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Abstract Brain development during childhood and early ad-
olescence is characterized by global changes in brain architec-
ture. Neuroimaging studies have revealed overall decreases in
cortical thickness (CT) and increases in fractional anisotropy
(FA). Furthermore, previous studies have shown that certain
cortical regions display coordinated growth during develop-
ment. However, there is significant heterogeneity in the timing
and speed of these developmental transformations, and it is
still unclear whether white and grey matter changes are co-
localized. In this multimodal neuroimaging study, we investi-
gated the relationship between grey and white matter devel-
opmental changes and asynchronous maturation within brain
regions in 249 normally developing children between the ages
7—14. We used structural magnetic resonance imaging (MRI)
and diffusion tensor imaging (DTI) to analyze CT and FA,
respectively, as well as their covariance across development.
Consistent with previous studies, we observed overall cortical
thinning with age, which was accompanied by increased FA.
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We then compared the coordinated development of grey and
white matter as indexed by covariance measures. Covariance
between grey matter regions and the microstructure of white
matter tracts connecting those regions were highly similar,
suggesting that coordinated changes in the cortex were mir-
rored by coordinated changes in their respective tracts.
Examining within-brain divergent trajectories, we found sig-
nificant structural decoupling (decreased covariance) between
several brain regions and tracts in the 9- to 11-year-old group,
particularly involving the forceps minor and the regions that it
connects to. We argue that this decoupling could reflect a
developmental pattern within the prefrontal region in 9- and
11-year-old children, possibly related to the significant chang-
es in cognitive control observed at this age.
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Introduction

Neuroimaging studies have provided a great deal of informa-
tion about normal brain development. However, the complex
interplay between grey and white matter development is still
poorly understood (Tamnes et al. 2010). From a neuroimaging
perspective, two main issues remain unsolved: 1) how chang-
es in white matter microstructure are related to changes in grey
matter macrostructure; and 2) how homogeneous the interplay
between these two maturational processes is within the brain.
Structural neuroimaging studies have shown that brain corti-
cal thickness (CT) increases in early childhood, followed by
cortical thinning during puberty (Giedd 2004; Gogtay et al.
2004; Shaw et al. 2008; Sowell et al. 2003). In addition, dif-
fusion tensor imaging (DTI) studies have revealed an increase
in fractional anisotropy (FA) during childhood and adoles-
cence (Lebel and Beaulieu 2011; Lebel et al. 2008; Peters
et al. 2012; Schmithorst and Yuan 2010; Tamnes et al. 2010;
Westlye et al. 2009). Furthermore, white matter changes are
not synchronous across the whole brain, with fronto-temporal
connections developing at a later stage (Lebel et al. 2008),
even going into early adulthood (Bava et al. 2010).

The microstructural correlates of grey matter macrostruc-
tural changes are unknown. Cortical thinning could result
from the pruning of synaptic processes (Tau and Peterson
2010), intracortical myelination (Tomas Paus 2010; T Paus
etal. 2001), or from a variety of changes in the microstructure
bundle, including increased axon diameter or packing density
(Jones et al. 2013; Tomas Paus 2010; Takahashi et al. 2002).
Furthermore, the timing and speed of these cortical changes in
specific brain regions seem to be carefully orchestrated. It has
recently been proposed that studying the structural covariance
pattern of CT could reveal novel underlying developmental
processes and that these patterns could be used as signatures
of brain development (Alexander-Bloch et al. 2013a).

Several structural and functional brain changes occur during
the critical periods between late childhood, puberty and adoles-
cence (Blakemore 2012; Giedd and Rapoport 2010; Yurgelun-
Todd 2007). An accurate understanding of healthy develop-
mental brain trajectories during this period could provide the
foundation for hypotheses regarding the neural bases of
developmentally-based psychopathologies, such as schizophre-
nia and bipolar disorder (Marsh et al. 2008; Tau and Peterson
2010). Thus, studying the neural developmental signatures em-
bedded in different patterns of structural covariance across
childhood could help to elucidate the distributed neuroanatom-
ical abnormalities observed in neuropsychiatric disorders in
older individuals (Paus et al. 2008; Raznahan et al. 2011).

