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Abstract

To understand mental self-government of the developing reading and writing brain, correlations of clustering coefficients on fMRI reading or writing tasks with
BASC 2 Adaptivity ratings (time 1 only) or working memory components (time 1 before and time 2 after instruction previously shown to improve achievement and
change magnitude of fMRI connectivity) were investigated in 39 students in grades 4 to 9 who varied along a continuum of reading and writing skills. A Philips
3T scanner measured connectivity during six leveled fMRI reading tasks (subword—letters and sounds, word—word-specific spellings or affixed words, syntax
comprehension—with and without homonym foils or with and without affix foils, and text comprehension) and three fMRI writing tasks—writing next letter in
alphabet, adding missing letter in word spelling, and planning for composing. The Brain Connectivity Toolbox generated clustering coefficients based on the cingulo-
opercular (CO) network; after controlling for multiple comparisons and movement, significant fIMRI connectivity clustering coefficients for CO were identified in
8 brain regions bilaterally (cingulate gyrus, superior frontal gyrus, middle frontal gyrus, inferior frontal gyrus, superior temporal gyrus, insula, cingulum—cingulate
gyrus, and cingulum—hippocampus). BASC2 Parent Ratings for Adaptivity were correlated with CO clustering coefficients on three reading tasks (letter-sound, word
affix judgments and sentence comprehension) and one writing task (writing next letter in alphabet). Before instruction, each behavioral working memory measure
(phonology, orthography, morphology, and syntax coding, phonological and orthographic loops for integrating internal language and output codes, and supervisory
focused and switching attention) correlated significantly with at least one CO clustering coefficient. After instruction, the patterning of correlations changed with new
correlations emerging. Results show that the reading and writing brain’s mental government, supported by both CO Adaptive Control and multiple working memory
components, had changed in response to instruction during middle childhood/early adolescence.

Introduction Levels of language in the reading brain

The current study is part of programmatic, interdisciplinary Much prior research on the reading brain analyzed BOLD response
research on the multiple levels of language in the reading brain aswellas ~ in a region of interest (ROI). However, increasingly fMRI connectivity
the transcription (handwriting and spelling) and translation processes is being employed from seeds (RO1’s) of interest with other brain
(for conversion of thought into written language) in the writing brain, ~ Fegions. See [1] f_or' a meta-analysis of seeds for written words that
The current study drew upon this prior brain research based on (a) identified left occipital temporal gyrus, left supramarginal gyrus, and
fMRI functional connectivity across the escalating, cascading levels of left inferior frontal gyrus. See [2] for a seed in the rich C.lu,b of the
language (subword, word, syntax, and text) of the reading brain and the huma.n connectome, the left precuneus. An fMRI connectlYlty study
transcription and translation processes in and out of the scanner of the exarplne(i lconnectlvlljty from tl}ese four seeds for coﬁltvrasémglle\{els
writing brain; and (b) fMRI clustering coefficients in the reading brain (unéts) © d ang; de. ece'tu(s; p ; IOIi assdessmen.t (lfs?grcl énﬁ cveloping
and the writing brain, informed by graph theory and prior research readers identified intraindividual and Interindividual differences In
on the cingulo-opercular (CO) network regarding adaptive control
in learning, both before and after instructional intervention. The
current study also drew upon assessment studies and family genetics
research on developing learners with and without written language
learning disabilities that validated behavioral measures of the multiple Key words: Brain’s Self Government, Graph Theory Clustering Coefficients,
components of working memory supporting learning to read and Cingulo-Opercular Network, Adaptive Control in Language Learning, Working
write. This grounding in prior research and rationale for extending that ~ Memory Components in Language Learning
research in the current study is explained in the text that follows. Received: July 01, 2017; Accepted: July 28, 2017; Published: July 31, 2017
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levels of language in reading [3,4]. In this fMRI connectivity study, two
sets of leveled language tasks for reading (Set 1 subword grapheme-
phoneme, word-specific spelling, syntax with and without homonym
foils related to word-specific spellings, and multi-syntax text; Set 2
subword grapheme-phoneme correspondence, word with or without
true affixes, syntax with and without affix foils, and multi-syntax text)
were analyzed. Common and unique fMRI connectivity from the
four seeds (left occipital temporal gyrus, left supramarginal gyrus,
left inferior frontal gyrus, and left precuneus) were identified across
adjacent levels of language in both Sets 1 and 2 of the reading brains of
typical language learners and students with specific learning disabilities
in reading during middle childhood and early adolescence; but the
unique connectivity was not the same for each level of language [5].

Considering the complexity of such a multi-leveled reading brain
and the emerging research showing the complexity of the human
connectome [6], the next step in the programmatic research was to
apply complex network analysis based on graph theory to identify
clustering coefficients within the reading brain. To apply complex
network analysis/graph theory analysis, as described in Rubinov and
Sporns [7], graphs were constructed for the whole brain, and then
clustering coefficients of nodes belonging to a specific functional
network referred to as the cingulo-opercular (CO) network were
extracted for further analysis. A well-established literature indicates
that a CO system of bilateral cingulate, inferior frontal, and anterior
insula regions monitors performance and evaluates implementing
cognitive control for learning including language learning, for example,
aural word recognition [8]. This approach to analyzing the highly
interconnected reading brain based on previously identified clustering
coeflicients at time 1 before instructional intervention and time 2 after
instructional intervention showed the reading brain’s response to
instruction (RTI) that involved changes in patterns of connectivity [9].

Transcription and translation processes of the writing brain

Likewise, research on the writing brain is transitioning from use of
only fMRI BOLD studies of RO1’s associated with specific writing or
writing-related functions to include fMRI connectivity studies as well.
Both transcription (handwriting and spelling) and translation (e.g.,
planning to express thoughts in written language), which cognitive
writing research has shown are important in writing acquisition [3],
have been studied in brain imaging studies [10]. For example, Wallis
et al. (2017) studied the fMRI connectivity for transcription and
translation during scanning and its relationships to the coded
transcription and translation during written composing after
scanning [11].

Again, given the complexity of the writing brain and the emerging
human connectome paradigm, complex network analysis/graph
theory analysis, as described in Rubinov and Sporns [7], has also
been applied to study the writing brain during middle childhood
and early adolescence in students with and without specific learning
disabilities. Writing brain graphs were constructed for the whole brain,
and then clustering coefficients of nodes belonging to the cingulo-
opercular (CO) network were extracted for further analysis before and
after instructional intervention. The clustering coefficients at time 1
before instructional intervention changed at time 2 after instructional
intervention, providing evidence for writing brain’s RTI [15].

