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White matter tissue properties are highly correlated with reading
proficiency; we would like to have a model that relates the dynamics
of an individual's white matter development to their acquisition of
skilled reading. The development of cerebral white matter involves
multiple biological processes, and the balance between these pro-
cesses differs between individuals. Cross-sectional measures of white
matter mask the interplay between these processes and their con-
nection to an individual’s cognitive development. Hence, we per-
formed a longitudinal study to measure white-matter development
(diffusion-weighted imaging) and reading development (behavioral
testing) in individual children (age 7-15 y). The pattern of white-mat-
ter development differed significantly among children. In the left
arcuate and left inferior longitudinal fasciculus, children with
above-average reading skills initially had low fractional anisotropy
(FA) that increased over the 3-y period, whereas children with below-
average reading skills had higher initial FA that declined over time.
We describe a dual-process model of white matter development com-
prising biological processes with opposing effects on FA, such as
axonal myelination and pruning, to explain the pattern of results.

plasticity | neuroprognosis | education | dti | tensor

Reading requires efficient communication within a network of
visual, auditory, and language-processing regions that are sepa-
rated by many centimeters. Hence, the white-matter fascicles that
connect these regions are critical for proficient reading (1). Only in
the last decade has it become possible to study the microstructural
properties of the white matter in the living human brain, and only in
recentyears has there been an opportunity to trace the developmental
progression of these fascicles systematically. During this decade it has
been shown that learning to read is associated with corresponding
changes in sensory and language circuits in the brain (2-5).

Diffusion measurements of the white-matter pathways (3, 5-7)
and neurological case studies (8, 9) suggest that in typical de-
velopment and education both the left hemisphere arcuate fas-
ciculus and inferior longitudinal fasciculus (ILF) carry signals
important for reading. Studies in adults, adolescents, and school-
age children have reported differences between good and poor
readers in white-matter volume and diffusion properties in the
vicinity of these pathways (10-14). One possibility is that these
differences are present from an early age, remain constant through
development, and constrain children’s aptitude for reading. An
alternative possibility is that there is an interaction between the
biological development and timing of instruction. Two case studies
support this hypothesis. When damage to the arcuate fasciculus
occurs at birth, normal reading skills can develop (15); when
damage to the arcuate fasciculus occurs later, for example after
reading instruction has begun, it can result in severe reading im-
pairment (9). These cases suggest that learning depends on the
circuits’ current state and capacity for plasticity. In this view
a child’s success in learning to read may require that instruction be
delivered during a window of time when the reading circuits are
sufficiently developed but still capable of growth.

There have been significant advances in understanding white-
matter development using cross-sectional designs (16-19), but
understanding the coupling between active developmental pro-
cesses in the white matter and cognitive development requires
following individual children longitudinally as their cognitive skills
mature. We followed an initial cohort of 55 children between the
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ages of 7 and 12y, longitudinally for 3 y to disambiguate the re-
lationship between white-matter development and the maturation
of reading skills. From the initial cohort, 39 children were mea-
sured at least three times with diffusion-weighted imaging; cogni-
tive, language, and reading skills were assessed each year with
norm-referenced standardized tests.

Results

Identification of Key White-Matter Fascicles. The act of reading can
be separated into phonological (auditory) and orthographic (vi-
sual) processing that use different neural pathways (20-23). We
identified two major white-matter fascicles (Fig. 1) that project to
(@) regions of cortex involved in phonological manipulations, and
(b) regions involved in seeing words. The arcuate fasciculus (blue
inFig. 1C) is a fiber tract that connects the posterior inferior frontal
cortex, including Broca’s area, and the lateral temporal cortex,
including Wernicke’s area. This pathway is important for phono-
logical awareness, an essential skill in reading development (6, 24,
25). The ILF (orange in Fig. 1C) is a principal pathway carrying
signals between the occipital lobe and the anterior, medial, and
inferior temporal lobe. A portion of the ILF projects to the visual
word form area (VWFA) in the occipital temporal sulcus (7). The
VWFA is considered essential for seeing words (26-28).

Measuring Reading Performance and Brain Development. Although
every child’s reading proficiency increased from one year to the next,
their skills relative to their peers did not change significantly. The
rank order correlation of the Woodcock—Johnson Basic Reading
standardized scores across measurement years ranged fromr = 0.79
to r = 0.89 (Table 1), similar to the test-retest reliability of the
measure (29). Children who had below-average reading abilities at
the onset of the study generally remained below average.

Scores on all the reading tests [Test of Word Reading Effi-
ciency (TOWRE), Comprehensive Test of Phonological Process-
ing (CTOPP), Gray Oral Reading Test (GORT), and Woodcock—
Johnson] were highly correlated. The main text presents the results
for the Woodcock-Johnson Basic Reading Skills standardized
scores; results for the other reading measures are reported in S/
Text, Covariation Among Reading Measures.

