
Development of Short-Range White Matter in
Healthy Children and Adolescents

Adeoye A. Oyefiade,1,2 Stephanie Ameis,1,3 Jason P. Lerch,1 Conrad Rockel,4

Kamila U. Szulc,1 Nadia Scantlebury,1 Alexandra Decker,1 Jaleel Jefferson,1

Simon Spichak,5 and Donald J. Mabbott 1,2*

1Neurosciences and Mental Health, The Hospital for Sick Children, Toronto, Ontario
2Department of Psychology, University of Toronto, Toronto, Ontario

3Campbell Family Mental Health Research Institute, The Center for Addictions and Mental
Health, Toronto, Ontario

4Department of Medical Biophysics, Western University, London, Ontario
5Department of Human Biology, University of Toronto, Toronto, Ontario

r r

Abstract: Neural communication is facilitated by intricate networks of white matter (WM) comprised
of both long and short range connections. The maturation of long range WM connections has been
extensively characterized, with projection, commissural, and association tracts showing unique trajecto-
ries with age. There, however, remains a limited understanding of age-related changes occurring
within short range WM connections, or U-fibers. These connections are important for local connectivity
within lobes and facilitate regional cortical function and greater network economy. Recent studies have
explored the maturation of U-fibers primarily using cross-sectional study designs. Here, we analyzed
diffusion tensor imaging (DTI) data for healthy children and adolescents in both a cross-sectional
(n 5 78; mean age 5 13.04 6 3.27 years) and a primarily longitudinal (n 5 26; mean age 5 10.78 6 2.69
years) cohort. We found significant age-related differences in fractional anisotropy (FA), mean diffusiv-
ity (MD), axial diffusivity (AD) and radial diffusivity (RD) across the frontal, parietal, and temporal
lobes of participants within the cross-sectional cohort. By contrast, we report significant age-related dif-
ferences in only FA for participants within the longitudinal cohort. Specifically, larger FA values were
observed with age in frontal, parietal, and temporal lobes of the left hemisphere. Our results extend
previous findings restricted to long range WM to demonstrate regional changes in the microstructure
of short range WM during childhood and adolescence. These changes possibly reflect continued myeli-
nation and axonal organization of short range WM with increasing age in more anterior regions of the
left hemisphere. Hum Brain Mapp 00:000–000, 2017. VC 2017 Wiley Periodicals, Inc.
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INTRODUCTION

Cognitive development is linked with the maturation of
white matter [Nagy et al., 2004]. As such a detailed under-
standing of white matter maturation across the entire brain
is critical to advancing our understanding of both typical
and atypical cognitive development. White matter can be
broadly divided into short and long range connections.
Long-range connections are comprised of commissural,
projection, and association fibers that connect distant brain
regions and facilitate the transfer of multimodal sensory
information from subcortical nuclei to sensory and associa-
tion cortices [Mesulam, 1990]. Short-range connections, on
the other hand, are comprised of fibers that connect neigh-
boring grey matter regions within lobes. These connections
were first described as white matter fibers that rest just
beneath the cortex and connect adjacent cortical areas by
following the convexity of gyral convolutions in the form
of “U”-shaped fibers or long intralobar fibers [Meynert,
1885]. Recent structural investigations in nonhuman pri-
mates using axon staining techniques [Yeterian et al., 2012]
and in adult human brains using white matter imaging
methods and post-mortem dissections [Catani et al., 2012]
have shown that short-range connections are primarily
intra-lobar, connecting brain regions in close physical
proximity with each other. Highly interconnected regions
within lobes, or modules, are an integral part of brain net-
work architecture as they may conserve resources other-
wise required to process information over longer distances
[Bullmore and Sporns, 2012]. Therefore, short-range con-
nections are particularly important during development as
they may allow for a closely negotiated compromise
between the increased network cost provided by modules
and the greater network efficiency provided by long-range
connections [Sporns, 2013]. Neuroimaging studies to date
have largely focused on age-related changes in long-range
white matter connections. Currently, little is known about
the maturation of short-range white matter connections in
childhood and adolescence.

DTI is a magnetic resonance imaging-based technique
that enables the examination of white matter microstruc-
ture via the diffusion of water molecules across fatty tissue
in the brain [Basser, 1995]. Scalar values (k1, k2, and k3)
derived from the diffusion tensor describe the extent to
which water diffusion is restricted within a given image
voxel [Le Bihan et al., 2001]. Secondary parameters can be
extracted from these values—fractional anisotropy [FA],
radial diffusivity [RD], axial diffusivity [AD], and mean
diffusivity [MD]—that provide indirect information about
the microstructure of underlying white matter connections
[Basser et al., 2000; Song et al., 2002; Song et al., 2003].
Human and animal studies have demonstrated that in
regions where there are minimal partial volume effects
and/or few crossing fibers, larger FA values with age
reflect increase in white matter microstructure and organi-
zation [Assaf and Pasternak, 2008]. Smaller RD and AD
values may reflect in part myelination and axonal

thickness [Song et al., 2003]. Smaller MD values may
reflect reduced water content and WM density [Barnea-
Goraly et al., 2005; Mukherjee et al., 2001]. Prior studies
have demonstrated larger FA and smaller MD and RD in
long range connections with age [Lebel and Beaulieu,
2011; Lebel et al., 2008; Sowell et al., 1999; Thompson
et al., 2000]. Projection and commissural fibers show pla-
teaued DTI measures by adolescence, while association
fibers continue to mature well into adulthood [Lebel and
Beaulieu, 2011].

