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Based on comprehensive testing and educational history, children in grades 4–9 (on average 12 years) were di-
agnosedwith dysgraphia (persisting handwriting impairment) or dyslexia (persistingword spelling/reading im-
pairment) or as typical writers and readers (controls). The dysgraphia group (n= 14) and dyslexia group (n=
17) were each compared to the control group (n= 9) and to each other in separate analyses. Four brain region
seed points (left occipital temporal gyrus, supramarginal gyrus, precuneus, and inferior frontal gyrus) were used
in these analyses which were shown in a metaanalysis to be related to written word production on four indica-
tors ofwhitematter integrity and fMRI functional connectivity for four tasks (self-guidedmindwandering during
resting state, writing letter that follows a visually displayed letter in alphabet, writing missing letter to create a
correctly spelled real word, and planning for composing after scanning on topic specified by researcher). For
those DTI indicators onwhich the dysgraphic group or dyslexic group differed from the control group (fractional
anisotropy, relative anisotropy, axial diffusivity but not radial diffusivity), correlations were computed between
the DTI parameter and fMRI functional connectivity for the two writing tasks (alphabet and spelling) by seed
points. Analyses, controlled for multiple comparisons, showed that (a) the control group exhibited more white
matter integrity than either the dysgraphic or dyslexic group; (b) the dysgraphic and dyslexic groups showed
more functional connectivity than the control group but differed in patterns of functional connectivity for task
and seed point; and (c) the dysgraphic and dyslexic groups showed different patterns of significant DTI–fMRI
connectivity correlations for specific seed points andwritten language tasks. Thus, dysgraphia and dyslexia differ
inwhitematter integrity, fMRI functional connectivity, andwhitematter–graymatter correlations. Of clinical rel-
evance, brain differences were observed in dysgraphia and dyslexia onwritten language tasks yoked to their de-
fining behavioral impairments in handwriting and/or inword spelling and on the cognitivemindwandering rest
condition and composition planning.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Dysgraphia is a word of Greek origin that means the condition (-ia)
of impaired (dys) graph (letter produced by hand). Dyslexia is aword of
Greek origin that means the condition (-ia) of impaired (dys) word (lex
from lexicon, the mental dictionary). Thus, dysgraphia and dyslexia
differ in the level of written language impairment—subword (letter)
or word (oral decoding in reading or written encoding in spelling).

Pioneering research showed that although dyslexia is thought to be
a reading disability, spelling disability is the persisting problem in
. This is an open access article under
dyslexia across the life span (Lefly, and Pennington, 1991; Bruck,
1993; Connelly et al., 2006); and spelling disability is nowused to define
dyslexia in many languages including those with transparent orthogra-
phies for decoding (Schulte-Körne, 1998). However, more brain imag-
ing research on dyslexia has used phonological or word decoding
tasks (e.g., judgments about rhymes, phonemes, grapheme-phoneme
correspondences) than spelling tasks. The word-specific spelling task
used in much behavioral research on dyslexia (Olson et al., 1994) – se-
lect among the choices, all of which sound like a real word when pro-
nounced, the one that is a correctly spelled word − has been studied
during separate fMRI BOLD studies in children with developmental
dyslexia (Richards et al., 2006) or with developmental dysgraphia
(Richards, 2009). In both studies participants (in grades 4–6 or grade
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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5, respectively) had persisting spelling problems despite extra help in
the early grades, but different clinical profiles (impaired spelling and
word decoding in dyslexia; and impaired handwriting, which interfered
with spelling, but no reading problems in dysgraphia). In both these
studies the same word-specific spelling task was used, but children
with dyslexia or dysgraphia differed significantly from controls in
BOLD activation in different regions of interest (ROIs), providing initial
evidence for different brain bases for spelling problems in dyslexia
and dysgraphia.

Although there have been imaging studies for the handwriting prob-
lems in dysgraphia (Richards, 2011), brain imaging studies of develop-
mental dyslexia typically do not assess handwriting during scanning.
The current imaging study extended these prior studies by comparing
dysgraphic and dyslexic groups in the same study and on both a hand-
writing and spelling task, each of which had a common response
requirement—production of a single letter. However, in contrast to the
two prior studies that used a word-specific spelling judgment task
(yes or no decision about whether a letter string is a correctly spelled
word), the current study required the creation of a word-specific spell-
ing bywriting amissing letter in the blank in a letter series to create the
correctly spelled word. Also in contrast to the prior handwriting study
on dysgraphia in which the task was to write a familiar letter or
pseudoletter equated on nature and number of strokes, in the current
study the alphabet writing task required writing the letter that comes
next in the alphabet after the visually displayed letter.

Thus, the five research aims of the current study were to extend
prior brain imaging studies of the writing problems in developmental
dysgraphia and developmental dyslexia. The first aim was to compare
children with dysgraphia to controls, children with dyslexia to controls,
and children with dysgraphia to children with dyslexia in the same
study. The second aim was to make each of these comparisons on
both handwriting and spelling tasks. However, to keep the response
requirements constant for the handwriting and spelling tasks, each re-
quired production of a single letter and the correct letters were kept
constant across the tasks. What varied was the processing that led to
the letter production—whether the task required finding, retrieving,
and producing a letter from the ordered alphabet series in memory
(subword access) or supplying a missing letter in a letter sequence to
create a word-specific spelling (lexical access). The third aim was to
make each of these group comparisons on cognitive tasks as well as
writing tasks because writing involves cognitive processes such as
idea flow (Kellogg, 1994) and strategic planning for composing
(Hayes, 1996) and not just language.

The fourth aim was to investigate four indices of white matter
integrity relevant to structural connectivity and fMRI functional connec-
tivity from four seed points shown in a metaanalysis to be associated
with written word production (Purcell, 2011), thus moving beyond a
region-of-interest (ROI) comparison on BOLD activation as in the
prior word-specific spelling studies, or only structural connectivity
(Vandermosten, 2012; Klingberg, 2000) or only functional connectivity
(Richards and Berninger, 2008) in spelling or spelling-related skills. The
fifth aim was to draw on paradigm changes in brain imaging research
related to the human connectome (Bullmore and Sporns, 2009; Smith,
2013; van den Heuvel and Sporns, 2011; Markov et al., 2013a; Markov
et al., 2013b). Of interest were contrasting complex patterns of differ-
ences between the control and each diagnostic group and between
the two diagnostic groups onmultiple indices of white matter integrity,
which have implications for structural connectivity, and functional fMRI
connectivity, and correlations between DTI and fMRI connectivity,
which have implications for the white matter–gray matter relation-
ships. Prior imaging research has correlated DTI and fMRI BOLD for
regions of interest (Olesen, 2003; Vaden et al., 2015); the current
study extended that approach by correlating DTI parameters with
fMRI functional connectivity.

As in the prior studies of word-specific spelling judgments and
writing real letters and pseudoletters, participants were in upper
elementary school or middle school and had to meet evidence-based
criteria for dysgraphia or dyslexia on clinical measures (Berninger and
Richards, 2010) and demonstrate persisting struggles with handwriting
(dysgraphia) or word reading and spelling (dyslexia). Because the cur-
rent study was grounded in prior behavioral and brain studies of devel-
opmental dysgraphia and dyslexia, two a priori hypotheseswere tested.

The first hypothesis was that the dysgraphic and dyslexic groups
would differ in fMRI functional connectivity from the controls
and from each other on the second and third tasks, both of which are
written language tasks that differ in the level of language that is
impaired—subword letter only or letter in word context. In addition,
they would show contrasting patterns of DTI–functional connectivity
correlations for the two written language tasks (alphabet writing and
filling in blank to create word-specific spelling).

The second hypothesis was that the dysgraphic and dyslexic groups,
whose cognitive ability on a psychometric measure fell within the
normal range, would not differ on either the first cognitive process
(idea flow) (Kellogg, 1994), as assessed during mind wandering on
the resting condition (Raichle, 2001), or the second cognitive process
(planning) (Hayes, 1996), as assessed by idea generation before com-
posing outside the scanner (Berninger, 2009). The rationale was that
even though cognitive processes are involved inwriting, it is thewritten
language impairments at the subword or word level that define
dysgraphia or dyslexia.

To summarize, in the current studywe compared groups of children
in grades 4–9without dysgraphia or dyslexia with children carefully di-
agnosed as having dysgraphia or dyslexia. At issue iswhether their neu-
rological profiles of white matter integrity, functional connectivity, and
white matter–gray matter correlations are the same or different on
handwriting and spelling tasks. Showing that they differ not only in
behavioral patterns (profiles of clinical measures) but also on brain pat-
terns relevant to white matter, graymatter, and their interrelationships
would provide interdisciplinary construct validity that dysgraphia and
dyslexia are different kinds of specific learning disabilities (SLDs).