Extending prior research on complex reading brain and
complex writing brain

The current study was designed to extend the prior research on
the complex reading brain and complex writing brain in two ways. To
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begin with, of interest was whether the parent ratings for Adaptivity
on the BASC 2 Behavior Assessment System for Children [12] were
correlated with the clustering coefficients related to the CO network
for adaptive control. The BASC 2 Adaptivity Parent Ratings have
been validated for their relationships to scholastic achievement in
prior studies [12] and for students with and without specific learning
disabilities during middle childhood and early adolescence [13]. Also a
five-year longitudinal study has shown that parent reports about their
children’s reading and writing at home are related to their reading and
writing achievement at school [14]. If the parent ratings of Adaptivity
collected at Time 1 prior to instructional intervention were correlated
with clustering coefficients of significant magnitude, then that would
lend additional validity to the claim that the CO network is involved in
adaptive control for language learning.

In addition, of interest for the current study was not whether
clustering coefficients in the functional networks of the reading brain
and the writing brain had changed in response to instruction, which
had already been studied [9,15], but rather how the mental self-
government for self-regulation of the complex reading brain and the
complex writing brain may have changed in response to instruction.
Given the complexity of the reading brain and the writing brain and the
complexity of the human connectome in general, of interest was how
the brain manages this complexity both before and after instruction
aimed at the multiple levels of language in the reading brain and the
transcription and translation processes of the writing brain [16,17]. Of
interest was which specific behavioral measures of executive functions
for self-regulation would be related to significant clustering coefficients
at time 1 and which behavioral measures of executive functions for self-
regulation would be related to significant clustering coefficients at time
2. At issue was whether the significant correlations would be the same
at time 1 and time 2 and not whether they would change significantly
in magnitude from time 1 to time 2.

On the one hand, clustering coefficients for the nodes in the CO
network [8] were of interest because the CO network is one of the
reproducible functionally connected resting-state networks and is
thought to be involved in cognitive control, that is, detecting errors
during task performance [18], thereby signaling possible need for
cognitive strategy adjustment [19]. The strength of the within-network
CO connectivity predicts cognitive performance [20-22] of tasks
involving top-down control [23], facilitating the maintenance of task-
relevant goals, and adjusting behavior based on error information [24].

On the other hand, also of interest was whether the clinical
behavioral measures of working memory components validated in
prior interdisciplinary research (family genetics and brain imaging)
were significantly correlated with clustering coeflicients for the fMRI
reading tasks and fMRI writing tasks. Changes in these behavior-brain
correlations for levels of language in reading and for transcription
and translation in writing from before to after instruction would have
implications for how the self-government of the complex reading
brain system and the complex writing brain system might change
in response to instruction. Chomsky (1965) [25] called attention
to the role of syntax in language learning, but more recent research
has identified other components in addition to syntax coding of
accumulating words in working memory supporting language
learning: phonology, orthography, and morphology coding (storing
and processing words), phonological loop and orthographic loop for
integrating internal language codes with motor output codes (mouth
or hand, respectively), and attention/executive functions for focusing
attention and switching attention [4,26]. The phonology, orthography,
and morphology components are relevant to learning to read and spell
English morphophonemic orthography [27,28].
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Research aims and hypotheses

Research Aim 1: The first aim was to evaluate correlations between
the parent ratings of adaptivity (given only at time 1, before the
instructional intervention) and the clustering coefficients in the CO
network. The hypothesis was tested that there would be significant
correlations because that network is involved in adaptive control of
language learning.

Research Aim 2: The second aim was to evaluate both before (time
1) and after (time 2) instructional intervention the significance of
correlations between the working memory measures and the fMRI
clustering coeflicients, which had first been shown to be of statistically
significant magnitude. Results were used to test two hypotheses.
The first hypothesis was that before instruction, correlations would
be significant between each of the behavioral measures of working
memory involved in language learning, and at least one clustering
coeflicient within the CO Network. The second hypothesis was that
some of the correlations at time 1 would not be observed at time 2 or
correlations not observed at time 1 would emerge at time 2 because the
mental self-government of the language learning brain can change in
response to instruction.

Methods
Study design

At time 1 before instructional intervention, all students, who
were in grades 4 to 9, completed an assessment battery for oral and
written language achievement and component working memory
skills for language learning while parents completed BASC 2 parent
ratings of their child’s Adaptivity [12]. At time 2 after the instructional
intervention, students completed the assessment battery with working
memory measures again, but parents did not complete BASC 2
Adaptivity ratings again. Both at time 1 and time 2, students completed
fMRI functional imaging. One unique feature of the instructional
intervention was teaching all levels of language close in time to create
functional reading systems and writing systems: subword letter
production and subword and word-level phonological, orthographic,
and morphological awareness; word reading/decoding and word
spelling/encoding; syntax comprehension and syntax construction [17].
Another unique feature was teaching transcription skills (handwriting
and spelling) and strategies for generating the next sentence and the
evolving multi-sentence text close in time [16,29].

Participants

Altogether 42 upper elementary and middle school participants (22
males and 20 females; grades 4 to 9; average age 11 years 10 months)
participated in brain imaging before and after they completed 18 lessons
of specialized writing and reading instruction. Ethnicity was primarily
European American (80.5%), but also Asian American (4.9%), and
other/mixed (14.6%). Parents’ level of education ranged from less than
high school (mothers, 0%; fathers 2.4%), to high school (2.4%, mothers;
2.4% fathers), to more than high school, less than college (7.1%,
mothers; 9.5%, father), to college (42.9%, mothers, 33.3%, fathers), to
more than college (47%, mothers; 45%, fathers).

Methods

Structural and functional brain scanning procedures

All scans were acquired at the Diagnostic Imaging Sciences Center
in collaboration with the Integrated Brain Imaging Center and had
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Institutional Review Board approval. Functional magnetic resonance
imaging (fMRI) connectivity scans were obtained on a Philips
3T Achieva scanner (release 3.2.2 with the 32-channel head coil).
Participants practiced lying still before entering the scanner and were
instructed to lie still throughout the scanning. They also practiced the
tasks before scanning and were required to achieve 90% accuracy to
continue participation to ensure that the brain imaging results did not
reflect inability to do a task.

Each participant was screened for MRI safety before entering the
scanner. Physiological monitoring was performed using the Philips
pulse oximeter placed on an index finger for cardiac recording, and
respiration was recorded using the Philips bellows system where
the air-filled bellows pad was placed on the abdomen. Head-
immobilization was aided by using an inflatable head-stabilization
system (Crania, Elekta).

