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ARTICLE INFO ABSTRACT

Diffusion magnetic resonance imaging (dMRI) continues to grow in popularity as a useful neuroimaging method
to study brain development, and longitudinal studies that track the same individuals over time are emerging.
DTI Over the last decade, seminal work using dMRI has provided new insights into the development of brain white
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Loﬂgim‘_ﬁnal matter (WM) microstructure, connections and networks throughout childhood and adolescence. This review
x:;‘:;;gz;mg provides an introduction to dMRI, both diffusion tensor imaging (DTI) and other dMRI models, as well as

common acquisition and analysis approaches. We highlight the difficulties associated with ascribing these
imaging measurements and their changes over time to specific underlying cellular and molecular events. We also
discuss selected methodological challenges that are of particular relevance for studies of development, including
critical choices related to image acquisition, image analysis, quality control assessment, and the within-subject
and longitudinal reliability of dMRI measurements. Next, we review the exciting progress in the characterization
and understanding of brain development that has resulted from dMRI studies in childhood and adolescence,
including brief overviews and discussions of studies focusing on sex and individual differences. Finally, we
outline future directions that will be beneficial to the field.

White matter

1. Introduction

Longitudinal magnetic resonance imaging (MRI) studies provide
evidence for substantial developmental macrostructural changes in the
brain continuing throughout childhood and adolescence. These changes
are tissue specific, and involve decreases in gray matter (GM) volume
and increases in white matter (WM) volume (Brain Development
Cooperative Group, 2012; Giedd et al., 2015; Lebel and Beaulieu, 2011;
Mills et al., 2016) (see also (Vijayakumar et al., this issue)). The bio-
physical mechanisms of WM changes in this period of life are multiple,
but include further axon myelination via thickening of the myelin
sheets and axonal growth from increasing caliber (Paus, 2010). Diffu-
sion MRI (dMRI) is a method that allows for further understanding of
the living human brain and how it develops, especially for WM
anatomy, as it yields quantitative parameters related to tissue micro-
structure (Tournier et al., 2011). Hence, dMRI is a promising technique
that may bring neuroimaging studies one step closer to the underlying
cellular and molecular processes.

In the current review, we will describe and discuss dMRI methods
available to study the developing human brain and review the recent

progress made using these increasingly popular methods. First, we will
provide an introduction to dMRI, including overviews of different ac-
quisition and analysis approaches. Throughout this section we will
discuss selected methodological challenges, focusing on issues of par-
ticular importance for developmental studies. Next, we will review
dMRI studies of WM microstructure development in childhood and
adolescence, emphasizing longitudinal studies where available. Finally,
we will outline selected future directions that we believe will be ben-
eficial to the field.

2. Diffusion MRI: acquisition and analysis
2.1. Modelling diffusion

dMRI exploits a phenomenon that is a nuisance in many MRI se-
quences. Specifically, the random movement of water in the brain re-
duces the measurable MRI signal. While this phenomenon reduces the
signal for other modalities (e.g., T1, T2), dMRI uses it to measure dif-
fusivity and obtain information about the underlying tissue micro-
structure. Using diffusion sensitizing gradients and non-diffusion
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weighted references image(s), one can obtain estimates of the apparent
diffusion coefficient (ADC) in one or more directions. Barriers such as
cell membranes and myelin prevent diffusion from occurring freely in
the human brain, and diffusion coefficients vary at different locations
and orientations. This is particularly true of WM, which is highly or-
dered and has higher water diffusivity parallel to rather than perpen-
dicular to nerve fibers (Chenevert et al., 1990; Doran et al., 1990;
Douek et al., 1991). Given the complex organization of the brain, ADC
must be measured in multiple directions to fully characterize in vivo
diffusion.

Typical quantification of dMRI is achieved in a tensor model. The
tensor is a mathematical construct that can be used to characterize
diffusion in all directions, and this can be calculated by collecting data
using at least 6 non-collinear diffusion gradient directions; this is called
diffusion tensor imaging (DTI, see (Mori and Tournier, 2013) for an
introduction). The tensor is diagonalized to calculate three eigenvector/
eigenvalue pairs which represent the direction and magnitude of dif-
fusivity along the three orthogonal axes (v, Aq; va2, Ao; v3, A3). The
vectors represent the primary, secondary and tertiary diffusion direc-
tions, respectively, with the primary diffusion direction generally as-
sumed to correspond to the primary fiber direction within a voxel. The
eigenvalues can be used to quantify diffusion properties in several
ways. Most commonly, fractional anisotropy (FA) is used as a measure
of the directionality of diffusion. FA is essentially the variance of the
eigenvalues (between 0 and 1), with 1 being highly directional diffusion
and 0 being completely isotropic diffusion. Mean diffusivity (MD) is the
mean of the 3 eigenvalues and represents the average magnitude of
diffusion; axial diffusivity (AD; also called parallel or longitudinal) is
diffusivity along the longest axis of the ellipsoid (\;); radial diffusivity
(RD; also called perpendicular or transverse) is the average of the dif-
fusivity values along the two minor axes of the ellipsoid (A», A3). These
parameters vary across individuals, and regionally within the brain.
They are also dependent on the hardware, software, acquisition para-
meters, processing, and analysis methods used, which is important to
keep in mind during any comparisons across studies.

Diffusivity is influenced by many aspects of brain micro- and macro-
structure including myelin content, cell density, axon diameter, axon
coherence, membrane permeability, and water content (Beaulieu,
2002). During healthy brain development, changes to diffusion para-
meters are generally attributed to normal maturation processes such as
myelination and increased axonal size and packing. AD and RD provide
slightly higher specificity compared to FA and MD: animal models have
shown that RD is altered by demyelination and remyelination while AD
remains unchanged by myelin changes, but is altered by axonal injury
(Song et al., 2003, 2002, 2005). Axonal injury is not expected to occur
during normal brain development, but AD changes have been linked to
straightening of axons, which does occur during development
(Takahashi et al., 2000). While diffusion parameters are sensitive to
these changes, they are not specific to them, and one must remember, as
Jones et al. (2013) state in a recent commentary, diffusion imaging only
measures one thing — “the dephasing of spins of protons in the presence
of a spatially-varying magnetic field” (p.239). While dephasing of spins
provides information about the microstructural organization of the
brain, it is incomplete information and mapping the outcome of com-
plex diffusion analyses onto specific microstructural traits (e.g., axonal
diameter, myelination) is challenging, if not impossible.

DTI is by far the most common method used to date to characterize
WM changes in neurodevelopment, but it has numerous limitations and
interpretation of its parameters is not necessarily straightforward
(Jones and Cercignani, 2010; Tournier et al., 2011). Only one fiber
direction per voxel can be modelled in DTI, yet as many as 60-90% of
WM voxels in the brain contain multiple fiber populations (Jeurissen
et al., 2013). High angular resolution diffusion imaging (HARDI) is an
advanced dMRI acquisition technique where many more diffusion en-
coding gradient directions are measured compared to DTL. This enables
more advanced modelling of the diffusion signal within each voxel, for
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example using diffusion spectrum imaging (DSI) (Wedeen et al., 2005)
or g-ball imaging (Tuch, 2004). However, HARDI methods have not
been widely used to study neurodevelopment (yet), primarily due to
two problems. First, they generally require long acquisition times that
are not necessarily feasible in pediatric and adolescent populations.
Second, it is difficult to identify an easily quantifiable parameter that
can be compared across age to measure development. However, with
hardware and software developments, acquisition times will become
faster. Progress is also being made toward quantifiable and more in-
terpretable measures and statistical methods that further probe WM
microstructure (Raffelt et al., 2012; Raffelt et al., 2015). For instance,
Raffelt et al. (2015) has coined the term fixel to refer to a specific po-
pulation of fibers within a single voxel and proposed a method to
perform whole-brain fixel-based analysis using probabilistic tracto-
graphy, which shows promise for better handling crossing fibers and
resolving tracts. Thus, in the coming years, these advanced methods
may provide substantial insight into brain development patterns across
childhood and adolescence.

Other recent developments in dMRI methods include diffusion
kurtosis imaging (DKI) and neurite orientation dispersion and density
imaging (NODDI). DKI is a method that accounts for the non-Gaussian
signal decay that occurs due to restricted diffusion (Jensen and Helpern,
2010; Jensen et al., 2005), and produces measures of mean, axial, and
radial kurtosis (analogous to mean, axial and radial diffusivity). NODDI
(Tariq et al., 2016; Zhang et al., 2012) models tissue compartments for
intra-cellular, extra-cellular, and cerebrospinal fluid (CSF) separately,
and estimates both an orientation dispersion index (ODI) and neurite
density index (NDI). Initial applications of these methods demonstrate
utility in studying brain development (see Section 3.1), and may be-
come more common in future studies. However, as with HARDI
methods, DKI and NODDI require a substantial increase in acquisition
time compared to DTI: a limitation that is challenging in children.

2.2. Diffusion image acquisition

Data quality is one of the most important considerations when de-
signing an acquisition protocol. Signal-to-noise ratio (SNR) is a measure
of the average available signal compared to the typical background
noise in an image. Sufficiently high SNR is necessary to allow robust
measurement of diffusion parameters (FA, MD, etc.) and accurate as-
sessment of images. SNR depends on both hardware (e.g., field
strength) and acquisition protocol (e.g., echo time, number of averages,
image resolution). SNR is tightly linked with scan time, and longer
acquisitions permit higher SNR. Thus, all parameter choices for a given
diffusion imaging acquisition sequence should be made while con-
sidering SNR to maximize image quality, while balancing time con-
straints to maximize participant compliance. However, recent advances
in the use of multi-band or simultaneous multi-slice acquisitions (as
e.g., used in the Human Connectome Project (HCP) Lifespan Pilot) may
reduce scan time and allow for more complex multi-shell protocols, also
in developmental samples. Furthermore, studies show that using se-
quences with phase encoding reversal (combining blip-up and blip-
down images) may help minimize the impact of artifacts (e.g.,
(Gallichan et al., 2010; Mohammadi et al., 2012)).

Diffusion coefficients are measured by solving the signal decay
equation for ADC using a reference image (typically b = 0s/mm?) and
a diffusion-weighted image (typically b = ~1000s/mm?). Higher b-
values increase diffusion sensitivity, and are recommended for HARDI
methods, but they reduce signal available for measurement. Therefore,
high b-value acquisitions require longer scan times or reduced image
resolution to boost SNR and compensate for the lost signal. Multiple
non-zero b-values are recommended for advanced methods like DKI or
NODDI, which will further increase scan time compared to DTI. Early
DTI neurodevelopment studies acquired only 6 directions (Evans, 2006;
Lebel et al., 2008), whereas most recent DTI neurodevelopment studies
acquire data with 30 or more diffusion encoding directions. More
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directions generally provide more robust parameter estimates (Jones,
2004), and are necessary for advanced diffusion models, but 6-direction
data can produce robust parameter estimates with sufficient averaging
(Lebel et al., 2012a).

Fine spatial resolution is desirable for measuring smaller structures
and mitigating partial volume effects, which occur when multiple tis-
sues within one voxel are averaged together to produce erroneous
parameter estimates (e.g., WM is averaged with surrounding GM and
CSF to produce artificially low FA and high diffusivity values)
(Alexander et al., 2001; Vos et al., 2011). However, finer spatial re-
solution reduces the signal available for measurement in a voxel, and
thus must be balanced by altering other parameters, such as increasing
averages (i.e., increased scan time), or reducing brain coverage. In
addition, inference from CSF signal can be suppressed via e.g. Fluid
Attenuated Inversion Recovery-DTI, which improve tractography and
quantification of diffusion parameters (Concha et al., 2005), but also
come at a cost of increased scan time. Isotropic resolution is now
common in DTI studies as it offers advantages for tractography, though
interpolation and/or subsampling strategies can help compensate when
the resolution is not identical in all dimensions.

Hardware is not easily modified at a given site, but will necessarily
impact image quality and limit pulse sequence design. For example,
higher field strength MRI scanners provide more signal for measure-
ment, thus providing more flexibility for shorter acquisitions, finer
spatial resolution, and higher diffusion weighting. Stronger gradients
also permit higher b-values in shorter echo times, which provides more
signal for measurement. Radiofrequency (RF) coils with multiple re-
ceive channels provide higher SNR than volume coils and allow parallel
imaging, which reduces acquisition times and reduces distortions (e.g.,
eddy currents).

Children, particularly young children, can be anxious around the
MRI scanner and have difficulty remaining still for long periods of time.
dMRI is sensitive to motion, and participant cooperation is necessary to
ensure high quality images that can be accurately and robustly mea-
sured. A good quality DTI sequence can be acquired in ~5-8 min, ty-
pical of the studies reviewed here, and is generally well-tolerated by
older children and adolescents. Studies in younger children may benefit
from even shorter acquisition sequences to improve subject compliance.
The first step to reducing potential data confounds due to head motion
is to improve each participant’s compliance with scanning procedures.
Unfortunately, most developmental and clinical studies using dMRI fail
to include, or report, rigorous training methodology use to actively
reduce in-scanner head motion. Accepted procedures include the use of
a mock scanner, behavioral training, and prospective motion correction
(Hallowell et al., 2008; Theys et al., 2014). Mock scanning is the most
common approach used to familiarize children and adolescents with the
MRI environment (de Bie et al., 2012, 2010; Hallowell et al., 2008;
Raschle et al., 2011). Unfortunately, this often requires children to visit
the hospital or laboratory on several occasions or increase the duration
of the study visit. Recent training protocols have been described (Theys
et al., 2014) that make the MRI session a pleasant experience for chil-
dren, are time and resource efficient, do not require multiple visits, and
most importantly, may improve the success rate of dMRI. To further
improve compliance, accelerated acquisition sequences can be used to
minimize time in the scanner, and/or prospective motion correction
techniques can be used to compensate for motion during the scan,
where available (Aksoy et al., 2011; Alhamud et al., 2012; Benner et al.,
2011).

2.3. Diffusion image analysis

One of the simplest methods for quantifying diffusion parameters
across the brain is region-of-interest (ROI) analysis. ROIs are drawn
manually or automatically on images to isolate specific brain areas, and
diffusion parameters are averaged across an ROI to provide one value
per subject per region. ROI methods can be especially useful for
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measuring cortical or subcortical GM parameters, which otherwise have
FA values that are too low for tract-based methods. Manual ROI ana-
lysis is user-dependent, especially when using small ROIs, though sev-
eral studies report very high reliability (ICC > 0.8) of FA, MD, AD, and
RD (Bonekamp et al., 2007; Pfefferbaum et al., 2003). To ensure con-
sistency across a study, all analysis should be done by the same op-
erator, following strict criteria with respect to placement in each sub-
ject. This makes ROI analysis incredibly time-consuming, and
unfeasible for large studies. Automated ROI methods register subject
data to an atlas (e.g., JHU ICBM DTI-81 atlas), where brain regions can
be queried automatically using the atlas labels. While automated
methods overcome the laboriousness and user-dependency of manual
ROI analysis, they rely on normalization to obtain diffusion parameters.
Even small misregistration errors can bias results, in some regions more
than others (Klein et al., 2009; Snook et al., 2007), and the adult
templates that are typically used (pediatric DTI templates are not
readily available) may not be appropriate for pediatric studies (Wilke
et al., 2002; Yoon et al., 2009).