2. Materials and methods

2.1. Participants

Participants in grades 4–9 were recruited through local schools that
referred students who despite extensive extra help in the early grades
both at school and outside school continued to struggle with writing
and/or reading. The children completed an extensive battery of compre-
hensive assessment and their parents completed numerous question-
naires about developmental, medical, family, and educational history.
All had Verbal Comprehension Index scores that fell at least within the
normal range (80 and above). The three groups differed significantly
on two standardized measures of handwriting (Barnett et al., 2007)
and two standardized measures of spelling (Mather et al., 2008;
Pearson, 2009). Thesemeasures were corroborated with parent-report-
ed histories of no struggles with learning to read or write (control
group), ongoing struggles with handwriting but not reading
(dysgraphia group) or spelling and word decoding/reading (dyslexia
group): DASH Copy Sentence in Best Writing, F(2, 35) = 5.73, p = .007,
DASH Copy Sentence in Fast Writing, F(2, 34) = 8.20, p b .001, WIAT 3
Spelling Dictated Words, F(2, 34) = 8.20, p b .001, and TOC Sight Spelling
(choosing correctly spelled real word), F(2, 34) = 13.20. One severely
impaired student could not complete the last threemeasures, which ac-
counts for the difference in degrees of freedom. The means for each
measure (see Table 1) show that controls always scored higher, with
the dysgraphic group more impaired than the dyslexic group on both
handwriting measures and the dyslexic group more impaired than the
dysgraphic group on both spelling measures.

40 participants met research inclusion criteria, were right handed,
and did not wear metal that could not be removed. They participated
in the imaging study (15 females, 25males, age,M=12years 3months,



Table 1
Significant differences among the groups on two handwriting and two spelling measures.

Controls Dysgraphics Dyslexics (df) F p

DASH Copy Best 11.33 (3.64) 6.64 (3.32) 7.53 (3.20) (2, 35) 5.73 .007
DASH Copy Fast 9.83 (3.12) 5.07 (2.20) 6.20 (2.93) (2, 34) 8.20 .001
WIAT3 Spelling 109.33 (13.77) 98.08 (17.46) 86.21 (8.94) (2, 34) 8.20 .001
TOC Sight Spelling 12.56 (1.13) 10.38 (2.72) 8.21 (1.89) (2, 34) 13.20 .001

Note. All these normedmeasures are on a scale ofM=10, SD=3 (b6: below average, 6–7: low average, 8–11: average, 12–13: above average), exceptWIAT3 Spelling,M=100, SD=15
(80–89: low average, 90–109: average).
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range 9 years-0months to 15 years-2months). They had been assigned,
based on both test results and parent questionnaires documenting his-
tory of persisting struggle in subword handwriting or word reading
and spelling to one of three groups using evidence-based criteria
(Berninger and Richards, 2010): (1) typically developing control (n =
9, of which 5 were females), (2) dysgraphia (n = 14, of which 3 were
females), or (3) dyslexia (n = 17 of which 7 were females). Although
gender was not well-matched across groups, the effect of gender was
controlled by using gender as a covariate in the analyses.

2.2. Tasks during scanning

It was possible to study writing during imaging by using a novel
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 (Reitz,
2013). Each participant received training outside the scanner and com-
pleted four tasks in this order: (a) no experimenter-defined task (REST-
ING STATE), (b) production of the letter that follows a visually displayed
letter in alphabet order (ALPHABET WRITING task), (c) production of
letter in the blank in a visually displayed letter string to create a correct-
ly spelledword (SPELLINGWRITING task), and (d) planning a composi-
tion on an experimenter-provided topic (PLANNING task).

The resting condition lasted for 6 min 14 s. It was followed by 6 s of
instruction for the alphabet task. The alphabet writing task lasted for
4 min and was self-paced. After the visual display of the first letter,
the child wrote the next letter in the alphabet. When the child lifted
the pen off the tablet then visual display 2 appeared and the process
repeated until the 4 min was complete. Next there were 6 s of
instruction for spelling followed by the spelling task that lasted for
4 min and was self-paced. After visual display 1, the child wrote a letter
in the blank to complete the word spelling. When the child lifted the
pen off the tablet, visual display 2 appeared and the process repeated
until the 4 min was complete. Next, instructions for planning stayed
on the screen for the whole 4 min, while the child just generated ideas
and planned a composition on topic provided but did no writing until
leaving the scanner. The instructions provided a topic and purpose for
the composition (writing advice for an astronaut during space travel).
The response requirement was the same for the alphabet and spelling
tasks—to form one letter using the MRI-compatible stylus. However,
the language tasks differed in the level of language that had to be
accessed during processing and letter production—single subword let-
ter in ordered alphabet series or single lexical unit. During the fMRI
writing tasks, a mirror system enabled the participant in the scanner
to see the instructions and task on a screen. The tasks and writing pad
recordingswere all programmed ,timed, and coordinatedwith the scan-
ner triggers using E-prime and in-house LabView software.

2.3. Data acquisition

Diffusion tensor imaging (DTI) scans and functional magnetic reso-
nance imaging (fMRI) connectivity scans were obtained for all 40 chil-
dren on a Philips 3 T Achieva scanner (release 3.2.2 with the 32-
channel head coil) to obtain measures of structural white matter integ-
rity and functional connectivity, respectively. All scans were acquired at
the Diagnostic Imaging Sciences Center in collaboration with the
Integrated Brain Imaging Center and had Institutional Review Board ap-
proval. Each participantwas screened forMRI safety before entering the
scanner. Physiological monitoring was performed using the Philips
pulse oximeter placed on the left hand index finger for cardiac record-
ing; 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 scanned: 1) 3-plane scout view
with gradient echo pulse sequence: TR/TE 9.8/4.6 ms; Field of
view 250 × 250 × 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 × 530 × 300 mm; 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 × 240 × 99 mm; slice orientation transverse, acquisition voxel
size 3.0 × 3.08 × 3.0 mm; acquisition matrix 80 × 80 × 33; slice thick-
ness 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 pres-
sure 6.1 dB, 180 dynamic scans; 5 dummy scans; fold over direction AP,
acquisition time6:14min/s; 4) B0fieldmap imagingwith gradient echo
pulse sequence and 2 echos; TR/TE 11/6.3 ms; delta TE 1.0 ms; slice ori-
entation transverse, Field of view 240 × 240 × 129 mm; voxel size
1.5 × 1.5 × 3.0 mm; acquisition matrix 160 × 160 × 43, output image
magnitude and phase, acquisition time 2:29 min/s; 5) MPRAGE struc-
tural scan: TR/TE 7.7/3.5 ms, Field of view 256 × 256 × 176 mm, slice
orientation sagittal, voxel size 1 × 1 × 1 mm, inversion pulse delay
1100 ms, Sense factor 2 in the AP direction, acquisition time 5:33 min/
s; 6) diffusion tensor imaging with echo-planar spin-echo diffusion
pulse sequence: TR/TE 8593/78 ms, slice orientation transverse, Field
of view 220 × 220 × 128 mm, voxel size 2.2 × 2.2 × 2.0 mm, bvalues
0 and 1000, output images 1 bvalue at 0 and 32 bvalues at 1000 with
32 different diffusion vector non-colinear directions, SoftTone factor
4.0, sound pressure 3.1 dB, bandwidth in the EPI frequency direction
1557.7 Hz, epi factor 57, acquisition time 9:35.7min/s; and 7) fMRI dur-
ing the writing tasks: same parameters as with the Resting State fMRI
described above except with dynamic scans 387, acquisition time
13:08 min/s.

2.4. Diffusion tensor imaging analysis

DTI data were processed with DTIPrep/GTRACT software to ensure
quality control and generate the tensors (http://www.nitrc.org/
projects/dtiprep/). Then custom software (GFORTRAN)was used to cal-
culate the DTI parameters (fractional anisotropy, axial diffusivity, radial
diffusivity, relative anisotropy, mean diffusivity) from the tensors. FSL
software (tract-based spatial statistics, TBSS) was used to co-register
and prepare the DTI data for group analysis using a higher level design
matrix to perform a voxel by voxel group map comparison between
groups. FSL3s randomise software, which robustly corrects for multiple
comparisons with permutation methods in http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/TBSS/UserGuide (see “Threshold-Free Cluster Enhancement”
TFCE option), was used to generate the group maps, which were co-
registered to the FSL standard white matter atlas called FHU. A regional
analysis was performed within each significant cluster, for example,
FSL3s cerebellum atlas for cerebellar regions.

http://www.nitrc.org/projects/dtiprep/
http://www.nitrc.org/projects/dtiprep/
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/tbss/userguide
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/tbss/userguide
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Fractional anisotropy (FA, i.e., an index of the amount of anisotropy)
is used as an index of white matter integrity; greater FA is associated
with increased myelination (Wheeler-Kingshott et al., 2009; Mori,
2007). Relative anisotropy (RA) is a lesser-known DTI measure of an-
isotropy that gives different information than FA as described by
Basser and Pierpaoli (1996). The exact equation for RA is shown here:

RA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ1 � λ2 þ λ2 � λ2 þ λ3 � λ2

q
=

ffiffiffiffiffiffiffiffiffiffiffi
3 λ½ �2

q

where RA is the relative anisotropy, and λ1, λ2, and λ3 are the
three eigenvalues resulting from the tensor calculation and [λ] is the
mean λ which is (λ1 + λ2 + λ3) / 3. Water molecules in the brain3s
white fiber tracts are more likely to be anisotropic. Anisotropy is depen-
dent on the strength of connectivity in onedirection in contrast to isotropy
that applies in all directions. Fractional anisotropy (FA) describes the de-
gree to which the diffusion is isotropic (value of 0) or anisotropic (higher
valueup through1). Relative anisotropy (RA) is the ratio of the anisotropic
part of tensor D to its isotropic part. The diffusivity in directions perpen-
dicular to the principal axis of diffusion (radial diffusivity) has been asso-
ciated with the degree of myelination and number of branching, exiting
fibers,whereas diffusivity along andparallel to theprincipal axis (axial dif-
fusivity) has been associated with the axon diameter (Song, 2002; Song,
2005), but see (Mori, 2007) for a critical interpretation of these indices.

