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A B S T R A C T

Left temporal-parietal white matter structure is consistently associated with reading abilities in children. A small
number of longitudinal studies show that development of this area over time is altered in children with impaired
reading. However, it remains unclear how brain developmental patterns relate to specific reading skills such as
fluency, which is a critical part of reading comprehension. Here, we examined white matter development tra-
jectories in children with dysfluent reading (20 dysfluent and inaccurate readers, 36 dysfluent and accurate
readers) compared to non-impaired readers (n= 14) over 18 months. We found typical age-related increases of
fractional anisotropy (FA) in bilateral temporal-parietal areas in non-impaired readers, but a lack of similar
changes in dysfluent readers. We also found steeper decreases of mean diffusivity (MD) in the right corona
radiata and left uncinate fasciculus in dysfluent inaccurate readers compared to dysfluent accurate readers.
Changes in diffusion parameters were correlated with changes in reading scores over time. These results suggest
delayed white matter development in dysfluent readers, and show maturational differences between children
with different types of reading impairment. Overall, these results highlight the importance of considering de-
velopmental trajectories, and demonstrate that the window of plasticity may be different for different children.

1. Introduction

Reading is a complex task requiring efficient communication be-
tween multiple brain areas. While most children learn to read relatively
easily, 17–21% struggle to read despite adequate intelligence, motiva-
tion, and opportunity (Ferrer et al., 2015). Reading impairment can
lead to reduced academic achievement and diminished future career
prospects, and is a risk factor for mental health problems (Goldston
et al., 2007; Morris and Turnbull, 2007; Wilson et al., 2009). Specific
reading impairment, or dyslexia, is characterized by difficulties reading
accurately and/or fluently (Lyon et al., 2003), and has a neurobiolo-
gical basis.

Diffusion tensor imaging (DTI), a neuroimaging technique sensitive
to white matter microstructure, has provided evidence of widespread
disrupted structural brain connectivity underlying specific reading im-
pairments. White matter features related to reading ability have been
identified in classical dorsal and ventral reading pathways (e.g., the
superior longitudinal, arcuate, inferior fronto-occipital, uncinate, and

inferior longitudinal fasciculi), as well as the splenium of the corpus
callosum (Dougherty et al., 2007; Frye et al., 2008; Odegard et al.,
2009; Travis et al., 2016; Vandermosten et al., 2012). A meta-analysis
of DTI reading studies identified the most consistent findings in an area
of left temporal-parietal white matter intersected by the left superior
longitudinal fasciculus and corona radiata (Vandermosten et al., 2012).
Furthermore, gains in reading skills have been associated with changes
in white matter structure in this left temporal-parietal region following
intensive reading remediation for children (Huber et al., 2018; Keller
and Just, 2009).

There is growing interest in understanding the neural underpinnings
of the components of the reading process, such as fluency. Reading
fluency, which refers to the combination of reading accuracy and speed,
is a key component of reading comprehension (Fuchs et al., 2001). Oral
reading fluency at baseline, and gains in fluency over time, are pre-
dictive of reading comprehension (Kim et al., 2010). Dysfluency, or the
inability to read accurately and quickly, is a widespread deficit in poor
readers (Shaywitz and Shaywitz, 2005), and one that may persist longer
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than inaccurate decoding. However, relatively little is known about
how structural brain connectivity is related to the different components
of reading. One study in children found that white matter structure in
ventral connections (uncinate, inferior fronto-occipital, and inferior
longitudinal fasciculi) was correlated with fluency and comprehension,
but not sight word reading (Arrington et al., 2017). Another study in
adolescents and young adults found that fluency, decoding, and sight
word reading were each related to widespread white matter structure,
but that sight word reading was uniquely related to several frontal
white matter regions (Lebel et al., 2013). Both accuracy and processing
speed are related to white matter microstructure in the arcuate fasci-
culus in children (Skeide et al., 2016).