Voxel-based analysis (VBA) can be used to query diffusion para-
meters across the whole brain without a priori hypotheses about specific
structures. This approach is automated, and thus user-independent,
although it does depend on parameter choices. Generally, voxel based
approaches normalize individual data to a template (standard or study-
specific), smooth data or project it onto a skeleton, and then query
individual voxels across all subjects to look for group differences or
correlations. As with automated ROI methods, normalization can be
problematic for VBA, especially in particular brain regions. Small re-
gistration errors can be mitigated using several different strategies.
Smoothing blurs the edges of structures and boosts SNR, though
smoothing can be problematic for heterogeneous DTI data, and results
depend heavily on parameter choice (Jones et al., 2005). Thresholds
(e.g., FA > 0.25) can also be used in VBA to eliminate voxels that do
not primarily contain WM, helping to ensure that the same tissue class
is being compared across subjects. Tract-based spatial statistics (TBSS)
(Smith et al., 2006) is a common voxel-based method, which creates a
WM skeleton through the center of the WM and projects the highest FA
values in the vicinity onto the skeleton. This helps overcome mis-
registration, but also eliminates much of the WM from analysis. TBSS is
not necessarily tract-specific (i.e., projected FA values may be from
different tracts) (Bach et al., 2014), and suffers from statistical bias
along the skeleton (Edden and Jones, 2010). Because each voxel is
analyzed separately, there are thousands or tens of thousands of sta-
tistical tests made during VBA. Thus, multiple comparison correction is
essential to control for false positives, and most analysis programs have
built-in multiple comparison correction tools. However, multiple com-
parison correction comes with a cost of false negatives. Thresholding
and skeletonization also help control false positives by analyzing only a
portion of the voxels in the brain, and thus reducing the number of
comparisons, but they also reduce the brain areas queried. A few studies
consistently find very high reliability of FA, MD, AD, and RD for VBA/
TBSS using the same preprocessing pipeline (Madhyastha et al., 2014;
Vollmar et al., 2010), but other reports suggest that VBA results are
quite sensitive to the specific choices made for imaging smoothing and
image coregistration, which can affect generalizability of the results
(Jones et al., 2013). A recent reliability study of TBSS indicates that the
across-session test-retest reproducibility errors are largely consistent
across many different acquisition sites/vendors and within the range of
2-6% for all diffusion metrics (Jovicich et al., 2014), despite substantial
differences across MRI vendors. In addition, this report found the most
reproducible DTI metrics were FA and AD, followed by MD, and finally
RD. Specific image analysis procedures, particularly the use of a
common template and median filter smoothing, have been shown to
markedly improve the reliability of TBSS (Madhyastha et al., 2014).

Tractography is another approach to the analysis of dMRI data
(Fig. 1). Tractography virtually reconstructs WM pathways, forming a
three dimensional volume of interest for analysis. Deterministic
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Fig. 1. Conceptual examples of deterministic and probabilistic tractography based on the diffusion tensor model. A) Example of deterministic tractography where the white lines
represent fiber tract pathways that were reconstructed by following the principal diffusion directions in consecutive steps, initiated bidirectionally at the indicated locations (seed points).
For each of the pathways, there is no information available about the precision/dispersion that is associated with their tract propagation. B) Example of probabilistic tractography where
the set of multiple lines provides a feel for the degree of uncertainty related to the tract reconstruction initiated from the single seed point. Adapted with permission from Tournier et al.

(2011).

tractography follows the primary diffusion vector from voxel to voxel
using an FA threshold to remain in the WM and an angle threshold to
avoid unlikely turns (Basser et al., 2000; Mori et al., 1999). Determi-
nistic tractography can be prone to errors in regions of crossing fibers,
where the tensor only models one fiber direction per voxel and FA
values become artificially low. Probabilistic tractography takes into
account the uncertainty of fiber directions in each voxel, providing a
range of possible pathways and their likelihood (Behrens et al., 2003).
Constrained spherical deconvolution (CSD) uses HARDI data to esti-
mate multiple fiber populations within each voxel, which can then be
used for tractography (Tournier et al., 2007). While CSD provides better
fiber reconstructions than DTI (Farquharson et al., 2013), image ac-
quisition and analysis requires significantly more time and processing
capacity. Regardless of the method used, tractography provides a vo-
lume of interest from which to measure parameters that (presumably)
reflect WM structure. Diffusion parameters can then be averaged across
the entire WM tract to provide one value, which assumes some homo-
geneity across the tract, or evaluated over smaller portions of the tracts
(Chen et al., 2016; Colby et al., 2012; Yeatman et al., 2014). Tracto-
graphy loses some of the sensitivity to local changes if parameters are
averaged across a whole tract, but introduces multiple comparison
problems if too many smaller sections are examined individually.

As with ROI analysis, tractography methods can be automated to
reduce the laboriousness of manually tracking fibers in a large popu-
lation (O'Donnell and Westin, 2007; Zhang et al., 2010). Semi-auto-
mated methods where a study-specific set of seeding and target regions
are created and used to automate tracking have been used to study
neurodevelopment (Lebel et al., 2008), and as automated tractography
methods become more widely available (e.g., FreeSurfer’s TRACULA,
(Yendiki et al., 2011; Yendiki et al., 2016)), they are likely to be used in
future neurodevelopment studies. Automated tractography methods
can be more forgiving of registration errors and inter-subject variability
than atlas-based ROIs or voxel-based analyses. This is because multiple
seeding and target regions can be used that are each larger than the
tract of interest, but together combine to select only fibers from the
desired pathway.

Finally, a completely different approach to diffusion data is to create
networks and conduct a graph theory analysis. Graph theory considers
the brain as a whole network, defining nodes and edges to create a
model of the brain’s structural connectivity, and then examining its
topological and geometrical properties (Bullmore and Bassett, 2011).
Quantitative measures of network connectivity include degree (the
number of edges emanating from a node), path length (the length of
each edge), and clustering coefficient (the efficiency of local
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connectivity). Brain networks exhibit small-world properties, meaning
that the clustering coefficient is greater than that of a random network
(Bullmore and Bassett, 2011). Small-worldness and other measures such
as modularity or efficiency can be quantified and examined with re-
spect to age to measure development. A variety of software packages
are available to conduct graph theory analysis of brain networks (e.g.,
the Brain Connectivity Toolbox, (Rubinov and Sporns, 2010)). In dMRI,
nodes are often defined as cortical or subcortical brain regions, and the
edges are defined as the WM pathways that connect these nodes.
Tractography is typically used to determine the presence or absence of
an edge between two nodes defining a binary network. Analysis can
then proceed on this unweighted network, or edges can be weighted by
a measure of their connectivity (e.g., FA, 1/MD, number of streamlines)
for further analysis. Graph theory is powerful for analyzing large vo-
lumes of data, and can provide unique insight into developmental
changes. However, there are multiple ways of defining a network from
a diffusion weighted image, and findings using e.g., FA weighted net-
works can be very different from findings on weighted graphs using
streamline count. Furthermore, network parameters may be influenced
even by a small number of false positive connections (which are
common), and measures are sensitive to parameter choices (e.g., edge
weighting, connection thresholds) (Drakesmith et al., 2015).

All analysis approaches for dMRI data have distinct advantages and
disadvantages. Thus, interpretation of findings must be made with
caution and a full understanding of how both image acquisition and
analysis choices may influence results. Ultimately, it is only through
replication across studies with different populations, image acquisition,
and analysis strategies that we can piece together the full picture of
brain development during childhood and adolescence.

2.4. Quality control and motion

Once high quality dMRI data is collected, practical challenges re-
main that affect the reliability and reproducibility of the results (Le
Bihan et al., 2006). The quality of diffusion measurements is susceptible
to eddy currents, echo-planar distortions, rotation errors in the b-ma-
trix, partial volume effects, scanner artifacts (e.g., noise spikes) and
susceptibility artifacts (Anderson, 2001; Bastin et al., 1998; Pasternak
et al., 2009; Skare et al., 2000b). But, perhaps the largest data confound
in human dMRI samples is head motion (Li et al., 2015; Power et al.,
2012), especially in studies of children (Yoshida et al., 2013) and
adolescents (Roalf et al., 2016; Satterthwaite et al., 2012; Yendiki et al.,
2014). For example, head-motion was found to induce group differ-
ences in DTI measures between children with autism and typically
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Fig. 2. Age-related differences in diffusion tensor imaging (DTI) metrics in individuals aged 8-21 years in data that fails or passes quality assessment (QA). A) Data that failed QA had a
significantly lower correlation between age and FA than data that passed QA. B) Data that failed QA also had a significantly lower correlation between age and MD than data that passed
QA. C) & D). Summary plots of the correlations between age and DTI metrics in data failing QA, passing QA and all data combined. Adapted with permission from Roalf et al. (2016).

developing children (Yendiki et al., 2014) and attenuate the relation-
ships between age and FA and MD in a developmental sample (Roalf
et al., 2016) (Fig. 2). These confounds likely contribute to inaccuracies
in the tensor fitting of diffusion data (Le Bihan et al., 2006), have come
under scrutiny (Heim et al., 2004; Jones et al., 2013, 1999; Lauzon
et al., 2013; Leemans and Jones, 2009; Owens et al., 2012; Tournier
etal.,, 2011; Vos et al., 2011; Yendiki et al., 2014), and are subsequently
the focus of several new methods seeking to mitigate their impact (Li
et al., 2014, 2013; Oguz et al., 2014).

Surprisingly, most studies do not report procedures for diffusion
data quality control (QC) and its impact on diffusion metrics. Typically,
diffusion studies report that data with “obvious artifacts” are removed
or excluded. However, a transparent, standardized estimate of quality
assurance is rarely given. It is likely that unaccounted artifacts result in
suboptimal tensor estimation and may negatively influence commonly
derived diffusion scalar metrics and estimates of tractography. Few
clinical or neurobiological studies report specific artifacts or quantify
SNR or motion with diffusion findings despite the availability of prior
methodological studies which have outlined the influence of proble-
matic diffusion data on typical outcome metrics (Anderson, 2001;
Armitage and Bastin, 2001; Bastin et al., 1998; Chen et al., 2015; Heim
et al., 2004; Jones, 2004; Jones and Basser, 2004; Pierpaoli and Basser,
1996). These studies demonstrate that systematic data loss or the ex-
clusion of data from too many diffusion directions can affect the esti-
mates of FA, and to a lesser degree MD (Chen et al., 2015; Jones, 2004;
Jones et al., 1999). These methodological studies tend to be small and
use simulated data, but confirm that artifacts in diffusion data can be
overcome if enough directions are collected, or if the loss of data during
a given diffusion acquisition is random, especially across subjects (Chen
et al., 2015; Heim et al., 2004; Jones, 2004; Jones and Basser, 2004). In
addition, because data quality is often systematically related to a phe-
notype of interest (e.g., age, diagnosis, cognition, symptom severity)

and data quality is inherently subject dependent (e.g., correlation be-
tween age and motion), low quality data has the potential to obscure
the presence of real effects or produce spurious associations with study
phenotypes.

Despite the dangers of poor quality data on result validity, auto-
mated measures for QC of diffusion data remain limited. Manual in-
spection of multivolume diffusion data is time consuming, subject to
operator bias, and translates poorly to large-scale imaging studies.
Studies of noise in diffusion provide a useful framework for identifying
how such noise affects diffusion properties (Ding et al., 2005; Farrell
et al., 2007; Hasan, 2007; Skare et al., 2000a). Several recent studies
indicate promise for implementing automatically derived quality as-
surance metrics that reduce the amount of manual QC effort, including
measures of SNR and the use of outlier detection, to quantify data
quality prior to image processing (Lauzon et al., 2013; Li et al., 2014,
2013; Oguz et al., 2014). However, much of this work has used rela-
tively small samples or simulated data, and none have focused pri-
marily on an adolescent neurodevelopment sample (although (Lauzon
et al., 2013) present data in a large pediatric sample). Recent work in a
developmental sample showed, not surprisingly, that low-quality DTI
data had significantly lower FA throughout major WM tracts and
showed higher MD in several brain regions as compared to data that
passed rigorous quality assurance (Roalf et al., 2016). Manual visuali-
zation indicated that over 10% of the data had significant artifact,
which was confirmed by automatic QC detection algorithms. While
high, this is a smaller percentage than in some pediatric samples (Li
et al., 2013), and is likely representative of what could be expected in
adolescent samples. Automated tools to investigate and correct DTI
artifacts, such as DTIPrep and RESTORE (e.g., (Chang et al., 2005; He
et al., 2014; Li et al., 2014; Liu et al., 2015; Oguz et al., 2014)), aim to
investigate, eliminate and/or correct problematic slices or volumes in
diffusion data. Other tools exist to quickly and automatically
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interrogate diffusion data quality (Roalf et al., 2016).
2.5. Longitudinal image analysis: promise and challenges

Longitudinal data is especially critical for understanding brain de-
velopment, as it can demonstrate the within-subject changes that cross-
sectional data can only suggest. Longitudinal analyses have increased
power compared to cross-sectional studies, as inter-subject variability is
reduced in favor of intra-subject measurements of changes over time.
However, longitudinal studies can be challenging, and the utility of
dMRI to measure longitudinal change in the developing brain requires
reliability and stability of measurement. Not surprisingly, variation in
acquisition, preprocessing, or analysis can all affect reliability of the
diffusion signal, and subsequently its interpretation (Madhyastha et al.,
2014).

Ideally, longitudinal diffusion studies would occur using the same
scanner, head-coil, and protocol. While achieving consistency in all of
these factors is possible over a short to medium time frame (for example
see (Roalf et al., 2016)), it is all but inevitable that systematic changes
or upgrades will occur causing one or many of these factors to change
over the long term. Unfortunately, changes in the MRI system or pro-
tocol may affect longitudinal interpretation of the data. That is, plau-
sible biological differences in diffusion measurements may in fact be
related to technical factors associated with hardware platforms
(scanner vendor), software releases, and specific imaging parameters,
including different pulse sequences, parallel imaging techniques, and
reconstruction algorithms associated with a specific vendor (Wang
et al, 2016). In addition, other acquisition parameters may differ
substantially including, receiver bandwidth, echo time (TE), and slice
thickness. Changes in the RF head coils can differentially affect SNR,
and since diffusion imaging is intrinsically a low SNR method (Skare
et al., 2000b), it is imperative to optimize the experimental conditions
and maintain these conditions as best as possible. Differences between
MRI scanner vendors are expected, however, scanners of the same
model and software release can also yield different results (Vollmar
et al., 2010). Thus, in general, ad-hoc mixing of diffusion data collected
from different scanners or acquired using different protocols should be
avoided.