The DTI data were also analyzed using a seed point connectivity anal-
ysis, using seeds from a published metaanalysis (Purcell, 2011) to gener-
ate groupmaps for the 3 groups (controls, dysgraphics and dyslexics) for
4 different seed points (left precuneus cortex, left temporooccipital
cortex, left supramarginal cortex, and left inferior frontal gyrus). FSL3s
probabilistic tractography and bedpost software were used to generate
the tracts which were connected to the seed regions.

2.5. Functional connectivity analysis

Functional images were corrected for motion using FSL MCFLIRT
(Jenkinson et al., 2002), and thenhigh-passfiltered at sigma=20.83.Mo-
tion scores (as given in theMCFLIRT report)were computed for each sub-
ject and average motion score (mean absolute displacement) for each of
the groups: control 1.31 ± 1.37 mm, dysgraphic 1.50 ± 1.23 mm, and
dyslexic 1.47 ± 1.03 mm. Spikes were identified and removed using the
default parameters in AFNI3s 3dDespike. Slice-timing correction was ap-
plied with FSL3s slicetimer and spatial smoothing was performed using a
3D Gaussian kernel with FWHM= 4.0 mm. Time series motion parame-
ters and the mean signal for eroded (1 mm in 3D) masks of the lateral
ventricles and white matter (derived from running FreeSurfer3s recon-
all on the T1-weighted image)were analyzed. Co-registration of function-
al images to the T1 image was performed using boundary based registra-
tion 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 un-
wanted physiological components. The same seed points as used in DTI
were also used in fMRI connectivity (Purcell, 2011).

2.6. DTI–fMRI functional connectivity correlations

DTI/fMRI connectivity correlations were performed by extracting
the exact DTI parameter value from each individual subject at the
place in the brain where there was highest significance for the DTI re-
sults shown in Tables 2 and 6. Then the DTI values were demeaned
and placed in the correlation design matrix using FSL higher level GLM
guidelines. FSL software randomise compares DTI with fMRI connectiv-
ity for each of the seed points meeting the criteria described above.

2.7. Anatomy/atlas reports

The DTI structural and fMRI functional connectivity scans were
then analyzed with reference to a brain atlas based on quantitative
analyses of 10 postmortem brains (Toga, 2006) in order to identify
the cortical regions corresponding to the significant clusters.
Cytoarchitectonic maps were used to identify patterns of connectivity
within parietal regions (Caspers, 2013). The Jülich histological (cyto-
and myeloarchitectonic) atlas (Eickhoff, 2006; Eickhoff, 2007) and
Eickhoff3s Anatomy Toolbox (Eickhoff, 2007; Eickhoff, 2005) were
used to identify patterns of connectivity throughout the brain for 32
gray matter and 10 white matter structures.

2.8. Data analyses

For all analyses, Oxford3s fMRIB software library (FSL) “randomise”,
which performs permutations and threshold-free cluster enhancement,
was used to control for multiple comparisons. A global design matrix
was used as part of the GLM model in software randomise to make
the group statistical comparisons as describe by FSL guidelines for
higher group level analysis as show by this weblink http://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/GLM#Two-Group_Difference_Adjusted_for_Covariate.
This model compared the groups with a gender covariate.

The first set of analyses focused onwhich of the four DTI indices (FA,
RA, AD, RD) for each of the four seed points differentiated the
dysgraphic and dyslexic groups from the control group and each
other. The number and patterns of probabilistic tractography connec-
tions from DTI analyses, and pixel counts for group connectivity score
clusters for structural white matter integrity connectionswere comput-
ed for each of the four seed points and three groups.

The second set of analyses focused onwhich of the fMRI connectivity
results for each of the four seed points and four tasks differentiated the
dysgraphic and dyslexic groups from the control group and from each
other. Group maps for fMRI functional connectivity were generated for
the 3 groups (control dysgraphic and dyslexic) for 4 different seed
points in the left precuneus cortex PCC, in the left temporoocipital cor-
tex TOC, in the left supramarginal gyrus SMG, and in the left inferior
frontal gyrus, IFG Broca3s area, based on a meta-analysis for written
word production (Purcell, 2011), for each of the three writing tasks
and resting condition. Brain activation during rest is sensitive to mind
wandering (Raichle, 2001), whereas during planning for a topic defined
by others, brain activation is sensitive to goal-related strategies (Hayes,
1996). fMRI time-series were averagedwithin regions of interest (ROIs)
formed from a 15mm sphere centered at each seed. The averaged time-
series at each ROI was correlatedwith every voxel throughout the brain
to produce functional connectivity correlation maps, converted to z-
statistics using the Fisher transformation.

The third set of analyses computed correlations for DTI values ex-
tracted from the control versus dysgraphic group or control versus dys-
lexic group and fMRI functional connectivity for specific seed points and
tasks. The goalwas to identify, for DTI parameters shown to differentiate
the dysgraphic or dyslexic group from controls, significant correlations
betweenwhite matter integrity parameters and gray matter connectiv-
ity values, and then to compare patterns of significantDTI–fMRI connec-
tivity correlations between the dysgraphic and dyslexic groups.

3. Results

3.1. Findings related to structural connectivity

The control group had higher fractional anisotropy (FA) than the
dysgraphia group in the bilateral anterior thalamic radiation, left cingu-
lum, and forceps minor. See Table 2 section A. The control group also
had higher relative anisotropy (RA), which is another DTI parameter
to measure anisotropy, than the dysgraphia group in each of those
same four regions plus the left cortical spinal tract and bilateral superior
longitudinal fasciculus (SLF). See Table 2 section B.

The brain regions where controls had higher RA values than the
group with dyslexia are shown in Table 2 section C. Like the dysgraphia
group, the dyslexia group had lower RA values than controls in the

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/glm#two-group_difference_adjusted_for_covariate
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/glm#two-group_difference_adjusted_for_covariate


Table 2
Structural white matter integrity differences between control and dysgraphic groups, control and dyslexic groups, and dysgraphic and dyslexic groups.

A. Brain regions where controls had significantly higher values (corrected for multiple comparisons) than dysgraphics for DTI parameter FA (fractional anisotropy).

Pixel count Controls M (SD) Dysgraphia M (SD) Atlas label

18 0.442 (.057) 0.390 (.064) L ant thal rad
5 0.408 (.044) 0.366 (.055) R ant thal rad
93 0.471 (.096) 0.416 (0.101) L cingulum
1203 0.611 (0.110) 0.550 (0.121) Forceps minor
B. Brain regions where controls had significantly higher values (corrected for multiple comparisons) than dysgraphics for DTI parameter RA (relative anisotropy).

Pixel count Controls M (SD) Dysgraphia M (SD) Atlas label

26 105.524 (15.584) 93.198 (16.893) L ant thal rad
147 128.934 (21.580) 115.378 (20.446) R ant thal rad
139 130.941 (17.161) 116.921 (17.475) L cort spinal
104 107.609 (22.716) 94.580 (23.544) L cingulum
1433 160.816 (40.371) 143.269 (41.242) Forceps minor
24 128.365 (26.722) 115.474 (21.141) L SLF
43 111.143 (15.898) 90.895 (14.950) R SLF
C. Brain regions where controls had significantly higher values (corrected for multiple comparisons) than dyslexics for DTI parameter RA (relative anisotropy).

Pixel Count Controls M (SD) Dysgraphia M (SD) Atlas label

141 83.535 (14.394) 74.588 (14.458) L ant thal rad
473 128.883 (21.936) 115.917 (21.470) R ant thal rad
187 120.176 (20.364) 107.279 (17.858) R cort spinal
103 103.271 (16.919) 92.900 (15.213) L cingulum
483 134.160 (33.334) 120.343 (32.349) Forceps minor
157 85.534 (14.808) 76.137 (15.874) L IFOF
36 117.307 (16.208) 102.249 (16.250) R IFOF
19 72.882 (17.442) 65.368 (16.600) L SLF
611 98.370 (20.835) 84.834 (18.186) R SLF
167 106.912 (23.038) 92.969 (24.370) L uncinate
41 105.433 (22.036) 91.032 (22.439) R uncinate
D. Brain regions where controls had significantly higher values (corrected for multiple comparisons) than dyslexics for DTI parameter axial diffusivity (parallel diffusion).

