many pseudo-words as they could from a list. Average
reported reliability for the TOWRE-2 subtest ranges from 0.90 – 0.93.
Test performance was broadly normative among the sample of 234
individuals whose reading-related imaging data passed quality control,
with narrower standard deviations due to the non-independence of
twins; standard score M (SD) [Range] were as follows: Word

Identification: 96.9 (7.2) [71–114]; Word Attack: 95.0 (10.0) [68–135];
Passage Comprehension: 105.5 (8.4) [82–133]; and Phonemic De-
coding Efficiency: 95.4 (9.5) [64–119].

A latent reading factor score was made from the four reading
measures’ normative scores. Correlations between these measures
ranged from r = 0.40 to 0.66 (M= 0.54; SD = 0.12) within the sample
of 234 individuals whose reading comprehension imaging data survived
quality control. The reading factor displayed a close fit to the data
(X2(1)= 1.6, p= .21; CFI = 0.99; RMSEA = .04), with standardized
loadings of 0.95, 0.66, 0.65, and 0.75 for the measures listed in the
order above.

2.3.2. Executive function assessments
Factor scores were calculated for parent-based executive func-

tioning ratings on the Behavior Rating Inventory of Executive Function
(BRIEF) Initiate, Working Memory, Plan/Organize, and Monitor sub-
scales. Of note, these subscales comprise four of the five measures that
constitute the BRIEF metacognition index. Correlations between these
subscales ranged from r=0.62 to 0.82 (M=0.71; SD=0.07) within
the sample of 249 individuals whose N-back imaging data survived
quality control. The latent executive functioning factor displayed a
close fit to the data (X2(2)= 4.6, p= 0.10; CFI= 0.99;
RMSEA=0.07), with standardized loadings of 0.78, 0.87, 0.95, and
0.77 for the subscales listed in the order above. With regards to the
BRIEF’s reliability, the normative samples’ inter-rater and test-retest
reliabilities (average 5 weeks) are .57 and 0.87, respectively. Internal
consistency (Cronbach's alpha) are: Metacognitive Index, a=0.96;
Initiate subscale; a= .82, Working Memory subscale: a= .92; Plan/
Organize subscale: a= .91; Monitor subscale: a= .85. With the ex-
ception of a slightly decreased mean and variance on the Monitor index
of the BRIEF, parent ratings of EF were also broadly normative among
the sample of 249 individuals whose N-back imaging data passed
quality control, with narrower standard deviations due to the non-in-
dependence of twins; T-score M (SD) [Range] for each of the indices,
reverse scaled so that, like the reading measures, higher scores re-
presented better executive functioning behavior, were as follows:
Initiate: 51.0 (9.3) [17–64]; Working Memory: 50.9 (9.3) [23–60];
Plan/Organize: 52.4 (7.4) [35–62]; and Monitor: 44.2 (5.1) [29–52].

2.4. Imaging analysis

After acquisition (SM 2), MRI images were preprocessed (SM 3.1)
with FSL version 5.0.8 (analysis group, FMRIB, Oxford, UK, http://
www.fmrib.ox.ac.uk/fsl/), quality controlled (SM 3.2) and went
through lower-level processing (SM 3.3).

2.4.1. Higher-level GLM analyses
Covariate effects reflecting individual differences in reading ability

(characterized by the reading factor score) and executive abilities
(characterized by the executive functioning factor score) were obtained
via a higher-level GLM. For statistical inference, we adopted a multi-
level block permutation method (Winkler et al., 2015) implemented in
FSL's PALM function (Winkler et al., 2014). Due to the gender differ-
ences reported in the literature, data from males and females were
treated as different variance groups, allowing separate estimation of
variance for each group (via the “vg” argument of PALM). In the design
matrix, EVs (explanatory variables or regressors) modeling average
activation and covariate of mental ability (EP factor scores for N-back
task and reading factor scores for reading task) were included for each
of the male and female groups separately. Standardized (Z-transformed)
age was included as a confounding EV for the covariate analyses. As
noted above, we also examined the effect of age in another analysis that
did not take individual differences in levels of abilities into account.