Studies of aging in cross-sectional samples of adults
have suggested that short range WM may have unique
patterns of age-related difference depending on location in
the brain [Nazeri et al., 2015; Phillips et al., 2013]. Gener-
ally, lower FA and higher MD, RD, and AD is observed
with increasing age across the entire brain, with differ-
ences most pronounced in anterior as opposed to posterior
areas. These findings suggest that short range connections
in frontal areas may be more vulnerable to the aging pro-
cess than those in other parts of the brain [Nazeri et al.,
2015; Phillips et al., 2013]. Few studies have examined
maturation of short range WM in children and adoles-
cents. Wu et al. (2014) investigated age-related differences
in DTI measures of short range WM in a cross-sectional
sample of 133 healthy children and adolescents aged 10—
18 years. They found distinct patterns of age-related differ-
ences in micro-regions within lobes; higher FA and lower
MD and RD was observed with greater age in some areas
while higher FA coincided with higher AD with age in
other areas.

In the present study, we examined age-related differ-
ences in short range WM using both cross-sectional and
longitudinal data. In particular, we sought to identify age-
related differences in short range WM in a cross-sectional
cohort of children/adolescents scanned in a 3 Tesla scan-
ner, and to validate these changes in a separate primarily
longitudinal cohort of children/adolescents scanned in a
1.5 Tesla scanner. We hypothesize that the most robust
age-related differences will be evident across cohorts
scanned at different field strengths, particularly greater FA
and lower MD and RD with age for short range WM
across the brain. We also qualitatively explored whether
the greatest age-related differences were evident in ante-
rior versus posterior regions.

MATERIALS AND METHODS

Participant Characteristics

Participant data was retrieved from pre-existing data-
bases of healthy children and adolescents recruited as part
of larger studies at the Hospital for Sick Children. Partici-
pants were excluded if they had a premorbid history of
developmental delay, learning disability, psychiatric/neu-
rological disorder, or traumatic brain injury. Magnetic res-
onance (MR) measurements from 104 participants were
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retrieved for this study. Participant data was grouped into
two cohorts. Participants in the first cohort (solely cross-
sectional) were aged from 5.15 to 18.97 years with a mean
age of 13.04 6 3.27 years. There were 78 participants in
total within this cohort (50 males and 28 females) and the
majority of participants were right-handed (n 5 74). These
participants were scanned once using a 3 Tesla Siemens
scanner (Table I, Fig. 1). Participants in the second cohort
(primarily longitudinal) were aged from 5.75 to 16.92 years
at the time of first scan, with a mean age of 10.23 6 2.74
years. There were 26 participants in total within this
cohort (13 males and 13 females) and the majority of par-
ticipants were right-handed (n 5 23). These participants
were scanned on a 1.5 Tesla GE MRI scanner, with a
majority of participants (75%) receiving 2–3 chronologi-
cally concurrent scans at least a year apart (Fig. 1). The
participants in the first cohort were older than those in the
second cohort (P< 0.0001). There was no difference in age
between males and females in either the first (P 5 0.98) or
the second cohort (P 5 0.44). Access to participant data-
bases was approved by the research ethics board at the
Hospital for Sick Children.

MR Image Acquisition and Processing

First Cohort: MR measurements from this cohort were
acquired at the Hospital for Sick Children using a Siemens
3 Tesla whole-body MRI scanner (TrioTim syngo MR B17
system) with a twelve-channel head coil. The scanning
protocol included a 3D—T1 magnetization prepared 180
degrees’ radio-frequency pulse and a rapid gradient-echo
(MPRAGE) sequence with the following parameters: TE/
TR 5 3.91/2,300 ms, 160 contiguous axial slices, flip
angle 5 908, 256 3 244 matrix, FOV 5 256 3 224 mm, voxel
size 5 1 mm ISO. Diffusion tensor data was acquired using
a single shot spin echo sequence with the following
parameters: 30 directions, b 5 1,000 s/mm2, TE/TR 5 90/
9,000 ms, 70 contiguous axial slices, flip angle 5 908, 122 3

122 matrix interpolated to 244 3 244, FOV 5 244 3

244 mm, voxel size 5 2 mm ISO.
Second Cohort: MR measurements from this cohort

were acquired at the Hospital for Sick Children using a

GE LX 1.5 Tesla MRI scanner with an eight-channel head
coil (GE Healthcare, Milwaukee, Wis). The scanning proto-
col included a 3D—T1 fast-spoiled gradient-echo (FSPGR)
inversion recovery-prepared sequence with the following
parameters: TE/TR 5 4.2/10.056 ms, 116–124 contiguous
axial slices, flip angle 5 908, NEX 5 1, 256 3 192 matrix
interpolated to 256 3 256, FOV 5 240 3 240 mm, receive
bandwidth 5 162.734 kHz, slice thickness 5 1.5 mm. Diffu-
sion tensor data was acquired using a single-shot spin-
echo DTI sequence with the following parameters: 30
directions, b 5 1,000 s/mm2, TE/TR 5 84.6/15,000 ms,
45–50 contiguous axial slices, flip angle 5 908, NEX 5 1, 128

TABLE I. Participant characteristics

Cross-sectional cohort Longitudinal cohort Cohort differences (P)

Number of subjects (females) 78 (28) 26 (13)a -
Number of scans (females) 78 (28) 51 (23) -
Handedness (left) 72 (6) 20 (6) -
Mean age (cohort) 13.04 6 3.27 years 10.78 6 2.69 years <0.0001
Mean age Females 13.05 6 3.19 years 10.46 6 2.55 years 0.003

Mean age Males 13.03 6 3.34 years 11.06 6 2.81 years 0.01
Intracranial Volume (ICV) 1.51 6 0.13 litres 1.51 6 0.11 litres 0.71
MRI scan type 3 Tesla 1.5 Tesla -

aEight subjects were scanned once in this cohort.