The stability of the standardized reading scores across the four
measurements implies that there is little variation in the rate of
reading development across children. Hence each child’s perfor-
mance on the Woodcock—Johnson Basic Reading skills composite
index can be summarized with a single score. The main text pres-
ents results for children’s initial reading performance, but the
results remain the same regardless of which year’s behavioral
measurement are used. The results using the average of the four
reading measurements are presented in the SI Text.
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Fig. 1. Essential cortical circuits and white-matter connections for reading. (A and B) Blood oxygen level-dependent responses in a 10-y-old engaged in
a rhyming task. In alternating 12-s blocks the subject judged if a pair of written words rhyme or whether two line patterns are the same. The subject’s gray
matter was segmented, and regions within the cortex with reliable task-related modulations (P < 0.001, uncorrected) were identified (colored overlay). A
sagittal and coronal plane are shown to illustrate the phonological processing-related activations in the inferior frontal gyrus (IFG; Broca's area) and superior/
middle temporal gyrus (STG/MTG; Wernicke's area) and the orthographic processing-related activation in the occipito-temporal sulcus (OTS). (C) Responsive
voxels from Broca’s area and Wernicke's area were rendered in 3D and displayed as surfaces within the brain volume (red). Two large fascicles, estimated with
deterministic fiber tractography, are shown also. The arcuate fasciculus (blue) may carry phonological signals from the posterior temporal lobe to the inferior
frontal lobe. The VWFA activation is rendered as a green surface. The ILF (orange) may carry signals from the VWFA to the anterior and medial temporal lobe.
Fig. S7 shows the procedure used to identify the arcuate and ILF.

Diffusion properties of the arcuate and ILF changed fromyearto  with the child’s age at enrollment (Fig. S1). If the rate of change in
year: Children with the highest fractional anisotropy (FA) (Methods) =~ FA declined in the later years because of nonlinear development, we

in the first sample measurement did not have the highest FAthe next  would expect that the slopes of the older children would be less
year. Hence we measured the developmental trajectory (rate of

change) of these pathways in each child across the 3 y of this study.
We can summarize the pathway development by two numbers, the

FA starting point and the rate of change. To relate brain measure- Left Arcuate Left ILF
ments to behavioral performance, we measured the relationship
between pathway-development parameters and reading skill. W%.H "/.,’_.:—jo—”./.
8
Diffusivity Development in the Arcuate and ILF. We identified the left % %
arcuate in 34 children and the left ILF in 39 children at three or | e s—
more time points. FA values in the arcuate and ILF change be- % §
tween the ages of 7 and 15y, and the rate of change over time varies .
among children (Fig. 2). [ S—t— g| &——8%—%
To test for a relationship between slope of FA and age, we fit g - g—— = M g
a linear model to each child’s four FA measurements. The linear a ::'-:!:: a ° M
model estimates each pathway’s change in FA over time. For each s o -
child we obtain a slope () and intercept (b). The slope describes = %
the average change year to year; the intercept is the estimated FA ==
at an age of zero. e ——
33 ——
FA = (Age) X a+b —s—3— ———
For each child, the change in FA values over time is approximately o 1 2 3 o 1 2 3
linear from the age of 7-15 y. The key evidence supporting this ob- Year Year

servation s that linear slope estimates do not correlate significantly Fig. 2. Developmentratesin left arcuate and left ILF vary among children. Each

child’s FA development was characterized by a line, FA = (Age)*a + b. The FA
measurement at each time point is the average across the fiber tract. The in-
dividual lines are shifted with respect to the vertical axis and are ordered based
on the estimated slope. The lines also are aligned horizontally to coregister with

Table 1. Rank order correlations (Spearman) among children’s
Woodcock-Johnson Basic Reading scores in different years

Year 1 Year 2 Year 3 Year 4  the measurement date. There is no systematic relationship between a child’s

absolute age and the development rate, suggesting that each child has a linear

Year 1 1 0.86 0.79 0.84 developmental trend spanning the 7-15y age range (Fig. S1). Data from children
Year 2 1 0.85 0.90 with above-average reading scores are shown in blue, and data from children
Year 3 1 0.89 with below-average reading scores are shown in red. Children with above-av-
Year 4 1 erage reading scores tend to have positive development rates, and children with

below average scores tend to have negative rates.
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steep than the slopes of the younger children. The correlation be-
tween age and FA slope for the arcuate isr = 0.06 (P = 0.71) and for
the ILFisr = —0.23 (P = 0.14). The mean FA slopes for the younger
and older halves of the sample are essentially the same: 0.03 x 10~
(FA/y) and 1.8 x 1073, t = —0.8 (P = 0.48) for the left arcuate and
0.34 x 107 and —0.04 x 107, ¢ = 0.28 (P = 0.78) for the left ILF.

We further tested the possibility of departures from linear de-
velopment by fitting mixed-effects models with linear, quadratic,
and cubic developmental effects. The models with nonlinear terms
did not explain additional variance beyond the linear model (S/
Text, Linearity of FA Development). Hence between 7 and 15 y of
age FA development of the arcuate and ILF are very close to linear.
This result is consistent with previous reports (e.g., ref. 16) (Fig. 1).

The implication is that a child’s FA slope in any 3-y period from
age 7-15 y is equivalent. The absence of a correlation between age
and slope suggests that the variance in the developmental trajec-
tories of the arcuate and ILF is explained by factors other than age.