Given the duration needed for longitudinal studies to elucidate de-
velopmental changes, it is often not possible to achieve consistency
across all of the factors noted above. One powerful approach to conduct
comprehensive studies of basic neuroanatomy and measure develop-
mental change is through the use of multi-center studies (Lemkaddem
et al.,, 2012). This approach employs common data collection and
analysis strategies, distributes the data acquisition load across multiple
sites, substantially speeds up the research process, and increases par-
ticipant access to the study, which subsequently increases general-
izability of the findings. Some examples of this approach include Alz-
heimer’s Disease Neuroimaging Initiative (ADNI (Van Horn and Toga,
2009)), the HCP (Van Essen et al.,, 2012), and the recently started
Adolescent Brain Cognitive Development (ABCD) study. This approach
embraces the known variability in scanner platform, while attempting
to systematically control as many confounds as possible, and provides
an opportunity to move toward standardized diffusion protocols that
are optimal across platforms and protocols. It requires uniform QC
procedures to ensure that data from one site or scanner does not create
bias in analysis, exclusion of substandard data, and detailed methods to
maintain compliance (e.g. phantom studies).

As noted above, combining data from different scanner vendors will
introduce additional sensitivity to systematic inter-site variability.
However, there is accumulating evidence (Cercignani et al., 2003;
Danielian et al., 2010; Magnotta et al., 2012; Pagani et al., 2010;
Pfefferbaum et al., 2003; Vollmar et al., 2010) that inter-site variability
can be low (~5%), particularly in large WM tracts (Fox et al., 2012;
Grech-Sollars et al., 2015; Magnotta et al., 2012; Teipel et al., 2011;
Wang et al.,, 2016; Zhu et al.,, 2011). Depending upon vendor and
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methodology, the coefficient of variation for both within-site and
across-site diffusion metrics be as low as 0.5% and 2%, respectively
(Magnotta et al., 2012). This is particularly encouraging for long-
itudinal studies that occur using the same scanner, but also suggests
that subtle changes in WM structure can be measured longitudinally
when changes occur to the MRI scanner or protocol, given certain
limitations.

Reliability of diffusion metrics is paramount for detecting within-
person change in longitudinal studies. Fortunately, the estimated re-
liability of diffusion metrics taken within one year is quite high
(~90%), but decreases slightly (~80%) over longer intervals (Shou
et al., 2013; Zipunnikov et al., 2014). Thus, diffusion metrics appear to
be quite stable, especially when compared to fMRI (Shou et al., 2013),
although they are generally more variable than T1-weighted structural
MRI measures (e.g., volume, cortical thickness) (Morey et al., 2010;
Shou et al., 2013). Further, both reliability and sensitivity have been
shown to improve by longitudinal pipelines reconstructing WM path-
ways jointly using the data from all available time points (Yendiki et al.,
2016). Unfortunately, specifically developed longitudinal processing
pipelines are not yet available for several of the most popular software
packages (but see (Aarnink et al., 2014; Yendiki et al., 2016)).

Another challenge in longitudinal studies is statistical data analysis.
Longitudinal statistics are more complex than cross-sectional analyses,
and most available standard analysis programs are not set up for easy
analysis of longitudinal data. One approach for longitudinal data ana-
lysis is to use paired t-tests or repeated measures analyses where first
and subsequent scans are compared to each other within individuals.
This is the most statistically powerful approach, but it does not provide
much information about how rates of change vary across ages or brain
regions. Brain development is non-linear, so paired t-tests and repeated
measures are not ideal for studies with wide age ranges. They are also
not appropriate if the time interval between scans varies greatly, or if
there are different numbers of scans for each participant. In these cases,
a mixed-models analysis approach may be more appropriate. This is a
general linear model, where subject is included as a random factor,
alongside covariates of interest such as age and sex. In this way, a
trajectory of age-related changes can be calculated while also con-
sidering the shared variance within each subject. For more in-depth
introductions and discussions of issues related to longitudinal model-
ling, we refer to other papers in this special issue (Kievit et al., this
issue; Matta et al., this issue).

Despite challenges in acquisition and analysis, the advantages of
longitudinal analysis far outweigh its challenges. Longitudinal studies
have, as reviewed below, provided great insight into development
during childhood and adolescence, and have (unsurprisingly) proven
themselves to be more sensitive to age-related changes than cross-sec-
tional studies. Future longitudinal studies following children over
longer periods of time and/or with more data points have great po-
tential to elucidate the developmental trajectories of WM within in-
dividuals and relate these to cognition, affect and behavior.

3. Diffusion MRI: applications to understanding brain
development in childhood and adolescence

3.1. Developmental changes in dMRI parameters

The major fiber pathways in the brain are already present and
identifiable at birth, but very rapid changes in DTI indices of WM mi-
crostructure are seen across infancy (for reviews see (Dubois et al.,
2014; Qiu et al., 2015)). For instance, a large study including 211
young children and 295 scans indicated that in the first two years of
life, FA in ten major WM tracts increases by 16-55%, RD decreases by
24-46%, and AD decreases by 13-28%, with faster changes in the first
year than in the second for all tracts investigated (Geng et al., 2012).
Such massive changes are not surprising given the enormous behavioral
and psychological development seen in this period of life. Studies
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focusing on early life brain development will however not be covered in
the present review, as the nature and scale of these changes are very
different from those seen in later childhood and adolescence. In addi-
tion to the methodological challenges for dMRI studies of children and
adolescents discussed in this review, studies of infants and young
children have other specific major challenges, including particular
difficulties in obtaining relatively motion-free images from babies (as
sedation is not used without clinical indication), image registration and
alignment, use of adult-based brain atlases, and dramatically changing
image intensity contrasts which may lead to misclassification of tissues,
especially when using automated software, and make comparisons
across age difficult (Sled and Nossin-Manor, 2013).

Numerous cross-sectional studies have been carried out to in-
vestigate age-related differences in DTI parameters in children and
adolescents, which, despite sample and methodology differences, con-
sistently demonstrate FA increases and overall diffusivity decreases
with increasing age in most WM regions (e.g., (Asato et al., 2010;
Ashtari et al., 2007; Barnea-Goraly et al., 2005; Ben Bashat et al., 2005;
Clayden et al., 2012; Eluvathingal et al., 2007; Giorgio et al., 2008;
Klingberg et al., 1999; Lebel et al., 2010, 2008; Muftuler et al., 2012;
Pohl et al., 2016; Qiu et al., 2008; Schmithorst et al., 2002; Snook et al.,
2005; Tamnes et al., 2010; Wu et al., 2014; Yu et al., 2014), for reviews
see (Cascio et al., 2007; Schmithorst and Yuan, 2010), for a meta-
analysis see: (Peters et al., 2012)).

Longitudinal DTI studies of children and adolescents are becoming
more common, but are still scarce (Table 1). In contrast to the cross-
sectional studies, longitudinal studies track changes over time within
individuals and can directly relate these estimates to influencing fac-
tors, outcomes or concurrent developmental changes for instance in
cognition, social and affective processing or symptomatology. Most of
the available studies have employed accelerated longitudinal designs
which allow for investigation of wide age-ranges over shorter duration
data collection periods, but with the trade-off being the inherent
missing data since each subject’s measurement schedule covers only
part of the age-range of interest (Galbraith et al., 2017). One study
employing a single cohort longitudinal design has also been performed
(Brouwer et al., 2012); focusing on a narrow age range, but alleviating
the missing data issue since each individual is followed over approxi-
mately the same period. Notably, all available longitudinal studies in-
clude only two observations for all or the majority of the participants,
and this remains a major limitation of the field, as such datasets do not
allow for optimal modelling of non-linear within-person change.

The first published longitudinal DTI studies were of very small scale
with limited power to detect true effects, and more vulnerable to effects
of outliers. Giorgio et al. (2010) analyzed data from 24 adolescents in
the age-range 13-22 years and used TBSS to obtain DTI measures from
the WM skeleton of scans collected at two time-points on average 2.5
years apart, as well as probabilistic tractography to isolate selected
tracts. Their results showed bilateral significant FA increases in wide-
spread regions in the WM skeleton and the arcuate fasciculi, but not the
corticospinal tracts. The FA increases were mainly driven by increases
in AD, while RD remained relatively unchanged. The same year, Bava
et al. (2010) published results based on TBSS analyses of a dataset
consisting of two time-points with a shorter interval (mean 1.3 years)

Table 1
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from 22 slightly older adolescents (age-range 16-21 years). The results
showed significant FA increases over time, but only in limited regions in
the right hemisphere. Additionally, and in contrast to the findings by
Giorgio et al. (2010), Bava et al. (2010) also observed decreases in both
RD and AD in multiple regions.

A larger study published by Lebel and Beaulieu (2011), included
103 participants in a much broader age-range, 5-32 years, and with 2-4
scans per participant (mean = 2.1) acquired over 1-6year intervals.
Deterministic tractography for the following 10 major WM tracts was
performed: genu, body and splenium of the corpus callosum, corti-
cospinal tract, superior and inferior longitudinal fasciculi, superior and
inferior fronto-occipital fasciculi, uncinate fasciculus, and cingulum. All
showed significant nonlinear (quadratic) developmental trajectories,
with decelerating increases for FA values (Fig. 3) and decelerating de-
creases for MD, except the corticospinal tract which had linearly de-
creasing MD. These changes were due primarily to decreasing RD.
Another large tractography study, but with a different type of design
and sample, was published by Brouwer et al. (2012). This was a single
cohort longitudinal twin study including 203 individuals with 1-2 scans
per participant (mean = 1.6), with the baseline scans acquired at age 9
and the follow-up scans at age 12. FA increased in all fiber tracts in-
vestigated, with average annual change rates of 0.4-2.3%. Most tracts
showed increases in AD and decreases in RD, with change rate in RD
being greater than that of AD in 9 of the 14 tracts that were studied, and
in the overall WM mask. So far, only one longitudinal study with more
than two time-points for many participants has been published. Here,
Simmonds et al. (2014) followed 128 participants with 1-5 scans (322
scans in total, mean scans = 2.5, 60/128 participants with > 2 scans)
acquired approximately annually in the age-range 8-28 years. Across
the WM skeleton and across atlas-defined ROIs, increases in FA and
decreases in RD with age were seen. Across the skeleton, AD also de-
creased with age, but AD did not significantly change with development
in the majority of ROIs.

In a recent unique study focusing on the preschool and early school
years, specifically ages 4-11 years, Krogsrud et al. (2016) analyzed
longitudinal DTI data from 159 participants scanned twice. Across the
averaged WM skeleton, FA showed a significant linear increase over
time, while there were linear decreases in MD and RD, and AD showed
only a weak decrease. Some regional differences were observed, al-
though the same general pattern was seen for most of the investigated
atlas-defined tracts. These mostly linear WM microstructural changes
during middle and late childhood complement the above described
findings by Lebel and Beaulieu (2011) of nonlinear trajectories across
adolescence.

In summary, the few available longitudinal DTI studies generally
confirm the findings from the cross-sectional studies, documenting
continued WM microstructural development though childhood and
adolescence with decelerating bilateral and widespread increases in FA
and decreases in MD and RD, while the conclusion for AD is less clear. It
is not possible, either on a group or individual level, to specify an age at
which the brain becomes ‘fully developed’. DTI indices of WM micro-
structure are never static, but rather reflect lifelong maturation, ex-
perience-dependent plasticity and degeneration. Although a certain
degree of stability can be seen in adulthood relative to childhood and

Longitudinal DTI studies of white matter microstructure development in childhood and adolescence.

Study # participants # scans Age range Interscan interval mean Method Field strength N directions
Bava et al. (2010) 22 44 16.2-21.5 1.3 TBSS 3T 15

Brouwer et al. (2012) 203 329 9-12 2.9 Tractography 1.5T 32

Giorgio et al. (2010) 24 48 13.5-22.1 2.5 TBSS and tractography 1.5T 60
Krogsrud et al. (2016) 159 318 4.2-11.0 1.6 TBSS 1.5T 32

Lebel and Beaulieu (2011) 103 221 5-32 ~4 Tractography 1.5T 6
Simmonds et al. (2014) 128 322 8-28 1.1 TBSS 3T 6

Wang et al. (2012) 16 32 13-18 ~1 TBSS 3T 32
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Fig. 3. Longitudinal age-related changes of fractional anisotropy (FA) in healthy individuals aged 5-32 years. Spaghetti plots with the best fitting models and bar graphs depicting the
percentage of subjects whose FA increased (green), decreased (red), or did not change (blue) in six age groupings are shown for different WM fibers, derived using a deterministic
tractography method. Adapted with permission from Lebel and Beaulieu (2011). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

adolescence, there are no periods of life in which brain WM micro-
structure is fixed. DTI studies including participants across major parts
of the human lifespan have extended the findings from the develop-
mental studies, indicating non-monotonic age trajectories of FA, MD
and RD characterized by three phases: (1) initially fast, but decelerating
changes through childhood and adolescence and into early adulthood
followed by (2) relative stability in mid-adulthood, with subsequent (3)
accelerating changes in senescence (Lebel et al., 2012b; Sexton et al.,
2014; Westlye et al., 2010).

Notably, DTI can also be used to investigate developmental changes
in tissue microproperties in subcortical GM structures and the cerebral
cortex. Cross-sectional results from a large sample of children and
adolescents by Lebel et al. (2008) for instance indicate greater magni-
tudes of age-related DTI changes in deep GM structures, specifically for
FA increases in regions including the caudate nucleus, globus pallidus
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and putamen, than in WM tracts (see also (Pal et al., 2011)). Grydeland
et al. (2013) investigated intracortical MD in a large cross-sectional
lifespan sample and observed linear decreases in large frontal and
temporal regions in childhood and adolescence. However, DTI mea-
surement in cortical and subcortical GM is challenging, particularly for
thin cortical and small subcortical regions, due to the relatively low
resolution of standard DTI sequences, which likely result in partial-
volume effects (Grydeland et al., 2013; Koo et al., 2009).
Developmental studies using more recent and advanced dMRI
models such as DKI and NODDI are also becoming more common, yet
only cross-sectional studies are so far available. Several DKI studies of
children and adolescents have shown that mean kurtosis shows age-
related increases (Das et al., 2017; Falangola et al., 2008; Grinberg
et al., 2017). A rare developmental NODDI study by Chang et al. (2015)
including 66 participants 7-63 years old indicate that the age-related
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FA increase during childhood and adolescence is dominated by in-
creasing NDI, which points specifically to increases in fiber diameter
and myelination, while the decrease in FA later in life may be driven by
increasing ODI (Fig. 4). Moreover, the results from this study indicated
that NODDI metrics predicted chronological age better than DTI me-
trics, a conclusion also recently supported by Genc et al. (2017). Fur-
ther work, including longitudinal studies, is needed to explore the po-
tential of these promising techniques for increasing our understanding
of brain development.