Figure 1.

Age distribution of healthy subjects at the time of image acquisi-

tion. Participants for whom concurrent MR scans were acquired

are shown at the bottom of the chart. [Color figure can be

viewed at wileyonlinelibrary.com]
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3 128 matrix interpolated to 256 3 256, FOV 5 240 3

240 mm, receive bandwidth 5 1,953.12 kHz, slice
thickness 5 3 mm.

All images were corrected for inhomogeneity and eddy
currents, and processed using the functional magnetic res-
onance imaging of the brain (FMRIB) Software Library
(FSL) [Behrens et al., 2003, 2007; Smith et al., 2004; Wool-
rich et al., 2009] and ANALYZETM Imaging Software (Bio-
medical Imaging Resource, Mayo Foundation) We
manually masked out nonbrain tissue from T1 and
diffusion-weighted scans in ANALYZETM (Fig. 2). Brain-
extracted T1 images were automatically classified into grey
matter, white matter, and cerebrospinal fluid using the
automatic tissue segmentation algorithm FSL-FAST
(FMRIB Automated Segmentation Tool) [Zhang et al.,
2001]. The image intensities of brain-extracted T1 images
were inverted to highlight the CSF, which allowed for bet-
ter co-registration with diffusion-weighted images. Co-
registration of T1 and diffusion-weighted images was
achieved by way of a twelve-dimension linear transforma-
tion, followed by nonlinear warping using a second-order
nonlinear parameter model [Woods et al., 1998]. Co-
registration produced a T1-to-DTI transformation matrix
that enabled the transformation of T1 anatomical informa-
tion into DTI space. White matter segmentations on T1
images were subdivided into compartments using a well-
validated anatomic template [Mazziotta et al., 2001]. The
template consisted of eight cerebral (bilateral frontal, parie-
tal, temporal, and occipital hemispheric) and four posterior
fossa (pontine, vermal, and bilateral cerebellar hemi-
spheric) regions. Specifically, the template was applied to
the T1 of all subjects by way of affine transformation
[Woods et al., 1998]. Compartmentalized T1 scans were
registered to the previously created T1-to-DTI matrices
using linear and nonlinear transformations to delineate
white matter compartments within DTI space [Mabbott
et al., 2009]. For each scan, this template-derived compart-
mentalized image served as the source image in the esti-
mation of short range white matter across the cerebrum.

Estimation of Short-Range White Matter

The same protocol for estimating short-range WM mea-
sures was used for both cohorts. As short-range white
matter is primarily intra-lobar, we approached short-range
tract estimation in 2 stages; (a) we estimated all possible
white matter tracts within each lobe using probabilistic
tractography, (b) we delineated short-range tracts from all
possible connections by applying a thresholding protocol
to all delineated tracts. Tracts were seeded from a region
of interest (ROI) which corresponded to each cerebral lobe
within a given hemisphere. Seed ROI’s were created by
applying each individual’s template-derived T1-to-DTI
matrix to zero diffusion images by way of affine trans-
formation (Fig. 3). This resulted in the parcellation of
individual brains into discrete lobar regions. Prior to

tractography, lobar ROI’s were isolated and applied to
zero diffusion images in order to create exclusion masks
wherein all other white matter tracts were to be
excluded (see Supporting Information Fig. S1 for a full

Figure 2.

A brief summary of the processing stream used to derive DTI

measures. Extraction of brain tissue and segmentation of white

matter on T1 and diffusion-weighted scans was followed by an

affine co-registration process to produce T1-to-DTI transforma-

tion matrices. These matrices were used to compartmentalize

cerebral white matter and to create DTI maps from which DTI

indices were calculated.
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illustration). Probabilistic tractography was performed using
the FSL Probtrackx tool [Behrens et al., 2003, 2007] to delineate
white matter tracts within each lobe (Fig. 3). Short range WM
connect adjacent gyri within lobes and tend to have a charac-
teristic “U” shape that may be either short (connecting neigh-
boring intra-lobar gyri) or elongated (connecting more distant
intra-lobar gyri). To enable visual identification of short-range
white matter, we applied a thresholding protocol aimed at
pruning the total number of probabilistic streamlines passing
through all the voxels in a given lobe. First, we ignored spuri-
ous streamlines to minimize the effect of outliers on tract esti-
mation [Jenkinson et al., 2012; Smith et al., 2004]. Next, we
assessed the effect of eliminating streamlines in a step-wise
fashion on the visualization of short-range tracts. We seg-
mented a subset of our data (n 5 26) at predefined fractions of
total number of probabilistic streamlines passing through all
nonzero voxels (10–90%). Following visual inspection and
qualitative inter-rater consensus by multiple raters (S.A, C.R,
and A.O), short-range tracts were best observed when 60% of
the total number of probabilistic streamlines was removed
(Fig. 3). Subsequently, we thresholded all delineated tracts
within each lobe, and calculated DTI measures (FA, MD, AD,
and RD) by averaging across all nonzero voxels.

Statistical Analyses

We modeled the developmental trajectory of short range
white matter by analyzing age-related changes in DTI indi-
ces across the brain. As prior research has shown that nor-
mal white matter development may follow linear and
curvilinear patterns of age-related change [Lebel and

Beaulieu, 2011; Lebel et al., 2008], we considered age, age2,
and age3 terms in our models. We computed whole-lobe
indices for the entire frontal, parietal, temporal, and occipi-
tal lobes by averaging corresponding left and right hemi-
sphere lobes. Model fits were calculated for the entire
frontal, parietal, temporal, and occipital lobes. Separate fits
were also calculated for left and right hemisphere frontal,
parietal, temporal, and occipital lobes. Participant sex, hand-
edness, and intracranial volume (ICV) were included as
covariates in each model. Intracranial volume was obtained
by calculating the total volume (in mm3) of all nonzero vox-
els in brain-extracted T1 images. To better account for over-
all white matter change with age, we initially analyzed age-
related changes in each lobe as a function of overall FA, MD,
AD, and RD. Residuals obtained from these models repre-
sent the proportion of short range WM information not
explained by whole-brain white matter. We included these
residuals as covariates in our analyses to control for infor-
mation obtained from overall WM change with age (wb).

