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Abstract

White matter (WM) continues to mature through adolescence in parallel with gains in cognitive
ability. To date, developmental changes in human WM microstructure have been inferred using
analyses of cross-sectional or two time-point follow-up studies, limiting our understanding of
individual developmental trajectories. The aims of the present longitudinal study were to
characterize the timing of WM growth and investigate how sex and behavior are associated with
different developmental trajectories. We utilized diffusion tensor imaging (DTI) in 128 individuals
ages 8-28, who received annual scans for up to 5 years and completed motor and cognitive tasks.
Flexible nonlinear growth curves indicated a hierarchical pattern of WM development. By late
childhood, posterior cortical-subcortical connections were similar to adults. During adolescence,
WM microstructure reached adult levels, including frontocortical, frontosubcortical and cerebellar
connections. Later to mature in adulthood were major corticolimbic association tracts and
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connections at terminal gray matter sites in cortical and basal ganglia regions. These patterns may
reflect adolescent maturation of frontal connectivity supporting cognitive abilities, particularly the
protracted refinement of corticolimbic connectivity underlying cognition-emotion interactions.
Sex and behavior also played a large role. Males showed continuous WM growth from childhood
through early adulthood, whereas females mainly showed growth during mid-adolescence.
Further, earlier WM growth in adolescence was associated with faster and more efficient
responding and better inhibitory control whereas later growth in adulthood was associated with
poorer performance, suggesting that the timing of WM growth is important for cognitive
development.
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1 Introduction

Adolescence is a unique period of development where continued refinements in brain
structure and function parallel behavioral refinements in complex processing such as
cognition and emotional regulation (Crone and Dahl, 2012; Spear, 2000). Brain volume,
weight, regional functional specialization, and cortical folding are largely comparable to
adults by early childhood (Armstrong et al., 1995; Giedd et al., 1999; Reiss et al., 1996). In
contrast, processes associated with connections among neurons, such as synaptic pruning,
dendritic arborization, and myelination continue through adolescence and beyond, speeding
the integration of neurons and supporting mature network function (Huttenlocher, 1990;
Pfefferbaum et al., 1994; Yakovlev and Lecours, 1967).

Histological studies have shown that most white matter matures early in development,
including spinal roots and basic sensorimotor pathways (Yakovlev and Lecours, 1967). In
contrast, prolonged development occurs in frontal, parietal, and temporal white matter
(WM) (Huttenlocher, 1990; Yakovlev and Lecours, 1967), as well as connections to limbic
regions such as the hippocampus (Benes et al., 1994). Cross-sectional studies using diffusion
tensor imaging (DTI), which provide in vivo measurements of WM integrity, generally find
that the development of WM extends over childhood and adolescence, particularly in fronto-
temporal and limbic connections, such as the uncinate fasciculus, superior longitudinal
fasciculus and the cingulum, as well as cortical-subcortical connections involving the frontal
lobes and motor regions (Asato et al., 2010; Barnea-Goraly et al., 2005; Giorgio et al., 2008;
Lebel et al., 2008; Schmithorst et al., 2002; Tamnes et al., 2010). While greatly informative,
cross-sectional designs are limited in their power to detect age-related change, in part due to
their inability to distinguish measurement error from true developmental change (Casey and
Durston, 2006; Rogosa et al., 1982; Singer and Willett, 2003). In contrast, longitudinal
studies in which DTI scans are obtained for individuals on several occasions provide
incremental insight into growth trajectories over time and whether there are distinct
(potentially nonlinear) periods of development (Burchinal and Appelbaum, 1991). To date,
several longitudinal DTI studies of development have been published (Bava et al., 2010;
Giorgio et al., 2009; Lebel and Beaulieu, 2011; Wang et al., 2012), all demonstrating
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ongoing development of white matter during adolescence. However, these studies were
limited in several important ways including: small sample sizes, which limits the power to
detect developmental effects, and comparisons of only two time points, which undermine
the ability to characterize growth trajectories. Finally, prior studies have typically examined
a narrow age span, limiting developmental inferences about the timing of white matter
maturation. Cross-sectional studies have suggested that several white matter pathways have
nonlinear growth patterns (Hermoye et al., 2006; Lebel et al., 2012, 2008; Mukherjee et al.,
2001), which may be mirrored by nonlinear growth in various motor and cognitive abilities
(Kail, 1993; Luna et al., 2004). These findings suggest the intriguing possibility that there
may be qualitatively distinct changes in WM and behavior associated with different stages
of development.

In our previous cross-sectional DTI study (Asato et al., 2010), we identified regions
exhibiting adolescent-specific immaturities in white matter by comparing 13-17 year-olds to
18- 30 year-olds. In the present longitudinal study, the primary aim was to use DTI methods
to explore individual WM growth by including a large number of participants with three or
more scans, and to use non-linear regression models in order to study the timing of regional/
localized white matter maturation. We hypothesized a hierarchical maturation pattern first
occurring in cortico-subcortical tracts, followed by cortico-cortical and corticolimbic tracts
which would corresponds with the maturation of cognitive/behavioral performance.

We chose to focus on rate of change rather than mean levels previously examined in order to
quantify growth. The rationale for this approach is similar to population growth charts,
where a particular individual could be in the 25™ percentile and be mature, or in the 751
percentile but still growing. Previous studies have inferred maturational status by rationally
chosen, but arbitrary, mean-level based thresholds, such as 90% of the maximum (Lebel et
al., 2008) or the mean of all subjects >18 years of age (Dosenbach et al., 2010). Both of
these metrics are strongly influenced by the age range included in the study. However, by
using growth rates, a less arbitrary threshold can be set: the point at which growth is no
longer significantly different from zero represents maturity. Further, this approach allows
the potential identification of multiple distinct stages of growth, with intermediate periods of
slow/no growth. A similar methodological approach has been utilized to study nonlinear
growth patterns using electroencephalography (EEG) (Thatcher, 1992), but remains
unexplored in adolescence.

A second aim of our study was to examine sex differences in WM development. Initial
cross-sectional studies indicate that male youth have larger white matter volumes with
steeper increases in white matter growth and a more protracted maturation time course than
females (De Bellis et al., 2001; Filipek et al., 1994; Lenroot et al., 2007). Our design was
able to test more directly that sex differences in white matter are developmental in nature, by
providing the ability to examine the effects of sex on stages of white matter growth.

Finally, we also aimed to examine associations between white matter development and
motor/cognitive behavior, which has a protracted developmental course (Luna, 2009).
Previous studies have shown correlations between cross-sectional age group developmental
time courses of cognitive behavior and white matter growth, particularly in fronto-parietal
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pathways (Liston et al., 2006; Nagy et al., 2004; Tamnes et al., 2012; Vestergaard et al.,
2011); however, these studies have focused on brain-behavior correlations after controlling
for linear effects of age, rather than examining how these correlations may change over
development. Thus, we sought to characterize the association between motor/cognitive
behavior and growth trajectories for individual tracts to better understand a brain structure
basis of cognitive development. We hypothesized that associations between cognition and
white matter growth would be evident in late-developing connections during adolescence
when cognitive abilities are still maturing.