3.2. Sex differences and puberty

With sex-related differences apparent in total brain volume and
volumetric analyses of grey and white matter (Mills et al., 2016;
Ruigrok et al., 2014), it is important to consider whether, and how, WM
microstructure may differ between the sexes, and each of the long-
itudinal studies mentioned above have sought to address this question
with variable findings. Giorgio et al. (2010) found no sex differences in
FA across the WM skeleton, noting that their study was not adequately
powered. Contrastingly, Wang et al. (2012) reported higher global
diffusivity values (MD, RD and AD) in females compared to males, and
also an age-by-sex interaction on global mean FA, where FA was low in
younger males, and significantly increased with age, while in females
there was no change with age. Both these studies did however include
small and likely underpowered samples. A larger study performed by
Simmonds et al. (2014) found changes in WM microstructure in both
sexes during adolescence, and there were age-by-sex interactions during
both late childhood/early adolescence (8-12 years) and late adoles-
cence (16-19 years), with males showing significantly larger FA in-
creases than females. Lebel and Beaulieu (2011) reported regional
differences in WM between the sexes, with females demonstrating
higher FA in the splenium of corpus callosum, and higher MD in the
cingulum, corticospinal tracts and superior fronto-occipital fasciculus
compared to males, while males exhibited higher FA in the cingulum,
bilateral corticospinal tracts, superior longitudinal fasciculus and un-
cinate fasciculus. While significant, the size of these sex differences was
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small (1-3%) and less than the variation seen between scans from the
same individual (5-7%), as emphasized by the authors who advised
interpreting these sex differences with caution.

One prominent hypothesis for the differential age trajectories be-
tween males and females of WM development during adolescence
proposes that pubertal development, and the sex steroid hormones that
drive puberty, may influence brain maturation, and differential hor-
monal exposure between the sexes may result in different growth pat-
terns. A small number of cross-sectional studies have empirically stu-
died this question (Asato et al., 2010; Herting et al., 2012; Menzies
et al., 2015; Peper et al., 2015), and each supports a role for puberty in
WM microstructural development, but the lack of longitudinal data and
the range of WM indices analyzed prevent any clear consensus on the
nature of this role.

3.3. Spatiotemporal patterns and network approaches

Importantly, the timing and rates of the DTI developmental changes
vary regionally in the brain. From cross-sectional studies, a pattern in
which major WM tracts with fronto-temporal connections develop more
slowly than other tracts has emerged (Lebel et al., 2008; Tamnes et al.,
2010). Further, cross-sectional studies with very wide age-ranges cov-
ering large parts of the life-span suggest that of the major fiber bundles,
the cingulum which is implicated in cognitive control has a particularly
prolonged development (Lebel et al., 2012b; Westlye et al., 2010). In an
interesting cross-sectional study by Colby et al. (2011), broad regional
gradients in the developmental timing of WM skeleton FA along both
inferior-to-superior and posterior-to-anterior directions over the age-
range 5-28 years were seen, indicating relatively late development of
superior and anterior regions. Looking at longitudinal change rates
along different slice-by-slice spatial gradients, Krogsrud et al. (2016)
found support for a posterior-to-anterior gradient of change magnitude,
with greater DTI changes seen in frontal regions during childhood.
Analyzing within-subject changes within tracts, operationalized as an
increase or decrease of greater than 1 SD as computed based on a se-
parate interscan reliability test, Lebel and Beaulieu (2011) found that
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changes in DTI parameters were mostly complete by late adolescence
for projection and commissural tracts, while post-adolescent develop-
ment was indicated for both FA and MD in association tracts.

Beyond the characterization of microstructural tissue properties,
DTI can, in conjunction with graph theoretical analysis, be used to in-
vestigate developmental changes in brain network organization.
Although many features of complex networks like small-worldness,
highly connected hubs (together forming a rich club) and modularity
are already established at birth, they are thought to mature across
childhood and adolescence at a macroscopic neuroimaging scale mea-
sured using for instance DTI-based weighted tract connections between
multiple local GM regions (Vertes and Bullmore, 2015). Developmental
dMRI studies have shown that global and local efficiency increases,
clustering decreases, and modularity stabilizes or decreases with age,
overall indicating that WM structural networks move from being local
to more distributed and integrated (e.g., (Chen et al., 2013; Dennis
et al., 2013; Koenis et al., 2015; Wierenga et al., 2016) for a recent
systematic review see (Richmond et al., 2016)). Findings in a recent
small longitudinal study also indicate a spatial refinement of con-
nectivity between hubs during late adolescence (Baker et al., 2015).

3.4. Individual differences and atypical development

The majority of DTI studies have described developmental trajec-
tories at a group level, overlooking the extensive differences in DTI
measures between individuals at any given age, and the variability
between individual developmental trajectories seen in longitudinal
studies. This variation results from the continual interaction between
genetic and epigenetic influences alongside external and environmental
influences on the brain. Twin studies document substantial heritability
for DTI indices of WM microstructure (Blokland et al., 2012; Brouwer
et al., 2012; Kochunov et al., 2015) and overall structural networks
(Koenis et al., 2015), but also that genetic influences vary with age
(Chiang et al., 2011), and that changes in WM microstructure are also
influenced by external factors.

Environmental and experiential variables influence WM micro-
structure across the lifespan. Prenatal factors including exposure to
alcohol, cocaine, methamphetamines and tobacco can impact on early
brain development with long-term consequences (Lebel et al., 2013; Liu
et al., 2011; Roussotte et al., 2010; Treit et al., 2013; Warner et al.,
2006). In more subtle ways, recent results also indicate that maternal
mental health and emotional state have long-term neurobiological ef-
fects on the fetus (Lebel et al., 2016; Sandman et al., 2015). A meta-
analysis investigating the impact of preterm birth on the WM micro-
structure from childhood to young adulthood identified a number of
regions across the brain where differences in FA were seen (Li et al.,
2015). Adversity in neonatal life and childhood can further impact on
WM development with effects that persist into adolescence (Kumar
et al., 2014; Schiller et al., 2017).

External influences during adolescence and young adulthood in-
cluding sports-related concussion (Meier et al., 2016), use of alcohol,
cannabis, tobacco and inhalants (Bava et al., 2013; Cookey et al., 2014;
Gogliettino et al., 2016; Silveri et al., 2016; Yuncu et al., 2015) and
sleep patterns (Telzer et al., 2015) have short and medium-term effects
on WM development, although there is less evidence documenting
whether these effects persist through adulthood. Multiple DTI studies
document the effects of motor and cognitive training on WM micro-
structure, reporting FA increases and diffusivity decreases following
interventions in both adults and children (Engvig et al., 2012; Gebauer
et al., 2012; Krafft et al., 2014; Lovden et al., 2010). The durability of
these effects, the potential of these changes to impact on other func-
tional domains, and the effectiveness of these interventions in larger
populations are still very much debated.

Studies assessing the impact of WM microstructural properties on
cognitive, affective, motivational and social processes have demon-
strated cross-sectional correlations across childhood and adolescence
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between WM development, particularly in fronto-parietal pathways,
and a range of behaviors including response inhibition (Madsen et al.,
2010), response time variability (Tamnes et al., 2012), working
memory (Peters et al., 2014; Vestergaard et al., 2011; @stby et al.,
2011), mnemonic control (Wendelken et al., 2015) and sustained at-
tention (Klarborg et al., 2013). Cross-sectional studies like these assume
linear age effects across childhood and adolescence, and a constant
relationship between brain and behavioral indices. Few longitudinal
studies have been performed, although a recent study by Achterberg
et al. (2016) showed non-linear development of frontostriatal WM mi-
crostructural development between childhood and early adolescence,
which predicted non-linear changes in delayed discounting ability over
the same time period.

DTI and other dMRI models are also potentially powerful tools for
detecting and charting abnormal WM microstructure and WM micro-
structure development in childhood and adolescence in mental health
and neurological disorders, such as schizophrenia (Tamnes and Agartz,
2016), bipolar and unipolar depression (Serafini et al., 2014), ADHD
(van Ewijk et al.,, 2012) and autism spectrum disorder (Aoki et al.,
2013). However, the fact that lower anisotropy and higher diffusivity is
observed in a wide range of different clinical groups (and brain regions)
when compared to healthy controls, both in adults and in children,
prompts us to question the specificity of such findings. Moreover, most
available reports in pediatric populations are cross-sectional case-con-
trol studies — many with limited sample sizes — and often don’t include
analyses of age-effects (but rather only matches or statistically controls
for age).

Subclinical manifestations of most mental health disorders exist in
the general population, including in children and adolescents (White,
2015), and neuroimaging population studies and studies of children
and adolescents with subclinical symptoms are not only important for
understanding risk-factors or early manifestations of disorders, but also
appear to support a dimensional perspective on several brain pheno-
types associated with mental health. For example, individuals showing
subclinical symptoms for psychosis spectrum disorders (clinical high-
risk) and individuals with diagnosed relatives (genetic high-risk) have
brain microstructural changes at least somewhat overlapping with
those reported in clinical groups (Arat et al., 2015; O'Hanlon et al.,
2015; Peters and Karlsgodt, 2015), and a recent longitudinal study
showed how higher levels of anxiety and depression symptoms was
associated with regionally reduced rates of FA development in typically
developing youth (Albaugh et al., 2016).

4. Future directions and conclusion

The longitudinal method is the lifeblood of developmental science.
Unfortunately, the number of published longitudinal dMRI studies of
children and adolescents is woefully small. More longitudinal studies
with large samples and multiple time-points per participant, also in-
corporating methodological improvements discussed earlier in this re-
view, are sorely needed. Greater sample sizes are especially important
to give sufficient statistical power to further explore sex differences in
WM development during puberty, as well as individual differences in
WM development and how these relate to genetic or early environ-
mental influences, or developmental changes in cognition or sympto-
matology. As previously pointed out by others (Simmonds et al., 2014),
studies with more within-individual measurements are needed to
achieve enough sampling through the age-range to properly model in-
dividual complex non-linear change trajectories. Datasets with multiple
time-points per participant can additionally also allow for more so-
phisticated longitudinal statistical analyses, such as latent class growth
analysis.

Second, inconsistencies regarding the precise developmental tra-
jectories, especially for AD, and also in reported sex differences, call
into question the comparability of samples and/or methods used and
highlight the need for replication and method studies. Promising
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approaches for addressing these issues include multisample long-
itudinal studies from diverse populations and scanners/sequences, ei-
ther studies pooling data and statistically testing for the effects of such
variables or studies repeating the same processing and statistical ana-
lyses across independent datasets as recently done for morpohometric
structural neuroimaging data (Mills et al., 2016), and studies which in
parallel analyze the same datasets using different methodological ap-
proaches (Snook et al., 2007).

Third, multimodal studies exploring the relationships between dif-
ferent imaging metrics are called for as they promise to increase the
specificity of our interpretation of the measurements and their changes
over time and eventually give a more comprehensive understanding of
brain development. For instance, regional WM volumes and DTI indices
in WM have been shown to be only weakly to moderately related, and
these measures are thus believed to be differentially sensitive to tissue
characteristics and to provide complimentary information (Fjell et al.,
2008; Tamnes et al., 2010). Critically, longitudinal data from children
and adolescents also indicate that representations of tract volume in-
creases are not clearly associated with tract FA increases or MD de-
creases, supporting the conclusion that observed DTI parameter
changes reflect microstructural development rather than gross anatomy
(Lebel and Beaulieu, 2011). Importantly (but not surprisingly), this
means that caution should be taken when comparing results from DTI
and volumetric studies, and furthermore that multimodal studies are
warranted when investigating developmental changes in WM. DTI ap-
proaches should also be combined with other likely more specific dif-
fusion models, such as NODDI, as well as with measurements of ana-
tomical structural covariance and functional connectivity to increase
our understanding of developmental changes in brain connections and
networks.

Last, in our opinion, a diversity of types of studies, including both
large “population neuroscience” studies, allowing investigations of for
instance influencing genetic and environmental factors and rare dis-
orders, and smaller method-focused or hypothesis-driven studies, is
needed to progress the field. Examples of the latter can include studies
with temporally dense longitudinal imaging across multiple time-points
which allow for exploration of rapid changes or fluctuations in DTI
indices (see e.g., (Elvsashagen et al., 2015; Hofstetter et al., 2013)), for
instance across important transition periods in life or in combination
with specific interventions, and more detailed longitudinal tracking of
the associations between rapidly occurring and individually age-vari-
able changes in hormone levels in puberty and WM microstructure.

In conclusion, in addition to providing novel insights into brain
development, dMRI holds promise as a useful tool for elucidating sex
differences in WM development during puberty, the influence of genetic
and environmental factors on brain maturation, the role WM develop-
ment plays in cognitive and behavioral changes during childhood and
adolescence, and aberrant WM development in clinical or at-risk
groups. Future longitudinal studies combined with methodological
advances might provide further insights into brain development in
childhood and adolescence. Importantly, dMRI measures and their
longitudinal reliability are however influenced by hardware, scanner
software, acquisition parameters, processing and statistical analysis
methods, and researchers investigating brain development need to be
mindful of this when designing and performing longitudinal studies and
when analyzing and interpreting the results.

Conflict of Interest
None.
References

Aarnink, S.H., Vos, S.B., Leemans, A., Jernigan, T.L., Madsen, K.S., Baare, W.F., 2014.
Automated longitudinal intra-subject analysis (ALISA) for diffusion MRI tracto-
graphy. Neuroimage 86, 404-416.

Developmental Cognitive Neuroscience 33 (2018) 161-175

Achterberg, M., Peper, J.S., van Duijvenvoorde, A.C., Mandl, R.C., Crone, E.A., 2016.
Frontostriatal white matter integrity predicts development of delay of gratification: a
longitudinal study. J. Neurosci. 36, 1954-1961.

Aksoy, M., Forman, C., Straka, M., Skare, S., Holdsworth, S., Hornegger, J., Bammer, R.,
2011. Real-time optical motion correction for diffusion tensor imaging. Magn. Reson.
Med. 66, 366-378.

Albaugh, M.D., Ducharme, S., Karama, S., Watts, R., Lewis, J.D., Orr, C., Brain
Development Cooperative Group, et al., 2016. Anxious/depressed symptoms are re-
lated to microstructural maturation of white matter in typically developing youths.
Dev. Psychopathol. 1-8.

Alexander, A.L., Hasan, K.M., Lazar, M., Tsuruda, J.S., Parker, D.L., 2001. Analysis of
partial volume effects in diffusion-tensor MRI. Magn. Reson. Med. 45, 770-780.
Alhamud, A., Tisdall, M.D., Hess, A.T., Hasan, K.M., Meintjes, E.M., van der Kouwe, A.J.,
2012. Volumetric navigators for real-time motion correction in diffusion tensor

imaging. Magn. Reson. Med. 68, 1097-1108.