Individual slope estimates were normally distributed with a
relatively small mean and large SD for both the arcuate (0.92 x
107 FA/y + 6.5 x 107%) and the ILF (0.15 x 107 + 4.0 x 107°).
A group analysis of the change in FA at these ages, of the sort one
would obtain in a cross-sectional study, shows very slightly positive
change. However, the data from individual subjects are highly re-
liable, and the change in FA varies significantly among individuals
(Fig. 2). Some children showed positive linear change in FA, others
showed stable FA, and some children showed a linear decrease in
FA across the four measurement times. Hence, there is very
meaningful variation in developmental trends among subjects that
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is not observable in cross-sectional studies. Although the group
mean is slightly positive, roughly one third of the subjects showed
consistent declines across the four measurement periods.

To quantify the magnitude of FA change, we compared the
changes observed in individual children with the changes in the ar-
cuate and ILF of two adults measured on multiple occasions. The
adult data assess the scanner stability and accuracy of the processing
methods but also include any biological variation in the adult brain
over the period of the measurements. Therefore, this analysis is
a conservative estimate of the instrumental and processing noise.
We performed a bootstrap analysis of linear fits to the adult data to
generate a distribution of slopes that would be expected based on
instrumental variation. The change in FA measured in many of the
children was well outside the 95% confidence interval (CI) of slopes
derived from the repeated adult measurements. For the left arcuate,
15 children had slopes more than 2 SD above zero, 9 children had
slopes more than 2 SD below zero, and 10 children were within 2 SD
of zero. For the ILF, 15 children had slopes more than 2 SD above
zero (positive), 14 children had slopes more than 2 SD below zero
(negative), and 10 children were within 2 SD of zero (zero). We refer
to these groups as the “significant positive change,” “significant
negative change,” and “no-change” groups.

Individual Differences in Reading Skill Correlate Positively with FA-
Development Rate in Left Arcuate and ILF. Reading skills explained
a significant portion of the variation in left arcuate growth rates
(r = 0.40, bootstrap 95% CI = 0.13-0.67, P = 0.02): Above-
average readers tended to have positive slopes, whereas below-
average readers tended to have negative slopes (Fig. 34, Fig. S2,
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Fig. 3. Rate of FA development for left arcuate and left ILF correlates with reading skills. (A and B) The FA-development rate correlates positively with
reading skills (Basic Reading, Woodcock-Johnson) for both the left arcuate (A) and the left ILF (B). Results are equivalent when reading skills are averaged
across the four measurements (Fig. S2). The small horizontal black bars within the points are 95% Cls (1,000 bootstrap replications) for each child’s estimated
slope. The magnitude of the correlation for the left arcuate remains essentially same (r = 0.40 versus r = 0.39) when the subject with the lowest slope estimate
is removed. (Inset) The arcuate and ILF from a typical subject. (C and D) In both tracts reading scores are significantly lower in children with FA-development
slopes significantly below zero (n = 9 arcuate, n = 14 ILF) than in children with slopes significantly above zero (n = 15 arcuate, n = 15 ILF). The data for this
figure and additional characteristics of the individual subjects are given in Dataset S1.
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and Dataset S1). This correlation was consistent across multiple
measures of reading skills including untimed single word reading
(Woodcock-Johnson), timed single-word reading (TOWRE), and
timed passage reading (GORT). The correlations remained sig-
nificant when the manually segmented tracts were used instead of
automatically segmented tracts (Methods) and when the sample
was limited to the children with 4 y of data. Using a linear mixed-
effects model, we confirmed that the rate of FA change over time
in the left arcuate covaries with children’s relative proficiency at
single-word reading (SI Text, Interaction of FA-Development Rate in
Arcuate and ILF with Reading Skill). Furthermore the children with
significant positive change in the left arcuate were significantly
better readers than children with significant negative change in the
left arcuate (7' = 2.2, P < 0.05) (Fig. 3C). The following analyses
focus on the Woodcock—Johnson Basic Reading Skills Composite
Index because it is the most commonly used reading assessment.
Results for other measures are shown in the SI Text.

Reading skills also explained a significant portion of the vari-
ation in left ILF growth rates (r = 0.51, bootstrap 95% CI = 0.31-
0.76, P < 0.01) (Fig. 3B). Using a linear mixed-effects model, we
confirmed that the rate of FA change over time in the left ILF
covaries with children’s relative proficiency at single-word reading
(SI Text). Furthermore the children with significant positive
change in the left ILF were significantly better readers than
children with significant negative change in the left ILF (T = 2.9,
P < 0.01) (Fig. 3D).

A more subtle result that would be of interest is detecting an
association between the rate of reading development and the rate
of white-matter development. Such a correlation could arise if
reading progress differed substantially among subjects. However,
the rate of reading improvement was similar among subjects: Poor
and good readers both improved, with few changes in rank order.
There was no relationship between the rate of change in reading
skills across the four measurements (measured with raw scores or
standardized scores) and the rate of change in FA for either
pathway. The absence of a correlation between these two rates
does not imply that there are no biological changes associated with
changes in reading ability. It only means that the rate at which
readers improve is similar, and thus the statistical power for
detecting a covariation between the two rates is low.

Correlations Are both Anatomically and Behaviorally Specific. The
relationship between white-matter development and reading was
specific to the left arcuate and left ILF. We fit the same de-
velopmental models for the right hemisphere homologs of these
pathways and found no systematic relationship between reading
skills and white-matter properties (Fig. S3). A bootstrap analysis
confirmed that the correlation between FA change and reading
skills was significantly greater for the left ILF than for the right
ILF in more than 99% of the bootstrap samples. The bootstrap
correlation of the left arcuate exceeded that of the right arcuate
85% of the time. We could identify the right arcuate in only 20 of
the subjects, so the statistical power for comparisons including
this tract is modest.