2.1 Study population

Participants included 128 typically developing individuals (61 male) ages 8-29 years (mean
age at start of study = 14.9 + 4.2). Each individual was scanned 1-5 times (1: 44, 2: 24, 3:
25, 4: 20, 5: 15) for a total of 322 scans. Of these scans, 81 (25.2%) were in children ages
8-12, 131 (40.7%) were in adolescents ages 13-17, and 110 (34.2%) were in adults ages 18
and up. When considering age at first scan, divided into child (36 male, 45 female),
adolescent (64 male, 67 female) and adult groups (58 male, 53 female), there were no
significant group differences by sex 1(2)2 = 0.82, p = 0.66); this remained true when
considering only longitudinal data (2+ scans) (child - 14 male, 17 female; adolescent - 19
male, 16 female; adult - 9 male, 9 female; #(2)% = 0.55, p = 0.76; see Supplementary Table 1
for more details). For individuals with multiple scans, successive scans were separated by a
minimum of 6 months (interscan interval: 1.1 + 0.5 years).

All participants reported no past or current neurological or psychiatric disorders, no family
history of these disorders in first-degree relatives and no contra-indications for scanning
(such as claustrophobia or metal implants). All participants had 1Q tested using the Wechsler
Adult Intelligence Scale (WAIS) (Wechsler, 1981) and none had a full-scale intelligence
quotient (FSIQ) of less than 80 (1Q at first visit: 107 = 10). All participants gave informed
consent and were compensated for their time. All experiments complied with the Code of
Ethics of the World Medical Association (1996 Declaration of Helsinki) and were approved
by the Institutional Review Board at the University of Pittsburgh.

2.2 DTI Acquisition

A 3T MR Siemens MAGNETOM Allegra scanner (Erlangen, Germany) with a standard
circularity-polarized head coil was used to acquire diffusion-weighted images. Before the
study scan participants were trained to remain still in a “mock” scan that provided auditory
feedback about head motion. In addition, pillows were used to stabilize the head inside the
head coil during study scans. Images were obtained using a spin-echo echo-planar imaging
sequence; whole-brain coverage was achieved using 29 4mm-thick contiguous axial slices
with an in-plane resolution of 1.56mm. Similar to other developmental DTI studies (Barnea-
Goraly et al., 2005; Schmithorst et al., 2002), diffusion gradients were applied in 6 non-
collinear directions. However, in the present study directions were averaged over 14
repetitions (b = 800 s/mm) in order to increase the signal-to-noise ratio. A minimally-
diffusion weighted image (b0) was also acquired. The axial plane was aligned with the
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anterior and posterior commissures to ensure consistency of image acquisition across
subjects,.

2.3 DTI Preprocessing

Data were initially processed using DTIPrep software (Liu et al., 2010) to automatically
identify and correct motion and scanner-induced artifacts. These procedures included
identifying slice intensity artifacts, in which motion reduces the correlation of neighboring
slices within a gradient, and gradient intensity artifacts, in which motion leads to a large
variance from other gradients. None were detected. Further, data were all visually inspected
by the first author on a slice-by-slice basis during analysis to identify intensity artifacts
including banding and poor signal-to-noise ratio. Again, no artifacts were detected.

Data were then processed for analysis using the Oxford Centre fMRI of the brain Software
Library (FSL) (Smith et al., 2004). Raw DICOM images from the scanner were converted to
NIFTI format using dcm2nii. Following this, a mask was created using brain extraction
(“bet”) which segmented the brain from skull and other extracranial structures. Next, images
were corrected for head motion and eddy current distortion (“eddycorrect”). Finally, a tensor
model was fit to the images (“dtifit”), in which each voxel was assigned 3 eigenvectors and
eigenvalues, describing the water diffusion within the voxel. The standard measures of axial
diffusivity (AD; diffusion along principal axis), radial diffusivity (RD; diffusion orthogonal
to principal axis) and fractional anisotropy (FA,; ratio of AD to RD, normalized on a scale
from 0-1, with zero indicating isotropic diffusion and one indicating all diffusion in one
direction) of each voxel were calculated for use in further analysis.

Additional processing for group analysis was performed using FSL's Tract-Based Spatial
Statistics (TBSS) toolbox (Smith et al., 2006). For each measure (FA, AD, RD), images
were eroded by zeroing out voxels on the border of the image to reduce registration artifact,
resampled to 1x1x1mm, and normalized to the JHU-DTI81 template included with FSL. An
FA “skeleton” was generated, by calculating a mean FA map across subjects and
thresholding it at FA>0.2. Individual subject skeletons were then normalized to the mean
skeleton. For RD and AD measures, these images were registered to the FA skeleton.

In order to best understand the spatial patterns of development, region-of-interest (ROI)
analyses were performed in successively smaller steps. In the first step, all voxels were
averaged to create an overall white matter skeleton average. Next, the skeleton was divided
into two groups of white matter; core tracts based on the JHU-DTI81 atlas (Mori et al.,
2005) and white matter regions adjacent to gray matter, which we termed regional
termination zones (RTZs), based on the Harvard-Oxford cortical and subcortical atlases
provided with FSL. The JHU core tracts were divided into five categories: 1) callosal tracts,
including splenium, body, genu and tapetum; 2) cerebellar tracts, including inferior, middle
and superior cerebellar peduncles; 3) projection tracts, including medial lemniscus, pontine
crossing tract, corticospinal tract, cerebral peduncle, posterior thalamic radiation, internal
capsule (subdivided into anterior, posterior and retrolenticular portions) and corona radiata
(subdivided into anterior, superior and posterior portions); 4) association tracts, including
external capsule, sagittal stratum, superior fronto-occipital fasciculus, superior longitudinal
fasciculus and uncinate fasciculus; and 5) limbic tracts, including cingulum (subdivided into
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cingulate and hippocampal portions) and fornix (subdivided into column/body and crescent).
These regions are described in Table 1 and illustrated in Supplementary Figure 1.

Data were averaged over each category as well as averaged over the tracts within each
category on an individual basis. The cortical RTZ's included: frontal, sensorimotor, parietal,
occipital and temporal. Subcortical RTZ's included: cerebellum, basal ganglia, thalamus and
medial temporal. Further, as studies have shown significant differences in DTI measures
between hemispheres (Wahl et al., 2010), we separated all ROIs into homologous left and
right regions to look at hemispheric differences.