It has been shown that synchronized structural or/and func-
tional changes occur in the human cortex over development
(A. Alexander-Bloch et al. 2013a; Mechelli et al. 2005;
Raznahan et al. 2011; Zielinski et al. 2010). In addition, a
partial correlation has been found between cortical thickness

and diffusion connection in adulthood (Gong et al. 2012). It is
still unknown whether white matter tract development follows
a similar coordinated development, which would manifest as
covariance in fractional anisotropy between tracts.
Furthermore, we do not know whether these possible synchro-
nous maturational changes mirrors the harmonic changes in
cortical thickness in childhood. Thereby, we present a cross-
sectional MRI study exploring the brain structures of 249
children and adolescents between 7 and 14 years of age. Our
first goal was to investigate the overall age-related CT and FA
patterns by focusing on how FA changes are related to CT
changes in the whole sample. We hypothesized that tracts of
regions showing coordinated decreases in CT would also dem-
onstrate coordinated increases in FA, indicating synchronous
maturational changes in the soma and axons of the relevant
neurons. Second, we subdivided our sample into 3 groups: 7—
8 years olds, 9—11 years olds, and 12—14 years olds. Then,
using a structural covariance analysis of both FA and CT, we
investigated whether certain brain regions demonstrated time-
specific developmental divergence in their coordinated grey
and white matter maturation relative to the rest of the brain
during these periods.

Methods
Participants

A total of 249 normally developing children and adolescents
(7 to 14 years of age, 139 males) participated in this study. The
sample was obtained from a large community school-based
study (Salum et al. 2014) from Brazil, a middle-income coun-
try that is usually under-represented in scientific studies
(Tomlinson et al. 2009). Children with any DSM-IV mental
health disorders — as confirmed using the Diagnostic and
Well-Being Assessment (DAWBA) (Goodman et al. 2000) —
were excluded. The study methodology is outlined in the Fig
S1 available in the supplementary material.

To study the coordinated development across childhood,
the sample was divided into three age groups based on Shaw
et al. (2008) (7-8, 9-11, and 12—14 years old). Each group
was composed of 83 subjects and was balanced by gender.
The subjects’ estimated Qs were determined using the
Wechsler Intelligence Scale for Children (blocks and vocabu-
lary), 3rd edition (WISC-III) (Wechsler 2002), following
Brazilian norms (Figueiredo 2001). The demographics of the
three groups are displayed in Table 1.

MRI acquisition
MRI scanning was performed at two centers using a 1.5-T

MRI system (Signa HD at the Porto Alegre Center and
Signa HDX at the Sao Paulo Center; General Electric,
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Table 1 Demographics of the
three age groups

Age group (years) Groups
7-8 9-11 12-14
Age (mean + SD) 7.59 +£0.49 10.0 £ 0.82 12.94 +£0.83
Gender (Male/Female) 46 M/37 F 47 M/36 F 46 M/37 F
1Q (mean + SD) 107.89 £ 19.01 102.21 + 16.64 100.37 + 18.29

Milwaukee, WI, USA). A total of 114 subjects were scanned
in Porto Alegre, and 135 were scanned in Sao Paulo. The
scanning site was included as a covariate of no interest in all
our analyses.

All children underwent a high-resolution axial T1 sequence
(SPGR sequence) [NEX =1, FOV =24.0 x 18.0 cm, flip angle
= 15 degrees, TE = in phase (4.2 ms), TR = 10.91 ms, matrix
size = 256 x 192, and slice thickness = 1.2 mm with a max-
imum of 160 slices]. An axial brain MR-DTI sequence was
also acquired (spin-echo diffusion weighted EPI, b = 800
s/mm?, 15 non collinear directions, TE = 99 ms, TR = 11,
600 ms, flip angle = 90 degrees, matrix size = 128 x 128,
NEX = 2, FOV = 24.0 cm, slice thickness = 3 mm/0 mm
gap, yielding 47 slices). All children participated in playful
training sessions for 30-60 min before the scan. All scans
were visually inspected for quality control purposes.