The following MRI series were acquired before the reading tasks:

1) 3-plane scout view with gradient echo pulse sequence: TR/TE
9.8/4.6 ms; Field of view 250 x 250 x 50 mm; acquisition time 30.3 s;
2) reference scan (used in parallel imaging) with gradient echo pulse
sequence: TR/TE 4.0/0.75 ms; Field of View 530 x 530 x 300 mmy;
acquisition time 44.4 s; 3) resting state fMRI scan with echo-planar
gradient echo pulse sequence (single shot): TR/TE 2000/25 ms; Field
of view 240 x 240 x 99 mm; slice orientation transverse, acquisition
voxel size 3.0 x 3.08 x 3.0 mm; acquisition matrix 80 x 80 x 33; slice
thickness 3.0, SENSE factor in the AP direction 2.3; epi factor 37;
bandwidth in the EPI frequency direction 1933 Hz, SoftTone factor 3.5,
sound pressure 6.1 dB, 180 dynamic scans; 5 dummy scans; fold-over
direction AP, acquisition time 6:14 min/s; 4) BO field map imaging
with gradient echo pulse sequence and 2 echoes: TR/TE 11/6.3 ms;
delta TE 1.0 ms; slice orientation transverse, Field of view 240 x 240 x
129 mm; voxel size 1.5 x 1.5 x 3.0 mm; acquisition matrix 160 x 160 x
43, output image magnitude and phase, acquisition time 2:29 min/s; 5)
MPRAGE structural scan: TR/TE 7.7/3.5 ms, Field of view 256 x 256
x 176 mm, slice orientation sagittal, voxel size 1 x 1 x 1 mm, inversion
pulse delay 1100 ms, Sense factor 2 in the AP direction, acquisition
time 5:33 min/s. 6) fMR during the reading tasks: same parameters as
with Resting State fMRI described above except with dynamic scans
396, acquisition time 13.26 min/s; and 7) fMRI duing the writing
tasks: same parameters as with Resting State fMRI described above
except with dynamic scans 387, acquisition time 13.08 min/s. First the
reading fMRI tasks and then the writingfMRI tasks were completed as
described next.

fMRI reading tasks

Unlike an on-off paradigm typically used in fMRI BOLD studies
in which a target condition is compared to a resting state or control
condition, the current study employed a cascading levels of language
paradigm, which has ecological validity for real world reading in
which the reader’s mind/brain has to process language levels (units)
of increasing size from subword to word to sentence/syntax to multi-
sentence text to read a passage. Two sets of tasks each cascading in these
levels (units) of language were included that contrast in properties of
single words and sentences with or without word foils: Set 1 Tasks 1,
2, 3, and 6; Set 2, Tasks 1, 4, 5, and 6. The task was always to press a
yes or no button to render a judgment about the stimulus presented in
each condition. Participants were instructed to look at a fixation cross
(no reading task, resting condition; 180 timepoints) or to complete
a specific reading task. Because each participant had to achieve 90%
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accuracy on each task before entering the scanner and it is known that
it is difficult for students with SLDs to pay attention to language over
time [30], to ensure continuous cognitive engagement, each reading
task was presented with self-paced advancing of stimuli (for two
minutes; 960 timepoints).

Task 1 subword grapheme-phoneme judgments. Each pair is
constructed from a single letter or letter group. The participant was
instructed to think about the small sounds that could go with a pair of
single letters, a pair of a single letter and a letter group, or a pair of letter
groups and then press yes if each letter and/or letter group in that pair
presented on the screen can stand for the same sound or #o if cannot
stand for the same sound. Example of yes pair is “c” and “s”. Example
of no pair is “d” and “m”.

Task 2 lexical judgments about correct spellings. The participant was
instructed to press yes if the written word on the screen was a correctly
spelled real word, but press no if the written word on the screen was
not a correctly spelled word, even though when pronounced it sounds
like a real word. Example of a yes item is “bus.” Example of a no item, a
homonym to the real word “ear”, is the foil “eer.”

Task 3 syntactic judgments with and without homonym foils. The
participant was instructed to press yes if the sentence could be a real
sentence that is meaningful because all the words are spelled correctly
and make sense in the sentence, but to press no if the sentence was not
meaningful because all the words do not make sense in the sentence.
Each sentence was presented for 3 seconds. The “no” items differed from
the “yes” items by only one word which was a homonym foil. This is an
example of a yes sentence: “The bee, which buzzes, can sting you.” This is
an example of a no sentence: “The bee, witch buzzes, can sting you.”

Task 4 lexical judgments about true or fake affixes. The participant
was instructed to press yes if the word has a true affix, but to press no if
the word has the same spelling as an affix but was not an affix. This is an
example of a yes item: “untie”. This is an example of a no item: “under”.

Task 5 syntactic judgments with and without affix foils. The
participant was instructed to press yes if the bolded word could fit the
sentence and the sentence was meaningful. This is an example of a yes
item: “He was unfit physically.” This is an example of a no item: “He
was unfitted physically.”

Task 6 multi-sentence text judgments. The participant was instructed
to read each of the four sentences that will appear on the monitor one
at a time and then press yes if the fifth sentence is true based on the
four prior sentences read, or no if it is false. Five written sentences were
presented on the monitor one at a time (each presented for a constant
time interval). The last sentence was always a statement about the text
accumulated so far that can be answered true (yes) or false (no).

Example set for a “true” response follows:
Sentence 1: John handed Bill a note.
Sentence 2: It was from Sarah.
Sentence 3: Sarah had written that she wanted to talk to Bill.
Sentence 4: Bill frowned when he read the note.
Sentence 5: True or False? (press key to answer)
Bill was not pleased with what Sarah had written. (True)
Example set for a “false” response follows:
Sentence 1: Tomorrow is the day of the picnic.

Sentence 2: If it rains, the picnic will be cancelled.
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Sentence 3: Amy listens to the weather report.
Sentence 4: She hopes it will rain.
Sentence 5: True or False? (press key to answer)

Amy wants to go to the picnic. (False)

fMRI writing tasks

During the fMRI writing tasks, a mirror system enabled the
participant in the scanner to see the instructions and task on a screen.
It was possible to study writing during imaging by using an MRI-
compatible stylus, which allows participants to write while in the
scanner and stores what they write concurrently and is registered in
time with the fMRI data acquisition for subsequent analyses [31].
Two kinds of transcription tasks were included—one involving only
sublexical handwriting and one involving lexical spelling. One kind
of translation task was included (planning). A resting condition was
analyzed in some of the prior fMRI connectivity studies [32] before
the clustering coefficient graph analyses; this condition is thought to
involve self-guided thinking during mind wandering [33]. However,
it was not included in the current study because it does not involve
an experimenter designed task nor is it hypothesized to be related to
adaptive control or the working memory components in the language
learning mechanism. The tasks and writing pad recordings were all
programmed, timed, and coordinated with the scanner triggers using
E-prime and in-house LabView software. During the fMRI writing
tasks the same parameters were used as with the resting condition for
fMRI reading tasks but with 387 dynamic scans, total acquisition time
13:08 min/s.

fMRI alphabet writing task. The participant was instructed to write
the letter that follows a visually displayed letter in alphabet order.
There were 6 seconds of instruction for the alphabet task. The alphabet
writing task lasted for 4 minutes and was self-paced. After the visual
display of the first letter, the participant wrote the next letter in the
alphabet. When the participant lifted the pen off the tablet, the next
visual display appeared, and the process repeated until the 4 minutes
were completed.

fMRI spelling fill in letter task. The participant was instructed to
fill in the blank in a visually displayed letter string to create a correctly
spelled word. There were 6 seconds of instruction for spelling, followed
by the spelling task that lasted for 4 min and was self-paced. After
the first visual display, the participant wrote a letter in the blank to
complete the word spelling. When the participant lifted the pen oft the
tablet, the second visual display appeared, and the process repeated
until the 4 minutes were completed.

fMRI planning task. Just before exiting the scanner, the participant
was instructed through ear phones to begin planning a composition
to be written by pen and paper outside the scanner. The topic was
advice to astronauts about writing while traveling in outer space. After
scanning during planning was completed, the participant exited the
scanner and wrote the composition on that topic with pen and paper.