2.4 Behavioral tasks

On a separate day within a month from the MRI study a subset of participants performed
two oculomotor tasks: the visually-guided saccade task (VGS) and the antisaccade task (AS)
as part of a larger longitudinal developmental study. The VGS task is a simple reflexive task
where participants are instructed to look at a target appearing suddenly in the periphery to
assess basic sensorimotor function. While accuracy reaches maturity early in development,
saccade latencies continue to decrease until mid-adolescence (Fischer et al., 1997; Luna et
al., 2004; Munoz et al., 1998). The AS task (Hallett, 1978) requires subjects to refrain from
making a reflexive saccade to a suddenly appearing peripheral target and instead look in the
opposite direction, a measure of cognitive control. The latency to initiate a correct response
reaches adult levels by mid-adolescence, while the rate of correct inhibitory responses
continues to improve through adolescence (Fischer et al., 1997; Fukushima et al., 2000;
Klein and Foerster, 2001; Luna et al., 2004; Munoz et al., 1998). Participants fixated on a
central point fixation cross for a variable interval (500, 2000, 4000 or 6000 ms), at which
time the central fixation was extinguished and a peripheral target appeared. The peripheral
target could appear in three to nine degrees left or right from the central fixation in one of
four locations: far left, near left, near right or far right. The target remained on the screen for
1500ms, and subjects were to look at its mirror location after which the central fixation
reappeared. Before the target appeared, participants were instructed by a colored fixation
cross to make a saccade either towards (green/VVGS) or away from (red/AS) the target. Each
task contained 48 trials. A red fixation indicated an AS trial while a green fixation indicated
a VGS trial. The VGS task was performed by 86 participants (42 male) in 215 sessions, with
45 (20.9%) in children, 86 (40%) in adolescence and 84 (39.1%) in adults. The AS task was
performed by 82 participants (42 male) in 227 sessions, with 42 (18.5%) in children, 91
(40.1%) in adolescence and 94 (41.4%) in adults.

2.5 Behavioral preprocessing

Details of eye-movement data preprocessing are described elsewhere (Luna et al., 2004). In
the VGS task, sessions were discarded if there were fewer than 32 correct trials available for
analysis (e.g. discarded trials due to instrument error). Primary measures of interest were
latency, measured as the time from cue onset to the end of the saccade, and variability,
measured as the standard deviation of the latencies during the task. In the AS task, sessions
were discarded if there were fewer than 32 combined correct and error trials available for
analysis (discarded trials due to instrument error). Additionally, to ensure the task
instructions were understood, sessions were discarded if the error rate was greater than the
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mean population error rate plus two standard deviations (29 + 21%). Inhibitory performance
was calculated as the percent of trials with inhibitory errors.

2.6 Group analysis

Group analyses of DTI and behavioral data were performed using R (R Core Team, 2012),
with figures made using the ggplot2 package (Wickham, 2009). Longitudinal data were
analyzed using mixed-effects regression (Pinheiro and Bates, 2000), via the Ime4 package.
The equation for this model is y; = Xip + Zjbj + €, where y represents the response variable,
the subscript i denotes an individual, X is the matrix of fixed-effect regressors (e.g. age, sex,
behavior, laterality), B is the vector of parameter estimates for the fixed effects, Z is the
matrix of random-effects regressors (e.g. individual intercepts and slopes), b is the vector of
random-effects coefficients (variances and covariances among the random effects are
captured by the matrix ), and ¢ is the within-person measurement error. Fixed effects of
age represent the average growth trajectory in the sample, whereas subject and time were
included as random effects to account for individual variability around mean growth
parameters (Singer and Willett, 2003).

Fixed effects of age were examined using a natural (cubic) spline model with knots at ages
13, 15.5, and 18, representing transitions into early adolescence, late adolescence and
adulthood, respectively. We selected the same knots for all regions to maximize our ability
to compare regions and decided that 3 knots was the best balance of allowing complex
curves while minimizing data overfitting. The actual ages of the knots placement were
modeled around the typical definition of adolescence (13-17) with an adolescent midpoint,
allowing us to get a more accurate curve in adolescence that minimizes influence of data in
late childhood and early adulthood, where sample data is lower.

Interactions were examined between age and sex/behavioral measures; as there was no
effect found between sex and behavioral development, interaction of age, behavior and sex
together was not examined. Given evidence of hemispheric differences in DTI measures
(Wabhl et al., 2010), hemispheric differences in WM development were examined. We did
not examine association of handedness, as the majority of the sample is right-handed
(n=120); however, prior work using DTI has shown that handedness and laterality are
independent of each other (Gong et al., 2005).

For all models, regression diagnostics were performed on the skeleton average, and subjects
were excluded from a model if their Cook's Distance exceeded n/4, a standard threshold for
identifying outliers and high leverage cases that would distort regression parameters (Cook
and Weisberg, 1982) (see Supplementary Table 1 for exclusion details). Improvements in
model fit for more complex regression models (e.g., models that included age rather than
intercept-only models) relative to simpler models were assessed using log-likelihood ratio
tests (LRT). For example, models that included an age x sex interaction were compared to
models without this term in order to assess the overall significance of this interaction.
Corrections for multiple comparisons were made using Holm corrections (Holm, 1979)
based on the groupings of regions (whole skeleton (1), tract groups (5), tracts (27), cortical
RTZs (5), subcortical RTZs (4)); additionally, more lenient corrections were applied to
tracts within a group if the tract group was significant (number of tracts in group vs. all
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tracts). These corrections were applied to allow for detection of both global and local
patterns.

In order to localize the stages of development during which growth occurred, as well as
stages where time-varying factors had significant effects on WM development, rates of
change in WM measures were examined via the first derivatives of the nonlinear growth
model described above. To generate confidence intervals for rates of change over time, 1000
datasets of the same size as the empirical sample were generated from the model parameters
using Markov Chain Monte Carlo (MCMC) draws from the posterior distribution;
predictions were made at 0.1-year intervals and p-values were generated at these intervals
using the empirical cumulative distribution function from the bootstrap-based null
distribution. The age at which rate of change was no longer significantly different from the
null (p = 0.05) was determined to be the point at which maturity was reached. For
interactions among behavioral variables, slopes with the behavioral variable were calculated
both for mean level and rate of change at each interval and compared to the null slopes at
that interval. For analyses with categorical interactions (sex, hemispheric differences),
Euclidean distances between categories were calculated at each interval and p-values again
generated based on 1000 MCMC draws from the model. Raw and fitted data for each
measure and ROI, as well as age and sex effects, are shown in Supplementary Figure 2.

3.1 Format of results

Results below are presented for developmental effects and interactions with sex, behavior
and hemispheric differences. For each model, average WM effects are first presented,
followed by core WM categories, then individual tracts and RTZs. P-values are from
omnibus chi-squared tests showing that a region has a significant main effect of or
interaction with age. Ranges indicate the ages when growth or interactions are significant;
multiple significant periods are separated by a forward slash.

3.2 Timing and stages of WM development

3.2.1 Fractional Anisotropy (FA)—Developmental effects were evident across the
brain, with all tracts reflecting increases in FA with age with no regions showing significant
decreases (See Figure 1 and Table 2). FA averaged across the WM skeleton continued to
grow into mid-adolescence (range: 11.2-16.3, p=5.5e-06). In the core WM categories,
projection tracts were mature by childhood (p=0.14), while other categories matured during
adolescence, including callosal (range: 11.9-15.4, p=0.0062), cerebellar (range: 11.6-15.5,
p=0.00046), limbic (range: 11.5-16.5, p=5.1e-09) and association (range: 8.2-16.7,
p=4.4e-07).