Longitudinal studies are able to investigate brain development tra-
jectories, which are often more sensitive measures of developmental
disorders than analyses at a single time point (Giedd et al., 2008).
Furthermore, understanding trajectories of brain development as they
relate to specific reading difficulties can highlight periods of maximal
brain plasticity that might be ideal targets for intervention. Component
processes in reading, including phonological processing and fluency,
are related to development of gray matter volume and cortical thickness
in inferior frontal, inferior parietal, and superior temporal areas in
children (Clark et al., 2014; Houston et al., 2014; Linkersdorfer et al.,
2015; Lu et al., 2007; Xia et al., 2016). Two DTI studies showed that
word reading abilities in children predicted white matter development
in dorsal and ventral white matter tracts (Wang et al., 2017; Yeatman
et al., 2012), and others have observed relationships between changes
in reading skills and white matter structure, including the superior and
inferior longitudinal fasciculi and the arcuate fasciculus in children
with prenatal alcohol exposure (Treit et al., 2013) or with a family
history of dyslexia (Wang et al., 2017).

The goal of the current study was to extend this previous work by
investigating the relationship between trajectories of white matter de-
velopment and reading fluency. To this end we studied two types of
dysfluent readers, dysfluent accurate and dysfluent inaccurate readers,
and compared these to non-impaired readers. We aimed to examine
group differences and changes with age in white matter tracts that have
previously been shown to be altered in poor readers. We hypothesized
that children who were fluent readers would have higher fractional
anisotropy and lower mean diffusivity than dysfluent readers, and that
the fluent readers would have the largest developmental changes (in-
creases of fractional anisotropy and decreases of mean diffusivity) over
time in white matter connections related to reading.

2. Methods

2.1. Participants

Participants were 70 healthy right-handed children (44 male/26
female). All children received a reading assessment and an MRI scan at
baseline (age: 9.5 ± 1.3 years), and again approximately 18 months
later (age: 11.0 ± 1.3 years; 1.5 ± 0.1 years after the first scan).
Participants were originally recruited from a number of sources, in-
cluding referrals from health care providers and community adver-
tisements. Children where the cause of the reading problem was likely
attributable to emotional disturbance, clinically apparent neurogenetic
disorders, brain injury, sensory disorders, or social, cultural, or eco-
nomic disadvantage were excluded from the study. Children were also
excluded for contraindications to MRI. The Institutional Review Board
at Yale University approved this study and written informed consent
was obtained from parents or guardians.

2.2. Reading assessments

Within two months of their MRI scan, children were assessed using
the Gray Oral Reading Test-IV (GORT) Fluency; the Woodcock Johnson
(WJ) Letter-Word Identification and Word Attack subtests (which

together provide a Basic Reading score); and the Test of Word Reading
Efficiency (TOWRE) Sight Words and Phonological Decoding. All chil-
dren were also assessed at baseline using the Wechsler Abbreviated
Scale of Intelligence (WASI) to provide full scale IQ scores. Participants
were divided into three groups, based on their baseline reading as-
sessments. Children were classified as dysfluent readers if their GORT
Fluency, TOWRE Sight Words, or TOWRE Phonological Decoding scores
were below the 25th percentile, or if any of their reading scores were
1.5 standard deviations or more below their Full Scale IQ score. Both
methods validly identify children as dyslexic readers, and there is little
evidence of differences between subgroups of children formed with one
criterion versus the other (Ferrer et al., 2010; Shaywitz et al., 1992,
2003). The dysfluent group was further subdivided into dysfluent
readers with inaccurate decoding skills (WJ Basic Reading or WJ Word
Attack scores below the 25th percentile) or dysfluent readers with ac-
curate decoding skills (Basic Reading and Word Attack scores above the
25th percentile). Control subjects had scores on all reading assessments
above the 40th percentile. The three groups of participants were: con-
trol subjects (fluent readers with accurate decoding; n=14), dysfluent
readers with accurate decoding (n=36), and dysfluent readers with
inaccurate decoding (n=20). Table 1 provides participant information
for each group.

2.3. Image acquisition and processing

All subjects underwent MRI scanning on a 1.5T Siemens Sonata
scanner at Yale University. DTI images were acquired using spin echo
echo-planar imaging with twenty-eight 5mm slices (no gap), image
matrix of 64× 64, field of view=240×240 mm2, TE= 85ms,
TR=9000ms, b= 1000 s/mm2, six diffusion-encoding directions, and
six averages. Total DTI acquisition time was 7:24min.