Cortical thickness and diffusion tensor imaging
preprocessing analyses

CT processing involved cortical reconstruction and volumet-
ric segmentation using the FreeSurfer image analysis suite
(version 5.1), which is available at http://surfer.nmr.mgh.
harvard.edu/. This method uses both intensity and continuity
information from the entire three-dimensional MR volume in
the segmentation and deformation procedures to produce CT
representations (Fischl and Dale 2000). Data were smoothed
(FWHM = 10mm) (Bernal-Rusiel et al. 2010) and the statis-
tical results were obtained using SurfStat toolbox (http:/www.
math.mcgill.ca/keith/surfstat/) applying a P < 0.05 threshold
to find the clusters.

The diffusion tensor data were processed using FSL plat-
form software (version 4.1.9) (Smith et al. 2006). Eddy cur-
rent correction was applied to correct distortions through an
affine transformation, with what each individual diffusion
weighted image is aligned to the non-diffusion image. The
tool also corrects for global subject head motion, since the
affine transformation applies rotation and translation to each
diffusion weighted image. Non-brain voxels were deleted, and
FA maps were generated using the FDT tool. Tract based
spatial statistics (TBSS) registration and tract skeletonization
process was performed according to Smith et al. (2006).
Briefly, each subject’s FA map was aligned to identify the
most representative FA map of the sample, and this reference
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image was used as a target to non-linearly register all FA
images. The entire aligned dataset was subjected to affine
transformation into MNI152 standard space (1 mm3). The
average of the aligned FA images was merged into a single
4D mean FA image (the group image). A mean FA skeleton
was then derived from all aligned FA images, and the most
relevant tracts from the spatially normalized FA map of each
subject were projected onto this skeleton using a threshold of
0.2 to prevent the inclusion of non-skeleton voxels.

Movement is often a significant source of data bias in neu-
roimaging studies of children (Power et al. 2012). There are
many methods to avoid and explore the effects of movement
on DTI data (Theys et al. 2014; Yendiki et al. 2014). We used
avscale FSL tool (http:/fsl.fimrib.ox.ac.uk/fsl/fslwiki/FLIRT/
UserGuide) to extract the mean relative displacement values
(for each subject) from transformation matrix generated by
Eddy Current Correction tool. Mean displacement was then
regressed out in further FA analyses.

Defining regions of interest (ROIs)

Identification of DTI tracts was based on the Johns Hopkins
University (JHU) atlas of white matter tractography (Hua et al.
2008; Mori et al. 2008). For each ROI tract, we obtained the
mean FA value for each subject. For cortical regions, the
Desikan-Killiany cortical parcellation atlas was used
(Desikan et al. 2006) to obtain the mean thickness for each
region and for each subject. In this study, we addressed the
relationship between developmental changes in cortical re-
gions and the tracts that connect to them. Therefore, it was
necessary to define pairs of cortical regions and tracts that
corresponded to one another. In other words, volume-based
ROIs were deemed “connected” if they shared voxels.

First, we needed to identify the cortical regions where the
soma or the ending synapses of the neurons making up the
core of the tract were located. One difficulty is that the tracts
terminating in one of the Desikan-Killiany regions are not
usually define. As Fig. 1 shows, we used the following meth-
od to overcome this problem. We then allocated cortical re-
gions from the Desikan-Killiany parcellation to each tract
from the JHU atlas that terminated in them. After we contin-
ued the process of allocating a ‘target’ cortical region to each
tract using the following two principles: 1) Cortical regions
that received connections from more than one tract were
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Fig. 1 Definition of cortical ROIs related to each tract. Thickness of
cortical regions related to a specific tract were based on a weighted
average of the regions in which the tract in a normative atlas
terminated. For example, the thickness of target region A, which
corresponds to tract A (T), corresponds to the average of R1-RS
weighted according to the number of connections finishing in each
region (0.2 x CTRI + 03 x CTR2 +0.1 x CTR3 +03 x CTR4 +
0.1 x CT RS5). Note that each tract can have more than one region related
to it, but a region would be allocated to one tract only. This implies that
there is no overlap in the projections to different tracts of cortical regions.
A total of nine pairs of tracts have an homotopic pair (in the contralateral
hemisphere); the exceptions being forceps minor and major