Further, distinct trends in maturation were seen across individual tracts. Many tracts showed
no effects of age indicating that maturation was complete by childhood; the majority of
these tracts were middle and posterior projection tracts, connecting brainstem and
subcortical regions to parietal and occipital cortex, including the medial lemniscus, pontine
crossing tract, internal capsule (posterior and retrolenticular), corona radiata and posterior
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thalamic radiation. Additionally, portions of the interhemispheric corpus callosum (genu,
body, tapetum) were mature in childhood, as well as the superior frontal occipital fasciculus,
(association tract connecting frontal, parietal and occipital regions), and the column/body
portion of the fornix, (limbic tract connecting the septal nuclei to the hippocampus).

As indicated, the majority of white matter reached maturation during adolescence.
Maturation during this time was seen for the remainder of the projection tracts, connecting
brainstem and subcortical regions to frontal cortex, including the corticospinal tract (range:
10.1-15.8, p=7.1e-07), cerebral peduncles (range: 11.2-15.5, p=3.9e-05) and anterior internal
capsule (range: 11.6-15.7, p=7.6e-05). Also reaching maturation during adolescence were
the interhemispheric callosal fibers, with the posterior splenium maturing last (range:
11.9-15.3, p=0.0035), and all cerebellar white matter reached maturation during this time as
well (superior — range: 11.8-14.9, p=0.0014; middle — range: 12-15.5, p=0.0039; inferior —
range: 12.4-17, p=0.00013). Many long-distance cortico-cortical association tracts, including
the sagittal stratum (range: 10.5-16.9, p=1.2e-07), external capsule (range: 8.2-13.7,
p=7e-04) and superior longitudinal fasciculus (ranges: 11-14.1/ 14.9-16.6, p=0.00024), as
well as cortico-hippocampal limbic tracts, including the crescent portion of the fornix
(range: 13.1-16.4, p=0.0018) and the hippocampal portion of the cingulum (range: 11.2-16,
p=1.7e-06), reached maturation during adolescence as well. Finally, RTZs began to mature
during this time; this included subcortical RTZs in the thalamus (range: 8.2-16.3,
p=1.1e-08), medial temporal lobes (range: 12.3-15.8, p=0.0089) and cerebellum (range:
12.7-15.8, p=0.044), as well as occipital cortical RTZs (range: 11.2-16.4, p=9.3e-08).

After adolescence and into adulthood there was continued growth in major frontal and
limbic tracts that reached maturity at different ages. Most RTZs showed growth into the
second decade of life (frontal (ranges: 10.7-16.3 / 19.1-20.9, p=4e-09), sensorimotor
(ranges: 10.3-16.4 / 18.6-21.9, p=4.9e-11), parietal (ranges: 10.8-16.7 / 18.6-20.1,
p=9.7e-10) and temporal (ranges: 10.7-17.2 / 18.6-20.1, p=1.1e-13) cortical and basal
ganglia (ranges: 11.3-13.6 / 15.5-16.1 / 18.6-19.6, p=0.00011)). The cingulate portion of the
cingulum (connecting frontal, parietal and hippocampal regions) (ranges: 8.2-13.9 /
18.7-20.8, p=3.3e-07) matured during this time as well. The uncinate fasciculus (connecting
the orbitofrontal cortex, amygdala, hippocampus, and medial temporal lobes) (ranges:
12.7-13.3/19.7-28.2, p=0.0064) was the latest maturing region, with development
continuing into the end of our sample age range (28.2 years). Further, it is notable that for all
of these regions, there was an interim period during adolescence with no significant growth.

No interaction of age and hemispheric differences were found in the WM average or core
WM categories (all p>0.1). In individual tracts, interaction was seen in the cingulate portion
of the cingulum (range: 12.9-16, p=0.00022), tapetum (posterolateral) portion of the corpus
callosum (range: 15.6-17, p=5.1e-06) and basal ganglia RTZ (range: 15.8-21.7, p=0.00012).
These effects all reflected significant growth in the left hemisphere tracts (cingulum:
p=0.00014, corpus callosum: p=0.028, basal ganglia: p=0.0087); during these periods, no
significant growth was seen in these tracts in the right hemisphere.

3.2.2 Radial Diffusivity (RD)—RD decreases with development largely mirrored the FA
findings described above (see Supplementary Table 2a). RD averaged across the WM
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skeleton continued to grow into mid-adolescence (range: 8.2-16.1, p=2.3e-07). All five WM
categories matured during mid-adolescence, and the timing of tracts and RTZs were mostly
similar to those in FA, with some notable differences. The uncinate fasciculus matured in
early adolescence (range: 11.7-13.5, p=0.001), while frontal (range: 11.6-16.2, p=6.6e-06)
and temporal (range: 8.2-16.8, p=1.7e-13) cortical and basal ganglia (range: 12.1-15.9,
p=0.00011) RTZs matured during mid-adolescence. In contrast, the occipital (ranges:
11.8-15.4/ 18.6-19.3, p=0.00073) and thalamic (ranges: 8.2-13.2 / 19.2-21.5, p=0.0021)
RTZs matured during early adulthood. Further, there were no significant interactions of age
and laterality on RD.

3.2.3 Axial Diffusivity (AD)—In contrast with FA, AD typically decreases with
development, and the timing of developmental change is mainly orthogonal to FA and RD
findings (see Supplementary Table 2b). AD averaged across the WM skeleton decreased
into early adulthood (ranges: 9-13.4 / 15.3-18.7, p=0.00014). In the WM categories, limbic
and callosal tracts did not change over development (p>0.05), association (range: 9.8-13,
p=0.012) and cerebellar (range: 11.5-13.5, p=8.4e-05) tracts matured in early adolescence,
and projection (ranges: 8.5-14 / 14.6-19.9, p=1.7e-07) tracts continued to decrease into
adulthood. A majority of tracts and RTZs did not significantly change over development.
Tracts showing decreases and maturing during adolescence include the posterior thalamic
radiation (range: 11.3-13.5, p=0.00036), anterior corona radiata (range: 12-16.1,
p=0.00036), superior fronto-occipital fasciculus (range: 11.4-16.4, p=7.3e-05), superior
longitudinal fasciculus (ranges: 9.4-13.2 / 15.8-16.3, p=0.0021), and frontal (range:
12.1-16.4, p=0.0014), temporal (ranges: 10-13.4 / 15.7-16.1, p=0.001) and basal ganglia
(range: 14.2-16.3, p=0.0094) RTZs. Tracts showing decreases and maturing in adulthood
were mainly projection tracts, including pontine crossing tract (ranges: 12.6-12.7 /
18.4-21.3, p=0.0016), posterior internal capsule (range: 10-19.7, p=2.2e-09), superior corona
radiata (range: 8.2-19.1, p=1.9e-10) and posterior corona radiata (range: 8.2-20.2,
p=5.3e-14), as well as the middle cerebellar peduncle (ranges: 11.7-12.9/15.7-16.1/
19.3-20.2, p=8.9¢e-05). In contrast, the fornix (column/body) showed developmental increase
in AD, maturing in adulthood (ranges: 12-15.8 / 19.2-22.9, p=1e-04). The uncinate
fasciculus also showed this pattern of developmental increase (range: 21.3-28.2, p=0.04),
although the region did not reach significance after Holm correction.