For data from the first cohort (cross-sectional data), we
analyzed age-related changes in each DTI index using a
general linear model:

DTI index5A•age1A•age21A•age31B•sex1C•hand

1D•ICV1E•wb1E:

For data from the second cohort (primarily longitudinal
data), we analyzed age-related changes in each DTI index
using a linear mixed-effects model:

DTI index 5 A 1 SAð Þ•age1 A 1 SAð Þ•age21 A 1 SAð Þ•age3

1B•sex1C•hand1D•ICV1E•wb1E:

Figure 3.

A summary of the analysis pipeline used for short range WM

delineation. Diffusion-weighted (DW) images were parcellated

into discrete lobar regions using a template-derived T1-to-DTI

transformation matrix. All possible WM tracts within each lobe

were delineated using probabilistic tractography. Elimination of

60% of probabilistic streamlines revealed short range WM tracts

within each lobe. Color codes: Right hemisphere—frontal (red),

parietal (pink), temporal (brown), occipital (cyan). Left hemi-

sphere—frontal (blue), parietal (yellow), temporal (green), occip-

ital (orange).
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For the second model, the error term ‘E’ includes devia-
tions from model predictions due to the random variation
associated with participant age. SA in the age term
accounted for this variability, representing the participant-
specific random intercept and slope terms for the age vari-
able. A random intercept term increased the expressivity
of our models by allowing predictions to vary across par-
ticipants, while a random slope term captured variation in
the rate of change in DTI indices across participants. The
inclusion of random intercept and slope terms ensured
that sources of random variation associated with the age
variable were captured within model estimates. Addition-
ally, it was necessary for practical reasons to simplify the
random effect structure of our model as estimation proce-
dures for complex linear mixed-effect models often fail to
converge in a reasonable amount of iterations [Barr et al.,
2013; Bolker et al., 2009]. To enable model convergence,
we ignored correlations between random intercept and
slope terms. All model estimations and p value calcula-
tions were done in R using the lme4 package [Bates et al.,
2015]. The lme4 package uses a Satterthwaite approxima-
tion to degrees of freedom and calculates p values from
sequential tests of all effects in the model. We applied a
False Discovery Rate (FDR) adjustment to p values in
order to correct for multiple comparisons. Whereas p val-
ues estimate the proportion of truly null features that are
called significant, FDR-adjusted p values, or q values, esti-
mate the proportion of significant features that are truly
null [Benjamini and Hochberg, 1995; Yekutieli and Benja-
mini, 1999]. For the purposes of our study, features with q
values �5% were called significant. Initial analyses
revealed significant effects of age for only linear models
(Supporting Information Tables S1 and S2). We therefore
dropped nonlinear terms from model fits in the final
analyses.

RESULTS

Whole-Lobe and Hemispheric Changes in Short

Range WM within the Cross-Sectional Cohort

Age-related differences in DTI measures were observed
in every lobe except the occipital lobes (Table IIa). FA was
larger in older versus younger children/adolescents in
frontal, parietal, and temporal lobes (Frontal:
slope 5 0.0031, q 5 0.023, R2 5 0.06. Parietal: slope 5 0.0025,
q 5 0.049, R2 5 0.05. Temporal: slope 5 0.0027, q 5 0.0434,
R2 5 0.08) (Fig. 4). MD was smaller in older versus youn-
ger participants in the frontal (slope 5 26.27 3 1026 mm2

s21 yr21, q< 0.0001, R2 5 0.4), parietal (slope 5 23.75 3

1026 mm2 s21 yr21, q< 0.0001, R2 5 0.21) and temporal
lobes (slope 5 23.32 3 1026 mm2 s21 yr21, q 50.003, R2

50.11) (Fig. 5). Likewise, RD was smaller in the frontal
(slope 5 26.30 3 1026 mm2 s21 yr21, q< 0.001, R2 50.28),
parietal (slope 5 24.00 3 1026 mm2 s21 yr21, q 5 0.0011,
R2 50.14) and temporal lobes (slope 5 23.98 3 1026 mm2

s21 yr21, q 5 0.0012, R2 50.16) (Fig. 7). Lower AD in older
versus younger participants was observed in only the fron-
tal and parietal lobes (Frontal: slope 5 26.20 3 1026 mm2

s21 yr21, q <0.001, R2 5 0.24. Parietal: slope 5 23.19 3

1026 mm2 s21 yr21, q 5 0.049, R2 5 0.12) (Fig. 6).
Regional analyses within each hemisphere revealed larger

FA in older versus younger participants in the frontal and
temporal lobes of the left hemisphere (Frontal: left
slope 5 0.004, q 5 0.003; right slope 5 0.002; q 5 0.14. Tempo-
ral: left slope 5 0.003, q 5 0.02; right slope 5 0.002; q 5 0.15)
(Table IIb). We also found larger age-related differences for
FA in the parietal lobes of the right hemisphere but not the
left (left slope 5 0.002, q 5 0.22; right slope 5 0.003; q 5 0.02).
MD was lower in older versus younger participants in bilat-
eral frontal (left slope 5 27.47 3 1026 mm2s21yr21,
q< 0.0001; right slope 5 25.06 3 1026 mm2s21yr21;
q< 0.0001), parietal (left slope 5 22.67 3 1026 mm2s21yr21,
q 5 0.02; right slope 5 24.81 3 1026 mm2s21yr21; q< 0.0001),
and temporal lobes (left slope 5 22.22 3 1026 mm2s21yr21,
q 5 0.07; right slope 5 24.41 3 1026 mm2s21yr21; q 50.0003).
RD was also lower in bilateral frontal (left slope 5 27.71 3