Pixel count Controls M (SD) Dysgraphia M (SD) Atlas label

634 11.327 (1.071) 10.753 (1.039) R ant thal rad
14 11.770 (1.134) 11.347 (1.058) L cort spinal
401 11.303 (0.872) 10.759 (0.825) R cort spinal
7 10.754 (0.400) 10.274 (0.845) R cingulum
183 10.261(0.782) 9.783 (0.792) R IFOF
1084 10.181 (0.943) 9.524 (0.933) R SLF
127 11.559 (0.702) 11.023 (0.732) R uncinate
E. Brain regions where dysgraphics had significantly higher values (corrected for multiple comparisons) than dyslexics for DTI parameter radial diffusivity (perpendicular
diffusion).

Pixel count Dysgraphia M (SD) Dyslexia M (SD) Atlas labels

73 7.752 (1.115) 7.111 (0.931) L ant thal rad
43 4.892 (0.733) 4.505 (0.743) L cort spinal
446 6.840 (0.770) 6.334 (0.663) L IFOF
22 6.726 (0.680) 6.312 (0.651) L ILF
107 6.829 (0.643) 6.432 (0.562) L SLF
41 6.726 (0.665) 6.248 (0.564) L uncinate
8 6.570 (0.559) 6.161 (0.377) L SLF temp
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bilateral anterior thalamus radiation and SLF, left cingulum, and forceps
minor. However, whereas only the dysgraphia group had lower values
than the control group in left cortical spinal tract (see Table 2
section B), only the dyslexia group had lower values than the control
group in the right cortical spinal, bilateral inferior frontal occipital, and
bilateral uncinate tracts. The brain regions where the control group
had higher values of axial diffusivity (AD), a measure of parallel diffu-
sion, than the dyslexia group, are shown in Table 2 section D. Compared
to the control group, the dyslexic group had lower parallel diffusivity in
the bilateral cortical spinal tract, and right anterior thalamus radiation,
cingulum, inferior frontal occipital tract, SLF, and uncinate.

As shown in Table 2 section E, the dysgraphic and dyslexic groups
differed in radial diffusivity (RD), which is a measure of perpendicular
diffusion. Compared to the dyslexia group, the dysgraphia group had
higher RD in seven left hemisphere white-matter fiber tracts: anterior
thalamus radiation, corticospinal, inferior frontal occipital fasciculus, in-
ferior longitudinal fasciculus, superior longitudinal fasciculus, uncinate,
and superior longitudinal fasciculus. Whereas RD differences were
mainly found on the right for the dyslexia group versus the control
group, RD differences were mainly found on left for the dysgraphic
group versus the dyslexic group.

3.2. Findings related to functional connectivity

As shown in Table 3, the dysgraphia group showed greater function-
al connectivity than the control group only during the planning for com-
posing task for three of the seedpoints but not for the left supramarginal
gyrus seed point. The dysgraphia group did not differ from the control
group during resting condition (mind wandering without another-
imposed task) (Raichle, 2001). In contrast, the dyslexia grouphad stron-
ger functional connectivity than the control group during resting state
(mindwandering) and always in the left-occipital temporal gyrus, con-
sistentwith dyslexics3 problems in self-regulation of processes involved
in writtenword spelling (Berninger and Richards, 2010), but not during
planning. As shown in Table 4, the dysgraphia group did not differ from
the control group on the two language production tasks, but the dyslex-
ia group had greater functional connectivity than the control group, es-
pecially in the cerebellum, on both the alphabet letter writing and



Table 3
Seed points where functional connectivity for control group is significantly less (corrected
for multiple comparisons) than for dysgraphic group or dyslexic group in specific seed
points for the two cognitive writing tasks (flow on resting state and planning before com-
posing).Note.No findings for control group b dysgraphic group on resting state or control
group b dyslexic group on planning before composing.

A. Writing planning—control group b dysgraphia group.
Left occipital–temporal seed point.

Pixel count Control M (SD) Dysgraphic M (SD) Atlas labels

58 −0.516 (2.031) 2.693 (2.580) L Broca3s_area_BA44
11 1.802 (1.785) 4.684 (2.455) L Visual_cortex_V4
7 0.548 (1.275) 2.875 (2.334) L cerebel_Left_I-IV
8 0.382 (1.181) 2.765 (1.738) cerebel_Right_I-IV
38 1.422 (1.953) 3.985 (2.496) cerebel_Left_V
23 1.289 (1.595) 3.929 (2.311) cerebel_Right_V
484 1.608 (1.937) 4.918 (2.883) cerebel_Left_VI
115 1.687 (1.814) 5.196 (2.837) cerebel_Vermis_VI
471 1.447 (1.713) 4.498 (2.652) cerebel_Right_VI
516 1.826 (2.231) 4.749 (2.766) cerebel_Left_Crus_I
693 1.20 (1.760) 3.945 (2.753) cerebel_Right_Crus_I
9 0.870 (2.950) 3.508 (2.131) cerebel_Left_Crus_II
80 0.260 (1.302) 2.272 (2.307) cerebel_Right_Crus_II
5 0.874 (1.481) 2.678 (2.156) cerebel_Left_VIIb
10 0.566 (1.283) 2.649 (2.595) cerebel_Right_VIIb
22 0.674 (1.519) 2.695 (2.169) cerebel_Left_VIIIa
39 0.728 (1.245) 3.260 (2.490) cerebel_Vermis_VIIIa
54 0.359 (1.206) 2.233 (2.260) cerebel_Right_VIIIa
19 0.478 (1.198) 2.840 (2.80) cerebel_Vermis_VIIIb
Left precuneus seed point.

Pixel count Control M (SD) Dysgraphic M (SD) Atlas labels

283 0.054 (1.103) 2.470 (2.003) cerebel_Right_Crus_I
79 −0.162 (0.787) 2.247 (2.177) cerebel_Right_Crus_II
Left IFG Broca3s seed point.

Pixel
count

Control M (SD) Dysgraphic M
(SD)

Atlas labels

65 1.111 (1.783) 3.899 (2.965) L_inferior_parietal_lobule_PF
43 1.787 (1.942) 4.559 (2.477) L_inferior_parietal_lobule_PFcM
26 1.310 (1.826) 4.263 (2.751) L_inferior_parietal_lobule_PFM
14 1.437 (1.738) 4.133 (2.892) L_inferior_parietal_lobule_Pga
53 0.464 (1.526) 3.166 (2.506) L_inferior_parietal_lobule_PGp
21 0.303 (0.990) 2.199 (2.159) L_Visual_Cortex_V2_BA18
16 0.174 (1.248) 2.144 (2.071) L_Visual_Cortex_V3V
84 −0.097 (1.688) 2.078 (2.219) L_Visual_Cortex_V4
37 0.003 (1.968) 2.568 (2.367) L_Visual_Cortex_V5
33 0.264 (1.253) 2.706 (2.462) cerebel_Left_VI
7 0.471 (1.488) 2.588 (2.277) cerebel_Vermis_VI
604 0.316 (1.307) 2.397 (2.279) cerebel_Left_Crus_I
63 0.174 (1.150) 2.379 (2.404) cerebel_Right_Crus1
112 0.125 (1.167) 2.152 (2.174) cerebel_Left_Crus_II
8 0.395 (1.283) 2.486 (2.437) cerebel_Vermis_Crus_II
194 0.167 (1.253) 2.188 (2.217) cerebel_Right_Crus_II
B. Resting state control group b dyslexia group.
Left occipital-temporal seed point.

Pixel count Control M (SD) Dysgraphic M (SD) Atlas labels

22 6.901 (2.249) 1.924 (1.874) cerebel_Left_Crus_I
6 3.837 (2.447) 0.796 (1.474) cerebel_Vermis_VI
54 4.233 (1.631) 1.620 (1.831) cerebel_Right_VI
198 4.394 (2.045) 1.503 (1.417) cerebel_Left_Crus_I
301 4.620 (1.651) 1.646 (1.382) cerebel_Right_Crus_I
26 3.970 (1.884) 1.175 (1.399) cerebel_Left_Crus_II
20 3.476 (1.542) 0.987 (1.299) cerebel_Vermis_Crus_II
16 4.756 (2.025) 1.695 (2.099) cerebel_Right_Crus_II
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spelling tasks. As shown in Table 5, the dyslexic group was over-
connected compared to the dysgraphic group in the left inferior parietal
lobe and primary and secondary somatosensory cortex.

Table 6 summarizes the total number of functionally connected voxels
for the dysgraphic group anddyslexic group by seed points. For the alpha-
bet writing task, the dysgraphia group had fewer functionally connected
voxels than the dyslexia group from the left occipital temporal and left
supramarginal gyri, but more functionally connected voxels from the
left precuneus, a region common to both the default network and Rich
Club of the Human Connectome (Bullmore and Sporns, 2009; Smith,
2013; van den Heuvel and Sporns, 2011), than the dyslexia group. For
the spelling writing task, the dyslexia group consistently had more func-
tionally connected voxels for all four seed points than the dysgraphia
group, consistent with dyslexia being associated with impaired word
spelling. Table 6 also summarizes the number and patterns of probabilis-
tic tractography connections from DTI analyses, and pixel counts for
group connectivity score clusters for structural white matter integrity
connections for each of the four seed points and three groups.