There were only a few significant interactions of age and hemisphere on AD. In posterior
thalamic radiation during late childhood (range: 12.2-12.5, p=0.00048), there was negative
growth in the left hemisphere (p=5.4e-05), but not the right hemisphere (p=0.09). In the
uncinate fasciculus during adolescence/early adulthood (range: 15.3-20, p=1.4e-06), there
was negative growth in the right hemisphere (p=0.0089), but not the left (p=0.28). In the
fornix (column/body portion) throughout development (ranges: 11.8-15.4/17.3-17.9/
25-28.2, p=1.6e-05), there was positive growth in the left hemisphere in childhood/
adolescence (p=2.37e-06) and adulthood (p=0.00632), but not in the right during any period
(all p>0.05).
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3.3 Effects of sex on WM development

3.3.1 FA—Interaction of age and sex on WM measures is shown in Figure 2. Interaction
was seen in the WM average (8.2-12.8 / 16.5-19.2, p=0.0033); these reflected significant
growth rates in males (p=1.33e-15, 0.00147) during these periods, but not in females
(p>0.3). In core WM categories, interaction was seen in cerebellar (range: 8.2-12.9,
p=0.012) and limbic (ranges: 8.2-12.9 / 16.5-19.1, p=0.0019) regions, again reflecting
growth in only males (all p<0.001); projection, callosal and association categories did not
show significant interaction with sex (all p>0.05). Interactions in individual tracts and RTZs
were seen in the superior cerebellar peduncle (efferent cerebellar pathways) (range:
8.2-13.2, p=0.00039), the crescent portion of the fornix (ranges: 8.2-11.3 / 13.5-15.1/
16.3-19.9, p=0.0058), hippocampal portion of the cingulum (ranges: 8.2-13, p=0.0016),
frontal RTZ (ranges: 8.2-12.6 / 16.3-19.7, p=0.0011), temporal RTZ (ranges: 8.2-12.8 /
16.5-19.3, p=0.0037), thalamus RTZ (ranges: 8.2-12.8 / 16.2-19.7, p=0.00026), and basal
ganglia RTZ (range: 16.5-21.7, p=0.0064). In all cases, these differences reflected
significant growth in males but not females (all p<0.05).

Interactive effects of age, sex and hemispheric differences were not significant in the WM
average (p=0.6) or core WM categories (all p>0.026). Significant interaction was seen in
several individual regions, including the splenium of corpus callosum (ranges: 12.7-13 /
15.9-16.1, p=0.0013), whereby males showed greater growth in only the left hemisphere
relative to females. Interaction was also seen in the retrolenticular portion of the internal
capsule (ranges: 15.8-19.3 / 22.8-28.2, p=0.0016); in the earlier period (15.8-19.3), males
showed growth in the left hemisphere (p=0.0084), females showed decline in the left
hemisphere (p=0.00015), and neither sex showed significant growth in the right hemisphere,
while in the later period (22.8-28.2), males showed decline in the left hemisphere
(p=0.0078) and no growth in the right hemisphere, while females showed no growth in the
left hemisphere and decline in the right hemisphere (p=0.0022). Finally, in the basal ganglia
RTZ, an interaction was seen (range: 15.9-28.2, p=9.9e-06), whereby males showed growth
in the left hemisphere (p=6.9e-05) but not the right, and females showed no growth in both
hemispheres.

3.3.2 RD—Sex differences in RD were more limited than those in FA, and included the
core limbic group (ranges: 8.2-12.8 / 16.8-19.7, p=0.0034), and within that the cingulum
(hippocampal portion) (range: 8.2-13, p=0.0046). Differences were also seen in the superior
cerebellar peduncle (range: 8.2-13, p=0.0012). These all reflected growth decreases in males
(all p<0.005) but not females.

Age, sex and laterality interaction were seen in two regions. In the medial temporal RTZ
(range: 15.4-16.4, p=5.4e-08), there was significant negative growth in females in the left
hemisphere (p=3.4e-07), and significant positive growth in males in the left hemisphere
(p=0.0018); no effects were seen in the right. In the basal ganglia RTZ (range: 19.5-23.9,
p=0.015), significant negative growth was seen in males in the left hemisphere only
(p=0.0032).
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3.3.3 AD—There were no sex differences in development of AD. There was an age, sex
and laterality interaction in temporal RTZ (range: 19.5-26.9, p=0.003) demonstrating
significant positive growth for males in the left hemisphere (p=0.0093).

3.4 Development of motor/cognitive behavior and interaction with WM development

Latency (mean reaction time [mRT]) (range: 11.6-12.8, p = 0.00021) and RT variability
(standard deviation of RT [sdRT]) (range: 8.6-12.8 / 17.5-19.4, p = 1.6e-06) during the VGS
task, and inhibitory errors during the AS task (range: 8.2-13.2 / 15.2-18.7, p = 4e-09),
decreased across development (Supplementary Figure 3). There were no significant
interactions between age and sex on any of the behavioral measures.

3.4.1 Latency—There were no significant effects of latency on FA and AD development.
There were significant interactions with age, latency on RD (see Figure 3) in the WM
average (p=0.048), and the core cerebellar group (p=0.0017), within that the middle
cerebellar peduncle (p=0.00019). Association with mean RD level was seen during different
periods in the WM average (22.4-23.7), core cerebellar group (8.2-11.4) and middle
cerebellar peduncle (8.2-11.6 / 14.3-16.2), all representing slower responding with lower RD
values. Associations with RD growth in WM average (19.1-23.7), core cerebellar (8.2-12.2 /
15.9-18 / 20.9-23.7) and middle cerebellar peduncle (8.2-12.3 / 15.9-18.5/ 21.1-23.7)
showed a positive association (longer latency with higher RD) in children and adolescents,
but that association flips in early adulthood. There were no significant hemispheric
interactions with any of the measures.

3.4.2 RT variability—There was a significant effect of RT variability on FA development
(see Figure 3) across the WM average (p = 0.00092). Associations were evident at
minimally-overlapping stages of development for mean FA level (range: 8.2-11.2;
16.8-19.1; 23.6-23.7) and FA growth rates (range: 11.4-12.4; 15.6-16.1; 19.1-23.7). For
mean FA levels, results indicated: 1) from 8.2-11.2, higher mean FA levels were associated
with greater RT variability, 2) this pattern reversed from 16.8-19.1, such that higher mean
FA levels were associated with lower RT variability, and 3) the pattern reversed again, with
higher mean FA levels from 23.6-23.7 associated with higher RT variability. These results
can be understood in the context of FA growth rates, with results demonstrating 1) higher
growth rates of FA from 11.4-12.4 and 15.6-16.1 were associated with lower RT variability,
and 2) this pattern reversed from 19.1-23.7, whereby higher FA growth rates were
associated with higher RT variability. No significant interaction was seen for core WM
categories, individual tracts or RTZs.