Functional connectivity analyses

Functional images were corrected for motion using FSL MCFLIRT
[34], and then high-pass filtered at sigma = 20.83 (in units of fMRI
volumes, not seconds). Average motion score (mean absolute
displacement) was computed for each participant. Spikes were identified
and removed using the default parameters in AFNI’s 3dDespike.
Slice-timing correction was applied with FSL’s slicetimer and spatial
smoothing was performed using a 3D Gaussian kernel with FWHM =
4.0 mm. Time series motion parameters and the mean signal for eroded
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(1 mm in 3D) masks of the lateral ventricles and white matter (derived
from running FreeSurfer’s recon-all on the T1-weighted image) were
analyzed. For each participant average motion score (mean absolute
displacement) was used to decide whether to keep the fMRI data or
throw it out (greater than one voxel size 3.0 mm was the threshold to
exclude). Data were also excluded if the standard motion regressors
were unable to take out the effects of motion.

Co-registration of functional images to the T1 image was
performed using boundary-based registration based on a white matter
segmentation of the T1 image through epi_reg in FSL. The MPRAGE
structural scan was segmented using FreeSurfer software; white matter
regressors were used to remove unwanted physiological components.
Software was written in gfortran to compute a 68 x 68 correlation
matrix which was used in the Brain Connectivity Toolbox. This 68 x 68
correlation matrix was made by finding the cross correlation between
the fMRI time series signal between brain regions where each of the 68
brain regions was found using the cortical regions of the MORI atlas
[35]. This atlas contains 176 brain regions as shown in http://www.
splharvard.edu/publications/item/view/1883. A provided file called
JHU_MNI_SS_ WMPM_Type-I_SlicerLUT.txt contains 176 brain region
names, but only the 68 cortical regions of the brain related to the specific
aims of the current study were used for the analyses. See Appendix.

The individual space of the fMRI scan was co-registered to this
atlas using FSL FLIRT software. Then to investigate the nodes of the
CO network, 16 regions of significant fMRI connectivity bilaterally
were identified all of which were previously shown to be significant
for multiple comparison corrections as processed using FSL software
randomise: left and right cingulate gyrus, left and right superior frontal
gyrus, left and right middle frontal gyrus, left and right inferior frontal
gyrus, left and right superior temporal gyrus, left and right insula, left
and right cingulum (near cingulate gyrus), and left and right cingulum
(near hippocampus). Matlab software called “Brain Connectivity
Toolbox”, https:// sites.google.com /site/bctnet/construction, was used
to perform the complex network analysis/graph theory analysis, as
described in Rubinov and Sporns (2010) [7]. The clustering coefficients
of the regions within the CO network were based on the full-brain
connectivity network regions thresholded at 10% sparsity. Although
there are multiple approaches to thresholding a network, a value of
10% sparsity threshold results in valuable network testing [36] and was
employed in the current study.

Behavioral measures of adaptability and working
memory

BASC 2 Adaptive Control. Parents completed The Behavior
Assessment System for Children, Parent Rating Scale (BASC2-PRS) [12]
which yields T-scores for the Adaptive Skills Composite. Because there
were more boys than girls in the sample, only the T-scores based on
norms for the separate genders were used for the purpose of correlating
graph clustering coefficients with parent ratings of Adaptive Skills.

Phonology coding. For the Comprehensive Test of Phonological
Processing (CTOPP) [37] Nonword Repetition subtest (test-retest
reliability 0.70), the task is to listen to an audio recording of nonwords,
which are pronounced one at a time, and then repeat exactly the heard
oral nonword, which contains English sounds but has no meaning;
the score is a measure of phonology coding (word form storage and
processing). The raw score for accuracy is converted into a scaled score
for age (M=10, SD=3). Research has shown that phonological coding
has both a genetic basis [38] and a brain basis [39].

Orthotactics for letter sequencing and orthography coding for
words. For the Test of Orthographic Competence TOC Word Scrambles
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(test-retest reliability 0.88 to 0.90), the task is to rearrange letters in a
scrambled word to create a correctly spelled real word (word-specific
spelling) [40]. Raw scores are converted to scaled scores for age (M=10,
SD=3) on this orthographic coding measure sensitive to orthotactics for
letter identity, position, and sequencing [41]. For the Test of Silent Word
Reading Fluency (TOSWRF) [42], (test-retest reliability 0.92) the task is
to mark the word boundaries in a series of letters arranged in rows. The
score is the number of correctly detected and marked word boundaries
in 3 minutes, which is a measure of orthography coding (word form
storage and processing); raw scores are converted to standard scores
for age (M=100, SD=15). Orthographic spelling has also been shown to
have both a genetic basis [43] and a brain basis [32,39].

Morphology coding. For the experimenter-designed Comes From
z-score for grade, which is a measure of morphology coding (word
form storage and processing), the task is to judge whether or not a
heard and viewed word is derived from a base word [44]. Example
items follow: “Does corner come from corn?” “Does builder come from
build?” In both cases the words in a pair contain a common spelling
(“er” ending), but it may or may not function as a morpheme that
transforms a base word. Raw scores are transformed to z-scores (M=0,
SD=1) based on research norms for elementary and middle school
grades. Thus, this measure, which has been shown to have a brain basis
[39], is a behavioral analogue of the fMRI affixed word reading task 4
(judgments about affixes).

Syntax coding. The Clinical Evaluation of Language Function 4"
Edition CELF IV [45] Formulated Sentence subtest (test-retest reliability
0.62 to 0.71) requires constructing an oral sentence from three provided
words for each item; it yields scaled scores for age (M=10 and SD= 3).

Phonological loop. For Rapid Automatic Letter Naming RAN (test-
retest reliability .90) [46], which is a measure of phonological loop for
cross-code integration in language learning [47] and has a genetic basis
(48], the task is to name lower case printed letters arranged in rows. The
total score is the time required to name all the letters in all the rows. It
is converted to a standard score for age (M=100, SD=15).