We further identified two tracts in both the left and right hemi-
spheres to serve as comparison tracts: (@) the corona radiata and (b)
the anterior thalamic radiations. Both pathways project to subcortical
structures. The rates of FA development in these tracts varied,;
however, there was no covariation with reading skills (Fig. S3).

The anterior thalamic radiations are not normally considered
candidates for explaining reading development and serve as
control for general brain development. A bootstrap analysis
confirmed that the correlation was greater for the reading path-
ways (left arcuate and left ILF) than for the anterior thalamic
radiations in more than 99% of the bootstrap samples.

Niogi et al. (10) reported a relationship between reading and
FA in the corona radiata, which we were not able to find (6), so
we decided to re-examine this pathway. A bootstrap analysis

E3048 | www.pnas.org/cgi/doi/10.1073/pnas.1206792109

confirmed that the correlation was greater for the left ILF than
for the corona radiata in more than 99% of the bootstrap sam-
ples. The correlation was greater for the left arcuate than for the
left corona radiata in 93% of the samples.

Hence, the measured correlations between tract FA de-
velopment and reading skill are specific to the fiber bundles that
connect the principal cortical circuits for reading; the correla-
tions are not the result of general brain maturation.

To test the behavioral specificity of the reading correlations,
we measured the covariation between left arcuate and left ILF
development and the Wechsler Intelligence Scale for Children
(WISC) full-scale 1Q (30). Even though reading skills and IQ are
highly correlated (r = 0.53, P < 0.01), there was no relationship
between 1Q and pathway development (Fig. S4). A bootstrap
analysis confirmed that for the left ILF, the FA slope correlation
with reading was higher than the correlation with IQ in more
than 99% of the bootstrap samples. For the left arcuate the
correlation with reading was higher than the correlation with IQ
in 92% of the bootstrap samples. These analyses confirm that
covariation between reading skills and white-matter maturation
of these specific fascicles is specific to reading. The left arcuate
and left ILF do not develop particularly rapidly in a child who
scores high on IQ measures unless the child also is specifically
talented at reading.

Individual Differences in Reading Skill Correlate Negatively with
Initial FA in the Left Arcuate and Left ILF. Reading skills were
negatively correlated with estimated intercepts for the left ar-
cuate (r = —0.40, bootstrap 95% CI = —0.60 to —0.14, P = 0.02):
Above-average readers had lower initial FA than below-average
readers (Fig. 4, Left and Fig. S5). Reading skills also were neg-
atively correlated with estimated intercepts for the left ILF (r =
—0.49, bootstrap 95% CI = —0.70 to —0.25, P < 0.01) (Fig. 4,
Right). Once again there were no effects in right hemisphere
homologs of these pathways or in the four sensory-motor control
pathways that we measured. For the control pathways, growth
rates and intercepts varied among subjects, but neither rates nor
intercepts covaried with reading skills.

Divergent Developmental Trajectories Between Above-Average and
Below-Average Readers. Above-average readers start at significantly
lower FA in the left arcuate and left ILF, and FA increases over time.
Below-average readers start at significantly higher FA in the left ar-
cuate and ILF, and FA decreases over time. We summarize the results
by averaging development estimates for above-average readers (Basic
Reading Skills >50th percentile) and below-average readers (Basic
Reading Skills <50th percentile) (Fig. 5). There were 11 female and
13 male above-average readers (mean age 9.6 y) and eight female and
seven male below-average readers (mean age 9.7 y). Above-average
and below-average readers differed significantly on all measurements
of reading skills at all time points in the study (Table S1).

At the first sample point, below-average readers had higher FA
than above-average readers. In the middle of the sampled age range
the above-average and below-average readers had equivalent FA.
Finally, as the children matured the FA differences reappeared,
with the above-average readers having higher FA than the below-
average readers. Hence, the likelihood of observing an FA differ-
ence as a function of reading skill depends on the age at which
a child is measured. Reading skills are better predicted by the rate
of FA development than by the instantaneous FA level at any given
age. A longitudinal study design is essential for this discovery.

Combining FA-Development Rates from the Left Arcuate and Left ILF
Accurately Predicts Basic Reading Scores. Reading requires efficient
phonological as well as orthographic processing. Therefore, we
investigated whether left arcuate and left ILF development
contribute independently to predicting reading skills. We used an
additive regression model to predict reading scores as a function

Yeatman et al.
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Fig. 4. Initial FA for left arcuate and left ILF correlates negatively with reading skills. The FA intercept correlates negatively with reading skills for the left
arcuate and left ILF. The small horizontal black bars within the points are 95% Cls (1,000 bootstrap replications) estimated for each child’s estimated intercept.
Results are equivalent when reading skills are averaged across the four measurements (Fig. S5).

of estimated arcuate and ILF growth rates. Arcuate and ILF
growth rates were not correlated (» = 0.06, P = 0.69), and within
the additive model both were significant positive predictors of
reading. The additive model accounted for 43% of the variance
in reading scores, and the contribution of each tract was equiv-
alent (Fig. 6). This result suggests that the development of the
two pathways differentially influence aspects of reading de-
velopment. FA-development rates also predict scores on other
independent measurements of reading skills (Fig. S6).