allocated to one tract only — namely, the one with the largest
area (proportion of connections) terminating on them (touch-
ing each specific region). Cortical target regions for a specific
tract were built from the union of these allocated regions. We
used this approach of allocating regions only to a single tract
in order to avoid over-estimating the covariance between FA
of tracts and CT of regions being driven by cortical regions
contributing as target for more than one tract. However, it is
unlikely that this reflects the wiring of the cortex. 2) A tract
might fully end on one Desikan-Killiany cortical region but
also send a few connections to another. We assumed that the
first region was more related to the tract than the second, and
therefore results from the first region should be more repre-
sentative of changes in the neurons or synapses of that tract.
Although both regions were included in the new ROI (union),
the thickness was calculated using a weighted average of the
CT of all the included regions for each tract, weighting them
according to the proportion of the tracts that reached them. 3)
When tracts had no major contribution to a cortical region, we
did not initially assign any region to them. Then, we concen-
trated on the second largest contribution. After that, we built
the equivalent volume for each of the tracts and the weighted
thickness. In this way, we created 20 new target ROIs com-
posed of the union of the ROIs from the Desikan-Killiany
atlas corresponding to the 20 tracts identified by the
tractography atlas (JHU) (Tables S1 and S2 available as
supplementary material). These new ROIs consisted of nine

pairs of inter-hemispheric homotopic tracts and regions
(namely each tract and each region has the correspondent in
the left and in the right hemisphere), as well as the forceps
major and forceps minor.

Statistical analyses
(1) Whole-brain analyses

a) Cortical thickness: A between-subject general linear mod-
el was fitted at each surface vertex for age-related CT
differences, controlling for the site of acquisition and gen-
der. Random field theory (RFT) (Hayasaka et al. 2004)
was used for cluster-wise correction for multiple compar-
isons with a significance level of P < 0.05 (corrected).

b) FA: Specific contrast matrices were created using the
FEAT tool to perform statistical analyses using a general
linear model for all voxels included in the group skeleton
and examining for the effects of age and controlling for
the site of acquisition and gender. This statistical analysis
was performed using the Randomise tool. Monte Carlo
permutation-based inferences were made on unsmoothed
statistical maps by applying 10,000 permutations, and
cluster-like structures were enhanced using the
threshold-free cluster enhancement (TFCE) algorithm
(Smith and Nichols 2009). Statistical significance was
defined as P < 0.05 (FWE corrected).

¢) Global brain changes and age: we calculated the correla-
tion between the mean CT (regressed out the site effect)
across the ROIs and age across subjects and then, the
same for FA across tracts and age.

(i) Covariance analyses

Previous studies have shown that cortical thickness of cer-
tain pairs of brain regions covary across subjects, and that this
pattern of coordinated growth might correspond to joint de-
velopmental changes (Alexander-Bloch et al. 2013b). We
here explored whether the covariance observed between a
cortical region A and B across subjects might also mirror
covariance in the FA values of their respective tracts (tracts
connecting A and tracts connecting B). We thus calculated the
covariance in cortical thickness between all possible pairs of
the twenty included CT target regions, and in a separate anal-
ysis, the twenty tracts. Correlations values were then z-Fisher
normalized, and analyzed in the following way:

a) Itis well known that homotopic regions tend to covary in
their volume and functional activity (Mechelli et al. 2005;
Zielinski et al. 2010). What is still unknown is whether
homotopic tracts covary in their FA. We thus performed a
covariance between the inter-hemispheric homotopic and
non-homotopic regions for cortical thickness regions, and
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separately, for white matter tracts. We compared
homotopic and non-homotopic groups by calculating a
t-test statistic between them, which was then compared
to a null distribution of t-test statistics obtained from ran-
dom permutations of the homologous labels among pairs
of regions. Note that for the homotopic analyses, we con-
sidered nine pairs of tracts and target regions, excluding
the forceps minor and major.