Orthographicloop. On the Alphabet Writing Task, an experimenter-
designed test, children are asked to handwrite in manuscript (unjoined
letters) the lower case letters of the alphabet from memory as quickly
as possible in alphabetic order, but to make sure others can identify the
letters [3]. The raw score is the number of letters that are legible and in
correct order during the first 15 seconds. The raw score is converted to
a z-score (M=0, SD=1), based on research norms for grade (inter-rater
reliability 0.97). This task has been shown to have a brain basis [32].

Focused attention. For Delis Kaplan Executive Functions D-KEFS
[49] Color Word Form Inhibition (reliability ranges from 0.62 to 0.76),
based on the classic Stroop task, the task is to read orally words that
name a color and are printed in black ink, and then to name the color of
the ink in which words that name a color are printed but the ink color
conflicts with the color the word names (e.g., the word “red” written in
green ink). The difference in time for reading the words in black and
naming the conflicting-ink color word is an index of focused attention
(inhibition of irrelevant information and focus on relevant information).
Raw scores are converted to scaled scores for age (M=10, SD=3).

Switching Attention. For Rapid Automatic Switching (RAS)-letters
and numerals (test-retest reliability 0.90) [46], the task is to name
alternating lower case printed letters and written numerals arranged
in rows. The total score is the time required to name all the alternating
letters and numerals in all the rows and provides a measure of switching
attention. RAS has also been shown to have a genetic basis [48]. The
raw score is converted to a standard score (M=100 and SD =15).
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Theory and evidence-driven correlations. All correlation analyses
in Tables 1 and 2 were theory driven and informed by empirical
findings in prior research about both the CO network and working
memory phenotypes in children with and without specific learning
disabilities in written language (SLDs-WL). They were not exploratory
[50]. However, only correlations significant at p in the 0.009 to 0.000
range are reported in Tables 1 and 2 to inform future research on the
replicability of the current findings. Although conventional approaches
might report these as p<.01 or p< .001 the actual p-values give a more
precise sense of the range in probabilities.

Results

Although the clustering coefficients informed by graph theory were
conducted only for the 16 brain regions in the CO network listed above,
the results of these analyses identified graph clustering coefficients in
the CO network having connectivity with many of the cortical regions
in the 68 brain regions identified in the initial connectome analyses.

Research aim 1 and hypothesis: Brain-behavior relationships
in adaptive control

As shown in Table 1, at time 1 the BASC 2 Parent Ratings of
Adaptivity were correlated with the clustering coefficients for CO
network and its connections with other regions in the connectome on
three fMRI reading tasks: Phoneme-Grapheme Correspondences in
Right Middle Frontal Gyrus, True Affixes versus Foils in Left Cingulum

(near Hippocampus), and Reading Comprehension for Sentences with
and without Homonym Foils in Right Cingulate Gyrus. As shown in
Table 2, at time 1 the BASC 2 Parent Ratings of Adaptivity were also
correlated with the fMRI Alphabet Writing Task in Left Cingulate
Gyrus.

Summary of findings related to first research aim. Generally the
results supported the first tested hypothesis that cingulum-operculum
(CO) network is involved in adaptive control for written language
learning. The behavioral parent ratings of BASC 2 Adaptivity were
related to clustering coefficients of the CO network involved in
adaptive control on three of the six fMRI reading tasks spanning the
subword, word, and sentence levels of reading. In addition, these
parent ratings of adaptivity were also related to clustering coefficients
of the CO network on one fMRI writing task involving accessing,
finding, retrieving, and producing ordered letters in the alphabet from
memory. However, the clustering coefficients in the CO network were
not shown to be involved in all fMRI reading and fMRI writing tasks
included in the current study. Thus, the adaptive control function of
the CO network may be related to the nature of the reading or writing
task. It is also important to note that the CO clustering coefficients
showed connectivity with other regions in the connectome, pointing
to the probable role of this adaptive control network in the brain’s
government of other regions in the connectome.

Table 1. Significant Correlations between Graph Cluster Coefficients for Statistically Significant fMRI Connectivity and Working Memory Components in the Language Learning System

for fMRI Reading Tasks at Different Levels of Language

PMRITak R hehaior r
Phoneme Right MFG BASC2 Adaptivity 0.55
Right CingulumH Phonology Coding 0.43
Orthography Coding 0.43
Letter Sequencing 0.46
Spelling Left STG Focused Attenton -0.42
Left CingulumC Letter Sequencing 0.49
Ho?relcr;;e;;eéils Left SFG Phonological Loop 0.43
Switching Attention 0.48
Left CingulumC Morphology Coding -0.58
Right CingulumC Letter Sequencing 0.58
True Affix Left STG Orthography Coding 0.51
Left CingulumC Focused Attention -0.43
Left CingulumH BASC2 Adaptivity 0.50
Right STG Orthography Coding 0.44
Right Insula Letter Sequencing 0.50
Sentence + Affix Foil ~ Left CingulumC Syntax Coding -0.41
Right CingulumH Letter Sequencing 0.47
Multi-Sentence Left MFG Orthography Coding -0.42
Left Insula Phonology Coding 0.42
Orthography Coding 0.45
Letter Sequencing 0.46
Right MFG Morphology Coding -0.59
Right STG Ortholgraphy Coding -0.51
Right Insula Letter Sequencing 0.45
Right CingulumH Letter Sequencing 0.46

Notes:

p Time2 Region W(i:t(l)lr{iee]:;i(ilor r p
0.000
0.005
0.007
0.007
0.007 Left CingulumH Phonological Loop -0.43 0.005
0.009
0.006 Left STG Orthographic Loop 0.63 0.000
0.002 Left CingulumC Orthographic Loop 0.71 0.000
0.000 Right STG Orthographic Loop 0.58 0.000
0.000
0.001 Left Cingulate Letter Sequencing 0.47 0.007
0.005 Left STG Phonology Coding 0.43 0.006
0.001 Right Cingulate Letter Sequencing 0.48 0.006
0.005 Right CingulumC Orthographic Loop 0.83 0.000
0.003
0.006 Right IFG Phonological Loop -0.69 0.000
0.006
0.008 Left SFG Phonological Loop 0.69 0.000
0.006
0.004
0.007
0.000
0.001
0.008
0.007

Phoneme = Phoneme Grapheme; Spelling = Correct spelling or Homonym foil; MFG = middle frontal gyrus; STG = superior temporal gyrus; CingulumH = Cingulum part near the

hippocampus; CingulumC = Cingulum part near the cingulate gyrus.