Data was visually inspected for motion artifacts (including signal
drop out, venetian blind artifact, and mechanical vibration artifact).
Volumes with substantial motion corruption (i.e., more than 10%) were
removed from analysis before processing. Participants with more than 8
scan volumes removed (out of a total of 36) were excluded from ana-
lysis. Data was processed using FSL’s diffusion pipeline, including eddy
current correction, motion correction, brain extraction (BET, 0.2
threshold), and fitting of the diffusion tensor model at each voxel. From
the tensor, maps of fractional anisotropy (FA), mean diffusivity (MD),
and axial and radial diffusivity (AD, RD) were calculated for each
subject. After fitting to the tensor model, non-linear registration was
performed on each subject’s FA maps to the MNI152 1mm standard

Table 1
Subject demographics. Demographic information is given for 70 subjects at
baseline, including age, gender, IQ, and reading assessments (WJ, GORT,
TOWRE).

Sample mean ± standard deviation

Dysfluent,
inaccurate

Dysfluent,
accurate

Non-impaired

N 20 36 14
Age at baseline MRI 10.0 ± 1.2 9.4 ± 1.3 9.2 ± 1.2
Gender 15m/5f 23m/13f 6m/8f
WASI FSIQ 102 ± 14* 105 ± 10* 125 ± 20

Reading Scores
GORT Fluency 3 ± 2*◊ 5 ± 2* 13 ± 2
WJ Letter-Word ID 82 ± 7*◊ 98 ± 6* 120 ± 10
WJ Word Attack 87 ± 5*◊ 98 ± 7* 112 ± 10
WJ Basic Reading 84 ± 6*◊ 98 ± 6* 118 ± 10
TOWRE Sight Words 79 ± 10*◊ 91 ± 8* 116 ± 12
TOWRE Phonological

Decoding
80 ± 6*◊ 90 ± 9* 112 ± 11

Group differences: *significantly different from controls, ◊ significantly dif-
ferent from dysfluent accurate group; p < 0.05.
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brain. FSL’s Tract Based Spatial Statistics (TBSS) (Smith et al., 2006)
was used to calculate a mean white matter skeleton using an FA
threshold value of 0.20. Each subjects’ FA data was then projected onto
the skeleton. Similarly, MD, AD, and RD were projected onto the ske-
leton to create white matter skeleton maps for each parameter. Brain
areas were selected for analysis based on previous DTI studies of
reading fluency (Arrington et al., 2017; Lebel et al., 2013), and dyslexia
(Vandermosten et al., 2012). Using the JHU ICBM-DTI-81 atlas, mean
FA, MD, AD, and RD were calculated for each subject from the fol-
lowing regions of interest (ROIs): the splenium of the corpus callosum
(sCC); anterior limb of the internal capsule (ALIC); anterior and pos-
terior corona radiata (aCR, pCR); sagittal stratum (includes the inferior

longitudinal and fronto-occipital fasciculi); uncinate fasciculus; and
superior longitudinal fasciculus. For all regions except the corpus cal-
losum, left and right were calculated separately, giving a total of 13
ROIs. We also calculated the average FA and MD across the entire
skeleton to provide reference values. Parameter values were calculated
at each time point for each subject.

2.4. Statistical analysis

Group differences in reading scores at baseline were tested using a
one-way ANOVA with p < 0.05. Changes in reading scores over time
were tested using paired samples t-tests across the whole group, and

Fig. 1. Trajectories of white matter development differed in dysfluent inaccurate, dysfluent accurate, and non-impaired readers in several brain regions (A–F). Solid
lines represent significant relationships, while dotted lines represent non-significant fits; each group is shown in a different colour. The figures in the centre show the
average fractional anisotropy map with the tract-based spatial statistics (TBSS) skeleton overlaid in green. Regions of interest that had significant group differences in
trajectories are shown in colours.
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within each group separately.
Linear mixed effects models were used to test for group differences,

age-related changes, and group-by-age interactions for each tract.
Gender was included as a covariate. Significance was set to p < 0.05. A
supplementary analysis was conducted controlling for IQ to ensure IQ
differences were not driving results. Because regions were selected
based on a priori hypotheses about white matter regions related to
reading, multiple comparison corrections were not performed for these
models.