To account for non-independence due to the family structure of this
sample, nested exchangeability blocks were defined that restricted
permutations to the same family type. Specifically, during the
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permutation process, a twin pair as a whole can only switch places with
another twin pair of the same type (MZ or DZ). In addition, the two co-
twins within a twin pair can also switch places. In this manner, family
structure was accounted for without directly modeling these compli-
cated repeated-measures factors. 5000 permutations were performed.
Covariate effects averaged across males and females are reported.
Results of group average activations are reported in another paper
(Wang et al., 2019). This paper focuses on the reading- and executive-
related covariate effects.

We considered three methods for correction of voxel-wise multiple
comparisons across all voxels in the brain as well as multiple compar-
isons across multiple contrasts using the same data. In all cases p values
were determined through permutation testing at the voxel level using
the PALM tool in FSL, taking into account the twin structure in the data
via exchangeability blocks as described above. The three multiple
comparisons approaches were: family-wise error rate (FWER) correc-
tion at p < 0.05, false discovery rate error (FDR) correction at p <
0.05, and an uncorrected p < 0.005 voxel-wise threshold along with a
minimal cluster extent threshold of 10 voxels. None of the results sur-
vived the FWER correction, which can be quite conservative and of low
power (Logan and Rowe, 2004). The latter two methods yielded sub-
stantial significant results. The FDR threshold results are reported
throughout the manuscript, as it is a well-recognized method (Poldrack
et al., 2008).

2.5. Reliability analysis

Split-half reliability of the main and covariate effects were also
examined. For both the N-back and reading tasks, the samples were
divided into two sub-samples matched for reading ability, executive
ability, age and gender. Each co-twin was assigned to a separate sub-
sample so that there is no family structure within each group. Using the
same permutation procedure utilized for the main analyses, reliability
was defined as the voxel-wise correlation of the raw probability maps
between the two sub-samples (calculated via FSL command “fslcc”).

2.6. Examining the role of executive processes in individual reading ability

Three complimentary approaches were employed to examine the
neural correlates of domain-general executive processes that are pre-
dictive of individuals’ reading ability. Each method is explained in more
detail below.

2.6.1. Masking reading covariate effects with Neurosynth maps
First, we utilized the meta-analytic tool of Neurosynth (http://

www.neurosynth.org/; Yarkoni et al., 2011), which integrates in-
formation from hundreds of studies and covers a broad range of op-
erational definitions of specific concepts, to separate the executive- vs.
reading-specific components of reading ability-related brain activation.
Here we used reverse (rather than forward) inference maps from Neu-
rosynth in order to provide a selective map of activation related to a
specific mental operation. In contrast, forward inference maps show all
brain regions activated by a mental operation of interest, even if that
brain region (e.g., visual cortex) is activated by a myriad of operations.
We then used these two masks to determine which portions of the
reading covariate map are likely driven by reading-specific versus ex-
ecutive processes.

We utilized the 200-word topic sets extracted with a standard topic
modeling approach from the abstracts of all articles in the Neurosynth
database as of July 2015 (11,406 articles). We utilized topic 196 for
reading (N=314 studies) and topic 022 for executive aspects of
working memory (N=485 studies). Reverse inference maps for each of
these two topics were downloaded from the Neurosynth website. We
then determined which regions in the reading Neurosynth map (minus
those for the Neurosynth EF map) were activated in the reading cov-
ariate map. Regions identified by this process should be those regions in

the reading covariate map that are likely driven by reading-specific
processes. Similarly, the overlapping regions between the executive
topic Neurosynth map and the reading covariate results are likely
driven by executive processes.