Notes. Only correlations significant in the p <.001 or in the .002 through .009 range are reported in the table. See text for description of these measures: phonology coding (CTOPP
Nonword Repetition), orthography coding (TOSWRF), letter sequencing (TOC anagrams), morphology coding (Comes From), sentence syntax (syntactic coding) phonological loop (RAN),
orthographic loop (RAS), Focused Attention (D-KEFS Inhibition), and switching attention (BASC2 Adaptivity). All nine components of multi-component working memory supporting
language learning were significantly correlated with at least one cluster coefficient for the cingulo-operculum network at p <.001 or in the p=.002 through .009 range.
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Table 2. Significant Correlations between Graph Cluster Coefficients for Statistically Significant fMRI Connectivity and Working Memory Components in the Language Learning System

for fMRI Transcription and Translation Tasks See Table Notes.

Timel Brain Correlated With

FMRI Task Region Behavior T
Alphabet Left Cingulate BASC2 Adaptivity 0.53
Left SFG BASC2 Adaptivity -0.42
Left SFG Morphology Coding 0.43
Right Cingulate Orthography Coding 0.45
Right SFG Orthographic Loop 0.48

Spelling Fill in the .

Blank Left SFG Orthography Coding 0.46
Right SFG Orthographic Loop -0.45
Right IFG Syntactic Coding 0.42
Planning Right Cingulate Morphology Coding -0.43

Correlated
p Time2 Region With r p
Behavior
0.001 Right Cingulate Phonology Coding 0.43 0.008
0.009 Right Cingulate Orthography Coding 0.35 0.004
0.008 Right MFG Switching Attention -0.44 0.006
0.006 Right CingulumH Focused Attention -0.52 0.001
0.002
0.005 Left MFG Morphology Coding 0.46 0.005
0.004 Right CingulumC Orthographic Loop 0.66 0.000
0.009 Left SFG Morphology Coding 0.46 0.005
Right CingulumC Orthographic Loop 0.66 0.000
0.007 Right Insula Orthographic Loop 0.66 0.000
Right CingulumC Orthographic Loop 0.73 0.000

Notes. Alphabet=Writing the next letter in the alphabet. See Text for description of fMRI tasks and clinical measures and Table 1 notes which also apply to results reported in Table 2.

Research aim 2—first hypothesis: Time 1 behavior-brain
relationships for working memory in language learning and
CO clustering coefficients for adaptive control

As shown in Tables 1 and 2, at Time 1 all the working memory
components (behavioral phenotypes) were correlated with a clustering
coefficient for CO network on at least one fMRI reading or fMRI writing
task. In contrast to the results in Table 1 organized by fMRI reading
tasks at time 1 and time 2 and in Table 2 organized by fMRI writing
tasks at time 1 and time 2, the results in this section are summarized by
working memory components and fMRI tasks assessed at time 1.

Phonological coding. This working memory behavioral phenotype
was correlated with clustering coefficients on the following fMRI
reading tasks: the fMRI phoneme-orthographic task in right cingulum
(near hippocampus) and the fMRI text reading comprehension task in
left insula, but there were no significant correlations on fMRI writing tasks.

Orthography coding for words. This working memory behavioral
phenotype based on written words detected in letter series was correlated
with clustering coefficients on the following fMRI reading and writing
tasks: the fMRI phoneme-orthographic task in right cingulum (near
hippocampus), fMRI affixes task in left and right superior temporal gyrus,
fMRI text reading comprehension task in left middle frontal gyrus, left
insula and right superior temporal gyrus, and fMRI alphabet writing task
in right cingulate gyrus, fMRI alphabet task and right cingulate, and fMRI
spelling-fill in the blank in left and right superior frontal gyrus.

Orthotactic coding for letter identity, position, and sequencing in
English words. This working memory behavioral phenotype based on
anagrams (changing letter sequence to create correctly spelled word
for letter identity, position, and sequencing in written English) was
correlated with clustering coefficients on the following fMRI reading
tasks: fMRI word reading (word-specific spelling judgment task) in
left cingulum (near cingulate gyrus), fMRI reading comprehension for
sentences with and without homonym foils in right cingulate gyrus,
fMRI affix judgment task in right insula, fMRI reading comprehension
for sentences with and without affix foils in right cingulum (near
hippocampus), and fMRI text comprehension in left insula, right
insula, and right cingulum (near hippocampus). However, there were
no significant correlations on fMRI writing tasks.

Morphological coding. This working memory behavioral phenotype
was correlated with clustering coefficients on these fMRI reading tasks—
sentence reading comprehension with and without homonym foils in
left cingulum (near lingual gyrus), and text reading comprehension
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in right middle frontal gyrus, and these fMRI writing tasks—alphabet
writing in left superior frontal gyrus, and fMRI planning in right
cingulate gyrus.

Syntax coding. This working memory behavioral phenotype was
correlated with clustering coefficients on this fMRI reading task—
sentence reading comprehension with and without affix foils in
left cingulum (near cingulate gyrus), and this fMRI writing task—
spelling—fill in the blank in right inferior frontal gyrus.

Phonological loop. This working memory behavioral phenotype
was correlated with clustering coefficients on the following fMRI
reading task: sentence reading comprehension with and without
homonym foils in left superior frontal gyrus. There were no significant
correlations on fMRI writing tasks.

Orthographic loop. This working memory behavioral phenotype
was correlated with clustering coefficients on the following fMRI
writing tasks: alphabet writing with right superior frontal gyrus, and
spelling—fill in the blank in right superior frontal gyrus. There were no
significant correlations on fMRI reading tasks.

Focused attention. This working memory behavioral phenotype was
correlated with clustering coefficients on the following fMRI reading
tasks: word reading (word-specific spelling) in left superior temporal
gyrus and word reading (true affix) in left cingulum (near cingulate
gyrus). There were no significant correlations on fMRI writing tasks.

Switching attention. This working memory behavioral phenotype
was correlated with clustering coeflicients on the following fMRI
reading task: sentence reading comprehension with and without
homonym foils in left superior frontal gyrus. There were no significant
correlations on fMRI writing tasks.

Summary of results for correlations between working memory
behavioral phenotypes andf cluster coefficients of the CO network at
time 1. Collectively, the results showed significant correlations for all
working memory components, shown in prior assessment, genetic,
and/or brain research to be related to reading and writing acquisition
in the grade range investigated in the current study, with at least
one fMRI clustering coefficient in the CO network. However, which
working memory components were correlated with which clustering
coeflicients depended on whether fMRI reading or fMRI writing tasks
were analyzed, or which specific fMRI reading or fMRI writing task
was analyzed. Thus, there was general support for the hypothesis that
working memory components at the behavioral level of analysis are
correlated with clustering coefficients in the CO network at the brain

Volume 3(4): 7-12



Richards TL (2017) Self-government of complex reading and writing brains informed by cingulo-opercular network for adaptive control and working memory

components for language learning

level of analysis, but relationships need to be qualified by specific
working memory components and specific fMRI reading and writing
tasks. Nevertheless, the results support a model in which both the CO
adaptive control network and working memory phenotypes support
the brain’s government of the complex connectome involved in written
language learning and use (reading and writing).