b) We then explored whether high covariance in pairs of
cortical regions were mirrored by high covariance be-
tween their respective tracts. Thus, we examined the sim-
ilarity between the covariance of each pair of CT ROIs
and the FA covariance between their corresponding white
matter tracts. Statistical significance was determined by
building a null distribution of correlation values where the
ROIs had been randomly permuted (i.e., the correlation
between the covariance of pairs of tracts and randomly
chosen ROIs, without taking into account that tracts are
related to the ROIs where they terminate).

c) Finally, we performed an exploratory analysis of the effect
of age as defined for the 3 previously mentioned groups
using the covariance matrices. In other words, we ex-
plored whether covariance between regions or tracts var-
ied in the different age groups, suggesting a change in the
coordinated development of the brain at that point. We
tested for differences between groups (between 7 and 8;
9 and 11; and 12 and 14 years of age) in FA and CT
covariance using ANOVA, as well as by building a null
model by randomly permuting the subjects into the three
age groups. The uncorrected level of significance was set
at P < 0.01 (two-tailed).

Results
Structural changes and age effects

We first compared changes in CT with patient age. In agree-
ment with the previously published literature (Shaw et al.
2008; Sowell et al. 2003; Sowell et al. 2004), voxel level
analyses showed that several brain regions showed a negative
relationship between CT and age (P < 0.05, cluster-corrected
RFT; Fig. S2a available as supplementary material). These
were primarily bilateral posterior regions (occipito-parieto-
temporal cortices), but also included medial prefrontal areas.
No positive relationship between CT and age was observed.
Similar results were observed when considering a single-
value summarizing “average cortical brain thickness” and
age. Here, the CT values of vertices within the ROIs were
averaged, and mean CT across all ROIs was calculated. As
shown in Fig. S2b available as supplementary material, there
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was a clear thinning of the cortex with age (R = —0.56,
P < 10™*, permutation test).

We then explored the relationship between FA values,
TBSS-identified tracts and age. In contrast with CT, but in
agreement with the literature (Lebel and Beaulieu 2011;
Lebel et al. 2008; Westlye et al. 2009), several clusters of
voxels in different tracts showed increased FA with age (P <
0.05, FWE correction), and no voxels showed a negative re-
lationship (Fig. S3a, available as supplementary material). A
whole-brain analysis using mean FA across the tracts revealed
a significant increase in FA with age (R = 0.33, P < 1074,
permutation test; Fig. S3b, available as supplementary mate-
rial). Thus, just as the cortex presents anatomically distributed
thinning with age, the white matter tracts show an increase in
their fractional anisotropy.

Structural covariance between the ROIs in the whole
group

We then focused on the covariance in brain structures among
the children. As has been previously reported (Mechelli et al.
2005), pairs of homotopic (i.e., anatomically contralateral cor-
respondent tracts) regions showed higher covariance in CT
compared with non-homotopical pairs (P < 10™*, permutation
test, Fig. 2a). This previously known pattern of grey matter
architecture was also mirrored in our novel analogous analysis
of the white matter tracts, showing that the FA covariance
between pairs of homotopic tracts was higher than for non-
homotopic pairs (P < 1074, permutation test; Fig. 2b).