Synthesizingfindings for functional connections across Tables 3, 4, 5,
and 6 shows that the dysgraphic and dyslexic groups differed from the
control group; but the dysgraphic and dyslexic groups do not necessar-
ily differ in the same way (number and pattern) for each the four seed
points or the four tasks/conditions. Indeed, when the dysgraphic and
dyslexic groups were compared to each other, they often differed
from each other as well.

3.3. Contrasting dysgraphia and dyslexia DTI–fMRI functional connectivity
correlations

For each of the two written language tasks, correlations with fMRI
connectivity were computed for each of the DTI parameters on which
a diagnostic group differed significantly from the control group. All cor-
relations were corrected for multiple comparisons. Only the significant
correlations are reported.

For the dysgraphia group, there were significant positive correla-
tions of DTI FA (fractional anisotropy values extracted from the control
versus dysgraphic FA significant comparison)with fMRI functional con-
nectivity from two seed points during the filling in the blank spelling
task, with all correlations, p b .05. These correlations were found be-
tween the left supramarginal and 2 regions–left cingulum, r = 0.924,
and to the cingulate gyrus, anterior division, r = .922, both p b .025;
and between the left inferior frontal (Broca's area) and 3 regions–
superior parietal lobule 7 aL, r = .850, to the superior frontal gyrus, r
= .833, and to the precuneus cortex, r = .843.

For the dyslexia group, there were significant positive correlations of
DTI RA (relative anisotropy values extracted from the control versus dys-
lexic group's significant comparison) with fMRI functional connectivity
from three seed points on the alphabet writing task and from two seed
points on the filling in the blank spelling task, with all correlations p b

.01. These correlations were found during the alphabet writing task, be-
tween left temporo-occipital and 10 other regions—Broca's area right
BA44, r=0.860, right superior parietal lobule 7M, r=0.864, left acoustic
radiation, r=0.895, corticospinal tract L0, r= .858, inferior frontal gyrus
pars opercularis, r=0.860, precentral gyrus, r=0.861, postcentral gyrus,
r = 0.853, lateral occipital cortex superior division, r = 0.849,
paracingulate gyrus, r=0.855, and precuneous cortex, r= .863. Correla-
tions were also found between the left supramarginal gyrus and 4 other
regions–left visual cortex V1/BA17, r = 0.867, intracalcarine cortex, r =
0.866, precuneous cortex, r=0.864, and temporal fusiform cortex poste-
rior division, r = 0.868; and between the left inferior frontal gyrus
(Broca's area) and 7 regions—right inferior parietal lobule PF, r = 0.873,
right inferior parietal lobule Pga, r = 0.868, right inferior parietal lobule
PGp, r = 0.865, superior temporal gyrus posterior division, r = 0.869,
postcentral gyrus, r = 0.859, angular gyrus, r = 0.865, and lingual
gyrus, r=0.854. During the fill in the blank spelling task, there were cor-
relations between the left temporooccipital gyrus and4 regions–left supe-
rior parietal lobule 7a, r = 0.861, left visual cortex V1/BA17, r = 0.855,
lateral occipital cortex superior division, r = 0.858; and cuneal cortex,
r = 864; and between the inferior frontal gyrus (Broca's area) and 2 re-
gions–right visual cortexV2/BA18, r=0.858, and lingual gyrus, r=0.858.

For the dyslexia group, there was also a significant positive correla-
tion of DTI AD (axial diffusivity values extracted for each individual
from a location where there was a significant difference between dys-
lexics and controls on DTI AD) with fMRI functional connectivity from
one seed point on the alphabet writing task and from four seed points



Table 4
Brain regions where functional connectivity for control group is significantly less (corrected for multiple comparisons) than for dyslexic group in specific seed points for ordered alphabet
or word-specific spellings. Note: none for control group b dysgraphic group.

A. Letter production alphabet order task controls b dyslexics.
Left occipital–temporal seed point.

Pixel count Control M (SD) Dysgraphic M (SD) Atlas labels

105 1.616 (1.680) 4.416 (1.823) cerebel_Left_VI
17 1.934 (1.863) 4.802 (1.592) cerebel_Vermis_VI
8 1.294 (1.665) 4.053 (1.408) cerebel_Right_VI
5 0.926 (1.387) 4.225 (1.735) cerebel_Right_Crus_I
B. Letter production in blank to spell word task control group b dyslexia group.
Left occipital–temporal seed point.

Pixel count Control M (SD) Dysgraphic M (SD) Atlas labels

5 1.928 (1.697) 4.944 (1.872) L_Visual_Cortex_V2_BA18
33 1.243 (1.758) 4.739 (1.926) L_Visual_Cortex_V4
9 1.090(1.384) 3.691 (1.934) cerebel_Left_I-IV
29 0.791 (1.466) 3.153 (1.482) cerebel_Right_I-IV
41 1.990 (1.986) 4.633 (1.782) cerebel_Left_V
14 1.269 (1.837) 3.682 (1.731) cerebel_Right_V
288 1.683 (1.997) 4.555 (2.054) cerebel_Left_VI
45 2.056 (1.790) 5.240 (2.066) cerebel_Vermis_VI
106 1.122 (1.635) 3.713 (2.131) cerebel_Right_VI
57 1.448 (1.872) 4.711 (2.139) cerebel_Left_Crus_I
199 0.888 (1.426) 3.822 (2.229) cerebel_Right_Crus_I
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on the filling in the blank spelling task. During the alphabet writing task,
significant correlations were found between the left inferior frontal gyrus
(Broca's area) and the middle temporal gyrus (temporooccipital part), r
=.837, p b .02. During the fill in the blank spelling task, therewere signif-
icant correlations found between the left tempoparietal gyrus and 21
other regions, all p b .01. These 21 regions were: left inferior parietal lob-
ule PF, r= .834, left inferior parietal lobule PGp, r= .825, left superior pa-
rietal lobule 7a, r = .832, right superior parietal lobule 7a, r = .810, left
superior parietal lobule 7M, r = .816, left superior parietal lobule 7p, r
= .827, left visual cortex V2/BA 18, r = .815, right cingulum, r = .818,
right corticospinal tract, r= .836, left corticospinal tract, r= .848, left in-
terior occipitofrontal fascicle, r= .808, right optic radiation, r= .835, left
optic radiation, r= .823, right uncinate fascicle, r= .818, insular cortex, r
= .821, posterior supramarginal gyrus, r= .833, angular gyrus, r= .839,
superior lateral occipital cortex, r = .835, anterior cingulate gyrus, r =
.815, precuneus cortex, r = .821, and cuneal cortex, r = .817; from the
left supramarginal to 3 regions, all p b .02—right premotor cortex BA6, r
= .815, paracingulate gyrus, r = .825, and anterior cingulate gyrus, r =
.814; from the left precuneus to 3 regions, all p b .02—left visual cortex
V2/BA 18, r = .850, precuneus cortex, r = .838, and occipital fusiform
gyrus, r=.823; and from the inferior frontal gyrus (Broca's area) to 12 re-
gions, all p b .01—right anterior intraparietal sulcus hIP3, r = .831, left
Table 5
Seedpointswhere functional connectivity is significantly less (corrected formultiple compariso
to spell word task.Left occipital temporal Seed Point.

Letter production in blank to spell word task.
Left occipital temporal seed point.

Pixel count Dysgraphic M (SD)

21 1.237 (1.623)
7 1.005 (1.309)
10 0.808 (1.522)
51 0.804 (1.563)
13 2.024 (1.954)
7 0.602 (1.589)
69 1.284 (1.620)
49 1.385 (1.611)
15 −0.103 (1.586)
92 0.694 (1.516)
42 0.181 (1.560)
58 0.521 (1.290)
visual cortex V1/BA 17, r = .829, left visual cortex V2/BA 18, r = .823,
right visual cortex V2/BA 18, r = .819, right corticospinal tract, r= .819,
left optic radiation, r= .814, lateral superior occipital cortex, r=.826, lat-
eral inferior occipital cortex, r= .819, intracalcarine cortex, r= .829, lin-
gual gyrus, r = .825, temporal occipital fusiform cortex, r = .833, and
occipital fusiform gyrus, r= .826.