Research aim 2—second hypothesis: Time 1 to time 2
changes in correlations between behavioral working memory
Phenotypes and fMRI clustering coefficient

As shown in Tables 1 and 2, at Time 2 the pattern of correlations
between working memory measures at the behavioral level and CO
network clustering coeflicients at the brain level changed compared to
Time 1 on the various fMRI reading or writing tasks. It is important
to keep in mind that none of these correlations refer to a region of
interest for BOLD activation but rather to a region with a significant
clustering coefficient identified on basis of CO network, which may
also have connections with other cortical regions in the connectome.
Findings for this research aim are organized by fMRI reading task and
fMRI writing task.

fMRI phoneme-grapheme correspondence judgments. In contrast to
time 1 when both the phonological coding and orthographic coding
phenotypes were correlated with this fMRI task, no correlations between
phonological or orthographic coding and the clustering coefficients
were significant at time 2. One possible interpretation of this finding is
that the instruction emphasizing grapheme-phoneme correspondences
in the reading direction and phoneme-grapheme correspondences in
the spelling direction greatly reduced or eliminated the need to focus
limited working memory resources on these correspondences.

fMRI word reading (word-specific spelling) judgments (correctly
spelled versus homonym foil). In contrast to time 1 when focused
attention and orthotactic coding (letter sequencing) were correlated
with this fMRI reading task, at time 2 only phonological loop was
correlated with this word reading task. One possible interpretation
of this finding is that the intervention, which included learning
activities that facilitated paying attention to orthotactic coding, also
facilitated response to the learning activities on grapheme-phoneme
correspondences. Thus, they were better able to differentiate correct
word-specific spellings and homonym foils.

fMRI word reading affix judgments (true affixes versus affix foils).
The pattern of correlations changed following instruction in these
ways. First, some correlations involved a change in which behavioral
phenotype was correlated with the same brain region: in left superior
temporal gyrus from orthography word coding to phonology word
coding, and in the left cingulum (near cingulate gyrus) from focused
attention to orthotactic coding (letter sequencing). Second, one change
involved which brain regions a given working memory behavioral
phenotype was correlated with: orthotactic coding (letter sequencing)
in right insula at time 1 but right and left cingulate gyrus at time 2.
Third, one change involved which brain region previously correlated
with a given behavioral phenotype at time 1 was no longer correlated
at time 2: word orthography coding in right superior temporal gyrus
at time 1 but no brain region at time 2. Fourth, a new correlation not
observed at time 1 emerged at time 2: in right cingulum (near cingulate
gyrus) with the orthographic loop behavioral phenotype. One possible
interpretation of these collective findings is that instruction on how
morphology interrelates with orthography and phonology for word
spelling had changed the mental government of the brain during
affix judgments, which may still be evolving for these students.
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fMRI reading comprehension judgments for sentences with and
without homonym foils. Correlations at time 1 for phonological loop
and switching attention behavioral phenotypes with left superior
frontal gyrus, morphology behavioral phenotype with left cingulum
(near lingual gyrus), and orthotactic coding (letter sequencing)
behavioral phenotype with right cingulum (near cingulate gyrus) were
not observed at time 2. Rather correlations with a new behavioral
phenotype emerged—orthographic loop—with left superior frontal
gyrus, left cingulum (near cingulate gyrus), and right superior
temporal gyrus. One possible interpretation of these findings is that the
specialized instruction emphasizing instruction in letter formation and
writing about reading source materials supported development of the
orthographic loop.

fMRI reading comprehension judgments for sentences with and
without affix foils. Correlations at time 1 for the sentence coding
behavioral phenotype with left cingulum (near cingulate gyrus) and
orthotactic coding (letter sequencing) behavioral phenotyping with
right cingulum (near hippocampus) were not observed at time 2.
Rather, a new correlation emerged for the phonological loop behavioral
phenotype with right inferior frontal gyrus. One possible interpretation
of this finding is that following the specialized instruction emphasizing
both morphology and sentence syntax, participating students engaged in
covert oral reading of sentences to evaluate the plausibility of the various
words, one of which may have had an affix foil for the syntactic context.

fMRI text reading comprehension judgments. None of the
correlations at time 1 on this task were observed at time 2: orthographic
word coding with left middle frontal gyrus, left insula, or right temporal
gyrus; orthotactic coding (letter sequencing) with left and right insula
or right cingulum (near hippocampus); phonology coding with left
insula; or morphological coding with right middle frontal gyrus. A
correlation with phonological loop emerged at time 2 with left superior
frontal gyrus. A possible interpretation is that correlations emerged
between the phonological loop with cluster coefficients in a brain region
involved in translation of thought into language (superior frontal
gyrus). Not only overt but also covert phonological loop of working
memory may support holding multiple sentences in working memory
until the full comprehension process is completed for understanding
stated information and making necessary inferences.

fMRI alphabet writing. Correlations at time 1 not observed at time
2 included morphological coding with left superior frontal gyrus,
and orthographic loop with right superior frontal gyrus. At time 2,
orthography coding was still correlated with right cingulate gyrus but
correlations emerged between phonology coding with right cingulate
gyrus; focused attention with right cingulum (near hippocampus);
and switching attention with right middle frontal gyrus. A possible
interpretation is that the instruction, which emphasized naming the
letters for retrieving them from memory, and focusing attention on each
stroke in letter formation and switching attention between sequential
strokes, resulted in the reorganization of the mental government for
writing ordered letters from memory.

fMRI spelling-fill in the blank. Correlations at time 1 not observed
at time 2 included orthography word coding with left superior frontal
gyrus and syntactic coding with right inferior frontal gyrus. The
correlation for orthographic loop found at time 1 with right superior
frontal gyrus was found with right cingulum (near cingulate gyrus)
at time 2. New correlations emerged for the first time at time 2 for
morphology word coding with left superior frontal gyrus and left
middle frontal gyrus. A possible interpretation of these findings is
that the specialized instruction in handwriting and word spelling
contributed to changes in the brain’s government for letter writing

Volume 3(4): 8-12



Richards TL (2017) Self-government of complex reading and writing brains informed by cingulo-opercular network for adaptive control and working memory

components for language learning

to fill in the blank to create a correctly spelled word; emergence of
the correlations with morphology word coding may show its role in
integrating single letters and lexical units in word spelling.

related to changes in the pattern of these relationships. However,
this conclusion has to be qualified by the nature of the behavioral
phenotype and the nature of the fMRI reading or fMRI writing task.