Anderson, A.W., 2001. Theoretical analysis of the effects of noise on diffusion tensor
imaging. Magn. Reson. Med. 46, 1174-1188.

Aoki, Y., Abe, O., Nippashi, Y., Yamasue, H., 2013. Comparison of white matter integrity
between autism spectrum disorder subjects and typically developing individuals: a
meta-analysis of diffusion tensor imaging tractography studies. Mol. Autism 4, 25.

Arat, H.E., Chouinard, V.A., Cohen, B.M., Lewandowski, K.E., Ongur, D., 2015. Diffusion
tensor imaging in first degree relatives of schizophrenia and bipolar disorder patients.
Schizophr. Res. 161, 329-339.

Armitage, P.A., Bastin, M.E., 2001. Utilizing the diffusion-to-noise ratio to optimize
magnetic resonance diffusion tensor acquisition strategies for improving measure-
ments of diffusion anisotropy. Magn. Reson. Med. 45, 1056-1065.

Asato, M.R., Terwilliger, R., Woo, J., Luna, B., 2010. White matter development in
adolescence: a DTI study. Cereb. Cortex 20, 2122-2131.

Ashtari, M., Cervellione, K.L., Hasan, K.M., Wu, J., Mcllree, C., Kester, H., Kumra, S.,
et al., 2007. White matter development during late adolescence in healthy males: a
cross-sectional diffusion tensor imaging study. Neuroimage 35, 501-510.

Bach, M., Laun, F.B., Leemans, A., Tax, C.M., Biessels, G.J., Stieltjes, B., Maier-Hein, K.H.,
2014. Methodological considerations on tract-based spatial statistics (TBSS).
Neuroimage 100, 358-369.

Baker, S.T., Lubman, D.I., Yucel, M., Allen, N.B., Whittle, S., Fulcher, B.D., Fornito, A.,
et al., 2015. Developmental changes in brain network hub connectivity in late ado-
lescence. J. Neurosci. 35, 9078-9087.

Barnea-Goraly, N., Menon, V., Eckert, M., Tamm, L., Bammer, R., Karchemskiy, A., Reiss,
A.L., et al., 2005. White matter development during childhood and adolescence: a
cross-sectional diffusion tensor imaging study. Cereb. Cortex 15, 1848-1854.

Basser, P.J., Pajevic, S., Pierpaoli, C., Duda, J., Aldroubi, A., 2000. In vivo fiber tracto-
graphy using DT-MRI data. Magn. Reson. Med. 44, 625-632.

Bastin, M.E., Armitage, P.A., Marshall, I., 1998. A theoretical study of the effect of ex-
perimental noise on the measurement of anisotropy in diffusion imaging. Magn.
Reson. Imaging 16, 773-785.

Bava, S., Thayer, R., Jacobus, J., Ward, M., Jernigan, T.L., Tapert, S.F., 2010.
Longitudinal characterization of white matter maturation during adolescence. Brain
Res. 1327, 38-46.

Bava, S., Jacobus, J., Thayer, R.E., Tapert, S.F., 2013. Longitudinal changes in white
matter integrity among adolescent substance users. Alcohol. Clin. Exp. Res. 37
(Suppl. 1), E181-E189.

Beaulieu, C., 2002. The basis of anisotropic water diffusion in the nervous system—a
technical review. NMR Biomed. 15, 435-455.

Behrens, T.E., Woolrich, M.W., Jenkinson, M., Johansen-Berg, H., Nunes, R.G., Clare, S.,
Smith, S.M., et al., 2003. Characterization and propagation of uncertainty in diffu-
sion-weighted MR imaging. Magn. Reson. Med. 50, 1077-1088.

Ben Bashat, D., Ben Sira, L., Graif, M., Pianka, P., Hendler, T., Cohen, Y., Assaf, Y., 2005.
Normal white matter development from infancy to adulthood: comparing diffusion
tensor and high b value diffusion weighted MR images. J. Magn. Reson. Imaging 21,
503-511.

Benner, T., van der Kouwe, A.J., Sorensen, A.G., 2011. Diffusion imaging with prospective
motion correction and reacquisition. Magn. Reson. Med. 66, 154-167.

Blokland, G.A., de Zubicaray, G.I., McMahon, K.L., Wright, M.J., 2012. Genetic and en-
vironmental influences on neuroimaging phenotypes: a meta-analytical perspective
on twin imaging studies. Twin Res. Hum. Genet. 15, 351-371.

Bonekamp, D., Nagae, L.M., Degaonkar, M., Matson, M., Abdalla, W.M., Barker, P.B.,
Horska, A., et al., 2007. Diffusion tensor imaging in children and adolescents: re-
producibility, hemispheric, and age-related differences. Neuroimage 34, 733-742.

Brain Development Cooperative Group, 2012. Total and regional brain volumes in a
population-based normative sample from 4 to 18 years: the NIH MRI Study of Normal
Brain Development. Cereb. Cortex 22, 1-12.

Brouwer, R.M., Mandl, R.C., Schnack, H.G., van Soelen, L.L., van Baal, G.C., Peper, J.S.,
Hulshoff Pol, H.E., et al., 2012. White matter development in early puberty: a
longitudinal volumetric and diffusion tensor imaging twin study. PLoS One 7,
e32316.

Bullmore, E.T., Bassett, D.S., 2011. Brain graphs: graphical models of the human brain
connectome. Annu. Rev. Clin. Psychol. 7, 113-140.

Cascio, C.J., Gerig, G., Piven, J., 2007. Diffusion tensor imaging: application to the study
of the developing brain. J. Am. Acad. Child Adolesc. Psychiatry 46, 213-223.

Cercignani, M., Bammer, R., Sormani, M.P., Fazekas, F., Filippi, M., 2003. Inter-sequence
and inter-imaging unit variability of diffusion tensor MR imaging histogram-derived
metrics of the brain in healthy volunteers. AJNR Am. J. Neuroradiol. 24, 638-643.

Chang, L.C., Jones, D.K., Pierpaoli, C., 2005. RESTORE: robust estimation of tensors by
outlier rejection. Magn. Reson. Med. 53, 1088-1095.

Chang, Y.S., Owen, J.P., Pojman, N.J., Thieu, T., Bukshpun, P., Wakahiro, M.L.,
Mukherjee, P., et al., 2015. White matter changes of neurite density and fiber


http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0005
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0005
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0005
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0010
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0010
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0010
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0015
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0015
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0015
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0020
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0020
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0020
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0020
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0025
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0025
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0030
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0030
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0030
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0035
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0035
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0040
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0040
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0040
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0045
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0045
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0045
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0050
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0050
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0050
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0055
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0055
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0060
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0060
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0060
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0065
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0065
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0065
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0070
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0070
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0070
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0075
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0075
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0075
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0080
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0080
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0085
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0085
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0085
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0090
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0090
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0090
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0095
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0095
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0095
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0100
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0100
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0105
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0105
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0105
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0110
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0110
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0110
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0110
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0115
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0115
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0120
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0120
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0120
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0125
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0125
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0125
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0130
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0130
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0130
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0135
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0135
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0135
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0135
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0140
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0140
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0145
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0145
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0150
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0150
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0150
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0155
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0155
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0160
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0160

C.K. Tamnes, et al.

orientation dispersion during human brain maturation. PLoS One 10, e0123656.

Chen, Z., Liu, M., Gross, D.W., Beaulieu, C., 2013. Graph theoretical analysis of devel-
opmental patterns of the white matter network. Front. Hum. Neurosci. 7, 716.

Chen, Y., Tymofiyeva, O., Hess, C.P., Xu, D., 2015. Effects of rejecting diffusion directions
on tensor-derived parameters. Neuroimage 109, 160-170.

Chen, Z., Zhang, H., Yushkevich, P.A., Liu, M., Beaulieu, C., 2016. Maturation along white
matter tracts in human brain using a diffusion tensor surface model tract-specific
analysis. Front. Neuroanat. 10, 9.

Chenevert, T.L., Brunberg, J.A., Pipe, J.G., 1990. Anisotropic diffusion in human white
matter: demonstration with MR techniques in vivo. Radiology 177, 401-405.

Chiang, M.C., McMahon, K.L., de Zubicaray, G.I., Martin, N.G., Hickie, 1., Toga, A.W.,
Thompson, P.M., et al., 2011. Genetics of white matter development: a DTI study of
705 twins and their siblings aged 12-29. Neuroimage 54, 2308-2317.

Clayden, J.D., Jentschke, S., Munoz, M., Cooper, J.M., Chadwick, M.J., Banks, T., Vargha-
Khadem, F., et al., 2012. Normative development of white matter tracts: similarities
and differences in relation to age, gender, and intelligence. Cereb. Cortex 22,
1738-1747.

Colby, J.B., Van Horn, J.D., Sowell, E.R., 2011. Quantitative in vivo evidence for broad
regional gradients in the timing of white matter maturation during adolescence.
Neuroimage 54, 25-31.

Colby, J.B., Soderberg, L., Lebel, C., Dinov, I.D., Thompson, P.M., Sowell, E.R., 2012.
Along-tract statistics allow for enhanced tractography analysis. Neuroimage 59,
3227-3242.

Concha, L., Beaulieu, C., Gross, D.W., 2005. Bilateral limbic diffusion abnormalities in
unilateral temporal lobe epilepsy. Ann. Neurol. 57, 188-196.

Cookey, J., Bernier, D., Tibbo, P.G., 2014. White matter changes in early phase schizo-
phrenia and cannabis use: an update and systematic review of diffusion tensor ima-
ging studies. Schizophr. Res. 156, 137-142.

Danielian, L.E., Iwata, N.K., Thomasson, D.M., Floeter, M.K., 2010. Reliability of fiber
tracking measurements in diffusion tensor imaging for longitudinal study.
Neuroimage 49, 1572-1580.

Das, S.K., Wang, J.L., Bing, L., Bhetuwal, A., Yang, H.F., 2017. Regional values of dif-
fusional kurtosis estimates in the healthy brain during normal aging. Clin.
Neuroradiol. 27, 283-298.

de Bie, H.M., Boersma, M., Wattjes, M.P., Adriaanse, S., Vermeulen, R.J., Oostrom, K.J.,
Delemarre-Van de Waal, H.A., et al., 2010. Preparing children with a mock scanner
training protocol results in high quality structural and functional MRI scans. Eur. J.
Pediatr. 169, 1079-1085.

de Bie, H.M., Boersma, M., Adriaanse, S., Veltman, D.J., Wink, A.M., Roosendaal, S.D.,
Sanz-Arigita, E.J., et al., 2012. Resting-state networks in awake five- to eight-year old
children. Hum. Brain Mapp. 33, 1189-1201.

Dennis, E.L., Jahanshad, N., McMahon, K.L., de Zubicaray, G.I., Martin, N.G., Hickie, L.B.,
Thompson, P.M., et al., 2013. Development of brain structural connectivity between
ages 12 and 30: a 4-Tesla diffusion imaging study in 439 adolescents and adults.
Neuroimage 64, 671-684.

Ding, Z., Gore, J.C., Anderson, A.W., 2005. Reduction of noise in diffusion tensor images
using anisotropic smoothing. Magn. Reson. Med. 53, 485-490.

Doran, M., Hajnal, J.V., Van Bruggen, N., King, M.D., Young, LR., Bydder, G.M., 1990.
Normal and abnormal white matter tracts shown by MR imaging using directional
diffusion weighted sequences. J. Comput. Assist. Tomogr. 14, 865-873.

Douek, P., Turner, R., Pekar, J., Patronas, N., Le Bihan, D., 1991. MR color mapping of
myelin fiber orientation. J. Comput. Assist. Tomogr. 15, 923-929.

Drakesmith, M., Caeyenberghs, K., Dutt, A., Lewis, G., David, A.S., Jones, D.K., 2015.
Overcoming the effects of false positives and threshold bias in graph theoretical
analyses of neuroimaging data. Neuroimage 118, 313-333.

Dubois, J., Dehaene-Lambertz, G., Kulikova, S., Poupon, C., Huppi, P.S., Hertz-Pannier, L.,
2014. The early development of brain white matter: a review of imaging studies in
fetuses newborns and infants. Neuroscience 276, 48-71.

Edden, R.A., Jones, D.K., 2010. Skeleton thickness biases statistical power in skeleton-
based analyses of diffusion MRI data. In: International Society for Magnetic
Resonance in Medicine 18th Annual Meeting. Stockholm, Sweden.

Eluvathingal, T.J., Hasan, K.M., Kramer, L., Fletcher, J.M., Ewing-Cobbs, L., 2007.
Quantitative diffusion tensor tractography of association and projection fibers in
normally developing children and adolescents. Cereb. Cortex 17, 2760-2768.

Elvsashagen, T., Norbom, L.B., Pedersen, P.O., Quraishi, S.H., Bjgrnerud, A., Malt, U.F.,
Westlye, L.T., et al., 2015. Widespread changes in white matter microstructure after a
day of waking and sleep deprivation. PLoS One 10, e0127351.

Engvig, A., Fjell, A.M., Westlye, L.T., Moberget, T., Sundseth, O., Larsen, V.A., Walhovd,
K.B., 2012. Memory training impacts short-term changes in aging white matter: a
longitudinal diffusion tensor imaging study. Hum. Brain Mapp. 33, 2390-2406.

Evans, A.C., 2006. The NIH MRI study of normal brain development. Neuroimage 30,
184-202.

Falangola, M.F., Jensen, J.H., Babb, J.S., Hu, C., Castellanos, F.X., Di Martino, A.,
Helpern, J.A., et al., 2008. Age-related non-Gaussian diffusion patterns in the pre-
frontal brain. J. Magn. Reson. Imaging 28, 1345-1350.

Farquharson, S., Tournier, J.D., Calamante, F., Fabinyi, G., Schneider-Kolsky, M.,
Jackson, G.D., Connelly, A., 2013. White matter fiber tractography: why we need to
move beyond DTI. J. Neurosurg. 118, 1367-1377.

Farrell, J.A., Landman, B.A., Jones, C.K., Smith, S.A., Prince, J.L., van Zijl, P.C., Mori, S.,
2007. Effects of signal-to-noise ratio on the accuracy and reproducibility of diffusion
tensor imaging-derived fractional anisotropy, mean diffusivity, and principal eigen-
vector measurements at 1.5 T. J. Magn. Reson. Imaging 26, 756-767.

Fjell, A.M., Westlye, L.T., Greve, D.N., Fischl, B., Benner, T., van der Kouwe, A.J.,
Walhovd, K.B., et al., 2008. The relationship between diffusion tensor imaging and
volumetry as measures of white matter properties. Neuroimage 42, 1654-1668.

Fox, R.J., Sakaie, K., Lee, J.C., Debbins, J.P., Liu, Y., Arnold, D.L., Fisher, E., et al., 2012.

172

Developmental Cognitive Neuroscience 33 (2018) 161-175

A validation study of multicenter diffusion tensor imaging: reliability of fractional
anisotropy and diffusivity values. AJNR Am. J. Neuroradiol. 33, 695-700.