To summarize, for the dysgraphia group, the DTI FA–fMRI functional
connectivity correlations were significant from two seed points on the
fill in the blank spelling task. For the dyslexia group, the DTI RA–fMRI
functional connectivity correlations were significant from three seed
points on the alphabet writing task and from two seed points on the
fill in the blank spelling task; and theDTI AD–fMRI functional connectiv-
ity correlations were significant from one seed point on the alphabet
writing task and four seed points on the fill in the blank spelling task.
Thus, the significant white matter–gray matter correlations varied by
diagnostic group, DTI parameter, tasks, and seed points. For the
dysgraphia group, these correlations were significant only for the DTI
FA parameter and only for the fill in the blank spelling task. For the dys-
lexia group, these correlations were significant only for DTI RA and DTI
AD, for both the alphabet writing task and the fill in the blank spelling
task, but the patterns of seed point to region(s) for specific written lan-
guage tasks varied with DTI parameter.
ns) for dysgraphics than for dyslexics on levels of language tasks. Letter production in blank

Dyslexic M (SD) Atlas labels

3.524 (1.982) L Inferior_parietal_lobule_PF
3.457 (2.379) L Inferior_parietal_lobule_PFcM
3.094 (1.836) L Inferior_parietal_lobule_PFop
2.848 (1.565) L Inferior_parietal_lobule_PFt
4.978 (2.188) L Inferior_parietal_lobule_Pga
2.660 (1.653) L Primary_motor_cortex_BA4p
3.431 (1.832) L Primary_somatosensory_cortex_BA1
3.681 (1.976) L Primary_somatosensory_cortex_BA1
2.015 (1.808) L Primary_somatosensory_cortex_BA3a
3.030 (1.890) L Primary_somatosensory_cortex_BA3b
2.568 (1.985) L Second. somatosens_cortex_OP1
2.648 (1.841) L Second. somatosens_cortex_OP4



Table 6
Number of functional connections, number of structural white matter integrity connections (probabilistic tractography), and pixel counts for group connectivity score clusters for struc-
tural white matter integrity connections in brains in control, dysgraphic, and dyslexic groups alone for the four seed points.

A1. Functional connections for resting state.

Seed brain region Control Dysgraphic Dyslexic

Left occipital temporal 67 98 74
Left supramarginal gyrus 77 117 102
Left precuneus 38 75 54
Left inferior frontal 61 94 83
A2. Functional connections for letter production alphabetic order.

Seed brain region Control Dysgraphic Dyslexic

Left occipital temporal 18 60 73
Left supramarginal gyrus 15 65 78
Left precuneus 21 55 46
Left inferior frontal 16 43 44
A3. Functional connections for letter production fill in blank to spell.

Seed brain region Control Dysgraphic Dyslexic

Left occipital temporal 19 23 77
Left supramarginal gyrus 33 64 85
Left precuneus 27 54 88
Left inferior frontal 17 34 48
A4. Functional connections for planning before composing.

Seed brain region Control Dysgraphic Dyslexic

Left occipital temporal 4 30 25
Left supramarginal gyrus 7 66 47
Left precuneus 15 67 34
Left inferior frontal 5 50 29
B. DTI probabilistic tractography.

Seed brain region Control Dysgraphic Dyslexic

Left occipital temporal 6 6 5
Left supramarginal gyrus 3 11 10
Left precuneus 17 6 6
Left inferior frontal 9 6 4
C. Structural white matter integrity connections values for four seed points.
Left occipital temporal seed point.

Subject group Pixel count Mean (SD) Atlas label

Control 161 1.248 (1.134) cerebel_Left_VI
1368 12.202 (3.990) cerebel_Left_Crus_I

83 16.912 (8.980) inf_fronto-occip-fasciculus_L
1051 27.392 (9.275) inf_long_fasciculus_L
1252 29.034 (8.010) sup_long_fasciculus_L
110 21.40 (8.064) sup_long_fasciculus_temp_L

Dysgraphic 356 1.068 (1.156) cerebel_Left_VI
2381 8.450 (3.921) cerebel_Left_Crus_I
581 5.646 (3.444) inf_fronto-occip-fasciculus_L

2576 15.545 (6.079) inf_long_fasciculus_L
2052 19.718 (6.771) sup_long_fasciculus_L
267 11.394 (5.881) sup_long_fasciculus_temp_L

Dyslexic
2055 8.735 (3.793) cerebel_Left_Crus_I
119 12.730 (4.224) inf_fronto-occip-fasciculus_L

1341 20.905 (7.057) inf_long_fasciculus_L
1766 19.353 (7.519) sup_long_fasciculus_L
189 12.306 (5.890) sup_long_fasciculus_temp_L

Left precuneus seed point.

Subject group Pixel count Mean (SD) Atlas label

Control 270 0.052 (0.068) cerebel_Left_I-IV
97 0.006 (0.010) cerebel_Right_I-IV

5962 0.461 (0.384) L ant thal rad
168 1.50 (1.060) R ant thal rad

6732 0.029 (0.036) L cort spinal
5272 19.602 (6.812) L cingulum
334 2.150 (1.517) R cingulum

2259 3.244 (2.030) L cing hippo
309 0.022 (0.040) R cing hippo

6228 0.428 (0.253) forceps major
3946 0.063 (0.083) inf_fronto-occip-fasciculus_L

99 0.002 (0.005) inf_fronto-occip-fasciculus_R
5276 0.164 (0.176) inf_long_fasciculus_L
7604 0.017 (0.019) sup_long_fasciculus_L
247 0.022 (0.048) sup_long_fasciculus_temp_L

(continued on next page)
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Table 6 (continued)

Left precuneus seed point.

Subject group Pixel count Mean (SD) Atlas label

Dysgraphic 203 15.653 (16.437) L ant thal rad
5214 21.109 (11.979) L cingulum
288 3.370 (2.677) R cingulum
818 9.218 (5.935) L cing hippo
390 5.326 (5.996) forceps major
56 15.711 (20.295) inf_long_fasciculus_L

Dyslexic 169 9.207 (6.695) L ant thal rad
4087 21.589 (8.070) L cingulum
221 2.924 (2.364) R cingulum
240 11.115 (4.281) L cing hippo
63 9.273 (8.566) forceps major

145 6.941 (7.670) inf_long_fasciculus_L
Left supramarginal gyrus seed point.

Subject group Pixel count Mean (SD) Atlas label

Control 101 0.546 (0.708) L cingulum
72 6.013 (5.622) inf_long_fasciculus_L

4752 36.919 (7.50) sup_long_fasciculus_L
Dysgraphic 3044 1.049 (1.146) L ant thal rad

992 0.005 (0.007) R ant thal rad
2906 4.603 (4.377) L cort spinal
2014 0.007 (0.012) R cort spinal
115 0.028 (0.040) L cingulum
201 0.009 (0.016) L cing hippo

1437 0.109 (0.189) forceps major
489 0.588 (0.855) inf_fronto-occip-fasciculus_L
621 0.50 (0.802) inf_long_fasciculus_L

17,352 20.236 (8.761) sup_long_fasciculus_L
Dyslexic 3835 2.535 (3.214) L ant thal rad

1487 0.004 (0.005) R ant thal rad
4498 2.705 (2.246) L cort spinal
2321 0.005 (0.007) R cort spinal
1203 0.292 (0.406) L cingulum
997 0.011 (0.012) forceps major

1250 1.223 (1.576) inf_fronto-occip-fasciculus_L
2118 0.626 (0.722) inf_long_fasciculus_L

19,773 17.105 (7.311) sup_long_fasciculus_L
98 1.261 (1.689) sup_long_fasciculus_temp_L

Left Broca3s inferior frontal seed point.

Subject group Pixel count Mean (SD) Atlas label

Control 9148 4.203 (3.053) L ant thal rad
3728 1.227 (1.403) L cingulum

18081 0.503 (0.710) forceps minor
7010 5.333 (3.324) inf_fronto-occip-fasciculus_L
3064 0.001 (0.002) inf_long_fasciculus_L

15,538 4.326 (2.428) sup_long_fasciculus_L
3113 3.045 (2.252) L uncinate
161 0.576 (0.302) sup_long_fasciculus_temp_L
232 0.230 (0.382) sup_long_fasciculus_temp_R

Dysgraphic 1926 17.228 (9.694) L ant thal rad
323 1.30 (1.644) L cingulum
756 4.322 (6.695) forceps minor

1688 20.101 (8.079) inf_fronto-occip-fasciculus_L
2724 17.663 (5.536) sup_long_fasciculus_L
421 15.337 (7.301) L uncinate

Dyslexic 417 23.508 (7.071) L ant thal rad
841 19.934 (5.739) inf_fronto-occip-fasciculus_L

2346 14.742 (6.389) sup_long_fasciculus_L
158 14.785 (5.580) L uncinate
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3.4. Examples of contrasting patterns of neurological profiles in dysgraphia
and dyslexia

Fig. 1 shows the anatomical locations of both the fMRI connectiv-
ity and DTI parameter (relative anisotropy, ratio of uni-directional to
multi-directional diffusivity) differences between the control and
dysgraphia groups. Fig. 2 shows the anatomical locations of both the
fMRI connectivity and DTI (radial perpendicular diffusivity) parameter
differences between the dyslexia and dysgraphia groups. Fig. 3 shows a
scatter plot for the correlation between DTI RA and fMRI functional
connectivity on the alphabet task for the dyslexia group from one seed
point.