2.6.2. Conjunction of covariate effects
The assumption for this analysis was that domain-general executive

regions should be important in predicting both reading ability and ex-
ecutive ability. The appropriate method to conduct a conjunction
analysis has been a topic of considerable debate. Nichols et al. (2005)
argued that all the comparisons in the conjunction should be in-
dividually significant, so that a proper null hypothesis of logical “AND”
is tested. However, Friston et al. (2005) suggested that such an ap-
proach results in “a very conservative procedure, particularly in the
context of multiple comparisons” and is “generally unnecessary”. We
therefore reported results under both standards. When applying the
later standard to identify such regions, we identified those regions that
were significant both in the map of brain activation during the reading
task that co-varied with reading ability and in the map of brain acti-
vation during the N-back task that covaried with executive ability. Each
map was individually thresholded at α < 0.0707 (square root of 0.005,
so that the conjunction effect has a significance level of 0.005; Friston
et al., 2005), binarized, and multiplied via FSL command “fslmaths” to
obtain common areas between the two maps. Local peaks of averaged T
values are reported for these common regions.

2.6.3. Covariate effect of executive ability in reading task
In the third approach, we examined the extent to which individuals

with different levels of executive ability demonstrate varying brain
activity during the reading task. Individuals’ executive ability, as as-
sessed by parent-rated executive functioning behavior, was entered into
the higher-level covariate GLM model of the reading task, which also
contained explanatory variables of age and the group average. The
same group-level analytical procedures from the other covariate ana-
lyses were applied.

3. Results

3.1. Behavioral results

Participants achieved a high degree of comprehension, as was re-
flected by an average accuracy rate of 85.5% (S.D.=16.6%) for the
picture-judging trials in the reading task. Moreover, reading ability, as
assessed by the reading factor score, was not related to accuracy on the
picture-judging trials, r(232)= 0.06, p= 0.40, suggesting that readers
with different levels of reading ability all exhibited similar levels of
comprehension on our neuroimaging reading task. The average hit rate
for repeated stimuli was 92.4% (S.D.=9.7%) and average false alarm
rate is 1.1% (S.D.=3.7%).

For the N-back task, accuracy in the 0-back condition (mean=
93.5%, S.D.=7.4%) was significantly higher than that in the 2-back
condition (mean= 91.0%, S.D. = 8.2%), t(601)= 4.21, p<0.001.

3.2. Main effects

The effects for the contrast of interest from each task are reported in
Wang et al. (2019), and the resulting maps are reproduced in the SM.
Patterns of main effects from the two tasks were robust and consistent
with patterns observed in the literature (SM 4). The typical language
network was activated in the reading task (SM Fig. 1), and the fronto-
parietal network was activated in the N-back task (SM Fig. 2). Split-half
reliabilities between the two subgroups for the reading task and the N-
back task main effects were 0.92 and 0.95, respectively.
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3.3. Covariate effects

As noted above, no results survived FWE correction (Winkler et al.,
2014), which can be overly conservative and of low power (Logan and
Rowe, 2004). Substantial amounts of activation were observed under
FDR correction at p < 0.05 (Fig. 1) and using uncorrected threshold of
p < 0.005 with a cluster extent threshold of 10 voxels. Here, we pri-
marily focus on the FDR corrected results.

3.3.1. Reading covariate effects
Activation in large areas of the bilateral ventral frontal and tem-

poral lobes exhibited a positive correlation with reading ability (i.e.,
greater reading ability was associated with greater activation). These
regions included the middle temporal gyrus, temporal pole, fusiform,
and orbital frontal gyrus (Fig. 1 left; SM Table 1). Negative relationships
between brain activation and reading ability (i.e., lower activation re-
lated to better reading ability) were found for dorsal portions of left
FEF, bilateral supplementary motor area, and the thalamus (Fig. 1 left;
SM Table 1). See SM Table 1 for a complete list of results. Split-half
reliability for the reading task covariate effect was 0.71.