Galbraith, S., Bowden, J., Mander, A., 2017. Accelerated longitudinal designs: an over-
view of modelling, power, costs and handling missing data. Stat. Methods Med. Res.
26, 374-398.

Gallichan, D., Andersson, J.L., Jenkinson, M., Robson, M.D., Miller, K.L., 2010. Reducing
distortions in diffusion-weighted echo planar imaging with a dual-echo blip-reversed
sequence. Magn. Reson. Med. 64, 382-390.

Gebauer, D., Fink, A., Filippini, N., Johansen-Berg, H., Reishofer, G., Koschutnig, K.,
Enzinger, C., et al., 2012. Differences in integrity of white matter and changes with
training in spelling impaired children: a diffusion tensor imaging study. Brain Struct.
Funct. 217, 747-760.

Geng, S., Malpas, C.B., Holland, S.K., Beare, R., Silk, T.J., 2017. Neurite density index is
sensitive to age related differences in the developing brain. Neuroimage 148,
373-380.

Geng, X., Gouttard, S., Sharma, A., Gu, H., Styner, M., Lin, W., Gilmore, J.H., et al., 2012.
Quantitative tract-based white matter development from birth to age 2years.
Neuroimage 61, 542-557.

Giedd, J.N., Raznahan, A., Alexander-Bloch, A., Schmitt, E., Gogtay, N., Rapoport, J.L.,
2015. Child psychiatry branch of the National Institute of Mental Health longitudinal
structural magnetic resonance imaging study of human brain development.
Neuropsychopharmacology 40, 43-49.

Giorgio, A., Watkins, K.E., Douaud, G., James, A.C., James, S., De Stefano, N., Johansen-
Berg, H., et al., 2008. Changes in white matter microstructure during adolescence.
Neuroimage 39, 52-61.

Giorgio, A., Watkins, K.E., Chadwick, M., James, S., Winmill, L., Douaud, G., James, A.C.,
et al., 2010. Longitudinal changes in grey and white matter during adolescence.
Neuroimage 49, 94-103.

Gogliettino, A.R., Potenza, M.N., Yip, S.W., 2016. White matter development and tobacco
smoking in young adults: a systematic review with recommendations for future re-
search. Drug Alcohol Depend. 162, 26-33.

Grech-Sollars, M., Hales, P.W., Miyazaki, K., Raschke, F., Rodriguez, D., Wilson, M.,
Clark, C.A., et al., 2015. Multi-centre reproducibility of diffusion MRI parameters for
clinical sequences in the brain. NMR Biomed. 28, 468-485.

Grinberg, F., Maximov, LI, Farrher, E., Neuner, L., Amort, L., Thonnessen, H., Shah, N.J.,
etal., 2017. Diffusion kurtosis metrics as biomarkers of microstructural development:
a comparative study of a group of children and a group of adults. Neuroimage 144,
12-22.

Grydeland, H., Walhovd, K.B., Tamnes, C.K., Westlye, L.T., Fjell, A.M., 2013. Intracortical
myelin links with performance variability across the human lifespan: results from T1-
and T2-weighted MRI myelin mapping and diffusion tensor imaging. J. Neurosci. 33,
18618-18630.

Hallowell, L.M., Stewart, S.E., de Amorim, E.S.C.T., Ditchfield, M.R., 2008. Reviewing the
process of preparing children for MRI. Pediatr. Radiol. 38, 271-279.

Hasan, K.M., 2007. A framework for quality control and parameter optimization in dif-
fusion tensor imaging: theoretical analysis and validation. Magn. Reson. Imaging 25,
1196-1202.

He, X., Liu, W., Li, X., Li, Q., Liu, F., Rauh, V.A., Xu, D., et al., 2014. Automated as-
sessment of the quality of diffusion tensor imaging data using color cast of color-
encoded fractional anisotropy images. Magn. Reson. Imaging 32, 446-456.

Heim, S., Hahn, K., Samann, P.G., Fahrmeir, L., Auer, D.P., 2004. Assessing DTI data
quality using bootstrap analysis. Magn. Reson. Med. 52, 582-589.

Herting, M.M., Maxwell, E.C., Irvine, C., Nagel, B.J., 2012. The impact of sex, puberty,
and hormones on white matter microstructure in adolescents. Cereb. Cortex 22,
1979-1992.

Hofstetter, S., Tavor, 1., Tzur Moryosef, S., Assaf, Y., 2013. Short-term learning induces
white matter plasticity in the fornix. J. Neurosci. 33, 12844-12850.

Jensen, J.H., Helpern, J.A., 2010. MRI quantification of non-Gaussian water diffusion by
kurtosis analysis. NMR Biomed. 23, 698-710.

Jensen, J.H., Helpern, J.A., Ramani, A., Lu, H., Kaczynski, K., 2005. Diffusional kurtosis
imaging: the quantification of non-gaussian water diffusion by means of magnetic
resonance imaging. Magn. Reson. Med. 53, 1432-1440.

Jeurissen, B., Leemans, A., Tournier, J.D., Jones, D.K., Sijbers, J., 2013. Investigating the
prevalence of complex fiber configurations in white matter tissue with diffusion
magnetic resonance imaging. Hum. Brain Mapp. 34, 2747-2766.

Jones, D.K., Basser, P.J., 2004. Squashing peanuts and smashing pumpkins: how noise
distorts diffusion-weighted MR data. Magn. Reson. Med. 52, 979-993.

Jones, D.K., Cercignani, M., 2010. Twenty-five pitfalls in the analysis of diffusion MRI
data. NMR Biomed. 23, 803-820.

Jones, D.K., Simmons, A., Williams, S.C., Horsfield, M.A., 1999. Non-invasive assessment
of axonal fiber connectivity in the human brain via diffusion tensor MRI. Magn.
Reson. Med. 42, 37-41.

Jones, D.K., Symms, M.R., Cercignani, M., Howard, R.J., 2005. The effect of filter size on
VBM analyses of DT-MRI data. Neuroimage 26, 546-554.

Jones, D.K., Knosche, T.R., Turner, R., 2013. White matter integrity, fiber count, and
other fallacies: the do's and don'ts of diffusion MRI. Neuroimage 73, 239-254.

Jones, D.K., 2004. The effect of gradient sampling schemes on measures derived from
diffusion tensor MRI: a Monte Carlo study. Magn. Reson. Med. 51, 807-815.

Jovicich, J., Marizzoni, M., Bosch, B., Bartres-Faz, D., Arnold, J., Benninghoff, J.,
PharmaCog, C., et al., 2014. Multisite longitudinal reliability of tract-based spatial
statistics in diffusion tensor imaging of healthy elderly subjects. Neuroimage 101,
390-403.

Kievit, R.A., Brandmaier, A.M., Ziegler, G., van Harmelen, A.L., de Mooij, S., Moutoussis,
M., Dolan, R.J., et al., this issue. Developmental cognitive neuroscience using latent
change score models: a tutorial and applications. Dev. Cogn. Neurosci.

Klarborg, B., Skak Madsen, K., Vestergaard, M., Skimminge, A., Jernigan, T.L., Baare,


http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0160
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0165
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0165
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0170
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0170
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0175
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0175
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0175
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0180
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0180
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0185
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0185
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0185
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0190
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0190
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0190
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0190
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0195
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0195
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0195
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0200
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0200
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0200
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0205
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0205
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0210
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0210
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0210
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0215
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0215
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0215
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0220
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0220
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0220
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0225
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0225
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0225
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0225
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0230
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0230
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0230
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0235
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0235
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0235
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0235
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0240
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0240
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0245
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0245
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0245
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0250
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0250
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0255
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0255
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0255
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0260
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0260
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0260
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0265
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0265
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0265
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0270
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0270
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0270
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0275
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0275
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0275
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0280
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0280
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0280
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0285
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0285
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0290
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0290
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0290
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0295
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0295
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0295
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0300
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0300
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0300
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0300
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0305
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0305
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0305
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0310
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0310
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0310
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0315
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0315
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0315
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0320
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0320
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0320
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0325
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0325
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0325
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0325
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0330
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0330
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0330
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0335
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0335
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0335
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0340
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0340
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0340
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0340
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0345
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0345
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0345
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0350
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0350
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0350
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0355
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0355
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0355
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0360
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0360
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0360
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0365
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0365
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0365
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0365
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0370
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0370
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0370
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0370
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0375
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0375
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0380
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0380
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0380
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0385
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0385
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0385
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0390
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0390
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0395
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0395
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0395
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0400
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0400
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0405
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0405
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0410
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0410
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0410
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0415
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0415
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0415
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0420
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0420
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0425
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0425
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0430
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0430
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0430
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0435
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0435
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0440
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0440
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0445
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0445
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0450
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0450
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0450
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0450
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0460

C.K. Tamnes, et al.

W.F., 2013. Sustained attention is associated with right superior longitudinal fasci-
culus and superior parietal white matter microstructure in children. Hum. Brain
Mapp. 34, 3216-3232.

Klein, A., Andersson, J., Ardekani, B.A., Ashburner, J., Avants, B., Chiang, M.C., Parsey,
R.V., et al., 2009. Evaluation of 14 nonlinear deformation algorithms applied to
human brain MRI registration. Neuroimage 46, 786-802.

Klingberg, T., Vaidya, C.J., Gabrieli, J.D., Moseley, M.E., Hedehus, M., 1999. Myelination
and organization of the frontal white matter in children: a diffusion tensor MRI study.
Neuroreport 10, 2817-2821.

Kochunov, P., Jahanshad, N., Marcus, D., Winkler, A., Sprooten, E., Nichols, T.E., Van
Essen, D.C., et al., 2015. Heritability of fractional anisotropy in human white matter:
a comparison of Human Connectome Project and ENIGMA-DTI data. Neuroimage
111, 300-311.

Koenis, M.M., Brouwer, R.M., van den Heuvel, M.P., Mandl, R.C., van Soelen, L.L., Kahn,
R.S., Hulshoff Pol, H.E., et al., 2015. Development of the brain's structural network
efficiency in early adolescence: a longitudinal DTI twin study. Hum. Brain Mapp. 36,
4938-4953.

Koo, B.B., Hua, N., Choi, C.H., Ronen, L., Lee, J.M., Kim, D.S., 2009. A framework to
analyze partial volume effect on gray matter mean diffusivity measurements.
Neuroimage 44, 136-144.

Krafft, C.E., Schaeffer, D.J., Schwarz, N.F., Chi, L., Weinberger, A.L., Pierce, J.E.,
McDowell, J.E., et al., 2014. Improved frontoparietal white matter integrity in
overweight children is associated with attendance at an after-school exercise pro-
gram. Dev. Neurosci. 36, 1-9.

Krogsrud, S.K., Fjell, A.M., Tamnes, C.K., Grydeland, H., Mork, L., Due-Tgnnessen, P.,
Walhovd, K.B., et al., 2016. Changes in white matter microstructure in the developing
brain—a longitudinal diffusion tensor imaging study of children from 4 to 11 years of
age. Neuroimage 124, 473-486.

Kumar, A., Behen, M.E., Singsoonsud, P., Veenstra, A.L., Wolfe-Christensen, C., Helder, E.,
Chugani, H.T., 2014. Microstructural abnormalities in language and limbic pathways
in orphanage-reared children: a diffusion tensor imaging study. J. Child Neurol. 29,
318-325.

Lauzon, C.B., Asman, A.J., Esparza, M.L., Burns, S.S., Fan, Q., Gao, Y., Landman, B.A.,
et al., 2013. Simultaneous analysis and quality assurance for diffusion tensor ima-
ging. PLoS One 8, e61737.

Le Bihan, D., Poupon, C., Amadon, A., Lethimonnier, F., 2006. Artifacts and pitfalls in
diffusion MRI. J. Magn. Reson. Imaging 24, 478-488.

Lebel, C., Beaulieu, C., 2011. Longitudinal development of human brain wiring continues
from childhood into adulthood. J. Neurosci. 31, 10937-10947.

Lebel, C., Walker, L., Leemans, A., Phillips, L., Beaulieu, C., 2008. Microstructural ma-
turation of the human brain from childhood to adulthood. Neuroimage 40,
1044-1055.

Lebel, C., Caverhill-Godkewitsch, S., Beaulieu, C., 2010. Age-related regional variations of
the corpus callosum identified by diffusion tensor tractography. Neuroimage 52,
20-31.

Lebel, C., Benner, T., Beaulieu, C., 2012a. Six is enough? Comparison of diffusion para-
meters measured using six or more diffusion-encoding gradient directions with de-
terministic tractography. Magn. Reson. Med. 68, 474-483.

Lebel, C., Gee, M., Camicioli, R., Wieler, M., Martin, W., Beaulieu, C., 2012b. Diffusion
tensor imaging of white matter tract evolution over the lifespan. Neuroimage 60,
340-352.

Lebel, C., Warner, T., Colby, J., Soderberg, L., Roussotte, F., Behnke, M., Sowell, E.R.,
et al., 2013. White matter microstructure abnormalities and executive function in
adolescents with prenatal cocaine exposure. Psychiatry Res. 213, 161-168.

Lebel, C., Walton, M., Letourneau, N., Giesbrecht, G.F., Kaplan, B.J., Dewey, D., 2016.
Prepartum and postpartum maternal depressive symptoms are related to children's
brain structure in preschool. Biol. Psychiatry 80, 859-868.

Leemans, A., Jones, D.K., 2009. The B-matrix must be rotated when correcting for subject
motion in DTI data. Magn. Reson. Med. 61, 1336-1349.

Lemkaddem, A., Daducci, A., Vulliemoz, S., O'Brien, K., Lazeyras, F., Hauf, M., Thiran,
J.P., et al,, 2012. A multi-center study: intra-scan and inter-scan variability of dif-
fusion spectrum imaging. Neuroimage 62, 87-94.

Li, Y., Shea, S.M., Lorenz, C.H., Jiang, H., Chou, M.C., Mori, S., 2013. Image corruption
detection in diffusion tensor imaging for post-processing and real-time monitoring.
PLoS One 8, e49764.

Li, X., Yang, J., Gao, J., Luo, X., Zhou, Z., Hu, Y., Wan, M., et al., 2014. A robust post-
processing workflow for datasets with motion artifacts in diffusion kurtosis imaging.
PLoS One 9, e94592.

Li, K., Sun, Z., Han, Y., Gao, L., Yuan, L., Zeng, D., 2015. Fractional anisotropy alterations
in individuals born preterm: a diffusion tensor imaging meta-analysis. Dev. Med.
Child Neurol. 57, 328-338.

Liu, J., Cohen, R.A., Gongvatana, A., Sheinkopf, S.J., Lester, B.M., 2011. Impact of pre-
natal exposure to cocaine and tobacco on diffusion tensor imaging and sensation
seeking in adolescents. J. Pediatr. 159, 771-775.