4. Discussion

4.1. Findings related to white matter integrity

Patterns of how dysgraphics differed from controls, dyslexics dif-
fered from controls, and dysgraphics and dyslexics differed on each of
four DTI indices varied depending on which of the four DTI indices of



Fig. 1. Top panel—coronal view, bottompanel—axial view. Functional connectivity and structuralwhitematter integrity connectivity where therewas a significant difference between the
control and dysgraphia groups. The area in orange shows where the dysgraphic group had greater fMRI connectivity than the control group to a seed region in the left occipito-temporal
region. The regions in blue/light blue showwhere the control group had greater relative anisotropy (DTI parameter similar to fractional anisotropy) than dysgraphic group. The language-
related pathways involving the right anterior thalamic radiation and the forceps minor are visible in the blue highlighted region. The image is in radiological orientation.
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whitematter integritywas analyzed. Only thedysgraphic group differed
from control group on fractional anisotropy (FA), which may be associ-
ated with myelination (Wheeler-Kingshott et al., 2009; Mori, 2007).
Only the dyslexia group differed from the control group on parallel
axial diffusivity (AD), which may be related to axon diameter (Song,
2002; Song, 2005). On relative anisotropy (RA), the dysgraphic and dys-
lexic groups differed from the control group on four common regions,
but differed from the control group in contrasting ways in six other re-
gions, five of which differentiated the dyslexic group from the control
group. The dysgraphic and dyslexic groups differed from each other bi-
laterally on perpendicular radial diffusivity (RD) in seven fiber tracts.
Thus, overall the dysgraphic and dyslexic groups differed from each
other and from the control group in white matter integrity in contrast-
ing ways.

Findings for specific DTI indicatorsmay have clinical significance. RA
results for greater bilateral anterior thalamic radiation in the control
group compared to the dysgraphia group or dyslexia group make
sense in light of research showing relationships between thalamic con-
nectivity and ADHD (Xia, 2012) and evidence of impaired supervisory
attention in dysgraphia and dysgraphia (Berninger and Richards,
2010). Results for greater left cingulum white matter integrity in the
control group compared to the dysgraphic group or the dyslexic group
are consistent with the well-documented role of the cingulum in exec-
utive functions in both handwriting and spelling skills and impaired ex-
ecutive functions in dysgraphia and dyslexia (Berninger and Richards,
2010). The findings for greater forceps minor white matter integrity in
the frontal portion of the corpus callosum connecting with the prefron-
tal cortex in the control group than in the dysgraphic group or
dysgraphic group are consistent with the frequent research finding of
working memory problems in dysgraphia and dyslexia (Berninger and
Richards, 2010).

Of interest, only the dyslexia group showed less RA compared to the
control group in bilateral IFOF, which connects posterior and anterior
language systems, and the uncinate, which is a late maturing limbic–
cortical pathway. Also of interest, on RA the dysgraphic group differed
from the control group in the left cortical spinal tract, but the dyslexic
group differed from the control group in right cortical spinal tract. A
possible explanation for this lateral difference is that the right-handed
participants with dysgraphia lack white matter integrity on the contra-
lateral cortical spinal tract, which interferes with letter production by
their dominant hand, whereas the participants with dyslexia lack
white matter integrity on the right cortical tract (projecting to the left
visual field) which may interfere with foveal vision during eye move-
ments from left to right while reading or spelling a word. Further evi-
dence of contrasting patterns of white matter integrity between
dyslexia and dysgraphia was the greater RD (perpendicular diffusion)
in seven brain regions on the right in the dyslexic group but left in the
dysgraphic group.

The number and patterns of probabilistic tractography connections
for the DTI seed point analysis also identified contrasting patterns of
white matter integrity. From the occipital temporal seed point, the
dysgraphia group did not differ from the control group, and the dyslexic
group differed from control group only in connection to the left cerebel-
lum. However, from the precuneus cortex and inferior frontal gyrus
(Broca3s) seed points, the control group had many more DTI findings
than did either the dysgraphia group or dyslexia group, but the
dysgraphia and dyslexic groups did not have exactly the same DTI find-
ings. From the supramarginal gyrus seed point, the control group had
only two DTI findings, but the dysgraphia and dyslexia groups had
many more, but not exactly the same ones. Overall, the control group
showedmore white matter integrity than either the dysgraphic or dys-
lexic groups, but two kinds of DTI differences were observed in
those groups—less white matter integrity from the precuneus cortex
and inferior frontal gyrus seed points or more white matter integrity
from the SMG seed point. However, overall the seed points from the
metaanalysis of brain regions involved in written word production
(Purcell, 2011) captured the contrasting neurobiological patterns
differentiating the control from the dysgraphic or dyslexic groups.

Collectively the DTI findings show contrasting profiles of whitemat-
ter integrity in dysgraphia and dyslexia. Whereas the dysgraphics dif-
fered from controls in DTI FA which is thought to be associated with
amount of myelination (Wheeler-Kingshott et al., 2009; Mori, 2007),
the dyslexics differed from controls in DTI RA, also thought to be associ-
ated with the amount of myelination (Basser and Pierpaoli, 1996), DTI
AD, which is parallel diffusion which is thought to be related to
axon diameter (Song, 2002; Song, 2005), and DTI RD, which is perpen-
dicular diffusion and is thought to be related to the degree of
myelination (Song, 2002; Song, 2005).
4.2. Findings related to fMRI functional connectivity

Although the dysgraphia group did not differ from the control group
on the alphabet writing task in functional connectivity, the pattern of



Fig. 2. Top panel—coronal view, bottompanel—axial view. Functional connectivity and structuralwhitematter integrity connectivity where therewas a significant difference between the
dyslexia and dysgraphia groups. The clusters in yellow/orange showwhere the dyslexic group had greater connectivity, compared to the dysgraphic group in fMRI connectivity, to a seed
region in the occipito-temporal region. The clusters in blue/light blue show where the dysgraphic group had greater radial diffusivity (RD) than the dyslexic group. Notice the anatomic
concordance of the fMRI connectivity and the DTI parameter clusters on the left side of the brain. The language-related pathways involving the anterior thalamic radiation (white matter
tract) and the inferior parietal cortex (gray matter) shown in this figure are both heavily involved in language processing. The image is in radiological orientation.
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functional connectivity on the alphabet letter writing task was different
for the dysgraphia group and the dyslexia group. The dysgraphia group
showed more functionally connected voxels from the left precuneus, a
region common to both the default network and Rich Club of the
Human Connectome (Bullmore and Sporns, 2009; Smith, 2013; van
den Heuvel and Sporns, 2011) than the dyslexia group; but the dyslexia
group showed more functionally connected voxels from the left
occipital temporal and left supramarginal gyri. Thus, there may be con-
trasting patterns of functional connectivity for the same alphabet
Fig. 3. Scatter plot of DTI relative anisotropy (RA) versus fMRI connectivity on the alphabet
task for the dyslexia group from one seed point. Each box on the plot comes from an indi-
vidual subject using their value of DTI RA (extracted fromMNI coordinates 32,17, 35 mm
where there was a significant difference between the dyslexic group and the control
group) and fMRI connectivity value (within the left angular gyrus). This plot shows a pos-
itive correlation between DTI and fMRI connectivity with an r correlation value of 0.84
(p b 0.01).
writing task between dysgraphia (impaired handwriting) and dyslexia
(impaired word spelling/reading). A possible explanation, based on
overconnectivity from the precuneus in children with dysgraphia, is
that children with persisting handwriting problems lack awareness of
letter form or of alphabet order, which in turn interferes with subword
level of written language on the alphabet writing task. Another possible
explanation is that for children with dyslexia their problems in writing
the alphabet from memory are more related to automatic letter forma-
tion, as assessed by comparing real letter and pseudoletter writing in a
prior but not the current study (Richards, 2011) than to finding the let-
ter in the ordered alphabet. In contrast, the childrenwith persisting dys-
lexia showed functional overconnectivity in a region where visual
inputs are first processed as letters in visible language (left occipital
temporal gyrus) supported by working memory (left supramarginal
gyrus). Thus, there appears to be a different neural basis for letter writ-
ing on the alphabet writing task for the dysgraphic and dyslexic groups.

In addition, it is not surprising that on the spelling task the dyslexia
group had more functionally connected voxels for all four seed points
than the dysgraphia group, consistent with dyslexia being associated
with impaired word spelling. The dyslexia group had greater functional
connectivity than the control group, especially to the cerebellum, on
both written language tasks. Over-connectedness with the cerebellar
regions may explain the frequently reported inefficiencies in neural
timing of language processing in dyslexia (Berninger and Richards,
2010).

It was surprising that, compared to the control group, the dysgraphic
and dyslexic groups differed in contrasting ways on two kinds of cogni-
tive tasks related towriting, but not assessed on conventional measures
of intellectual function. Specifically, the dysgraphic group showed
more functional connections from three seed points (all but left
supramarginal gyrus) than the control group or dyslexic group on plan-
ning for composing; but the dyslexic group showed more functional
connections during flow in the resting condition compared to the con-
trols from one seed point (left occipital temporal gyrus). However,
when the dyslexic and dysgraphic groups were compared to each
other the pattern of overconnectivity changed from that for comparison
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with controls. For both mind wandering during rest and planning for
composing, the dysgraphics showed more functional connectivity
from all four seed points.