3.3.2. N-back covariate effects
Areas where greater brain activation was correlated with better

executive functioning behavior included bilateral FEF, the left supple-
mental motor area, and a variety of other regions distributed across the
cortex (Fig. 1 right; SM Table 2). Negative covariate effects, in which
better executive functioning behavior was correlated with lower level
of activity, were observed in bilateral OFC, bilateral superior frontal
regions, and the cerebellum (Fig. 1 right; SM Table 2). Split-half re-
liability for the N-back task covariate effect was 0.77.

3.3.3. Age effects
In the reading task, older adolescents showed greater activation in

bilateral OFC, as well as decreased activation in postcentral gyrus, su-
perior parietal lobe, and the insular and occipital cortex (Fig. 2 and SM
table 3). In the N-back task, older adolescents demonstrated greater
activation in the left postcentral and precentral gyrus, right fusiform
gyrus, and portions of middle and posterior cingulate cortex, as well as
decreased activity in left FEF, cerebellum, and precuneus (Fig. 3 and SM
table 4). Of note, this age-related left FEF region overlapped with the
executive regions associated with reading ability (see below).

3.4. Examining the role of executive processes in individuals’ reading ability

3.4.1. Masking reading covariate with Neurosynth maps
Masks generated with the Neurosynth reverse inference topic maps

were applied to the reading covariate effect map to isolate domain-
general executive regions and reading-specific regions. The only region
that was identified when masked by the Neurosynth map for executive
function was a portion of the FEF, for which higher activation was as-
sociated with reduced reading ability (Fig. 3 left; SM Table 5). The
regions identified in the reading covariate map identified when masked
by the Neurosynth map for reading included in the left middle temporal
gyrus, orbital frontal gyrus, fusiform, and temporal pole, in which
greater activation was associated with better reading ability (Fig. 3
right; SM Table 5).

3.4.2. Conjunction of covariate effects
Significant results were observed only under the threshold proposed

by Friston et al. (2005). The conjunction of the reading covariate effect
(of reading ability) and the N-back covariate effect (of executive ability)

Fig. 1. Covariate effects reflecting brain activation correlates of reading ability (left) and executive control ability (right). Regions in red exhibited a positive relation
with ability (i.e., greater activation, greater ability), whereas regions in cyanshowed a negative relation with ability (i.e., less activation, greater ability). All depicted
effects passed voxel-wise FDR correction (p < 0.05) for multiple comparisons (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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revealed regions whose activity is predictive of both reading and ex-
ecutive behavior and may therefore be domain-general in nature. Re-
gions revealed by the conjunction method are displayed in Fig. 4 and
SM Table 6. Most of these regions demonstrated less activation with
better reading ability and more activation with better executive ability.
They included the left FEF, bilateral supplementary motor area, and
right thalamus. Other notable conjunctions were observed for regions
that showed greater activation with better reading ability and less

activation with better executive ability. These included bilateral sup-
plementary motor area, left middle temporal gyrus, and left cerebellum.

3.4.3. Covariate effect of executive ability in reading task
This covariate analysis captures regions that were differentially

employed by adolescents with different executive abilities in the con-
text of the reading task. Adolescents with higher executive ability
showed lower levels of activation in FEF, DLPFC and medial aspects of

Fig. 2. Covariate effects reflecting brain activation correlates of age in the reading (left) and N-back tasks (right). Regions in red have a positive relation with age
(greater activation, older age), whereas regions in cyan have a negative relation with age (less activation, older age). All effects depicted passed voxel-wise FDR
correction (p < 0.05) for multiple comparisons (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article).