1026 mm2s21yr21, q< 0.0001; right slope 5 24.67 3 1026;
q 5 0.0002), parietal (left slope 5 22.71 3 1026 mm2s21yr21,
q 5 0.05; right slope 5 24.67 3 1026 mm2s21yr21; q 5 0.003),
and temporal lobes (left slope 5 23.64 3 1026 mm2s21yr21,
q 5 0.005; right slope 5 24.3 3 1026 mm2s21yr21; q 5 0.001).
AD was lower in the frontal lobes of the left hemisphere
(Frontal: left slope: 27.02 3 1026 mm2s21yr21, q 5 0.0003) as
well as in the frontal, parietal, and temporal lobes of the right
hemisphere (Frontal: right slope 5 25.67 3 1026

mm2s21yr21, q 5 0.0006. Parietal: right slope 5 23.79 3 1026

mm2s21yr21, q 5 0.05; Temporal: right slope 5 24.60 3 1027

mm2s21yr21, q 5 0.03).

Whole-Lobe and Hemispheric Changes in

Short-Range WM within the Primarily

Longitudinal Cohort

For the second cohort, we found significant age-related
increases in FA in the frontal lobes (Frontal: slope 5 0.0031,
q 5 0.034, R2 5 0.25 (Table IIIa). Regional analyses within
each hemisphere showed significant age-related increases
in FA in the frontal, parietal, and temporal lobes of the left
hemisphere (Frontal: left slope 5 0.0035, q 5 0.03. Parietal:
left slope 5 0.0046, q 5 0.03. Temporal: left slope 5 0.0048,
q 5 0.03) (Table IIIb). There were no significant changes in
MD, AD, and RD within this cohort.

Qualitative Comparison of Trajectories

between Cohorts

Whole-lobe maturational trajectories between both
cohorts are presented in Figures 4–7. We observed similar
trends of increasing FA and decreasing MD, AD, and RD
in the frontal, parietal, and temporal lobes of both cohorts.
However, different trends were observed for the occipital
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lobes in both cohorts. For the first cohort we observed
smaller slopes for DTI measures in the occipital lobes
(FA: 0.001, MD: 26.13 3 1027 mm2s21yr21, AD: 28.34 3

1027 mm2s21yr21, RD: 24.98 3 1027 mm2s21yr21). For
the second cohort, we observed larger slopes for DTI
measures in the occipital lobes (FA: 0.0034, MD: 24.01 3

1026 mm2s21yr21, AD: 21.99 3 1026 mm2s21yr21, RD:
24.38 3 1026 mm2s21yr21). Although not significant,
larger values in the second cohort show that data from
the primarily longitudinal cohort is more sensitive to age-
related changes in short range WM within the occipital
lobes.

TABLE II. Age-related differences in (a) whole-lobe and (b) hemispheric DTI measures across the brain for partici-

pants in the cross-sectional cohort

a

DTI measure Intercept Slope SE R2 P q

FA
Frontal 0.325 0.0031 0.0012 0.06 0.018 0.023

Parietal 0.310 0.0025 0.0011 0.05 0.074 0.049

Temporal 0.274 0.0027 0.0012 0.08 0.012 0.043

Occipital 0.226 0.0010 0.0013 0.02 0.607 0.539
MD mm2/s mm2/s/year
Frontal 0.0008 26.27 3 1026 8.74 3 1027 0.40 5.67 3 10210 <0.0001

Parietal 0.0008 23.75 3 1026 8.78 3 1027 0.21 6.07 3 1025 <0.001

Temporal 0.0009 23.32 3 1026 9.91 3 1027 0.11 0.0013 0.003

Occipital 0.0008 26.13 3 1027 1.14 3 1026 - 0.593 0.633
AD mm2/s mm2/s/year
Frontal 0.0011 26.20 3 1026 1.37 3 1026 0.24 2.30 3 1025 <0.001

Parietal 0.0011 23.19 3 1026 1.48 3 1026 0.12 0.034 0.049

Temporal 0.0011 21.99 3 1026 1.79 3 1026 0.01 0.090 0.120
Occipital 0.0010 28.34 3 1026 1.32 3 1026 0.04 0.530 0.606
RD mm2/s mm2/s/year
Frontal 0.0007 26.30 3 1026 1.10 3 1026 0.28 2.12 3 1027 <0.0001

Parietal 0.0007 24.00 3 1026 1.07 3 1026 0.14 0.0004 0.0011

Temporal 0.0007 23.98 3 1026 1.08 3 1026 0.15 0.0005 0.0012

Occipital 0.0007 24.98 3 1027 1.44 3 1026 - 0.731 0.731

b

DTI measure
Left hemisphere Right hemisphere

Intercept Slope R2 q Intercept Slope R2 q

FA
Frontal 0.355 0.004 0.11 0.003 0.391 0.002 0.02 0.14
Parietal 0.357 0.002 0.01 0.22 0.323 0.003 0.12 0.02

Temporal 0.332 0.003 0.10 0.02 0.357 0.002 0.03 0.15
Occipital 0.337 0.001 - 0.57 0.300 0.001 - 0.55
MD mm2/s mm2/s/yr (3 1026) mm2/s mm2/s/yr (3 1026)
Frontal 0.00088 27.47 0.37 <0.0001 0.00082 25.06 0.29 <0.0001