Thus, the first hypothesis was supported, in part: the dysgraphic and
dyslexic groups differed from each other in functional connectivity on
tasks that contrasted in level of language associated with their hallmark
impairments—letter production in alphabetic order out of word context
in dysgraphia or letter production inword context in dyslexia. However,
it was not a simple story of the dysgraphic group differing from the con-
trol group only on the alphabet writing task, and the dyslexic group dif-
fering from the control group only on the spelling task. Rather, the
dysgraphic group differed from the dyslexic group on the alphabetwrit-
ing task from one seed point that may be related to linguistic awareness
for letter forms and their positions in the ordered alphabet. The hypoth-
esis was supported in that the dyslexic group differed from the control
group and from the dysgraphic group on the spelling task, when the
task was to write a letter to complete the word-specific spelling rather
than make a yes/no judgment about whether a letter string is a correct
word-specific spelling response requirement. However, the dyslexic
group also differed from the control group and dysgraphic group on
the alphabet writing task from some seed points, but not the same
one as the dysgraphic group did.

However, the second hypothesis was not supported. The dysgraphic
group and dyslexic groups differed from the control group on cognitive
tasks, but in contrasting ways. That the dysgraphia group did not differ
from the control group during resting condition (Vaden et al., 2015) is
consistent with the view that dysgraphics have normal cognitive flow
of thoughts when not constrained by planning for an externally im-
posed goal. That the dysgraphia group did differ from the control
group on the planning task when a topic was provided to them is con-
sistent with the impaired supervisory attention functions in working
memory for planning often observed in dysgraphia (Berninger and
Richards, 2010). The dyslexia group3s stronger functional connectivity
than the control group during resting state (mindwandering) is consis-
tent with dyslexia being associated with difficulties in self-regulation
when managing their own learning without teacher guidance and sup-
port. That the dyslexia group did not differ from the control group in
functional connectivity during planning is consistent with their ability
to benefit from teacher provided guidance and support, for example,
in providing a topic to write about (what) as well as a reason for it
(why), as was included in instructions.

Also of interest is the number of connections observed from cortical
seed points to the left and/or right uncinate fasciculus in the limbic sys-
tem (see Tables 2 and 6). The uncinate fasciculus is the last fiber tract to
mature (Hasan et al., 2009) and its function is not fully understood.
However, a possible implication of uncinate involvement is that for chil-
dren with dysgraphia and dyslexia handwriting and spelling should be
taught systematically beyond the early grades continuing in grades
4–9 because a relevant white fiber tract may still be maturing during
the upper elementary andmiddle school grades. Future research should
also investigate the connections between social/emotional/motivation-
al functions in the limbic system and cognitive/linguistic functions in
the cortex for learning to write and read for both typical language
learners and those with dysgraphia or dyslexia.

Overall, the findings (a) show the importance of comparing patterns
both to controls and to other specific written learning disabilities in
drawing conclusions relevant to differential diagnosis; and (b) serve
as a reminder that impaired handwriting or spelling may be associated
with both cognitive and language problems. Handwriting is not just a
motor skill or just a language skill.
4.3. Findings for white matter–gray matter correlations

Unexpectedly, both correlations between white matter integrity
(FA) and gray matter functional connectivity for dysgraphia were on
the spelling task on which children had to write a missing letter to cre-
ate aword specific spelling. This result supports the frequent clinical ob-
servation that children with primary impairment in handwriting often
have associated spelling problems without reading problems. More-
over, the connections from the seed points in the supramarginal gyrus
to the anterior cingulate and from seed points in the inferior frontal
gryus to the frontal gyrus are consistent with findings for word-
specific spelling in children with dysgraphia in an fMRI BOLD study
(Richards, 2009).

Also unexpectedly, for bothDTI RA andDTI AD, the dyslexics showed
impairment on both the alphabet writing task and fill in the blank to
create a correct word spelling task. These findings are consistent with
evidence that (a) children with dyslexia have difficulty with finding,
accessing, and producing letters in alphabetic order due to an impaired
orthographic loop in working memory for integrating access to letter
codes with producing them through sequential finger movements
(Berninger and Richards, 2010); and (b) letter production impairments
in dysgraphia and dyslexia are not the same even when dyslexia and
dysgraphia co-occur (Alstad et al., 2015).

Clearly, the dysgraphic and dyslexic groups showed different pat-
terns of DTI–fRMI connectivity correlations for DTI parameters on
which the control group differed from the dysgraphia and/or dyslexia
groups. Some white matter–gray matter correlations may be hallmark
contributors to the behavioral manifestation of dysgraphia versus dys-
lexia, whereas lack of such correlationsmay also be contributing factors
and related to specific DTI under-connectivity or fMRI over-connectivity
that can interferewith the necessarywhitematter–graymatter connec-
tions forming. For example, although no significant DT RD–fMRI
connections were found for the written language tasks, clearly the
dysgraphic and dyslexic groups differ in DT RD in seven locations. See
Fig. 2.
4.4. Complex connectome supporting writing

Collectively, the current findings provide evidence for contrasting
neurobiological patterns during two written language tasks for typical
writing development, developmental dysgraphia and developmental
dyslexia during middle childhood and early adolescence. Overall, con-
trols tended to have more indicators of structural white matter integri-
ty, and fewer functional connections, consistent with more efficient
processing on written language tasks at the subword and word levels.
In contrast, those with dysgraphia or dyslexia had fewer indicators of
structuralwhitematter integrity, but considerablymore fMRI functional
connections, consistent with inefficiency in orchestrating the mind for
writing-related language or cognitive tasks. However, the DTI indica-
tors, fMRI functional connections, and the DTI–fMRI connection correla-
tions were not identical across dysgraphia and dyslexia. For example,
there were not only significant differences in DTI white matter integrity
between the dysgraphic and dyslexic groups in the left inferior fronto-
occipital fasciculus (IFOF) and left superior longitudinal fasciculus
(SLF), but also differences in fMRI functional connectivity to the inferior
parietal lobule from the occipital temporal seed point. Martino et al.
(2010) showed that the IFOF has cortical terminations in the parietal,
occipital and temporal lobes, which are involved in semantic process-
ing; and semantics contributes to word-specific spelling. Catani et al.
(2005) showed that beyond the arcuate pathway connecting Broca3s
and Wernicke3s areas, there was another pathway passing through the
inferior parietal cortex connecting the inferior parietal lobe to
Wernicke3s territory; both are involved in word reading and spelling.

One potential explanation of functional over-connectivity of the
dysgraphic or dyslexic groups compared to the control group is neural
inefficiency. The functional inefficiency may be related to the lack of
the structural white matter integrity observed in the dysgraphic and
dyslexic groups compared to the control group on multiple DTI indices.
Functional over-connectivity may be a compensation mechanism.
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Another possibility is that the functional inefficiency may be related to
genetic mechanisms. Althoughmuch has been learned about the genet-
ic bases of dyslexia (Schulte-Körne, 1998; Berninger and Richards,
2010), less research has been directed to the genetic bases of
dysgraphia. However, these two possibilities are not mutually exclusive
as genetic mechanisms that regulate neural development may contrib-
ute to thewhitematter differences and neural inefficiency.What is clear
from the current study is that dysgraphia and dyslexia differ from con-
trols and each other not only on behavioral measures but also on brain
indices of DTI structural and fMRI functional connectivity. On the one
hand, for dysgraphia DTI FA correlations were significant from one
posterior seed point (supramarginal gyrus) and one anterior seed
point (inferior frontal gyrus) during the fill in the blank during spelling
task. On the other hand, for dyslexia, DTI RA–fMRI functional connectiv-
ity correlations were significant from two posterior seed points
(occipitotemporal and supramarginal gyri) and one anterior seed
point (inferior frontal gyrus) during alphabet writing and from one pos-
terior seed point (occipitotemporal gyrus) and one anterior seed point
(inferior frontal gyrus) during the fill in the blank during spelling task.

The current study adds to the rapidly expanding knowledge of the
heavily connected brain (van den Heuvel and Sporns, 2011; Markov
et al., 2013a; Markov et al., 2013b; Stern, 2013) by showing that struc-
tural connections and functional connections are related in differential
and complexways in childrenwith andwithout dysgraphia and dyslex-
ia. Whether more white matter integrity and less functional connectiv-
ity, as observed in the control group, is adaptive, is unknown.Answering
this question warrants future research and the answer, like the human
brain, may be complex.

4.5. Clinical significance

During the Common Core era in the US (Common Core, 2013), writ-
ing disabilities, which epidemiological research shows affect a sizable
number of school age-children, are the forgotten Specific Learning Dis-
ability (SLD) (Katusic et al., 2009). Neuroscience research has an impor-
tant societal contribution to make in educating educators and policy
makers that these brain-based SLDs affecting writing – dysgraphia and
dyslexia – exist, can be diagnosed, have different brain bases (as the
plural suffix on specific learning disabilities indicates), and deserve indi-
vidually tailored instruction because they are not neurologically or be-
haviorally identical. Moreover, the handwriting and spelling problems
may persist beyond the early grades and systematic, explicit instruction
in handwriting and spelling may be needed during middle childhood
and adolescence. The current research shows that appropriate instruc-
tion for remediating dysgraphia and dyslexia should be directed to cog-
nitive as well as language processes.
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