Liu, B., Zhu, T., Zhong, J., 2015. Comparison of quality control software tools for diffu-
sion tensor imaging. Magn. Reson. Imaging 33, 276-285.

Lovden, M., Bodammer, N.C., Kuhn, S., Kaufmann, J., Schutze, H., Tempelmann, C.,
Lindenberger, U., et al., 2010. Experience-dependent plasticity of white-matter mi-
crostructure extends into old age. Neuropsychologia 48, 3878-3883.

Madhyastha, T., Merillat, S., Hirsiger, S., Bezzola, L., Liem, F., Grabowski, T., Jancke, L.,
2014. Longitudinal reliability of tract-based spatial statistics in diffusion tensor
imaging. Hum. Brain Mapp. 35, 4544-4555.

Madsen, K.S., Baare, W.F., Vestergaard, M., Skimminge, A., Ejersbo, L.R., Ramsoy, T.Z.,
Jernigan, T.L., et al., 2010. Response inhibition is associated with white matter mi-
crostructure in children. Neuropsychologia 48, 854-862.

Magnotta, V.A., Matsui, J.T., Liu, D., Johnson, H.J., Long, J.D., Bolster Jr., B.D., Paulsen,

173

Developmental Cognitive Neuroscience 33 (2018) 161-175

J.S., et al., 2012. Multicenter reliability of diffusion tensor imaging. Brain Connect 2,
345-355.

Matta, T., Flournoy, J., Byrne, M., this issue. Making an unknown unknown a known
unknown: missing data in longitudinal neuroimaging studies. Dev. Cogn. Neurosci.

Meier, T.B., Bergamino, M., Bellgowan, P.S., Teague, T.K., Ling, J.M., Jeromin, A., Mayer,
A.R., 2016. Longitudinal assessment of white matter abnormalities following sports-
related concussion. Hum. Brain Mapp. 37, 833-845.

Menzies, L., Goddings, A.L., Whitaker, K.J., Blakemore, S.J., Viner, R.M., 2015. The ef-
fects of puberty on white matter development in boys. Dev. Cogn. Neurosci. 11,
116-128.

Mills, K.L., Goddings, A.L., Herting, M.M., Meuwese, R., Blakemore, S.J., Crone, E.A.,
Tamnes, C.K., et al., 2016. Structural brain development between childhood and
adulthood: convergence across four longitudinal samples. Neuroimage 141, 273-281.

Mohammadi, S., Nagy, Z., Hutton, C., Josephs, O., Weiskopf, N., 2012. Correction of
vibration artifacts in DTI using phase-encoding reversal (COVIPER). Magn. Reson.
Med. 68, 882-889.

Morey, R.A., Selgrade, E.S., Wagner 2nd, H.R., Huettel, S.A., Wang, L., McCarthy, G.,
2010. Scan-rescan reliability of subcortical brain volumes derived from automated
segmentation. Hum. Brain Mapp. 31, 1751-1762.

Mori, S., Tournier, J.D., 2013. Introduction to Diffusion Tensor Imaging: And Higher
Order Models. Elsevier, Amsterdam, The Netherlands.

Mori, S., Crain, B.J., Chacko, V.P., van Zijl, P.C., 1999. Three-dimensional tracking of
axonal projections in the brain by magnetic resonance imaging. Ann. Neurol. 45,
265-269.

Muftuler, L.T., Davis, E.P., Buss, C., Solodkin, A., Su, M.Y., Head, K.M., Sandman, C.A.,
et al., 2012. Development of white matter pathways in typically developing pre-
adolescent children. Brain Res. 1466, 33-43.

O'Donnell, L.J., Westin, C.F., 2007. Automatic tractography segmentation using a high-
dimensional white matter atlas. I[EEE Trans. Med. Imaging 26, 1562-1575.

O'Hanlon, E., Leemans, A., Kelleher, I., Clarke, M.C., Roddy, S., Coughlan, H., Cannon, M.,
et al., 2015. White matter differences among adolescents reporting psychotic ex-
periences: a population-based diffusion magnetic resonance imaging study. JAMA
Psychiatry 72, 668-677.

Oguz, 1., Farzinfar, M., Matsui, J., Budin, F., Liu, Z., Gerig, G., Styner, M., et al., 2014.
DTIPrep: quality control of diffusion-weighted images. Front. Neuroinf. 8, 4.

@stby, Y., Tamnes, C.K., Fjell, A.M., Walhovd, K.B., 2011. Morphometry and connectivity
of the fronto-parietal verbal working memory network in development.
Neuropsychologia 49, 3854-3862.

Owens, S.F., Picchioni, M.M., Ettinger, U., McDonald, C., Walshe, M., Schmechtig, A.,
Toulopoulou, T., et al., 2012. Prefrontal deviations in function but not volume are
putative endophenotypes for schizophrenia. Brain 135, 2231-2244.

Pagani, E., Hirsch, J.G., Pouwels, P.J., Horsfield, M.A., Perego, E., Gass, A., Filippi, M.,
et al., 2010. Intercenter differences in diffusion tensor MRI acquisition. J. Magn.
Reson. Imaging 31, 1458-1468.

Pal, D., Trivedi, R., Saksena, S., Yadav, A., Kumar, M., Pandey, C.M., Gupta, R.K., et al.,
2011. Quantification of age- and gender-related changes in diffusion tensor imaging
indices in deep grey matter of the normal human brain. J. Clin. Neurosci. 18,
193-196.

Pasternak, O., Sochen, N., Gur, Y., Intrator, N., Assaf, Y., 2009. Free water elimination
and mapping from diffusion MRI. Magn. Reson. Med. 62, 717-730.

Paus, T., 2010. Growth of white matter in the adolescent brain: myelin or axon? Brain
Cogn. 72, 26-35.

Peper, J.S., de Reus, M.A,, van den Heuvel, M.P., Schutter, D.J., 2015. Short fused? as-
sociations between white matter connections, sex steroids, and aggression across
adolescence. Hum. Brain Mapp. 36, 1043-1052.

Peters, B.D., Karlsgodt, K.H., 2015. White matter development in the early stages of
psychosis. Schizophr. Res. 161, 61-69.

Peters, B.D., Szeszko, P.R., Radua, J., Ikuta, T., Gruner, P., DeRosse, P., Malhotra, A.K.,
et al., 2012. White matter development in adolescence: diffusion tensor imaging and
meta-analytic results. Schizophr. Bull. 38, 1308-1317.

Peters, B.D., Ikuta, T., DeRosse, P., John, M., Burdick, K.E., Gruner, P., Malhotra, A.K.,
et al., 2014. Age-related differences in white matter tract microstructure are asso-
ciated with cognitive performance from childhood to adulthood. Biol. Psychiatry 75,
248-256.

Pfefferbaum, A., Adalsteinsson, E., Sullivan, E.V., 2003. Replicability of diffusion tensor
imaging measurements of fractional anisotropy and trace in brain. J. Magn. Reson.
Imaging 18, 427-433.

Pierpaoli, C., Basser, P.J., 1996. Toward a quantitative assessment of diffusion anisotropy.
Magn. Reson. Med. 36, 893-906.

Pohl, K.M., Sullivan, E.V., Rohlfing, T., Chu, W., Kwon, D., Nichols, B.N., Pfefferbaum, A.,
et al., 2016. Harmonizing DTI measurements across scanners to examine the devel-
opment of white matter microstructure in 803 adolescents of the NCANDA study.
Neuroimage 130, 194-213.

Power, J.D., Barnes, K.A., Snyder, A.Z., Schlaggar, B.L., Petersen, S.E., 2012. Spurious but
systematic correlations in functional connectivity MRI networks arise from subject
motion. Neuroimage 59, 2142-2154.

Qiu, D., Tan, L.H., Zhou, K., Khong, P.L., 2008. Diffusion tensor imaging of normal white
matter maturation from late childhood to young adulthood: voxel-wise evaluation of
mean diffusivity, fractional anisotropy, radial and axial diffusivities, and correlation
with reading development. Neuroimage 41, 223-232.

Qiu, A., Mori, S., Miller, M.I., 2015. Diffusion tensor imaging for understanding brain
development in early life. Annu. Rev. Psychol. 66, 853-876.

Raffelt, D., Tournier, J.D., Rose, S., Ridgway, G.R., Henderson, R., Crozier, S., Connelly,
A., etal., 2012. Apparent Fibre Density: a novel measure for the analysis of diffusion-
weighted magnetic resonance images. Neuroimage 59, 3976-3994.

Raffelt, D.A., Smith, R.E., Ridgway, G.R., Tournier, J.D., Vaughan, D.N., Rose, S.,


http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0460
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0460
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0460
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0465
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0465
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0465
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0470
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0470
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0470
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0475
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0475
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0475
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0475
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0480
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0480
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0480
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0480
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0485
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0485
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0485
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0490
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0490
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0490
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0490
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0495
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0495
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0495
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0495
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0500
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0500
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0500
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0500
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0505
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0505
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0505
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0510
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0510
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0515
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0515
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0520
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0520
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0520
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0525
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0525
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0525
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0530
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0530
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0530
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0535
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0535
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0535
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0540
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0540
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0540
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0545
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0545
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0545
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0550
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0550
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0555
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0555
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0555
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0560
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0560
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0560
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0565
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0565
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0565
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0570
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0570
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0570
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0575
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0575
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0575
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0580
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0580
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0585
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0585
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0585
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0590
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0590
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0590
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0595
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0595
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0595
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0600
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0600
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0600
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0610
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0610
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0610
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0615
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0615
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0615
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0620
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0620
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0620
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0625
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0625
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0625
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0630
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0630
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0630
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0635
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0635
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0640
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0640
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0640
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0645
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0645
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0645
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0650
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0650
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0655
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0655
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0655
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0655
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0660
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0660
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0665
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0665
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0665
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0670
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0670
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0670
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0675
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0675
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0675
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0680
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0680
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0680
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0680
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0685
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0685
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0690
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0690
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0695
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0695
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0695
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0700
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0700
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0705
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0705
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0705
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0710
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0710
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0710
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0710
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0715
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0715
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0715
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0720
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0720
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0725
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0725
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0725
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0725
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0730
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0730
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0730
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0735
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0735
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0735
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0735
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0740
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0740
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0745
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0745
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0745
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0750

C.K. Tamnes, et al.

Connelly, A., et al., 2015. Connectivity-based fixel enhancement: whole-brain sta-
tistical analysis of diffusion MRI measures in the presence of crossing fibres.
Neuroimage 117, 40-55.

Raschle, N.M., Chang, M., Gaab, N., 2011. Structural brain alterations associated with
dyslexia predate reading onset. Neuroimage 57, 742-749.

Richmond, S., Johnson, K.A., Seal, M.L., Allen, N.B., Whittle, S., 2016. Development of
brain networks and relevance of environmental and genetic factors: a systematic
review. Neurosci. Biobehav. Rev. 71, 215-239.

Roalf, D.R., Quarmley, M., Elliott, M.A., Satterthwaite, T.D., Vandekar, S.N., Ruparel, K.,
Gur, R.E,, et al., 2016. The impact of quality assurance assessment on diffusion tensor
imaging outcomes in a large-scale population-based cohort. Neuroimage 125,
903-919.

Roussotte, F., Soderberg, L., Sowell, E., 2010. Structural, metabolic, and functional brain
abnormalities as a result of prenatal exposure to drugs of abuse: evidence from
neuroimaging. Neuropsychol. Rev. 20, 376-397.

Rubinov, M., Sporns, O., 2010. Complex network measures of brain connectivity: uses and
interpretations. Neuroimage 52, 1059-1069.

Ruigrok, A.N., Salimi-Khorshidi, G., Lai, M.C., Baron-Cohen, S., Lombardo, M.V., Tait,
R.J., Suckling, J., 2014. A meta-analysis of sex differences in human brain structure.
Neurosci. Biobehav. Rev. 39, 34-50.

Sandman, C.A., Buss, C., Head, K., Davis, E.P., 2015. Fetal exposure to maternal de-
pressive symptoms is associated with cortical thickness in late childhood. Biol.
Psychiatry 77, 324-334.

Satterthwaite, T.D., Wolf, D.H., Loughead, J., Ruparel, K., Elliott, M.A., Hakonarson, H.,
Gur, R.E,, et al., 2012. Impact of in-scanner head motion on multiple measures of
functional connectivity: relevance for studies of neurodevelopment in youth.
Neuroimage 60, 623-632.

Schiller, R.M., van den Bosch, G.E., Muetzel, R.L., Smits, M., Dudink, J., Tibboel, D.,
White, T., et al., 2017. Neonatal critical illness and development: white matter and
hippocampus alterations in school-age neonatal extracorporeal membrane oxygena-
tion survivors. Dev. Med. Child Neurol. 59, 304-310.

Schmithorst, V.J., Yuan, W., 2010. White matter development during adolescence as
shown by diffusion MRI. Brain Cogn. 72, 16-25.

Schmithorst, V.J., Wilke, M., Dardzinski, B.J., Holland, S.K., 2002. Correlation of white
matter diffusivity and anisotropy with age during childhood and adolescence: a cross-
sectional diffusion-tensor MR imaging study. Radiology 222, 212-218.

Serafini, G., Pompili, M., Borgwardt, S., Houenou, J., Geoffroy, P.A., Jardri, R., Amore,
M., et al., 2014. Brain changes in early-onset bipolar and unipolar depressive dis-
orders: a systematic review in children and adolescents. Eur. Child Adolesc.
Psychiatry 23, 1023-1041.

Sexton, C.E., Walhovd, K.B., Storsve, A.B., Tamnes, C.K., Westlye, L.T., Johansen-Berg, H.,
Fjell, A.M., 2014. Accelerated changes in white matter microstructure during aging: a
longitudinal diffusion tensor imaging study. J. Neurosci. 34, 15425-15436.

Shou, H., Eloyan, A, Lee, S., Zipunnikov, V., Crainiceanu, A.N., Nebel, N.B., Crainiceanu,
C.M,, et al., 2013. Quantifying the reliability of image replication studies: the image
intraclass correlation coefficient (I12C2). Cogn. Affect Behav. Neurosci. 13, 714-724.

Silveri, M.M., Dager, A.D., Cohen-Gilbert, J.E., Sneider, J.T., 2016. Neurobiological sig-
natures associated with alcohol and drug use in the human adolescent brain.
Neurosci. Biobehav. Rev. 70, 244-259.

Simmonds, D.J., Hallquist, M.N., Asato, M., Luna, B., 2014. Developmental stages and sex
differences of white matter and behavioral development through adolescence: a
longitudinal diffusion tensor imaging (DTI) study. Neuroimage 92, 356-368.

Skare, S., Hedehus, M., Moseley, M.E., Li, T.Q., 2000a. Condition number as a measure of
noise performance of diffusion tensor data acquisition schemes with MRI. J. Magn.
Reson. 147, 340-352.

Skare, S., Li, T., Nordell, B., Ingvar, M., 2000b. Noise considerations in the determination
of diffusion tensor anisotropy. Magn. Reson. Imaging 18, 659-669.