Relationships between changes in diffusion parameters and changes
in reading scores over time were tested using Pearson correlations,
controlling for gender. As age-related changes were linear (see results),
we did not correct for age.

FA and MD were analyzed as primary outcomes of interest. RD and
AD were analyzed in any areas where FA and/or MD showed significant
results, in order to investigate which white matter factors may be in-
fluencing any observed group differences.

3. Results

3.1. Demographics

Participants had normal to above-average scores on the WASI
(Wechsler, 1999) (108 ± 16), although both dysfluent groups had
significantly lower IQ scores than controls (p < 0.05; Table 1). All
three groups differed on reading scores, with the dysfluent inaccurate
group scoring lowest, then the dysfluent accurate group, and the non-
impaired group scoring highest; see Table 1. There were no significant
group differences in age or gender.

3.2. Age-related changes and gender differences in diffusion parameters

Ten of 13 regions had significant age-related increases of FA
(p < 0.05); only the right anterior corona radiata and the bilateral
uncinate fasciculus did not. All regions showed significant age-related
decreases of MD (p < 0.05). The left anterior corona radiata was the
only region with gender differences in FA values; males had higher FA
(p=0.008). The left and right ALIC, left and right anterior CR, and left
SLF all had higher MD values in females (p=0.007, 0.007, 0.028,
0.009, and 0.048, respectively); the left and right sagittal stratum had
higher MD in males (p=0.003, p=0.013, respectively).

Across the whole skeleton, MD had significant age-related decreases
(p=0.032), but FA did not change significantly. Neither had sig-
nificant differences between males and females.

3.3. Group differences in diffusion parameters

Group differences were significant for FA in the left and right pos-
terior CR (p=0.01, p= 0.02, respectively), and for MD in the right
anterior and posterior corona radiata (p=0.006, p=0.035, respec-
tively) and left uncinate fasciculus (p=0.039). However, these regions
also had significant group-age interactions, so findings are best inter-
preted in that context.

The left and right posterior CR and the right SLF had significant
group-by-age interactions for FA (p=0.008, p=0.024, p=0.021,
respectively). In all three areas, age-related increases of FA were sig-
nificant in the non-impaired group, but no significant changes of FA
occurred in either of the dysfluent groups (Fig. 1). For MD, significant
interactions were present in the right anterior and posterior CR
(p=0.008, p= 0.037, respectively) and the left uncincate fasciculus
(p=0.031). In the anterior CR, significant decreases of MD occurred in
the dysfluent inaccurate group only, while no changes were evident in
either the dysfluent accurate group or the non-impaired controls. In the
right posterior CR, all groups had significantly decreasing MD, but
changes in the dysfluent accurate group were slower than the other two
groups. In the left uncinate fasciculus, both dysfluent groups had

decreasing MD (the dysfluent inaccurate more steeply than dysfluent
accurate), and the non-impaired group had no change. These results
would not survive correction for multiple comparisons.

There were no significant group differences or group-by-age inter-
actions for whole-skeleton averaged FA or MD.

A post-hoc analysis of group-by-age interactions for axial and radial
diffusivity (AD, RD) revealed no significant interactions for AD. The
right posterior corona radiata had significant interactions for RD
(p= 0.012), w while the right anterior corona radiata, the left posterior
corona radiata, and the right SLF had trend-level interactions for RD
(p= 0.054, 0.071, 0.052, respectively).

3.4. IQ as a covariate

Follow-up analysis was conducted with IQ as a covariate to under-
stand its impact on any group differences. When IQ was included in the
model, all age-by-group interactions remained significant: FA in the left
and right posterior corona radiata (p= 0.001, 0.011, respectively), FA
in the right SLF (p=0.028), MD in the right anterior and posterior
corona radiata (p= 0.01, 0.05, respectively), and MD in the left un-
cinate fasciculus (p=0.033).