Fig. 3. Reading covariate effects masked by
Neurosynth topic maps of executive processes
(left) and reading comprehension (right).
Regions in red showed a positive relation with
ability (i.e., greater activation, greater ability),
whereas regions in cyan had a negative rela-
tion (i.e., less activation, greater ability).
Scatter plots show reading ability versus per-
cent signal change (averaged over a 10mm
sphere centered at the local peak) of the
reading comprehension contrast in the reading
task for the three regions with relatively large
cluster sizes (highlighted in blue and red cir-
cles) (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article).
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orbital frontal gyrus (Fig. 5 and SM Table 7) during reading. Higher
executive ability was also associated with greater activation in ventral
and posterior aspects of the inferior temporal gyrus, including the vi-
sual word form area, as well as lateral and medial aspects of the occi-
pital lobe during reading.

3.5. Correlational analysis of behavioral performance and FEF activity

We subsequently performed a correlational analysis of the re-
lationships between behavioral performance and left FEF activity,
which our results convergently indicated to reflect executive processes
associated with reading ability. Results showed that overall reading and
executive skills, as reflected by factor scores, are both correlated with
one another and related to FEF activity, thereby corroborating the
above imaging analyses (Table 1). Overall, both factor scores were
correlated with in-scanner performance. Performance on the two in-
scanner tasks were also correlated with one another. Age was also re-
lated to the speed of response to repeated stimuli in the reading task.

4. Discussion

To better our understanding of neural mechanisms of individual
differences in reading during adolescence, we identified brain regions
whose activity is associated with individual differences in reading
ability. In addition, we then isolated the regions whose level of activity
are predictive of individual’s reading ability that are likely supported by
domain-general executive processing as compared to domain-specific
reading processing. We observed that proficient readers, as compared to
poor readers, tended to show less activation in the left FEF, left SMA,
and left thalamus. At the same time, proficient readers tended to show
greater activation in the anterior, ventral, and middle parts of the left
temporal lobe, as well as orbital frontal regions. Converging evidence
from the three approaches used in the current study suggested that
activation in the FEF is reflective of executive processes, whereas
temporal and orbital frontal activation tended to reflect reading-specific
processes.

Given that participants across the spectrum of reading ability
reached similar levels of understanding during the fMRI reading com-
prehension task, we interpret their differing patterns of brain activation
as likely reflecting differences in their cognitive processing during the
reading of simple passages. More extensive inferior temporal lobe ac-
tivation, including the VWFA, was observed for higher-level readers.
Since these regions are known to be specialized in word-level proces-
sing, these results suggest that adolescents with higher reading ability
rely more on these reading-specific regions while reading, perhaps re-
flecting increased efficiency and/or modularity within these regions.
Meanwhile, proficient readers’ activation in executive regions (i.e., FEF,
across three approaches, and DLPFC [Fig. 5]) was reduced, which may
be indicative of less reliance upon higher-level executive resources.

In contrast, poorer readers may be less efficient at engaging reading-
specific processes and instead rely upon executive processes to achieve
adequate comprehension. Interestingly, activation of that same left FEF
region that was linked to level of reading ability appears to also un-
dergo developmental changes during adolescence, as the age effect on
the N-back task revealed reduced FEF utilization among older in-
dividuals. Overall, these patterns of activation support the hypothesis
that brain regions involved in both executive and reading-specific
processes are important for reading comprehension. However, they also
indicate that the degree of involvement of regions involved in executive
processing may be related to the efficiency of reading-specific pro-
cesses, as reflected by an individual’s reading ability.

This pattern echoes findings from a recent attempt to correlate
reading ability with multivariate brain patterns during a reading task.
Ryherd et al. (2018) found that reading ability was related to a brain
pattern that loaded positively on activity in regions supporting passage
comprehension, including the left fusiform, angular gyrus, and left

Fig. 4. Conjunction of the reading and N-back covariate effects. “+”= positive
covariate effect. “-” = negative covariate effect. Thus, “Read+ & N-back+”
shows the common regions between the positive reading covariate effect and
the positive N-back covariate effect.