Sled, J.G., Nossin-Manor, R., 2013. Quantitative MRI for studying neonatal brain devel-
opment. Neuroradiology 55 (Suppl. 2), 97-104.

Smith, S.M., Jenkinson, M., Johansen-Berg, H., Rueckert, D., Nichols, T.E., Mackay, C.E.,
Behrens, T.E., et al., 2006. Tract-based spatial statistics: voxelwise analysis of multi-
subject diffusion data. Neuroimage 31, 1487-1505.

Snook, L., Paulson, L.A., Roy, D., Phillips, L., Beaulieu, C., 2005. Diffusion tensor imaging
of neurodevelopment in children and young adults. Neuroimage 26, 1164-1173.
Snook, L., Plewes, C., Beaulieu, C., 2007. Voxel based versus region of interest analysis in

diffusion tensor imaging of neurodevelopment. Neuroimage 34, 243-252.

Song, S.K., Sun, S.W., Ramsbottom, M.J., Chang, C., Russell, J., Cross, A.H., 2002.
Dysmyelination revealed through MRI as increased radial (but unchanged axial)
diffusion of water. Neuroimage 17, 1429-1436.

Song, S.K., Sun, S.W., Ju, W.K., Lin, S.J., Cross, A.H., Neufeld, A.H., 2003. Diffusion
tensor imaging detects and differentiates axon and myelin degeneration in mouse
optic nerve after retinal ischemia. Neuroimage 20, 1714-1722.

Song, S.K., Yoshino, J., Le, T.Q., Lin, S.J., Sun, S.W., Cross, A.H., Armstrong, R.C., 2005.
Demyelination increases radial diffusivity in corpus callosum of mouse brain.
Neuroimage 26, 132-140.

Takahashi, M., Ono, J., Harada, K., Maeda, M., Hackney, D.B., 2000. Diffusional aniso-
tropy in cranial nerves with maturation: quantitative evaluation with diffusion MR
imaging in rats. Radiology 216, 881-885.

Tamnes, C.K., Agartz, 1., 2016. White matter microstructure in early-onset schizophrenia:
a systematic review of diffusion tensor imaging studies. J. Am. Acad. Child Adolesc.
Psychiatry 55, 269-279.

Tamnes, C.K., @stby, Y., Fjell, A.M., Westlye, L.T., Due-Tgnnessen, P., Walhovd, K.B.,
2010. Brain maturation in adolescence and young adulthood: regional age-related
changes in cortical thickness and white matter volume and microstructure. Cereb.
Cortex 20, 534-548.

Tamnes, C.K., Fjell, A.M., Westlye, L.T., @stby, Y., Walhovd, K.B., 2012. Becoming

174

Developmental Cognitive Neuroscience 33 (2018) 161-175

consistent: developmental reductions in intraindividual variability in reaction time
are related to white matter integrity. J. Neurosci. 32, 972-982.

Tariq, M., Schneider, T., Alexander, D.C., Gandini Wheeler-Kingshott, C.A., Zhang, H.,
2016. Bingham-NODDI: Mapping anisotropic orientation dispersion of neurites using
diffusion MRI. Neuroimage 133, 207-223.

Teipel, S.J., Reuter, S., Stieltjes, B., Acosta-Cabronero, J., Ernemann, U., Fellgiebel, A.,
Hampel, H., et al., 2011. Multicenter stability of diffusion tensor imaging measures: a
European clinical and physical phantom study. Psychiatry Res 194, 363-371.

Telzer, E.H., Goldenberg, D., Fuligni, A.J., Lieberman, M.D., Galvan, A., 2015. Sleep
variability in adolescence is associated with altered brain development. Dev. Cogn.
Neurosci. 1, 6-22.

Theys, C., Wouters, J., Ghesquiere, P., 2014. Diffusion tensor imaging and resting-state
functional MRI-scanning in 5- and 6-year-old children: training protocol and motion
assessment. PLoS One 9, e94019.

Tournier, J.D., Calamante, F., Connelly, A., 2007. Robust determination of the fibre or-
ientation distribution in diffusion MRI: non-negativity constrained super-resolved
spherical deconvolution. Neuroimage 35, 1459-1472.

Tournier, J.D., Mori, S., Leemans, A., 2011. Diffusion tensor imaging and beyond. Magn.
Reson. Med. 65, 1532-1556.

Treit, S., Lebel, C., Baugh, L., Rasmussen, C., Andrew, G., Beaulieu, C., 2013. Longitudinal
MRI reveals altered trajectory of brain development during childhood and adoles-
cence in fetal alcohol spectrum disorders. J. Neurosci. 33, 10098-10109.

Tuch, D.S., 2004. Q-ball imaging. Magn. Reson. Med. 52, 1358-1372.

Van Essen, D.C., Ugurbil, K., Auerbach, E., Barch, D., Behrens, T.E., Bucholz, R.,
Consortium, W.U.-M.H., et al., 2012. The human connectome project: a data acqui-
sition perspective. Neuroimage 62, 2222-2231.

van Ewijk, H., Heslenfeld, D.J., Zwiers, M.P., Buitelaar, J.K., Oosterlaan, J., 2012.
Diffusion tensor imaging in attention deficit/hyperactivity disorder: a systematic
review and meta-analysis. Neurosci. Biobehav. Rev. 36, 1093-1106.

Van Horn, J.D., Toga, A.W., 2009. Multisite neuroimaging trials. Curr. Opin. Neurol. 22,
370-378.

Vertes, P.E., Bullmore, E.T., 2015. Annual research review: growth connectomics-the
organization and reorganization of brain networks during normal and abnormal
development. J. Child Psychol. Psychiatry 56, 299-320.

Vestergaard, M., Madsen, K.S., Baare, W.F., Skimminge, A., Ejersbo, L.R., Ramsoy, T.Z.,
Jernigan, T.L., et al., 2011. White matter microstructure in superior longitudinal
fasciculus associated with spatial working memory performance in children. J. Cogn.
Neurosci. 23, 2135-2146.

Vijayakumar, N., Mills, K.L., Alexander-Bloch, A., Tamnes, C.K., Whittle, S., this issue.
Structural brain development: a review of methodological approaches and best
practices. Dev. Cogn. Neurosci.

Vollmar, C., O'Muircheartaigh, J., Barker, G.J., Symms, M.R., Thompson, P., Kumari, V.,
Koepp, M.J., et al., 2010. Identical, but not the same: intra-site and inter-site re-
producibility of fractional anisotropy measures on two 3.0 T scanners. Neuroimage
51, 1384-1394.

Vos, S.B., Jones, D.K., Viergever, M.A., Leemans, A., 2011. Partial volume effect as a
hidden covariate in DTI analyses. Neuroimage 55, 1566-1576.

Wang, Y., Adamson, C., Yuan, W., Altaye, M., Rajagopal, A., Byars, A.W., Holland, S.K.,
2012. Sex differences in white matter development during adolescence: a DTI study.
Brain Res. 1478, 1-15.

Wang, Z.J., Seo, Y., Babcock, E., Huang, H., Bluml, S., Wisnowski, J., Rollins, N.K., et al.,
2016. Assessment of diffusion tensor image quality across sites and vendors using the
American College of Radiology head phantom. J. Appl. Clin. Med. Phys. 17, 5972.

Warner, T.D., Behnke, M., Eyler, F.D., Padgett, K., Leonard, C., Hou, W., Blackband, S.J.,
et al., 2006. Diffusion tensor imaging of frontal white matter and executive func-
tioning in cocaine-exposed children. Pediatrics 118, 2014-2024.

Wedeen, V.J., Hagmann, P., Tseng, W.Y., Reese, T.G., Weisskoff, R.M., 2005. Mapping
complex tissue architecture with diffusion spectrum magnetic resonance imaging.
Magn. Reson. Med. 54, 1377-1386.

Wendelken, C., Lee, J.K., Pospisil, J., Sastre 3rd, M., Ross, J.M., Bunge, S.A., Ghetti, S.,
2015. White matter tracts connected to the medial temporal lobe support the de-
velopment of mnemonic control. Cereb. Cortex 25, 2574-2583.

Westlye, L.T., Walhovd, K.B., Dale, A.M., Bjgrnerud, A., Due-Tgnnessen, P., Engvig, A.,
Fjell, A.M., et al., 2010. Life-span changes of the human brain white matter: diffusion
tensor imaging (DTI) and volumetry. Cereb. Cortex 20, 2055-2068.

White, T., 2015. Subclinical psychiatric symptoms and the brain: what can developmental
population neuroimaging bring to the table? J. Am. Acad. Child Adolesc. Psychiatry
54, 797-798.

Wierenga, L.M., van den Heuvel, M.P., van Dijk, S., Rijks, Y., de Reus, M.A., Durston, S.,
2016. The development of brain network architecture. Hum. Brain Mapp. 37,
717-729.

Wilke, M., Schmithorst, V.J., Holland, S.K., 2002. Assessment of spatial normalization of
whole-brain magnetic resonance images in children. Hum. Brain Mapp. 17, 48-60.

Wu, M., Lu, L.H., Lowes, A., Yang, S., Passarotti, A.M., Zhou, X.J., Pavuluri, M.N., 2014.
Development of superficial white matter and its structural interplay with cortical
gray matter in children and adolescents. Hum. Brain Mapp. 35, 2806-2816.

Yeatman, J.D., Wandell, B.A., Mezer, A.A., 2014. Lifespan maturation and degeneration
of human brain white matter. Nat. Commun. 5, 4932.

Yendiki, A., Panneck, P., Srinivasan, P., Stevens, A., Zollei, L., Augustinack, J., Fischl, B.,
et al., 2011. Automated probabilistic reconstruction of white-matter pathways in
health and disease using an atlas of the underlying anatomy. Front. Neuroinf. 5, 23.

Yendiki, A., Koldewyn, K., Kakunoori, S., Kanwisher, N., Fischl, B., 2014. Spurious group
differences due to head motion in a diffusion MRI study. Neuroimage 88, 79-90.

Yendiki, A., Reuter, M., Wilkens, P., Rosas, H.D., Fischl, B., 2016. Joint reconstruction of
white-matter pathways from longitudinal diffusion MRI data with anatomical priors.
Neuroimage 127, 277-286.


http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0750
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0750
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0750
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0755
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0755
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0760
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0760
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0760
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0765
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0765
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0765
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0765
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0770
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0770
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0770
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0775
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0775
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0780
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0780
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0780
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0785
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0785
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0785
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0790
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0790
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0790
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0790
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0795
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0795
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0795
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0795
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0800
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0800
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0805
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0805
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0805
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0810
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0810
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0810
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0810
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0815
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0815
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0815
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0820
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0820
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0820
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0825
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0825
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0825
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0830
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0830
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0830
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0835
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0835
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0835
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0840
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0840
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0845
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0845
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0850
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0850
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0850
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0855
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0855
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0860
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0860
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0865
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0865
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0865
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0870
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0870
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0870
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0875
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0875
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0875
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0880
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0880
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0880
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0885
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0885
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0885
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0890
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0890
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0890
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0890
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0895
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0895
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0895
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0900
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0900
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0900
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0905
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0905
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0905
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0910
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0910
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0910
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0915
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0915
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0915
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0920
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0920
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0920
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0925
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0925
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0930
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0930
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0930
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0935
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0940
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0940
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0940
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0945
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0945
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0945
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0950
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0950
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0955
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0955
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0955
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0960
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0960
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0960
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0960
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0970
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0970
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0970
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0970
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0975
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0975
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0980
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0980
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0980
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0985
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0985
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0985
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0990
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0990
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0990
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0995
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0995
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref0995
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1000
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1000
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1000
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1005
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1005
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1005
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1010
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1010
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1010
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1015
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1015
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1015
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1020
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1020
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1025
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1025
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1025
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1030
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1030
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1035
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1035
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1035
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1040
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1040
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1045
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1045
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1045

C.K. Tamnes, et al.

Yoon, U., Fonov, V.S., Perusse, D., Evans, A.C., Brain Development Cooperative Group,
2009. The effect of template choice on morphometric analysis of pediatric brain data.
Neuroimage 45, 769-777.

Yoshida, S., Oishi, K., Faria, A.V., Mori, S., 2013. Diffusion tensor imaging of normal brain
development. Pediatr. Radiol. 43, 15-27.

Yu, Q., Peng, Y., Mishra, V., Ouyang, A., Li, H., Zhang, H., Huang, H., et al., 2014.
Microstructure, length, and connection of limbic tracts in normal human brain de-
velopment. Front. Aging Neurosci. 6, 228.

Yuncu, Z., Zorlu, N., Saatcioglu, H., Basay, B., Basay, O., Zorlu, P.K., Gelal, F., et al., 2015.
Abnormal white matter integrity and impairment of cognitive abilities in adolescent
inhalant abusers. Neurotoxicol. Teratol. 47, 89-95.

Zhang, Y., Zhang, J., Oishi, K., Faria, A.V., Jiang, H., Li, X., Mori, S., et al., 2010. Atlas-

175

Developmental Cognitive Neuroscience 33 (2018) 161-175

guided tract reconstruction for automated and comprehensive examination of the
white matter anatomy. Neuroimage 52, 1289-12301.

Zhang, H., Schneider, T., Wheeler-Kingshott, C.A., Alexander, D.C., 2012. NODDI: prac-
tical in vivo neurite orientation dispersion and density imaging of the human brain.
Neuroimage 61, 1000-1016.

Zhu, T., Hu, R., Qiu, X., Taylor, M., Tso, Y., Yiannoutsos, C., Zhong, J., et al., 2011.
Quantification of accuracy and precision of multi-center DTI measurements: a dif-
fusion phantom and human brain study. Neuroimage 56, 1398-1411.

Zipunnikov, V., Greven, S., Shou, H., Caffo, B., Reich, D.S., Crainiceanu, C., 2014.
Longitudinal high-dimensional principal components analysis with application to
diffusion tensor imaging of multiple sclerosis. Ann. Appl. Stat. 8, 2175-2202.


http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1050
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1050
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1050
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1055
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1055
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1060
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1060
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1060
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1065
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1065
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1065
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1070
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1070
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1070
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1075
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1075
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1075
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1080
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1080
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1080
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1085
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1085
http://refhub.elsevier.com/S1878-9293(17)30008-7/sbref1085

	Diffusion MRI of white matter microstructure development in childhood and adolescence: Methods, challenges and progress
	Introduction
	Diffusion MRI: acquisition and analysis
	Modelling diffusion
	Diffusion image acquisition
	Diffusion image analysis
	Quality control and motion
	Longitudinal image analysis: promise and challenges

	Diffusion MRI: applications to understanding brain development in childhood and adolescence
	Developmental changes in dMRI parameters
	Sex differences and puberty
	Spatiotemporal patterns and network approaches
	Individual differences and atypical development

	Future directions and conclusion
	Conflict of Interest
	References