Discussion

Neurobiology of White-Matter Development and Changes in the
Diffusion Signal. During prenatal development, long-range axonal
connections are guided to their cortical targets by molecular sig-
naling mechanisms (31). Beginning in the late prenatal period and
continuing through infancy and childhood, oligodendrocytes wrap
myelin around these axons. This myelination process depends on
both intrinsic genetic codes and extrinsic environmental factors
(32). The myelination process is plastic; the level of electrical ac-
tivity of an axon influences myelination (33, 34).

Mpyelination speeds signal conduction between distant cortical
regions; however, the axons occupy more space, because each
wrap of myelin increases the outer diameter of the axon. During
development, some axons grow, and other axons are eliminated
in a process called “pruning” (35, 36). LaMantia and Rakic (35)
demonstrated that a rhesus monkey’s corpus callosum contains
3.5 times more axons at birth than in adulthood. The pruning
process also is driven in part by experience (37). Underused axons
are pruned away during childhood, and the remaining axons are
increasingly myelinated. Both myelination and pruning occur in
the adult brain (34, 37), but both processes are more active
during development.

Both these developmental changes influence the diffusion
properties measured in the fascicle. Myelination increases the
space occupied by axons in a voxel, leading to increased FA (38),
whereas the removal of superfluous axons decreases the space
occupied by axons, leading to decreased FA. The effects of axon
density and myelination on diffusion measurements have been
confirmed in animal models: Both demyelination and axon de-
generation lead to decreases in diffusion anisotropy, and anisot-
ropy returns to normal as the tissue regenerates (39-42; for
areview see ref. 43). Similar effects have been reported in humans.
For example in patients with focal infarcts in the posterior limb of
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the internal capsule, axon loss leads to decreases in diffusion an-
isotropy along the full length of the motor pathway (44). Several
biological factors influence FA; the mechanisms of myelination
and pruning are among the leading candidates for explaining the
FA changes over time in our data.

Cross-sectional diffusion tensor imaging (DTI) studies of white-
matter development have outlined the average developmental tra-
jectory for most major fascicles (16, 17, 45). However, because both
processes are influenced by experience and learning, there must be
considerable biological variability in the rate and timing of growth
and pruning. Individual variability in these processes may contribute
to differences in cognitive development, such as reading abilities.

Dual-Process Account of White-Matter Development. What might be
the white-matter biology that produces the observed developmental
changes in the diffusion measurements? Given that white-matter
maturation depends on at least two opposing processes—myelina-
tion and pruning—we might consider a phenomenological dual-
process model of development. We illustrate a set of FA-de-
velopment curves based on the same formula that characterizes the
critical damping in many homeostatic systems (Fig. 7). The simu-
lation illustrates how a dual-process system with one process, e.g.,
myelination, that increases FA and a second process, e.g., pruning,
that decreases FA can produce the variation in developmental
trajectories observed in our data.

In one case the two processes are synchronous throughout
development, and the FA value increases monotonically and
approaches its mature level. The presence of pruning at an early
age dampens the rate of FA increase. In the second case, the pro-
cesses are asynchronous. Early development is dominated by in-
creasing FA, and at an early age the FA level exceeds the target
level; later development is dominated by pruning, and FA
decreases. This developmental model of homeostatic growth with
asynchrony between the two processes is consistent with the ob-
servation that some subjects showed an increase in FA (blue dashed
line in Fig. 7) and others a decrease (red dashed line in Fig. 7).

In these two developmental scenarios, the experiential factors
governing development also differ. In the first scenario, when FA
increases monotonically, the two processes are driven by the
same experiential factors in the child’s environment. In the
second scenario, when FA overshoots the target, the process of
FA increase is influenced by the experience at early ages, and the
process of FA decrease is influenced by experience at later ages.
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Fig. 5. White-matter development from age 7-15 y differs between above-average and below-average readers. Average development rates for above-
average (blue) and below-average readers (red) were estimated by averaging the individual slope and intercept estimates within each group (group de-
scriptive statistics reported in Table S1). The slopes differed significantly between groups (P < 0.05) for both the left arcuate (Upper) and left ILF (Lower). (Left)
The mean developmental trajectory for each group. (Right) The mean developmental rate for the two groups in each pathway. Data shown are + 1 SEM.

The data show that children with low initial FA and a positive FA
slope are better readers than children with high initial FA and
a negative FA slope. In the final stages of development, the FA
levels are reversed: People with higher FA in specific tracts are
better readers than people with lower FA. Hence, the dual-pro-
cess model explains the different FA levels in the groups at the
initial and final measurement points based on the relative timing
of active developmental processes.