3.5. Changes in reading scores

Across all subjects, there were no significant changes in reading
scores over time. Within the dysfluent accurate and non-impaired
groups, however, some scores decreased significantly over time. In the
dysfluent accurate group, WJ Word Attack (Δ=−2.6, p= 0.013), WJ
Basic Reading (Δ=−1.8, p= 0.049), and TOWRE Phonological
Decoding (Δ=−2.1, p= 0.043) scores decreased. In the non-impaired
group, WJ Word Attack (Δ=−3.1, p= 0.041) and TOWRE Sight
Words (Δ=−5.7, p= 0.031) scores decreased. No changes over time
were significant in the dysfluent inaccurate group.

Across all subjects, changes in TOWRE Sight Words were positively
correlated with changes of FA in the left SLF (r= 0.25, p=0.040),
changes in TOWRE Phonological Decoding were negatively correlated
with changes of MD in the right posterior corona radiata (r=−0.30,
p=0.014), and changes of GORT Fluency were positively correlated
with changes of MD in the left posterior corona radiata (r= 0.28,
p=0.019) and left SLF (r= 0.28, p= 0.02). Changes in both MD and
FA averaged across the skeleton were correlated with changes in
TOWRE Phonological Decoding scores (r= 0.27, p=0.027;
r=−0.28, p= 0.019, respectively). See Fig. 2. There were no sig-
nificant group differences in the relationships between changes in
reading scores and changes in diffusion parameters. These results would
not survive correction for multiple comparisons.

4. Discussion

Here we show different developmental trajectories between non-
impaired and dysfluent readers in superior white matter known to be
associated with reading. In general, non-impaired readers showed the
expected age-related increases of FA, while dysfluent readers did not.
Dysfluent inaccurate readers showed more substantial decreases of MD
than the other groups, perhaps suggesting compensation. Gains in sight
word reading and fluency were related to changes of diffusion para-
meters in the superior longitudinal fasciculus and corona radiata, sug-
gesting that strengthening of these connections underlies improvements
in key reading skills. On the other hand, improvements in phonological
decoding were related to diffusion changes in the right corona radiata
and across the entire skeleton, suggesting a relationship with global
brain structure. These results support the idea that impaired readers
have different developmental trajectories than typical readers and
provide evidence that white matter maturation of certain tracts varies
based on the specific type of reading impairment (i.e., dysfluency alone
vs dysfluency plus impaired decoding).
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Non-impaired readers had significant age-related increases of FA in
the right superior longitudinal fasciculus and bilateral posterior corona
radiata while dysfluent readers did not show significant changes. The
trajectories in non-impaired readers are expected based on white matter
development patterns in typically-developing children, which show
increasing FA throughout childhood in both the superior longitudinal
fasciculus (Lebel and Beaulieu, 2011) and the corona radiata (Tamnes
et al., 2010). The lack of significant age-related increases in dysfluent
readers may reflect delayed development in this group, which has also
been suggested by functional imaging studies. For example, one study

showed more substantial alterations of functional connectivity in the
left temporal-parietal region of children with dyslexia compared to
fewer differences in adults, suggesting that individuals with dyslexia
may at least partly “catch up” during development (Finn et al., 2014). A
previous study found FA in the left arcuate and inferior longitudinal
fasciculi increases from 7 to 11 years in children with above-average
basic reading scores, but decreases in children with below-average
scores (Yeatman et al., 2012). In a different study, age-related increases
of FA in the left arcuate fasciculus were observed in both good and poor
readers (aged 5–12 years), though the good readers had faster increases

Fig. 2. Significant relationships were observed between changes in reading scores and changes in DTI parameters for the three regions shown above, as well as the
average values across the skeleton (A–F). Relationships did not differ significantly by group. The brain image in the centre shows the average fractional anisotropy
map with the tract-based spatial statistics (TBSS) skeleton overlaid in green. Regions of interest that had significant correlations are shown in colours.
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than the poor readers (Wang et al., 2017). In general, our results are
consistent with these previous studies in that all observe faster FA in-
creases in good readers than in poor readers. However, the specific
location of differences and the nature of developmental changes in the
poor readers varies across studies.