A similar finding was seen for RD in the WM average (mean range: 16.7-20.3, growth
ranges: 15.4-17.8 / 19.9-23.7, p=0.01), as well as in the core cerebellar group (mean ranges:
14.4-15.8 / 17.6-19.7 / 23.4-23.7), growth ranges: 13.3-14.1/ 15.6-18.2 / 19.8-23.7,
p=0.0049. These indicate the same pattern, such that growth in mid-late adolescence was
associated with better performance, and growth in adulthood was associated with poorer
performance; in the cerebellar WM, growth in early adolescence was also associated with
poorer performance. There were no interactions of AD with RT variability or interactions of
any of the measures with laterality.
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3.4.3 Inhibitory errors—Inhibitory errors during AS were not significantly associated
with WM development for all of the measures. However, there was a significant interaction
of inhibitory errors and laterality on WM development for all measures, primarily in limbic
connections (see Figure 4). For FA, core limbic WM (mean range: 17.2-21.6, growth range:
15.2-16.7, p=0.0034) showed interactions only in the left hemisphere, with higher FA
growth in mid-adolescence (p=0.049) and higher mean FA levels in late adolescence/early
adulthood (p=8e-04) associated with lower error rates. Within limbic WM, the cingulum
(hippocampal portion) also showed interaction with inhibitory errors in the left hemisphere
only (mean ranges: 12.8-14.3 / 16.9-21.4, growth ranges: 15-17.7 / 20.7-24.7, p=0.00088),
demonstrating that higher mean FA levels were associated with higher error rates in early
adolescence (p=0.0091) and lower error rates in late adolescence/early adulthood (p=0.017);
similarly, higher FA growth in mid-late adolescence was associated with lower error rates
(p=0.00024) and in early adulthood was associated with higher error rates (p=0.00056).

For RD, limbic associations were also seen in both portions of the fornix. In the column/
body (mean range: 9.6-13.9, growth range: 12.7-15.4, p=0.0057), interactions only in the left
hemisphere showed that higher mean RD levels in childhood/early adolescence (p=0.00086)
and greater RD decreases in early-mid adolescence (p=0.01) were associated with lower
error rates. In the crescent (mean ranges: 13.8-15.1 / 20.6-24.7, growth ranges: 18.3-20.9,
p=0.013), higher mean RD levels in the right hemisphere in early adolescence were
associated with lower error rates (p=0.016); in the left hemisphere, in early adulthood,
higher mean RD levels (p=0.033) and higher RD growth (p=0.034) were associated with
increased error rates. Similar interactions were also seen in the rostral internal capsule
(p=0.0015) and the body of the corpus callosum.

For AD, significant interaction was seen in the column/body of the fornix (mean range:
9.5-13.7, growth range: 12.4-15.6, p=0.0014). In the left hemisphere only, higher mean AD
levels (p=0.0054) and decreased AD growth (p=0.0036) in childhood and early adolescence
were associated with lower error rates.

4 Discussion

4.1 Timing of white matter development: hierarchical maturation

To date, studies of white matter development have relied on cross-sectional designs (Asato
et al., 2010; Barnea-Goraly et al., 2005; Giorgio et al., 2008; Lebel et al., 2008; Schmithorst
et al., 2002; Tamnes et al., 2010) or repeated DTI measures at two time points (Bava et al.,
2010; Giorgio et al., 2009; Lebel and Beaulieu, 2011; Wang et al., 2012), limiting the ability
to characterize growth trajectories and make direct inferences about developmental change.
The present longitudinal study included one to five annual data points for each subject,
allowing us to apply mixed-effects regression to understand the timing and stages of WM
development, which has not previously been examined. Results showed that for several late-
maturing regions including those connected to prefrontal regions, distinct phases of growth
were seen, with rapid growth in childhood, followed by a slowdown slowing of growth in
early-middle adolescence and acceleration of growth again in late adolescence/early
adulthood. This is consistent with postmortem studies in prefrontal cortex showing a late
adolescent spurt of growth in synaptic density (Huttenlocher, 1990; Paus et al., 2008). While
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discrete growth periods have been observed for in young children with EEG coherence
(Thatcher, 1992), this is the first longitudinal identification of such stages during the
adolescent period in WM maturation. This finding is key, as most studies only investigate
simple linear, inverse or quadratic models of development and cannot identify discrete
periods of WM development.

Topographically, results showed that many projection tracts integrating posterior cortical
and subcortical structures to brain stem regions were largely mature by late childhood,
whereas frontocortical and frontosubcortical WM connections grew through adolescence
maturing approximately by 15-16 years of age. Growth continued into adulthood the second
decade of life in major corticolimbic association tracts and regional termination zones
(RTZs) in cortical and basal ganglia regions. Overall, these results agree with findings from
cross-sectional and follow-up DTI studies (Asato et al., 2010; Barnea-Goraly et al., 2005;
Bava et al., 2010; Giorgio et al., 2009, 2008; Lebel et al., 2008; Lebel and Beaulieu, 2011;
Schmithorst et al., 2002; Tamnes et al., 2010; Wang et al., 2012). However, the present
study extends these findings, allowing the detection of discrete periods of significant growth
with interim periods of decreased growth.

Of the regions that were already mature in childhood, many play a role in basic sensorimotor
function. The posterior thalamic radiation carries visual sensory information from the retina
to the primary visual cortex via the thalamus, while portions of the internal capsule and
corona radiata carry somatosensory information from the spinal cord and brainstem to the
primary sensory cortex via the thalamus (Mori et al., 2005; Schmahmann and Pandya,

2006). These findings are consistent with the early maturation of basic sensorimotor
function seen in prior studies (Luna et al., 2004), which is critical to support the later
development of cognitive functions.

Many of the regions that mature in adolescence play a pivotal role in motor response
preparation and executive function. For example, the superior longitudinal fasciculus
connects frontal and parietal regions important for motor planning and initiation, spatial
attention, working memory and language (Dosenbach et al., 2007; Sauseng et al., 2005;
Schmahmann et al., 2007; Schmahmann and Pandya, 2006; Vincent et al., 2008). These
findings are consistent with studies showing that executive and cognitive functions including
response inhibition and working memory continue to mature into adolescence, when adult-
level performance is reached (Bedard et al., 2002; Luna et al., 2004; Williams et al., 1999).