The specific idea that myelination and pruning are the driving
processes cannot be tested from measurements presented here, but
future longitudinal studies capitalizing on quantitative MRI meas-
urements of tissue properties related to myelination can test the
dual-process scenario in humans. Quantitative T1 and T2 mapping
can be combined with biophysical tissue models to quantify the
chemical properties of axonal membranes so as to assess the effects
of myelination (46, 47), and quantitative proton density can quantify
the amount of tissue within a voxel to assess the effects of pruning.
Also, myelin water fraction (46) and bound pool fraction (38, 48)
measure quantities that are weighted by myelination. Quantitative
data also may allow us to test a completely different explanation,
namely that the FA changes do not reflect tissue properties of the
ILF and arcuate but instead are driven by the growth of fiber bun-
dles crossing through these pathways. For example, an increase in
the density of axons in a fiber bundle that crosses through the arcuate
or ILF would account for the decreases in FA that we measured in
these fascicles for the poor readers. High-angular-resolution diffu-
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sion imaging can measure the effects of crossing fibers by quanti-
fying the relative weights on multiple fiber populations within a
voxel (49, 50). An alternative explanation of the data, based on two
processes that reflect neighboring pathway development, remains
a real possibility.

Finally, what might be the causal factors driving the timing of
the two processes? Variation in the quality of early-life language
input, the differential effect of children’s reading experience, the
timing of instruction with respect to these processes, and genetic
factors could all contribute.

Education and Plasticity: The Neural Basis of Learning to Read.
Learning to read influences the development of the brain: Cere-
bral gray matter circuits and the white matter connecting them learn
to extract the statistical regularities of text written in a person’s
native language (5). We hypothesized that learning to read depends
in part on the capacity of white-matter pathways to develop in re-
sponse to literacy training. We found that the rate of development
of the arcuate and ILF covary with children’s reading skills.

A significant challenge for neuroscientists is to characterize
the conditions under which a specific neural circuit is plastic or
stable and how the circuit’s capacity for plasticity relates to the
behavior of the organism. The brain matures in a sequential
manner in which some circuits develop and stabilize while others
remain capable of plastic change (51-54). In this view, reading
instruction should be delivered when the systems needed to learn
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Fig. 6. Prediction of reading scores combining left arcuate and left ILF FA
development. A linear combination of FA-development rate (slope) esti-
mates for the left arcuate and left ILF predict 43% (r = 0.66) of the variance
in measured Woodcock—Johnson Basic Reading standard scores. Predicted
reading scores are shown on the horizontal axis, and measured scores are
shown on the vertical axis. Left arcuate and ILF development predict other
standardized measures of reading skill as well (Fig. S6).

the material are adequately developed but still have a potential
for further plasticity so that they can respond to the instruction.
The measurements we report provide an individualized time
frame during which certain key white-matter pathways are de-
veloping. These data suggest that successfully learning to read
requires coordinated development of key white-matter pathways.

Conclusion

Despite similar quality of education, there is wide variability in how
efficiently children acquire essential academic skills. The rate at
which a child learns to read early in elementary school is highly
predictive of the person’s relative reading proficiency throughout
childhood, adolescence, and adulthood (55, 56). The stability of
children’s relative reading proficiency has motivated attempts to
use neuroimaging measurements to predict children’s educational
outcomes (neuroprognosis), with the long-term goal of developing
individualized education programs (57, 58). The measurements
here show that there are active biological processes in specific
white-matter tracts, that these processes differ among children, and
that these differences correlate with reading skills. Future studies
are needed to determine whether individual children benefit from
instruction that is tailored and timed to the developmental pro-
cesses measured here.

Methods

We followed children with a wide range of reading skills and ages in an ac-
celerated longitudinal design (59). Four annual waves of longitudinal meas-
urements included anatomical and functional MR scans as well as a battery of
age-standardized cognitive tests.

Participants. The initial cohort included 55 children (30 girls, 25 boys), 7-12y old.
Demographics describing the participant population across the four sample
points were published in ref. 2. Participants with a wide range of reading skills
were recruited from the San Francisco Bay Area schools. Written informed
consent/assent was obtained from both parents and children. All participants
were physically healthy and had no history of neurological disease, head injury,
psychiatric disorder, language disability [verified by the Clinical Evaluation of
Language Fundamentals (CELF-3) screening test], attention deficit/hyperactiv-
ity disorder (verified by Conners’ Parent Rating Scale-Revised Short Form), or
depression (verified by the Children’s Depression Inventory Short Form). All
participants were native English speakers and had normal or corrected-to-

Yeatman et al.

normal vision and hearing. Participants were paid per session; they also received
a brain picture and small merchandise items for their participation each year (a
water bottle and a T-shirt with a brain logo). The Stanford Panel on Human
Subjects in Medical and Non-Medical Research approved all procedures.
Subject attrition was about 20% each year. The principal reasons for at-
trition were (a) nonremovable dental braces, frequently installed around age
9-10 y, causing artifacts in MR images, and (b) loss of interest, particularly
among the older children. Of the initial 55 participants, 28 remained with us
for all four measurements. The 29th participant in measurement 4 could not
participate in years 2 and 3 because of braces but returned for the fourth
measurement when the braces were removed. Subjects who participated in
at least three measurements (n = 39) were included in the present analysis.
We further confirmed that every effect we report remained significant when
the sample was limited to the 28 subjects with four complete measurements.

Procedure. Each year, starting in summer 2004 and ending in summer 2007,
participants took part in three or four separate experimental sessions in the
following order: cognitive assessment, anatomical MRI, and functional MRI
(fMRI data are described in ref. 2). The anatomical MRl session included high-
resolution T1-weighted spoiled gradient recalled (SPGR) scans and 12-di-
rection DFI scans.