Fig. 5. Covariate effects reflecting brain activation correlated with executive
ability in the reading task. Regions in red have a positive relation with ability
(i.e., greater activation, greater ability), and regions in cyan have a negative
relation with ability (i.e., less activation, greater ability). All depicted effects
passed voxel-wise FDR correction (p < 0.05) for multiple comparisons (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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anterior and inferior temporal gyrus, but loaded negatively on activity
in traditionally executive regions, such as DLPFC and anterior cingulate
cortex. Our study further suggests the possibility that poorer readers
may utilize executive processes in order to compensate for their com-
paratively inefficient reading-specific processes. However, there seems
to be a limited extent to which executive processes can facilitate
reading, as no such pattern is observed across studies examining brain
activation in dyslexic readers (Norton et al., 2015; Richlan et al., 2009).

A separate age-effect analysis revealed changes in reading- and
executive-related brain activity that were at least partially attributable
to maturation. During reading, older participants showed less activity
in parietal, occipital, and insular regions, which are typically involved
in sensory processing and integration. Older adolescents also demon-
strated increased activity in orbital frontal regions that have been as-
sociated with memory processes, specifically generalizing information
across distinct events (Zeithamova et al., 2012). Greater activation of
this region may allow information processed during reading tasks to be
linked more efficiently with previously acquired information, thereby
aiding current comprehension.

Among the reading-specific regions identified by the Neurosynth
approaches, the roles of the left fusiform and anterior temporal lobe are
relatively well-established. The former is related to word form decoding
(Dehaene and Cohen, 2011; McCandliss et al., 2003) and the latter is
involved in access to semantic memory (Patterson et al., 2007; Pobric
et al., 2007). Though often considered as parts of the language network
(Ferstl et al., 2008a,b; Friederici and Gierhan, 2013), the specific roles
of the left middle temporal gyrus and pars orbitalis of the left inferior
frontal gyrus are less clear. Several recent studies have shown that these
regions are critical for tasks that require making semantic decisions at
the single-word level (Davey et al., 2016; Noonan et al., 2013; Whitney
et al., 2011). Activation in the middle temporal gyrus may therefore be
related to semantic access as well, much like the anterior temporal lobe,
but at a lower (i.e., single-word) level. Lastly, pars orbitalis of the left
inferior frontal cortex is considered to be important during higher-level
language comprehension (Price, 2012; Saur et al., 2008).

Another noteworthy aspect of our results is that brain regions sup-
porting a particular aspect of cognition, such as executive function, may
not be the same regions that are sensitive to individual differences in
levels of that cognitive ability. In a previous study, we used this same
data set to examine brain regions underlying domain-general executive
processes via a conjunction analysis of group main effects across the
same reading comprehension and N-back tasks, as well as a number
estimation task (Wang et al., 2019). The inferior frontal junction,
VLPFC, and an inferior portion of the precentral gyrus were shown to be
important for domain-general executive processes across these three
tasks. In contrast, as shown in Fig. 2 (right-hand side), the executive
regions identified in the current study are different than those identified
in our previous analysis of this data. This finding suggests that brain
mechanisms underlying individual differences in a cognitive domain

may differ from the mechanisms that are engaged consistently across all
individuals (Yarkoni and Braver, 2010).

As an important caveat, the executive process of working memory
focused on in this study should not be confused with working memory
capacity (WMC), which refers to the amount of information that can be
temporarily held on-line for processing. It has been suggested that the
process of reading can benefit from larger WMC (Just and Carpenter,
1992). Ideally, measurement of WMC should be relatively pure, without
additional processing requirements, such as occurs in the digit span
task, in which individuals are presented with a sequence of numerical
digits and asked to recall them in order. However, multiple studies have
used more complex span tasks to assess WMC that involve additional
operations as well. One such task, the reading span task, requires par-
ticipants to read aloud a series of sentences and then recall the final
word of each sentence. It had been suggested that in addition to WMC,
reading skill is also a major component of performance on the reading
span task (Farmer et al., 2012; MacDonald and Christiansen, 2002).
This task may therefore be suboptimal for assessing the relationship
between reading ability and WMC. Studies where “pure” WMC was
measured, (e.g., a forward digit span task or a word span task), typically
find minimal or no correlation between reading ability and WMC
(Daneman and Carpenter, 1980; Daneman and Merikle, 1996). Execu-
tive processes of working memory, however, have been found to predict
unique variance in reading ability after controlling for WMC (Swanson
and Howell, 2001).