Growth in cortical and basal ganglia RTZs continued into adulthood. These results agree
with post-mortem analysis of myelination has demonstrated studies showing a prolonged
maturation of intracortical white matter (Yakovlev and Lecours, 1967). Specifically, we
found that occipital based tracts matured in adolescence, while other cortical regions mature
in adulthood, consistent with evidence of a posterior to anterior hierarchy in maturation of
synaptic density and myelination (Huttenlocher, 1990; Petanjek et al., 2011; Yakovlev and
Lecours, 1967). Further, late maturation was also seen in the basal ganglia, which forms
loops with the cortex and is a key relay in cognitive and emotional processing (Middleton
and Strick, 2000). Late maturation of these areas may suggest that a large cortical-
subcortical network is critical for integrating cognition and emotion.
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Further, growth of the uncinate fasciculus and cingulum also continues into the second
decade of life. Both of these tracts link orbital and medial prefrontal cortical regions to
medial temporal regions, with the cingulum functioning as a dorsal limbic pathway, and the
uncinate as a ventral limbic pathway (Mori et al., 2005; Schmahmann et al., 2007). The
cingulum connects hippocampal regions to the cingulate, with fibers extending to
dorsolateral prefrontal cortex (Mori et al., 2005; Schmahmann et al., 2007). The
hippocampus and surrounding areas are important for memory function (Mishkin, 1982;
Squire and Zola-Morgan, 1991) which have been found to develop past childhood (Ghetti
and Bunge, 2012). The dorsolateral prefrontal cortex is involved in working memory and
staying on task (Gazzaley and Nobre, 2012; Ikkai and Curtis, 2011) and shows differential
activity supporting cognitive performance in development (Luna et al., 2010; Marsh et al.,
2008). Further, both these regions show protracted development of synaptic density and
myelination (Benes et al., 1994; Huttenlocher and Dabholkar, 1997), supporting their role in
the development of cognition through adolescence (Luna et al., 2004). The cingulate cortex
is situated between these regions in the circuit. Functional imaging studies demonstrate that
the anterior cingulate is involved in both error and reward processing (Walton et al., 2007)
and activation associated with these is still immature in adolescence (Eshel et al., 2007; Fjell
et al., 2012; Velanova et al., 2008); hence, it may contribute to the development of the link
between cognition and emotion through adolescence. This conclusion is supported by our
finding of developmental brain-behavior correlation in the cingulum with inhibitory
performance.

Whereas the cingulum reached maturation early in the third decade, growth continued
throughout our sampled age range in the uncinate fasciculus, late into the third decade. Most
of the regions with significant developmental change showed increases in FA and decreases
in RD, thus likely related to greater myelination; in contrast, developmental change in the
uncinate fasciculus during adulthood was related to increases in FA and increases in AD,
more consistent with greater axonal density. Similarly protracted development has been
described in the equivalent tract in adolescent rats, specifically related to fiber density
(Cunningham et al., 2002). The uncinate fasciculus connects the orbitofrontal cortex to the
amygdala and hippocampus, as well as superior and inferior temporal regions (Schmahmann
et al., 2007). The orbitofrontal cortex is important for reward processing and decision
making (O'Doherty et al., 2003), and is particularly relevant for the development of social
behaviors, which show dramatic change in adolescence (Blakemore and Robbins, 2012;
Paus et al., 2008). Lesions of the orbitofrontal cortex in adolescent monkeys leads to
decreased anxious and fearful behaviors (Kalin et al., 2007) and inability to adjust to social
situations (Eslinger et al., 2004). In humans, activation in orbitofrontal cortex is reported in
functional imaging studies of social cooperation/competition tasks (Hampton et al., 2008;
McCabe et al., 2001) and is associated with risk-taking behaviors (Chein et al., 2011; Shad
etal., 2011). The uncinate is also connected to the anterior temporal lobes, which has been
shown to play a critical role in representing and retrieving social knowledge (Olson et al.,
2012), as well as the amygdala, which is important for emotional development (Tottenham,
2012). Further, connectivity in this tract is abnormal in psychiatric populations; adolescents
with disruptive behavioral disorders have decreased functional connectivity between
orbitofrontal cortex and amygdala (Marsh et al., 2011), and depressed patients have lower
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FA in the uncinate (Versace et al., 2010). Hence, the uncinate is a critical mediator between
cognitive and emotional processing, and may be a significant factor in the pathophysiology
of adolescent psychopathology.

Consistent with prior studies developmental DTI studies, both AD and RD decreased with
development. Furthermore, developmental increases in FA reflect that RD decreases to a
greater extent than AD (Wang et al., 2012). RD changes largely mirrored those of FA,
suggesting that the majority of the developmental changes in FA are related to myelination
(Song et al., 2002; Song et al., 2005). Since AD changes were predominantly decreases, AD
increases in the cingulum and uncinate fasciculus during early adulthood are notable and
suggest that these limbic changes may be more related to increased axonal density
(Cunningham et al., 2002; Song et al., 2002).

This is the first longitudinal DTI study in which a large group of subjects have at least 3
measurements, which is minimum necessary to calculate a statistic on an individual linear
trajectory; additional measurements are needed to examine non-linear change. The mixed
model regression captures variability both within-person and among individuals, which aids
the precision of model estimates and improves the group non-linear fit. Modeling more
complex changes within individuals to examine their growth may offer extra insight into
individual development; however, we believe that more within-individual measurements are
needed to achieve enough sampling through the age range to calculate individual maturation.

In sum, these results suggest a hierarchical maturation of WM where basic sensorimotor and
brain stem systems mature first followed by executive systems through adolescence while
tracts that support integration of executive and emotion systems continue to mature into
adulthood. Prolonged plasticity could provide an adaptive mechanisms for optimal
specialization of socio emotional processing during adolescence and early adulthood when
social demands change as adult independence is reached (Crone and Dahl, 2012). Prolonged
maturation however may also underlie vulnerabilities for abnormal development of socio-
emotional processing that may contribute to mood disorders that emerge at this time of
development (Paus et al., 2008).

4.2 Sex differences in white matter development

Consistent with previous studies of sex differences in WM development (Asato et al., 2010;
De Bellis et al., 2001; Giedd et al., 1999; Wang et al., 2012), males showed larger and more
protracted WM microstructural growth, with lower levels of FA than females in childhood
and greater levels in adulthood. Due to our non-linear examination of individual growth, we
were able to identify that sex differences were concentrated in childhood and adulthood,
with growth in males but not in females. Both males and females showed significant growth
in WM microstructure during adolescence.

It is possible that sex differences in WM development are driven by differences in pubertal
maturation (Lenroot et al., 2007; Peper et al., 2011; Sisk and Foster, 2004), as puberty onset
in females occurs 2-3 years earlier than in males (Sisk and Foster, 2004). Developmental
DTI studies have shown differences associated with puberty as well as interactions of
puberty and sex. These findings show that advancing pubertal maturity is related to
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decreases in RD in widespread association and projection tracts (Asato et al., 2010) and
increases in FA in insula and frontal white matter (Herting et al., 2012), even after
controlling for age. Further, sex hormones were associated with FA, with a positive
correlation with testosterone in males, and a negative correlation with estradiol in females
(Herting et al., 2012). These findings may provide insight into sex differences in
developmental psychopathology, with male-dominant disorders such as attention-deficit/
hyperactivity disorder and autism occurring early in development, and female-dominant
mood disorders such as anxiety and depression emerging later in adolescence. One potential
limitation of findings of sex differences in childhood may be the exclusion of several
longitudinal subjects whose data began in childhood during regression diagnostics (see
Supplementary Table 1 for these details). However, the majority of the scans during this
period were included, and due to the use of splines and the larger sample size for older ages,
the remaining data should be very reliable.