Parietal 0.00083 22.67 0.10 0.02 0.00088 24.81 0.22 0.0001

Temporal 0.0009 22.22 0.02 0.07 0.00089 24.41 0.19 0.0003

Occipital 0.00079 21.28 - 0.37 0.00084 0.06 - 0.98
AD mm2/s mm2/s/yr (3 1026) mm2/s mm2/s/yr (3 1026)
Frontal 0.0012 27.02 0.17 0.0003 0.0012 25.35 0.21 0.0006

Parietal 0.0012 22.57 0.12 0.14 0.0012 23.79 0.07 0.05

Temporal 0.0012 20.60 - 0.82 0.0012 24.60 0.05 0.03

Occipital 0.0011 21.70 0.01 0.31 0.0011 27.06 - 0.98
RD mm2/s mm2/s/yr (3 1026) mm2/s mm2/s/yr (3 1026)
Frontal 0.00070 27.71 0.02 <0.0001 0.00064 24.67 0.17 0.0003

Parietal 0.00066 22.71 0.02 0.05 0.00072 25.28 0.23 0.0001

Temporal 0.00074 23.64 0.11 0.005 0.00071 24.3 0.17 0.001

Occipital 0.00064 21.10 - 0.57 0.00070 0.48 - 0.98

SE—Standard error of slope.
q—FDR-adjusted p-values. Values that survived FDR correction are bolded.
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Figure 4.

Age-related changes in FA of short range WM across the brain. The different trajectories within each

lobe are color-coded, while repeated scans per individual are shown in the longitudinal plot. In contrast

to the rest of the brain, we did not observe significant age-related changes in FA in the occipital lobes

of participants in the cross-sectional cohort. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 5.

Age-related changes in MD of short range WM across the brain. There were no age-related

changes in MD in the occipital lobes of participants in the cross-sectional cohort. [Color figure

can be viewed at wileyonlinelibrary.com]
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DISCUSSION

Most studies exploring white matter maturation in
childhood/adolescence have utilized cross-sectional
approaches. These studies have found larger FA and
smaller MD, AD, and RD with increasing age across devel-
oping long range WM tracts [Barnea-Goraly et al., 2005;
Eluvathingal et al., 2007; Mukherjee et al., 2001]. More
recent studies have utilized a longitudinal approach to
explore WM development in children/adolescents and
young adults, and have found both linear and nonlinear
age-related increases in FA and decreases in MD, AD, and
RD across long range WM [Lebel and Beaulieu, 2011;
Lebel et al., 2008]. We extended these findings to short-
range WM across the cerebrum in a sample of healthy
children and adolescents by analyzing age-related differ-
ences in DTI measures acquired from cross-sectional and
primarily longitudinal cohorts. For participants in the
cross-sectional cohort we found significantly larger FA in
the frontal, parietal, and temporal lobes, and smaller MD,
and RD in the frontal, parietal, and temporal lobes.
Changes in FA in the frontal and temporal lobes were lat-
eralized to the left hemisphere, while changes in FA in the
parietal lobes were lateralized to the right hemisphere.
Changes in MD, AD, and RD were observed bilaterally.
We validated findings from the cross-sectional cohort by
examining similar changes in DTI measures within a pri-
marily longitudinal cohort of participants. We found sig-
nificant age-related increases in FA in the frontal, parietal,
and temporal lobes which were lateralized to the left

hemisphere. Importantly, these effects are observed after
controlling for whole-brain white matter with age, sugges-
ting age-related trajectories unique to short range white
matter connections. Furthermore, our results are in concert
with those from a prior investigation of short range WM
development that showed age-related increases in FA and
decreases in MD and RD across the cerebrum in a healthy
sample of children aged 10–18 years (Wu et al., 2014).
Taken together, our findings suggest that short range WM
continues to develop during childhood and adolescence,
with the most robust differences occurring in the frontal,
parietal, and temporal lobes.

During normal WM development, FA is shown to
increase along with decreases in MD and RD as the brain
matures from childhood to adulthood [Barnea-Goraly
et al., 2005; Eluvathingal et al., 2007; Lebel and Beaulieu,
2011; Lebel et al., 2008; Mukherjee et al., 2001]. The con-
verse is true in later life; decreases in FA along with
increases in MD and RD are typically observed owing to
normal declines in the microstructural constituency of WM
[Westlye et al., 2009; Lebel et al., 2012; Phillips et al., 2013].
Though the biological determinants of diffusion parame-
ters are not fully understood, increases in FA along with
decreases in MD have been associated with greater matu-
ration of long-range white matter connections in healthy
children and adolescents [Barnea-Goraly et al., 2005; Elu-
vathingal et al., 2007; Lebel and Beaulieu, 2011; Lebel
et al., 2008] while decreases in RD have been related to
improved myelination and axonal packing of these tracts
[Beaulieu et al., 2002; Song et al., 2005]. In line with

Figure 6.

