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A B S T R A C T

BACKGROUND AND PURPOSE: The process of myelination starts in utero around 20 weeks of gestation and continues
through adulthood. We first set out to characterize the maturation of the tract-specific myelin content in healthy subjects
from childhood (7-12 years) into adulthood (18-32 years). Second, we apply the resulting development graph to children with
childhood absence epilepsy (CAE), a pediatric epilepsy that was previously characterized by changes in myelin content.
METHODS: In a prospective cross-sectional study, 15 healthy children (7-12 years), 14 healthy adult participants (18-32
years) and 17 children with a clinical diagnosis of CAE (6-12 years) were included. For each participant, diffusion weighted images
were acquired to reconstruct bundles of white matter tracts and multi-echo multi-slice GRASE images were acquired for myelin-
water estimation. Subsequently, a tract-specific myelin development graph was constructed using the percentual difference in
myelin-water content from childhood (12 year) to adulthood (25 year).
RESULTS: The graph revealed myelination patterns, where tracts in the central regions myelinate prior to peripheral tracts and
intra-hemispheric tracts as well as tracts in the left hemisphere myelinate prior to inter-hemispheric tracts and tracts in the right
hemisphere, respectively. No significant differences were found in myelin-water content between children with CAE and healthy
children for neither the early developing tracts, nor the tracts that develop in a later stage. However, the difference between the
myelin-water of late and early developing tracts is significantly smaller in the children with CAE.
CONCLUSION: These results indicate that CAE is associated with widespread neurodevelopmental myelin differences.
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Introduction
Human brain development is a complex process that starts in
the third gestational week and continues into adulthood. An
important structural component for healthy neuronal matura-
tion of the white matter is the myelin sheath. The myelin sheath
is an electrically insulating material that is wrapped around the
axons allowing fast and efficient conduction of electrical signals
in the central nervous system. The process of myelination is
most active during the first 2 years of life, but continues well
through adulthood.1,2 During healthy development, myelin
develops in specific patterns related to neurodevelopmental
milestones,3,4 generally proceeding from inward to outward re-
gions, and in the posterior to anterior direction.5 Abnormalities
in the myelin content are associated with several neuro-
logical and neuropsychiatric disorders such as Alzheimer’s
disease, multiple sclerosis, epilepsy, Parkinson’s disease, and
schizophrenia.6–11
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The organization of the human brain can be regarded as a
complex network, where local clusters of neurons (grey matter)
are interconnected via long-range axons (white matter). Bun-
dles of axons in the white matter can be reconstructed using
diffusion tensor imaging (DTI), which enables the characteri-
zation of the structural brain network in terms of white matter
tracts that interconnect remote grey matter regions. Previously,
tract-specific increases of Fractional Anisotropy (FA) were re-
ported during childhood and adolescence.12 FA is often used
as a marker of myelin content, however, it is not specific for
myelin. For example, while the myelin content does indeed af-
fect the FA to some extent, it is also driven by the density and
diameter of axons, fiber orientations and changes to membrane
permeability.13 Moreover, the radial diffusivity (RD) was pre-
viously found to reduce during childhood and adolescence.14

The RD has been demonstrated to be inversely related to the
myelin content;15 however, the RD is also not specific to the
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myelin content and is confounded by aspecific changes in water
content.16

Water is an important component of the myelin, making
up to 40% of the total myelin volume. Therefore, myelin-
water imaging (MWI) has been extensively applied to esti-
mate the in vivo myelin content. Due to motion restrictions
at the microscopic level, the T2 signal arising from water that is
trapped between the myelin sheath decays more quickly com-
pared to more freely moving water in the intra- and extra-
cellular spaces. Using T2 relaxometry and multi-exponential
analysis the different water components can be decomposed
from the total signal, and the myelin-water fraction can be ob-
tained as the fraction of myelin-water signal over the total signal
(ie, MWF).17

Combining the structural information from DTI with in-
formation on the myelin content from MWI might provide a
more comprehensive description of the white matter organiza-
tion in the brain, compared to only the DTI-derived tract tra-
jectories. Previously, it was already shown that myelin-water
maps possess distinct patterns along DTI-derived tracts.18,19

Ideally, it should be feasible to follow the myelin develop-
ment of various white matter tracts over time, and differen-
tiate tracts that reflect abnormalities during healthy develop-
ment. While neurological disorders such as multiple sclerosis
show severe disruption of the myelin content, other more sub-
tle and developmental changes might play a role in pediatric
epilepsies at various time-points of development. For exam-
ple, a lower frontal myelin content was reported in children
with childhood absence epilepsy (CAE),8 a pediatric epilepsy
that is characterized by brief losses of awareness in other-
wise normally developing school-aged children. The combined
information of DTI and MWI might prove useful in char-
acterizing such subtler changes in myelin content to specific
white matter tracts, which may exhibit different development
trajectories.

In the current prospective cross-sectional study, we first set
out to characterize the maturation of the tract-specific myelin
content in healthy subjects from childhood through adolescence
into adulthood and subsequently construct a normative graph of
white matter tract myelination. Second, we investigate whether
tracts that show different maturation trajectories in healthy con-
trols during adolescence (ie, early and late developing tracts)
show abnormalities in myelin content in children with CAE
compared to healthy controls.