4.3 Relation of white matter and behavioral development

Results suggest that differences in the timing of white matter changes may underlie
developmental changes in behavior. Consistent with previous studies, we found that RT
variability and inhibitory performance continued to mature through adolescence, whereas
latency matured earlier (Klein et al., 2005; Luna et al., 2004; Williams et al., 2005). RT
variability is a within-individual measure reflecting efficiency of responding to a stimulus; it
is correlated with cognitive performance including response inhibition and working memory
(Bellgrove et al., 2004; Klein et al., 2006; Simmonds et al., 2007). In our study, RT
variability was associated with the timing of white matter development across the whole
brain. This finding is consistent with studies showing association of widespread white matter
volume and microstructure with RT variability (Tamnes et al., 2012; Walhovd and Fjell,
2007) and suggesting that increases in white matter integrity throughout the brain may
facilitate more consistent better network engagement supporting ready access to consistent
response execution. Further, we found that earlier WM growth in adolescence was
associated with lower RT variability, while later growth in adulthood was associated with
greater RT variability. These data results suggest that earlier maturation of white matter may
facilitate efficient network integration while individuals with delayed maturation still
demonstrate behavioral immaturity reflected in high levels of variability. A similar pattern
regarding the timing of white matter development was seen in the left cingulum in relation
to the ability to engage cognitive inhibitory control during the AS task. Earlier growth in
adolescence was associated with lower error rates, while later growth in adulthood was
associated with higher rates, or immature inhibitory control. Regions connected by the
cingulum, including dorsolateral prefrontal cortex, cingulate cortex and hippocampus, are
critical for cognitive control (Luna et al., 2010). Specifically, fMRI studies have shown that
the anterior cingulate cortex and dorsolateral prefrontal cortex has been found to underlie
AS performance (Polli et al., 2005) and shows a protracted engagement through adolescence
(Eshel et al., 2007; Luna et al., 2010; Velanova et al., 2008). Protracted maturation of the
cingulum may contribute to continued improvements in cognitive inhibitory control through
adolescence as it supports the ability for the anterior cingulate to integrate with other regions
of the brain to affect behavior (Klein et al., 2005; Luna et al., 2004).
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4.4 Conclusion

The present study characterized the timing and stages of WM development. In contrast with
the majority of brain developmental studies characterizing development as a continuous
process, this study examines growth in discrete stages, which is how much of biological
development proceeds. We found that for some regions, WM growth slowed in adolescence
before speeding up in early adulthood. Further, understanding the timing of brain
development and how it relates to individual differences in biology and behavior is critical
for understanding the many neurological and psychiatric diseases that emerge throughout
adolescence. These diseases emerge at different times, in different sexes and with different
behavioral manifestations, which may be due to differences in within-individual change.
Hence, understanding within-individual growth patterns over development is necessary
before identifying and interpreting differences in clinical developmental populations. Taken
together, these results suggest that WM maturation matures in a hierarchical manner with
pathways that support executive control maturing through adolescence while those
supporting socio-emotional processing continuing through the twenties. Males show later
maturation than females perhaps underlying vulnerabilities to psychiatric disorders that
emerge in childhood vs. adolescence. Evidence that continued WM growth during
adolescence supports better cognitive performance while delayed maturation into adulthood
underlies worse performance suggests that cognitive outcomes are influenced by the timing
of specific neurodevelopmental processes, which may also help explain psychiatric
vulnerability during this time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Stages of significant growth and timing of maturation in white matter development
Figure is divided into three columns corresponding to FA, RD and AD, respectively.

Developmental changes in FA were all increases, while those in RD and AD were mostly
decreases. Each row is an ROl whose label abbreviation is explained in Table 1; rows are
sorted by time of maturation in FA, which is defined as the time that the rate of change was
no longer significantly different from the null (p=0.05, bootstrap corrected). Colors
represent % change per year (red=increase, blue=decrease).
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Figure 2. Sex differences in white matter development
Figure is divided into three columns corresponding to FA, RD and AD, respectively; it is

further divided by sex (top=female, bottom=male). Differences were predominantly seen
during childhood and late adolescence/early adulthood, representing greater change of FA
and RD in males (no significant differences were seen for AD). Each row is an ROl whose
label abbreviation is explained in Table 1; ROIs shown in the figure were significant for at
least one of the three measures. Colors represent % change per year (red=increase,
blue=decrease). Black rectangles indicate stages with significant sex differences.
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Figure 3. Associations between VGS latency/variability and WM development
Heatmaps represent the association between the behavioral variables and (A) mean WM

levels and (D) rates of change in WM development. These plots are divided into three
columns corresponding to FA, RD and AD, respectively; they are further divided by
behavioral variable (top=Ilatency, bottom=variability). Each row is an ROl whose label
abbreviation is explained in Table 1; included ROIs were significant for at least one of the
three measures. RD was the only measure significantly associated with latency, while FA
and RD were both related to variability. Colors represent magnitude of brain behavior
correlation (red=positive, blue=negative). The scatterplots further illustrate these
associations in a single region (cer.c) for the measure RD by showing individual subject
brain and behavioral measures within significant stages of association; data points (single
scans or scan-to-scan changes) were included if they fell within the stage (in some cases,
subjects have multiple points plotted). For each stage, a simple linear fit is shown
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highlighting the direction of association (B: mean-level RD vs. latency; C: mean-level RD
vs. variability; E: rate of change in RD vs. latency; F: rate of change in RD vs. variability).
Colors in these plots represent different significant stages of association, with ages identified
in the legends.
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Figure 4. Associations between inhibitory errors, white matter development and hemispheric

differences

Heatmaps represent the association between behavior and (A) mean WM levels and (C)
rates of change in WM development. These plots are divided into three columns
corresponding to FA, RD and AD, respectively; they are further divided by hemisphere
(top=left, bottom=right). Each row is an ROl whose label abbreviation is explained in Table
1; included ROIs were significant for at least one of the three measures. Colors represent
magnitude of brain behavior correlation (red=positive, blue=negative). Black rectangles
indicate stages with significant hemispheric differences in brain-behavior associations.
These differences predominantly reflect significant brain-behavior correlations in the left
hemisphere, but not the right. The scatterplots further illustrate these associations in a single
region (CIN.H) for the measure FA by showing individual subject brain and behavioral
measures within significant stages of association; data points (single scans or scan-to-scan
changes) were included if they fell within the stage (in some cases, subjects have multiple
points plotted). For each stage, a simple linear fit highlighting the direction of association
(B: mean-level FA vs. inhibitory errors; D: rate of change in FA vs. inhibitory errors).
Colors in these plots represent different significant stages of association, with ages identified
in the legends. Hemispheres are plotted separately (left=circles/solid line, right=triangles/

dotted line).
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