4.1. Limitations and future directions

When interpreting the findings of the current study, some limita-
tions must be kept in mind. First, while significant, the covariate effects
reported in this study are generally of moderate effect size and can only
explain a limited amount of variance in reading ability. This may be a
general limitation of the precision of imaging studies involving in-
dividual differences, potentially due to variations in the degree and
extent of brain activation across individuals. Second, the parent-rated
measures used to create executive covariate scores are more reflective
of real-world executive behavior than task-based measures of executive
functioning (Toplak et al., 2013). Given that performance-based and
parent-rated measures of executive processes assess somewhat different
constructs (Mahone et al., 2002; Toplak et al., 2009), future studies
would benefit from adopting a more extensive battery of executive
function tests to both more fully capture various aspects of executive
processes and permit comparison of these measures’ utility. Third, we
might have observed a different pattern of results if we had used a more
taxing reading comprehension task. More specifically, the task we used
may not have been challenging enough to tax good readers’ executive
processes. An interesting follow-up would be to test the relationship
again with a more challenging task in which readers of differing ability
demonstrate different levels of comprehension. In that case, activation

Table 1
Correlations of performance across behavioral tasks, FEF activity, and age.

EF_fs Read_fs L_FEF age 0-back_acc 2-back_acc Read_acc Read_rpt

EF_fs
Read_fs 0.36**

L_FEF −0.16* −0.19**

age 0.01 −0.11 −0.05
0-back_acc 0.02 0.11 0.02 0.12
2-back_acc 0.17** 0.30** −0.07 0.09 0.70**

Read_acc 0.11 0.22** −0.08 −0.01 0.14* 0.16*

Read_rpt 0.30** 0.22** −0.06 0.16* 0.17* 0.36** 0.25**

Note. EF_fs, factor score of executive ability; Read_fs, factor score of reading ability; L_FEF, percent signal change of FEF (10mm sphere centered on [-36, -6, 50])
from the reading task; 0-back_acc, accuracy of 0-back trial; 2-back_acc, accuracy of 2-back trial; Read_acc, accuracy of picture judging trials in the reading task;
Read_rpt, hit rate of repeated trials in the reading task.
* p < 0.05.
** p < 0.01.
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in executive control regions might show a positive relationship with
reading ability, as opposed to the negative relationship observed in the
present study. Finally, while our sample did contain some twin pairs,
the current sample size was underpowered for a formal twin design
analysis. Follow-up studies with larger sample sizes would better enable
estimation of the heritability of the effects reported in this study. Such
studies would also afford insight into which components of the ob-
served individual difference effects are more likely to be influenced by
genes as compared to the environment.

5. Conclusion

The present study provides insights into the neural and cognitive
basis of individual differences in reading performance among adoles-
cents using a variety of converging approaches. In general, our results
suggest that proficient readers tend to engage neural mechanisms
supporting lower-level reading-specific processing skills, such as word-
form decoding (via VWFA) and semantics (via middle and anterior
temporal regions), which perhaps results in more automated reading.
This engagement may preclude their need to employ additional ex-
ecutive resources, as indicated by reduced activity in the left FEF.
Conversely, poor readers appear to require more top-down executive
resources to ensure successful reading comprehension. The educational
and clinical implications of these results may be that while it is im-
portant to develop specific reading skills, especially at earlier ages, it
may be equally or even more important to somehow train, enhance, or
scaffold the necessary executive processes for later adolescent readers
who do not excel in reading.
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