We then investigated the relationship between the covari-
ance of the tracts and the corresponding covariance of the
cortical regions that they connected to (i.e., whether coordi-
nated changes in the cortex were mirrored by coordinated
changes in their respective tracts). There was a clear relation-
ship between the FA covariance of the tracts and the CT co-
variance of the target regions connected by the tracts (R =
041, P < 1074, permutation test; Fig. 3a). In other words,
the coordinated morphology of grey matter closely followed
the coordinated structure of white matter tracts, even during
this period of great change. We also tested this relationship
regressing out the effect of age in each measure. The same
behavior persisted with higher covariance (R =0.51, P < 1074,
permutation test; Fig S4 — support information). To better
visualize covariance matrices tract by tract (or target region
by target region), plots are available respectively of FA covari-
ance (Fig 3b) and CT covariance (Fig 3c).

Age-related changes in structural covariance

Finally, we compared the structural covariance (CT and FA)
across the three age groups (7-8; 9—11; 12—14 years old).
There were no differences between the 3 groups when consid-
ering the mean value of the correlations across pairs of ROIs
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homotopic regions (a), and, in a -

. w
separate analysis, of tracts (b). 5 107 : S 157
Both analyses showed stronger 'f, —__'_— g _:.
covariance of CT and FA in [ | . o

. £ 05 £ 1.04 ——
homotopic pairs than non- S " 8 -
homotopic regions (both P < 10~ lf N
based on a permutation test) o 0.01 < 0.5 .
-0.5 T T 0.0 T T
Non Homotopic Homotopic Non Homotopic Homotopic

and tracts (P = 0.38 and P = 0.68, respectively, permutation
test). As such, there was no evidence suggesting that CT in the
different ROIs or FA in the different tracts increased or de-
creased in global symmetry over time.

Exploratory analyses revealed a few between-group differ-
ences that emerged when investigating the correlation be-
tween specific pairs of regions, and in a separate analysis, of
tracts. The correlations in CT for 8 pairs of target regions
significantly changed across the groups. Similarly, the corre-
lation between FA values for 2 pairs of tracts changed signif-
icantly with age (P < 0.01, two-tailed, permutation test, un-
corrected; Fig. 4a). Plots of CT covariance matrices are avail-
able in Fig S5 (support information). Further analysis revealed
that all these differences but one were due to a dip in the
covariance in the 9- to 11-year-old group. For both modalities,
the forceps minor (or the connecting ROI) was the most fre-
quently involved tract/region in these pairs, which changed
significantly with time. This dip in the covariance was ob-
served in the CT correlations with the forceps major, left infe-
rior fronto-occipital fasciculus and right superior longitudinal
fasciculus target regions, as well as in the FA correlations with
the right cingulum (cingulate gyrus) and left inferior fronto-
occipital fasciculus at P < 0.01 (two-tailed, permutation test,

FA covariance

T

L
0.0 0.5 1.0 1.5
Cortical thickness covariance

Fig.3 Cortical thickness covariance between regions is followed closely
by FA tract covariance of their respective tract projections. (a) Scatter plot
showing relationship between CT covariance and FA covariance (R =
0.41, P < 107*, permutation test). Heatmaps detailing regional
variations of the relationship of (b) FA covariance and (¢) CT
covariance. antTHR — anterior thalamic radiation, CS corticospinal

FA covariance

Fig. 4b)). Plots of FA covariance matrices are available in
Fig S6 (support information). The only increase was observed
in CT covariance observed was for the right anterior thalamic
radiation/left uncinate fasciculus pair).