We found relationships bilaterally in the corona radiata and in the
right superior longitudinal fasciculus, while previous relationships were
found in left hemisphere regions. Previous research has suggested that
the left hemisphere, particularly the intersection of the arcuate fasci-
culus and corona radiata, is where relationships between reading
abilities and white matter microstructure are most commonly found
(Vandermosten et al., 2012), although numerous studies have also ob-
served relationships between reading skills and brain structure in right
hemisphere areas, including the superior longitudinal fasciculus (Lebel
et al., 2013; Richards et al., 2008; Walton et al., 2018). Indeed, here, we
found significant age-group interactions in the right superior long-
itudinal fasciculus for FA. Interestingly, results in the left superior
longitudinal fasciculus revealed a similar pattern of larger FA increases
in the non-impaired group compared to the dysfluent groups, though
age-group interactions were not significant (p=0.14). One of the
previous studies also examined the corona radiata, and found no group
differences for FA development (Yeatman et al., 2012). However, they
examined the entire corona radiata (superior cortex to subcortical gray
matter), while we examined only the superior portion, which may in-
dicate that different relationships exist along the length of the tract.

Our results also showed that dysfluent inaccurate readers had faster
age-related decreases of MD in the right anterior and posterior corona
radiata, as well as the left uncinate fasciculus compared to dysfluent
accurate readers. MD was not investigated by the previous longitudinal
studies, but it does show slightly different developmental trajectories
compared to FA (Lebel et al., 2017). Decreases of MD typically occur
throughout childhood in the corona radiata and uncinate fasciculus,
with these areas showing continued development into the twenties
(Lebel et al., 2008; Tamnes et al., 2010, 2017). The differences between
dysfluent accurate and dysfluent inaccurate readers suggest that chil-
dren with different component skills in reading exhibit different ma-
turation trajectories. In general, faster decreases of MD are interpreted
as faster development, which could potentially represent a catch-up, or
alternatively may indicate compensation. It is possible that steeper
decreases of MD suggest compensatory maturation in right-hemisphere
(i.e., the corona radiata) and left ventral (i.e., uncinate) language tracts
in dysfluent inaccurate readers that is not apparent in dysfluent accu-
rate readers. Previous studies have shown increased activation in the
right inferior frontal area, suggesting that it plays a compensatory role
in dyslexia (Hoeft et al., 2011; Shaywitz et al., 2002), and even that this
role may increase over time (Shaywitz et al., 2002). Our findings in the
right anterior corona radiata and the left uncinate fasciculus are con-
sistent with this interpretation, suggesting that structural connectivity
may also underlie compensation in the right hemisphere of children
with dysfluent reading.

Changes in reading parameters were correlated with changes in
brain structure in several areas. Larger increases of FA in the left su-
perior longitudinal fasciculus were related to larger increases on
TOWRE Sight Words, which is well-aligned with previous studies that
have observed larger gains in WJ Word ID associated with faster
changes of FA (Wang et al., 2017) or larger decreases of MD (Treit et al.,
2013) in the superior longitudinal fasciculus. Larger gains in TOWRE
Phonological Decoding were associated with greater decreases of MD in
the right posterior corona radiata, as well as across the entire white
matter skeleton. This suggests that, although the right posterior corona
radiata exhibited group differences in diffusion parameter trajectories,
the relationship between changes in phonological decoding and
changes in brain white matter may reflect a more global relationship.
Interestingly, the relationships between gains in reading measures and
brain maturation were similar across groups. This suggests that even
though baseline differences, as well as different trajectories of

development are observed across fluency groups, the fundamental re-
lationship between the underlying brain changes and changes in
reading measures is similar.

We also observed a positive correlation between fluency gains and
MD changes in the left superior longitudinal fasciculus and superior
corona radiata. Most subjects had decreasing MD over time, and smaller
drops in MD were generally associated with bigger gains in fluency.
These left temporal-parietal areas often exhibit deficits in individuals
with dyslexia (Vandermosten et al., 2012). Although the relationships
were opposite to those expected (i.e., larger reading fluency gains were
associated with less maturation), this may be due to the fact that the
dysfluent readers had smaller age-related changes in these areas and
also the most potential for improvements in fluency. Nonetheless, this
indicates that maturation in this reading area is related to fluency im-
provement. Furthermore, changes in fluency were not related to
changes across the entire brain, suggesting that these relationships are
specific to these left hemisphere reading areas.