Cognitive Assessment. Participants were administered a comprehensive as-
sessment of reading and reading-relevant cognitive skills that took ap-
proximately 4 h to complete. Tests were administered by an experienced
neuropsychologist. In following years, a shortened 2-h assessment was ad-
ministered. The assessment included the TOWRE (60), subtests from the
Woodcock-Johnson-IIl Test of Achievement (29), subtests from CTOPP (61),
and GORT-4 (62). All the reading measures were highly correlated. The
analyses in this paper focus on the Woodcock—Johnson Basic Reading Skills
composite index, which includes the Word Identification (an untimed mea-
sure of single-word reading accuracy) and Word Attack (an untimed mea-
sure of pseudoword reading accuracy) subtests. Results for other reading
measures are reported in S/ Text.

Intelligence was assessed by the WISC-IV (30), and general language was
measured by CELF-3 screening text (63), both in the first year only. A full-

0.55¢

0.5

0.45

FA

0.4

0.35

0 5 10 15
Age

Fig. 7. A dual-process model of white-matter development. FA development
with age is illustrated for two cases. In all children, white-matter tract FA is
low at birth and increases with age. Tract development combines myelination
and pruning of axons, and the balance between these processes differs
among children. The balance between the two processes can be modeled by
simple homeostatic equations that govern development over time; the
parameters of the developmental processes were chosen to model the
characteristics of the above-average readers (black curve) and below-average
readers (gray curve). The model for the above-average group has synchro-
nous development of the processes, whereas the below-average group is
modeled with slightly asynchronous development. For both groups the FA
developmental rate is approximately linear during the age range of 7-15 y
(shaded region), but the specific rate of development differs (dotted lines).
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scale intelligence quotient of at least 85 and a passing score on the CELF-3
screening test were required for inclusion.

Acquisition of Diffusion-Weighted Imaging Data. MRI data were acquired on
a 1.5-T Signa LX scanner (Signa CVi; GE Medical Systems) using a self-shielded,
high-performance gradient system. A standard quadrature head coil, pro-
vided by the vendor, was used for excitation and signal reception. Head
motion was minimized by placing cushions around the head and securing
a strap across the forehead.

The DTl protocol used eight repetitions of a 90-s whole-brain scan. The scans
were averaged to improve signal quality. The pulse sequence was a diffusion-
weighted single-shot spin-echo, echo planar imaging sequence (63 ms TE; 6 s
TR; 260 mm FOV; 128 x 128 matrix size; +110 kHz bandwidth; partial k-space
acquisition). We acquired 60 axial, 2-mm-thick slices (no skip) for two b-val-
ues, b = 0 and b = 800 s/mm?. The high b-value data were obtained by ap-
plying gradients along 12 diffusion directions (six noncollinear directions).
Two gradient axes were energized simultaneously to minimize TE, and the
polarity of the effective diffusion-weighting gradients was reversed for odd
repetitions to reduce cross-terms between diffusion gradients and imaging
and background gradients. Although Jones et al. (64) suggest that measuring
more diffusion directions might be more efficient in reliably estimating dif-
fusion tensors of arbitrary orientation, our signal-to-noise ratio is sufficiently
high from our eight repeats to produce very reliable tensor estimates. We
have confirmed this reliability in a subset of subjects by comparing boot-
strapped tensor uncertainty estimates of the 12-direction data reported here
with an additional 40-direction dataset that was acquired in each child in the
third measurement year. With our high signal-to-noise ratio, tensor un-
certainty is limited by physiological noise rather than measurement noise.

We also collected high-resolution T1-weighted anatomical images for each
subject using an 8-min sagittal 3D-SPGR sequence (1 x 1 x 1 mm voxel size).
The following anatomical landmarks were defined manually in the T1
images: the anterior commissure (AC), the posterior commissure (PC), and the
midsagittal plane. With these landmarks, we used a rigid-body transform to
convert the T1-weighted images to the conventional AC-PC aligned space.

Data Preprocessing. Eddy-current distortions and subject motion in the dif-
fusion-weighted images were removed by a 14-parameter constrained
nonlinear coregistration based on the expected pattern of eddy-current
distortions given the phase-encode direction of the acquired data (65).

Each diffusion-weighted image was registered to the mean of the (motion-
corrected) non-diffusion-weighted (b = 0) images using a two-stage coarse-
to-fine approach that maximized the normalized mutual information. The
mean of the non-diffusion-weighted images was aligned automatically to
the T1 image using a rigid body mutual information algorithm. All raw
images from the diffusion sequence were resampled to 2-mm? isotropic
voxels by combining the motion correction, eddy-current correction, and
anatomical alignment transforms into one omnibus transform and resam-
pling the data using a trilinear interpolation algorithm based on code from
SPM5 (66). An eddy-current intensity correction (65) was applied to the
diffusion-weighted images at the resampling stage.

The rotation component of the omnibus coordinate transform was applied
to the diffusion-weighting gradient directions to preserve their orientation
with respect to the resampled diffusion images. The tensors then were fit
using a robust least-squares algorithm designed to remove outliers from the
tensor estimation step (67). We computed the eigenvalue decomposition of
the diffusion tensor, and the resulting eigenvalues were used to compute
the FA (68). The FA is the normalized SD of the three eigenvalues and
indicates the degree to which the isodiffusion ellipsoid is anisotropic (i.e.,
one or two eigenvalues are larger than the mean of all three eigenvalues).
The mean diffusivity is the mean of the three eigenvalues, which is equiv-
alent to one-third of the trace of the diffusion tensor.