Discussion

Here, we present a multimodal neuroimaging study of healthy
children 7 to 14 years of age, focusing on the structural prop-
erties of grey and white matter in the developing brain and the
relationships between them. Consistent with previous studies,
we showed that age is negatively related to CT during this
period (Gogtay et al. 2004; Sowell et al. 2004), whereas frac-
tional anisotropy is positively correlated with age (Lebel et al.
2008; Westlye et al. 2009). Other well-known characteristics
of the organization of the adult brain are maintained across
these age groups, including a higher similarity in CT covari-
ance across homotopic regions compared to non-homotopic
regions. Echoing this cortical organization, we also here show
that pairs of homotopic tracts are more similar than non-
homotopic pairs of tracts. Furthermore, we demonstrate that
the coordinated morphology of cortical brain areas is closely

CT covariance

tract, CG - cingulum (cingulate gyrus), CGH — cingulum
(hippocampus), FMj — forceps major, FMn — forceps minor, infFO -
inferior fronto-occipital fasciculus, infLF — inferior longitudinal
fasciculus supLF R —superior longitudinal fasciculus, UF - uncinated
fasciculus. supLFtemp L —superior longitudinal fasciculus
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-0.2 T T T 0.4 T T T

7-8yrs 9-11yrs 12-14yrs 7-8yrs 9-11yrs 12-14yrs
Age Groups Age Groups

Fig. 4 Developmental changes of the cortical and white matter structural
organization. (a) Eight pairs of CT target regions showed age-related
changes in their covariance. Seven pairs showed a marked dip in the 9-
to 11-year-old group (P < 0.01, two-tailed, permutation test); the forceps
minor was involved in three cases. (b) Two pairs of tracts showed age-
related changes in FA covariance (P < 0.01, two-tailed, permutation test).

mirrored by the coordinated microstructure of the tracts to
which they connect. Overall, the relationship between grey
and white matter as indexed by these two neuroimaging
markers remained relatively similar across different develop-
mental stages. This finding supports the premise that the mat-
urational mechanisms driving these transformations in white
and grey matter are closely linked.

White matter was represented using FA, which is primarily
affected by axonal membranes and secondarily by myelin
(Beaulieu in Johansen-Berg and Behrens (2014)). With this
in mind, our data reinforce the idea that the transition from
childhood to adolescence is a dynamic critical period and that
CT reflects a maturational process related to changes in axon
microstructure. Microstructural changes in white matter con-
tinue throughout adolescence and are associated with corre-
sponding age-related changes in cortical gray matter regions
(Giorgio et al. 2008), and it has been suggested that sustained
grey matter loss during adolescence, beginning near the age of
puberty, is critical for adult development, perhaps representing
cortical synaptic pruning (Schmithorst and Yuan 2010).
Furthermore, the onset of pubertal characteristics is thought
to be an important trigger for the pruning of frontal regions,
beginning around age 9 (Peper et al. 2009). Our findings are
consistent with a close relationship between grey and white
matter developmental trajectories. However, the similarities
between CT and FA covariances were not absolute (CT and
FA, R=0.41). Thus, certain developmental processes could be
specific to grey or white matter, just as direct fiber connections
only partially reflect the correlations found in the CT (Gong
et al. 2012). It is worth highlighting that after regressing out
the age (Fig. S4, available as supplementary material) the
same behavior persisted and actually the covariance between
CT and FA became higher (R = 0.51). This leads us to consider
the possibility that covariance might be driven by the matura-
tional phase rather than by the age-effect. Therefore it is rec-
ommended to pursue this kind of combined analyses in future
studies.

@ Springer

Forceps minor was one of the involved tracts in both pairs. antTHR R —
right anterior thalamic radiation, CG R — right cingulum (cingulate
gyrus), FMj — forceps major, FMn — forceps minor, infFO L — left
inferior fronto-occipital fasciculus, supLF R — right superior
longitudinal fasciculus, supLFtemp L — left superior longitudinal
fasciculus, UF L — left uncinated fasciculus