The results for FA showed similar types of alterations in children
with dysfluent reading, regardless of their reading accuracy (i.e., both
showed a lack of the typical age-related increases of FA). The MD re-
sults, on the other hand, differentiate the dysfluent accurate readers
from the dysfluent inaccurate readers. In all four regions with sig-
nificant age-group interactions for MD, the dysfluent inaccurate group
showed faster MD decreases than the dysfluent accurate group. These
differences were in secondary reading areas (e.g., right hemisphere),
and may thus reflect compensation in the dysfluent inaccurate group,
where additional brain areas must support reading more than they
would in the non-impaired group. It is difficult to tell whether dysfluent
accurate readers did not show this compensation because they are less
impaired, or because they have a different underlying neurobiological
mechanism.

In this study, participant groups were defined based on reading
score cut-offs. However, reading scores and brain measures exist on a
continuum, and there is considerable individual variation. It is possible
that the dysfluent accurate and dysfluent inaccurate groups represent
the lower end of a continuum of scores, or that they have distinct neural
phenotypes. Previous studies showing correlations between brain white
matter measures and reading scores in typical subjects (Arrington et al.,
2017; Beaulieu et al., 2005) suggest the former interpretation. Our data
showed similar relationships between changes in reading scores and
changes in brain diffusion properties over time, which may suggest that
there is a continuum of reading scores and a continuum of brain mea-
sures and brain development.

FA and MD are sensitive to multiple white matter processes in-
cluding myelination, axonal density, axon diameter, and axon co-
herence. FA is a measure of the directionality of diffusion, while MD
reflects the average water movement. AD and RD can offer more insight
into the specific processes underlying changes than FA and MD alone.
RD had significant or trend-level group-by-age interactions for each of
the four tracts with significant differences in FA and/or MD trajectories;
AD had no significant group-by-age interactions. As RD is more specific
to myelination and axonal packing (Song et al., 2003, 2005), this sug-
gests that the differences in trajectories are likely related to increasing
myelination and/or axonal packing in the non-impaired group, with a
lack of similar changes in the dysfluent group. Future studies using
techniques more specific to white matter processes (e.g., myelin water
imaging) may help further understand the specific physiological pro-
cesses driving white matter maturation in these groups (Basser and
Jones, 2002; Geeraert et al., 2017).

This study has some limitations. First, the DTI data acquired used
only 6 gradient encoding diffusion directions. While 6-direction DTI
data is not ideal and no longer used for new protocols, as long as there
is sufficiently high signal-to-noise ratio, it provides similar sensitivity to
group differences as data with more diffusion directions (Lebel et al.,
2012). The voxels used here were also larger than typical DTI acqui-
sitions, which makes it difficult to localize changes to specific areas of
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white matter tracts, and can cause partial volume artifacts. To help
reduce partial volume problems, we used tract-based spatial statistics to
first skeletonize the white matter and then overlaid ROIs to extract
average diffusion parameters across a region. Future studies using im-
proved imaging techniques will be able to better localize white matter
differences. We did not collect data on pubertal status of the children
who participated in this study. Previous studies suggest that puberty
has small effects on brain maturation, over and above effects of age and
gender (Genc et al., 2017; Herting et al., 2012), though it remains
unclear whether this holds throughout the brain (Lebel et al., 2017).
Future studies incorporating pubertal status may be able to more
cleanly isolate developmental differences between reading groups.

In sum, we observed differing maturational trajectories between
children who were dysfluent compared to non-impaired readers. Both
dysfluent accurate and dysfluent inaccurate readers failed to show the
expected age-related increases in FA that were evident in the non-im-
paired group, suggesting delayed development. On the other hand, the
dysfluent inaccurate group had steeper decreases of MD than the dys-
fluent accurate group, perhaps reflecting compensation. These changes
in brain white matter diffusion parameters underlie changes in reading
skills over time, as evidenced by significant correlations in left posterior
reading areas. Our results highlight maturational differences between
children with different types of reading impairment, and may help
guide the timing of interventions to improve reading abilities, which
should be targeted to a time when white matter is still developing, to
take advantage of the brain’s plastic state.
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