Nevertheless, these changes in the relationships between the working
memory phenotypes and specific clustering coefficients in the CO
network from before to after instruction support a model in which
brain RTI following instruction involves not only changes in specific
regions or networks involved in specific language functions, but also
in the brain government for self-regulating language learning and use.
This dynamic brain government, which can be modified in response to
instruction, appears to draw on both the CO adaptive control network
and the working memory components supporting language learning. As
a summary, Figure 1 shows brain regions where there were significant
correlations with scores at time 2 but not at time 1 for the reading tasks.
Figure 2 shows brain regions where there were significant correlations
with scores at time 2 but not at time 1 for the writing tasks.

fMRI planning. The correlation for morphology word coding
observed at time 1 with right cingulate gyrus was not observed at time
2. However, correlations emerged at time 2 for orthographic loop with
right insula and with right cingulum (near cingulate gyrus). A possible
interpretation of these findings is that before instruction, writers were
focused during planning for their compositions on the translation
of their thoughts into word meaning, but after instruction aimed at
both transcription and translation, the participants focused more on
integrating their transcription processes (orthographic loop) with
planning for translation, before engaging in written composing.

Summary of findings for changing patterns of correlations between
time 1 and time 2. Support was found for the second hypothesis

Superior Frontal Gyrus

Cingulate Gyrus Left Cingulate-Hippocampus Left

Figure 1 — fMRI reading tasks

Brain regions, organized in order of top-middle-lower brain locations, for which there were significant correlations with an fMRI cluster coefficient and working memory component at time
2 but not at time 1.

Left superior frontal gyrus shown in red for which there was a significant correlation between fMRI cluster coefficient (reading multi-sentence task) and phonological loop scores at time 2.
Left cingulate gyrus shown in blue for which there was a significant correlation between fMRI cluster coefficient (sentence reading with and without homonym foils task) and orthographic
loop scores at time 2.

Left cingulum- hippocampus shown in green for which there was a significant correlation between fMRI cluster coefficient (word reading task—correct spellings or homonym foils) and
phonological loop scores at time 2.

Middle Frontal Gyrus
Left

Cingulate Gyrus Right

Cingulate-Hippocampus Right

Figure 2 — fMRI writing tasks

Brain regions, organized in order of top-middle-lower brain locations, for which there were significant correlations with an fMRI cluster coefficient and working memory component at time
2 but not at time 1.

Left middle frontal gyrus shown in purple for which there was a significant correlation between fMRI cluster coefficient (spelling—fill letter in blank task) and morphological coding scores
at time 2.

Right cingulate gyrus shown in red for which there was a significant correlation between fMRI cluster coefficient (writing planning task) and orthographic loop scores at time 2.

Right cingulum-hippocampus shown in blue for which there was a significant correlation between fMRI cluster coefficient (writing next letter in alphabet task) and focused attention scores
at time 2.
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Discussion and conclusions

On the one hand, the findings of the current study illustrate the
complexity of the human connectome [7] for both the reading and
writing brain during middle childhood and early adolescence. On the
other hand, they illustrate the complexity of the mental government for
managing the complex multi-leveled reading and multi-task writing
systems, especially in an era when brain imaging methods allow more
precise measurement of localization within functional networks.
Accordingly, the findings not surprisingly support the longstanding
programmatic research of Posner and colleagues, showing that a single
executive function alone cannot account for the orchestration of mind
in the brain’s reading system [51].

In addition, the results based on correlations between BASC
2 parent ratings for Adaptivity and correlations with clustering
coeflicients involving the cingulum-operculum (CO) network on three
fMRI reading tasks (subword, word, and syntax levels) and one fMRI
orthographic loop task (writing the next letter in ordered alphabet),
extend prior research supporting the adaptive control function of the
CO network for aural language [8] to language by eye (reading) and
language by hand (writing). The results based on correlations between
the behavioral measures of working memory and clustering coefficients
of the CO network for various fMRI reading or writing tasks provide
converging evidence that both the working memory components and
adaptive control of the CO network support language learning during
middle childhood and early adolescence. These correlations for working
memory measures for phonological coding, orthographic coding, and
morphological coding provide support for the orthography, phonology,
and morphology in the inheritance lexicons for reading and spelling
English, which is a morphophonemic orthography [52].

Yet, by examining these correlations both before and after
instruction, which had resulted in improved reading and writing
achievement [17] and reading brain RTI [15] and writing brain RTT [9],
it was possible to show that the patterns of behavior-brain correlations
related to the brain’s government of language learning also change in
response to specialized instruction. That instruction was aimed at all
the levels of language in reading and transcription and translation in
writing. Currently researchers often focus on explicit instruction in
a single reading or writing skill rather than strategies for facilitating
mental government of the complex reading and writing brains given
limited working memory resources and adaptive control requirements
necessary for managing the language learning process.

Limitations and future research directions

The sample size, while relatively small for some research topics,
is not smaller than samples in many other brain imaging studies,
especially those which have imaged participants before and after
instructional intervention. Nevertheless, the findings provide evidence
to encourage future studies with larger samples ascertained using
comparable inclusion criteria. The current findings are limited,
however, to the nature of the specialized instruction provided;
additional research is needed on whether the nature of the instruction
provided affects changes in brain’s government of the complex reading
and writing systems. Also, further research is needed on the possible
interpretations of the specific kinds of changes in relationships between
the working memory components and the brain’s cluster coefficients
following instruction.

Another limitation was not analyzing the genetic mediation for
the brain’s mental government of the complex reading and writing
systems. Given the evidence that many of the working memory
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phenotype measures have been shown to have a genetic basis, not
only specialized instruction but also genetic risk factors may mediate
response to instruction and influence development of the brain’s
mental government. There is substantial evidence that genetic variants
in the dopamine receptor D4 gene (DRD4) confer increased risk for
ADHD [53-55]. However, the cognitive behavioral deficits in ADHD
and reading disabilities are not the same [56]. In a sample selected for
students with and without written language learning disabilities, the
incidence of co-occurring ADHD was very low and normed measures
of focused or supervisory attention or parent ratings of inattention
were considerably better predictors of reading and writing outcomes
than ADHD diagnosis [30]. Future research should address if DRD4
alleles for focused attention or supervisory attention or inattention
ratings may be genetic mediators for self-regulating language learning.
Different molecular markers of alleles associated with specific learning
disabilities have been identified for each of the two hallmark phenotypes
for each of these specific learning disabilities that affect language
learning: dysgraphia, dyslexia, and OWL LD [57]. Thus, future research
should also investigate whether the brain’s mental government for
language learning and use may be genetically mediated by alleles for
both language and attention phenotypes.

Ultimately, increasing understanding of the genetic risk factors in
the mental self-government of the complex reading and writing brains
is relevant to developing personalized education, analogous to the
important contribution of genetic analyses for personalized medicine
[58]. Reading and writing brains must not only learn from teacher-
provided explicit instruction but also learn to manage and govern
their own self-regulated language learning. Both environmental and
biological variables may influence how the reading and writing brains
learn such mental self-government.
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