Our findings revealed some heterogeneity in the coordinat-
ed development of specific regions, with a decrease in the
covariance of CT and FA in the 9- to 11-year-old group.
Such results should be seen as being part of an exploratory
analysis. The observed dip was detected in seven pairs of
cortical regions and two tracts which displayed a decoupling
(lower correlation). Thus, we could infer that they are under-
going changes (increased or decreased) at this specific age
group. Though in the context of multiple comparisons we
cannot rule out that developmental results could be due to
chance, the clustering of these findings suggests a biological
effect, which might indicate a divergence in the maturational
trajectory of these specific pair of regions or tracts at this age.
In addition, although the regions overlapped, differences in
CT were more apparent in the regions undergoing these
changes. This finding may be due to the differential sensitiv-
ities of each method, as TBSS only analyzes voxels within a
predefined skeleton, which could increase its reliability at the
expense of sensitivity, or the specific DTI acquisition se-
quence used that provides a relatively low resolution. A more
biologically interesting hypothesis would be that the cortex
(soma and dendrites) is more responsive to developmental
plasticity than the white matter tracts (axons). Further studies
might shed light on this possibility.

Sowell et al. (2003) and Gogtay et al. (2004) demonstrated
that the frontal and temporal lobes are the last brain regions to
mature, which is consistent with our findings showing that the
occipital territories connected by the forceps major matured
earlier than the temporal and frontal territories connected by
other tracts involved in these pairs of divergent trajectories
(forceps minor, right inferior longitudinal fasciculus, left su-
perior longitudinal fasciculus (temporal part)). Moreover, the
forceps minor and the cortical regions that it connects were the
most common group of regions/tracts showing divergent de-
velopmental trajectories. The forceps minor connects the lat-
eral and medial surfaces of the frontal lobes (Abe et al. 2004),
Brodmann area 10 and frontal pole cortex (FPC) (Chao et al.
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2009; Gutman et al. 2009; Hua et al. 2009; Park et al. 2008),
and this region plays a pivotal role in prefrontal function
(Ramnani and Owen 2004; Tsujimoto et al. 2010; Wallis
2010). Within the frontal lobe, the FPC (Badre and
D’Esposito 2009; Gogtay et al. 2004) begins its maturation
process earlier, at approximately the same time as the
premotor cortices (between 9 and 10 years of age); however,
it continues developing throughout adolescence, increasing its
susceptibility to developmental abnormalities (Dumontheil
et al. 2008). Consistent with these findings, a dip in the co-
variance involving the FPC between 9 and 11 years of age
might reflect the structural decoupling of this region from an
otherwise homogenous maturation network.

With respect to brain function, the implications of these
changes in developmental trajectory are unclear. It has been
suggested that 10-year-old children differ significantly from
their younger peers in terms of their executive abilities (Tomas
Paus (2005). We hypothesize that the period between 9 and 11
years of age could be a key brain developmental phase involv-
ing changes in microstructural coordination related to cogni-
tive control (represented by the FPC), and to some extent,
language maturation (represented by temporal regions).

The current study has several limitations. To confirm
the white matter changes identified using FA, one could
consider using another indirect measure of axonal
caliber/diameter and/or myelin content, such as radial
and/or axial diffusivity or magnetization transfer mea-
sures. Our findings are based on a cross-sectional de-
sign, which is arguably not the most appropriate design
for a developmental investigation. We are currently
conducting a follow-up study to better investigate the
developmental trajectories of various brain circuits and
cortices. We also used a DTI acquisition with 15 direc-
tions that did not permit the performance of reliable
tractography, leading us to use a less fine parcellation
scheme. Concerning the calculation of subject’s head
movement, mean displacement was calculated only
using DTI images, through the transformation matrix
derived from eddy current correction which is subject
to criticism (Jones and Cercignani 2010) (i.e. inaccura-
cies in motion estimation due to the use of affine trans-
formation to simultaneously correct for eddy current dis-
tortion and motion). The lack of BO and gradwarp cor-
rection can also reduce the accuracy of co-registration
between DTI and structural images. Moreover, our char-
acterization of maturity in children was based solely on age,
without considering other methods of ascertaining develop-
ment, such as sexual maturity ratings. Despite these limita-
tions, these results contribute to our understanding of the com-
plex dynamics of structural covariance during the normal tran-
sition from childhood to adolescence, a period when changes
in brain architecture appear to drive the main characteristics of
cognitive maturation toward adulthood.
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