Age-related changes in AD of short range WM across the brain. [Color figure can be viewed at

wileyonlinelibrary.com]
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previous studies examining white matter growth, results
from this study showed greater maturation of short range
white matter in frontal, parietal, and temporal areas as evi-
denced by larger FA and smaller MD values with age.
Smaller RD values with age in these areas suggest that

greater short range white matter maturation may be
driven by increased myelination and axonal packing. Fur-
thermore, we validated these maturational changes in a
primarily longitudinal sample where we found age-related
increases in FA in the frontal, parietal, and temporal lobes

TABLE III. Age-related changes in (a) whole-lobe and (b) hemispheric DTI measures across the brain for partici-

pants in the primarily longitudinal cohort

a

DTI measure Intercept Slope SE R2 P q

FA
Frontal 0.324 0.0031 0.0009 0.25 0.002 0.034

Parietal 0.356 0.0031 0.0013 0.15 0.027 0.110
Temporal 0.282 0.0034 0.0014 0.21 0.017 0.110
Occipital 0.235 0.0034 0.0015 0.17 0.024 0.110
MD mm2/s mm2/s/year
Frontal 0.0008 26.06 3 1026 2.27 3 1026 0.23 0.087 0.200
Parietal 0.0007 24.17 3 1026 2.59 3 1026 0.11 0.224 0.282
temporal 0.0008 25.35 3 1026 2.38 3 1026 0.18 0.122 0.243
Occipital 0.0008 24.01 3 1026 2.33 3 1026 0.13 0.208 0.282
AD mm2/s mm2/s/year
Frontal 0.0010 24.60 3 1026 3.05 3 1026 0.14 0.229 0.282
Parietal 0.0011 23.62 3 1026 2.95 3 1026 0.13 0.308 0.352
Temporal 0.0011 23.15 3 1026 3.39 3 1026 0.04 0.414 0.442
Occipital 0.0010 21.99 3 1026 2.98 3 1026 0.08 0.553 0.553
RD mm2/s mm2/s/year
Frontal 0.0006 26.44 3 1026 2.04 3 1026 0.22 0.065 0.200
Parietal 0.0006 24.57 3 1026 2.61 3 1026 0.11 0.201 0.282
Temporal 0.0007 26.21 3 1026 2.12 3 1026 0.19 0.088 0.200
Occipital 0.0007 24.38 3 1026 2.27 3 1026 0.09 0.186 0.282

b

DTI measure
Left hemisphere Right hemisphere

Intercept Slope R2 q Intercept Slope R2 q

FA
Frontal 0.331 0.0035 0.27 0.03 0.320 0.0027 0.18 0.13
Parietal 0.347 0.0046 0.25 0.03 0.364 0.0017 0.05 0.71
Temporal 0.281 0.0048 0.28 0.03 0.278 0.0023 0.14 0.26
Occipital 0.281 0.003 0.10 0.24 0.178 0.0038 0.27 0.21
MD mm2/s mm2/s/yr (3 1026) mm2/s mm2/s/yr (3 1026)
Frontal 0.00073 26.53 0.27 0.25 0.0008 25.57 0.19 0.25
Parietal 0.00074 25.44 0.14 0.26 0.00076 23.09 0.08 0.42
Temporal 0.00084 25.37 0.16 0.25 0.00084 25.29 0.20 0.25
Occipital 0.00075 25.53 0.14 0.25 0.00087 21.74 0.05 0.60
AD mm2/s mm2/s/yr (3 1026) mm2/s mm2/s/yr (3 1026)
Frontal 0.001 24.96 0.18 0.31 0.001 24.20 0.10 0.39
Parietal 0.001 23.43 0.10 0.42 0.001 23.81 0.16 0.39
Temporal 0.001 21.90 0.02 0.65 0.001 24.32 0.06 0.39
Occipital 0.00095 24.98 0.14 0.30 0.00097 0.92 0.06 0.79
RD mm2/s mm2/s/yr (3 1026) mm2/s mm2/s/yr (3 1026)
Frontal 0.00058 27.04 0.27 0.24 0.00067 26.02 0.19 0.24
Parietal 0.00059 26.55 0.19 0.25 0.00060 22.84 0.06 0.45
Temporal 0.00071 27.03 0.21 0.24 0.00071 25.07 0.15 0.26
Occipital 0.00062 25.44 0.13 0.25 0.00079 22.16 0.13 0.55

SE—Standard error of slope.
q—FDR-adjusted p-values. Values that survived FDR correction are bolded.
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of the left hemisphere. By controlling for the effects of
overall brain white matter with age we were able to delin-
eate developmental trajectories unique to short-range
white matter connections. Though participants in the
cross-sectional cohort were older than those in the primar-
ily longitudinal cohort, which may have led to higher DTI
parameter values for participants in the cross-sectional
cohort, it is notable that significant age-related maturation
was observed in the frontal, parietal, and temporal lobes
of both cohorts.

It is not surprising that age-related changes in short-range
WM fibers in children and adolescents were best described
by linear trajectories. Developmental increases in FA and
decreases in MD and RD of long-range and regional white
matter show nonlinear developmental trajectories character-
ized by initial linear increases in FA (or decreases in MD
and RD) followed by a plateau in mid-adulthood, and
decreases in FA (or increases in MD and RD) during normal
aging [Lebel et al., 2008; Lebel and Beaulieu, 2011; Phillips
et al., 2013; Westlye et al., 2009]. Similarly, we observed
strong age-related linear increases in FA and decreases in
MD and RD in our sample of children and adolescents.
While these changes may mirror the initial linear trajectories
associated with long-range fibers, future work looking at
the maturation of short-range WM in a longitudinal sample
of younger and older adults is required to ascertain whether
short-range WM follows similar life-long trajectories as
those of long-range WM fibers.