We confirmed that the DTl and T1 images were aligned to within a few mil-
limetersin the regions of interest (ROI) for this study. This confirmation was done by
manual inspection by one of the authors (R.F.D.). In regions prone to susceptibility
artifacts, such as orbito-frontal and inferior temporal regions, the misalignment
was somewhat larger because of uncorrected echo planar imaging distortions.

All the custom image processing software is available as part of our open-
source mrDiffusion package in VISTASOFT (revision 2289), available for down-
load from http://white.stanford.edu/software.

Data Analysis. Our primary objective was to test the hypothesis that plasticity in
key white-matter fascicles is related to children’s reading development. We
focused on the left hemisphere arcuate fasciculus and ILF because these tracts
project to cortical circuits that are believed to be essential for skilled reading (3,
5, 6). We used the right hemisphere homologs of these pathways as well as
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sensory-motor tracts as control pathways to assess the anatomical specificity of
our findings. To detect changes in the tissue properties of these pathways re-
liably over the course of development, we developed and validated an auto-
mated procedure for segmenting each pathway in an individual’s DTI data.

Fiber-Tract Identification. To identify the fiber tracts of interest reliably across
subjects and measurements, we developed an atlas-based procedure based
on Hua et al. (69) that segmented fiber tracts in each subject’s native space
in two steps. First we used deterministic tractography to estimate each
subject’s whole-brain fiber group. We seeded the tracking algorithm with
a mask of all voxels with an FA value greater than 0.3 (70, 71). Fiber tracts
were estimated using a deterministic streamlines tracking algorithm (STT)
(70, 71) with a fourth-order Runge-Kutta path integration method and
1-mm fixed-step size. A continuous tensor field was estimated with trilinear
interpolation of the tensor elements. Starting from initial seed points
within the white-matter mask, the path integration procedure traced
streamlines in both directions along the principal diffusion axes. Individual
streamline integration was terminated using two standard criteria: Tracking
was halted if (a) the FA estimated at the current position was below 0.15 or
(b) the minimum angle between the last path segment and next step di-
rection was >50°.

Fibers from the whole-brain fiber group described above were scored
based on their similarity to a previously published fiber probability map (69)
that quantified the likelihood that a particular voxel contains fibers from
any particular fiber tract. This procedure identifies fibers as candidates for
a particular fiber group if they follow a trajectory similar to that of the fiber
groups identified in 28 healthy adults by Hua et al. (69). Next, regions of
interest defined on an average brain were warped into each subject’s native
space based on a nonlinear transformation that aligned the average brain to
the subject’s b=0 volume (66). Each of the four fiber tracts was isolated by
restricting the candidate fibers identified above to a pair of waypoint ROIls
described in a white-matter atlas (72, 73). These waypoints have been shown
to be accurate ways to isolate particular fiber groups (69, 73). We have
found through comparison with manually segmented fiber tracts (described
below) that the combination of the Hua et al. template scoring procedure
and the waypoints ROl procedure produces better fiber group segmenta-
tions than produced by either method alone. Fig. S7 shows the automated
segmentation procedure for the left arcuate fasciculus.

Fiber Group Development Estimates. We extracted the three tensor eigenvalues
at 1-mm steps along each estimated fiber. From these, we calculated FA, mean
diffusivity, radial diffusivity, and axial diffusivity and averaged each measure
along the entire tract. This method effectively computed a weighted-average,
because voxels with greater fiber density contributed more to the final measure
than voxels with low fiber density. This weighting reduced the effects of partial
voluming, because the fiber density is related to the likelihood that a voxel is
filled with fibers from the tract of interest. Thus, each subject’s fiber tract data
were summarized with a single measurement for each year. The confidence
interval of each year’s measurement was estimated using a bootstrap pro-
cedure (74) with 1,000 iterations, in which we randomly sampled with re-
placement the fibers within the fiber group that were used to generate the
average measurement. We used linear regression to fit a line that character-
ized each child’s average change in FA over time for the 4-y period of the study.
We included all children who had at least three data points. The error of each
subject’s slope of FA change was estimated as the SD of the slope estimates
from the linear fit to each bootstrap sample.

We confirmed the robustness of the measurements in two ways. First
a trained experimenter (J.D.Y.) manually segmented the left hemisphere ar-
cuate fasciculus fiber group in each subject’s year 1 DTI data based on the
method described by Yeatman et al. (6). Manual segmentation remains the
gold standard for accurate identification of white-matter fascicles. The dif-
fusion measurements obtained for the manual versus the automated seg-
mentations of the 55 subjects were highly correlated, confirming the accuracy
of the automated procedure (r = 0.85 for FA, r = 0.95 for radial diffusivity, and
r = 0.82 for axial diffusivity values). Second, the voxels identified in the year 1
manual segmentations were used as an ROl across the 4 y, and diffusion
measurements within these voxels were averaged for each year’s data to
estimate change over time in a consistent set of voxels. All findings reported
in this paper remained significant when the manual segmentation ROIs from
y 1 were used to compute tract statistics.
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