Qualitatively we observed that short range WM in fron-
tal and temporal areas showed the greatest age-related dif-
ferences in terms of slope while parietal areas showed less
robust age-related maturation. As well, we did not observe
any significant age-related changes in short-range WM
within the occipital lobes. These observations are consis-
tent with prior reports suggesting that brain development
proceeds in a posterior-to-anterior sequence where poste-
rior areas devoted to more basic functions develop early
on while anterior areas associated with more complex
functions mature later [Gogtay et al., 2004; Shaw et al.,
2008]. Indeed, this pattern of development suggests that
more anterior areas of the brain show greater change,
especially during critical periods such as childhood and
adolescence, where complex behavioral, cognitive, and
emotional functions are being refined [Passler et al., 1985;
Romine and Reynolds, 2005]. Complex behavioral pro-
cesses are a product of interactive communication between
local and distributed brain systems connected by process-
ing networks comprised of short distance WM tracts
[Mesulam, 1990]. These networks integrate incoming mul-
timodal information and promote feedback processing of
outgoing information [Mesulam, 1990]. Greater myelina-
tion and organization of short range WM in more anterior
brain areas may support the integration of incoming infor-
mation by enabling faster and more efficient transfer of
information as children gain more experience and training
during development. Moreover, myelination is promoted

Figure 7.

Age-related changes in RD of short range WM across the brain. As with FA and MD, there

were no age-related changes in RD in the occipital lobes of participants in the cross-sectional

cohort. [Color figure can be viewed at wileyonlinelibrary.com]
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by electrical impulses across axons [Demerens et al., 1996;
Ishibashi et al., 2006], suggesting that increased activity in
frontal and temporal areas during childhood/adolescence
may also contribute to the maturational increases captured
in diffusion parameter estimates.

Conversely, the relative absence of age-related matura-
tion in the occipital lobes suggests that short range WM in
these areas may mature early—perhaps related to the
rapid maturation of visual areas in the first few years of
life [Nomura et al., 1994]. In particular, the greatest matu-
ration of short range WM in the occipital lobes may have
occurred prior to the age of the youngest participant stud-
ied here (5.15 years). Our qualitative comparisons suggest
that longitudinal designs may be most sensitive to any
subtle age-related changes in occipital short range WM in
older children and adolescents.

Findings of larger differences in FA in the frontal, parie-
tal, and temporal lobes were lateralized to the left hemi-
sphere. There is some evidence supporting left> right
structural asymmetry in white matter of healthy individu-
als [Eluvathingal et al., 2007; Good et al., 2001; Phillips
et al., 2013], with these differences more pronounced in
males than females [Good et al., 2001]. The prominent left-
ward asymmetry in our results may reflect the greater
number of MR measurements from males in both cohorts,
although it is important to stress that we did not find any
significant effects of sex on DTI measures.

Increased microstructural complexity of short-range WM
with age in the left hemisphere may also reflect hemispheric
differences in the organization of structural brain networks
as children develop into young adults. As the human brain
adapts to increasingly complex environmental demands,
brain organization is shaped by the competing demands of
cost-effective local communication driven by short-range
connections within modules, and expensive inter-regional
network communication driven by long-range connections
[Bullmore and Sporns, 2012]. The development of structural
brain organization from infancy to adolescence shows a
marked decrease in the number of modules present in the
brain with age, along with a simultaneous increase in global
network communication [Dennis et al., 2013; Fan et al.,
2011; Huang et al., 2013; Khundrakpam et al., 2012]. This
suggests that as children get older the brain may prioritize
effective inter-regional communication over less-expensive
local communication subserved by short-range connections.
Moreover, reductions in the number of modules have also
been associated with an increase in the efficiency of intra-
regional network communication, suggesting that short-
range connections may become more fine-tuned with age
[Hagmann et al., 2010; Huang et al., 2013]. Therefore, larger
age-related changes in FA in the left hemisphere may reflect
a more pronounced re-organization of structural brain mod-
ules in these areas during childhood and adolescence,
though further neuroimaging studies are required to ade-
quately characterize the nature of these changes within spe-
cific structural brain modules during development.

We consider our findings in the context of the following
limitations. Although linear age effects on short range
WM may reflect maturation in our sample of participants,
a larger number of repeated within-subject scans may
show nonlinear development trajectories, particularly for
anterior brain areas. Indeed, prior developmental studies
have highlighted the importance of longitudinal cohorts
in the assessment of WM development in children and
adolescents. It will be important for future studies to
incorporate larger numbers of within-subject scans in
order to fully characterize the developmental trajectories
of short range WM. In terms of our MR acquisition
approach, imaging data for both cohorts were acquired
using scanners at different field strengths. Some studies
have shown that FA values are statistically higher in 3
Tesla compared to 1.5 Tesla datasets [Huisman et al.,
2006]. However, the majority of the WM development
studies discussed here have utilized data acquired with
1.5 Tesla scanners. It is therefore notable that despite
acquiring our data on both 3 and 1.5 Tesla scanners, we
observed similar age-related changes in WM across field
strengths. In terms of our imaging approach, the sequen-
tial elimination of probabilistic streamlines may not
completely prevent signal contamination from the termi-
nal ends of long range WM fibers. Future studies that use
more sophisticated imaging techniques such as diffusion
kurtosis imaging [Jensen et al., 2005] could resolve areas
of crossing or overlapping fibers between short and long-
range fibers and better delineate short-range white matter
anatomy.

We have demonstrated the maturation of short range
WM with age in frontal, temporal, and parietal areas in a
healthy sample of children and adolescents. Age-related
changes in the frontal, parietal, and temporal lobes were
validated in a separate primarily longitudinal cohort of
participants. These changes were lateralized to the left
hemisphere, which may reflect the development of lateral-
ized functions that is characteristic of this period of devel-
opment. Our results are consistent with prior
investigations of long range WM and extend currently lim-
ited work on the maturational trajectory of short range
WM in the developing brain. Establishing a developmental
model of age-related change in short range WM maturation
is of benefit to researchers interested in the connectivity of
large-scale neural networks, as well as clinicians interested
in the contributions of these networks to neuropsychiatric
diseases.
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