Methods
Participants

Fifteen healthy children (aged 7-12 years), all following regular
school without major problems and 14 healthy adult partici-
pants (aged 18-32 years) were included in a prospective cross-
sectional study. Additionally, seventeen children with a clinical
diagnosis of CAE (aged 6-12 years) were included, the inclu-
sion criteria were reported previously.8 Inclusion of healthy
children and children with CAE and adults was approved by
the medical ethics committee. All caregivers and participants
aged �12 years old gave written permission prior to inclusion
in the study.

The acquired MR images were visually inspected for motion
artifacts. In total, five children (1 healthy control and 4 with
CAE) and none of the adults had severe motion artifacts and

Table 1. Subject Characteristics

Children

Adults Controls CAE P-value

Number of subjects 14 14 13 -
Age (years) 28 ± 3.4 9.8 ± 1.9 9.0 ± 2.0 .26
Sex (M/F) 8/6 11/3 9/4 .58
Age of onset (years) - - 7.9 ± 2.0

Data represent mean ± standard deviation unless otherwise indicated. Note that
the p-value indicates differences between children with CAE and healthy children.
CAE, childhood absence epilepsy; M, male; F, female.

were removed from subsequent analysis. After exclusion, 14
healthy adults, 14 healthy children, and 13 children with CAE
remained for subsequent analysis. The subject characteristics
are shown in Table 1. The healthy children and children with
CAE did not differ in age and sex.

MRI Acquisition

All participants were scanned on a 3 Tesla MRI unit (Philips
Achieva, Best, the Netherland) using a 32-element phased array
coil.

CAE and Healthy Children Dataset

First, for anatomical reference and segmentation, T1-weighted
3D fast gradient echo images were acquired (repetition time
(TR) = 8.36 ms, echo time (TE) = 3.84 ms, flip angle (FA)
= 8°, cubic voxel size = 1 mm). For MWF estimation, whole
cerebrum 2D multi-slice gradient and spin echo (GRASE)
images were acquired (TR = 3000 ms, 32 echoes with 9.3 ms
echo spacing, range 9.3-297.6 ms, EPI factor = 3, Turbo factor
= 32, 24 slices, 1 mm slice gap, field of view = 228 × 180 ×
119 mm, acquisition matrix 152 × 120, voxel size = 1.5 × 1.5 ×
4 mm) with parallel acquisition (sensitivity encoding, SENSE =
2) and a scan duration of 5:45 minutes. To reconstruct the tracts
in the white matter, diffusion weighted images were acquired
(TR = 6579 ms, TE = 74 ms, cubic voxel size = 2 mm, b value
1200 s/mm2, 66 gradient directions and a single non-diffusion
weighted b = 0 image, acquisition time 7:34 min).

Adult Dataset

First, for anatomical reference and segmentation, T1-weighted
3D fast gradient echo images were acquired (repetition time
(TR) = 8.14 ms, echo time (TE) = 3.73 ms, flip angle
(FA) = 8°, cubic voxel size = 1 mm). For MWF estima-
tion, whole cerebrum 2D multi-slice gradient and spin echo
(GRASE) images were acquired (TR = 3000 ms, 32 echoes with
10 ms echo spacing, range 10–320 ms, EPI factor = 3, Turbo
factor = 32, 26 slices, 1 mm slice gap, field of view = 240 ×
198 × 130 mm, acquisition matrix 160 × 132, voxel size =
1.5 × 1.5 × 4 mm) with parallel acquisition (sensitivity encod-
ing, SENSE = 2), and a scan duration of 7:34 minutes. To esti-
mate the reproducibility of tract-specific MWF estimation, a sec-
ond GRASE scan was acquired for six volunteers.20 To calculate
the tract tracts in the white matter, diffusion weighted images
were acquired (TR = 7012 ms, TE = 74 ms, cubic voxel size = 2
mm, b value = 1200 s/mm2, 66 gradient directions, and a single
non-diffusion weighted b = 0 image, acquisition time 8:03 min).
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Analysis

Anatomical Parcellation

Using Freesurfer, 68 cortical regions from the Desikan-Killiany
atlas as well as 16 subcortical regions were automatically
segmented from the T1-weighted images.21 Subsequently, the
T1-weighted image and resulting atlas were resampled to the
voxel size of the DTI images (2 × 2 × 2 mm).

Myelin-Water Fraction Calculation

To reduce noise in the multi-echo data, a singular value de-
composition (SVD) filter was used,22 as well as a Gaussian
filter with a kernel size of 5 × 5 and FWHM of 1.1 mm
to spatially smooth the images. Multi-exponential analysis of
the multi-echo data was performed using the non-negative
least squares (NNLS) algorithm.23 Using a basis set of 120
logarithmically spaced relaxation functions (T2 range 15-
2000 ms) the NNLS estimates the contribution of each re-
laxation function to the measured multi-echo data. The algo-
rithm was regularized using an additional minimal energy con-
straint that allows an increased misfit between 2% and 2.5% (
1.020 ≤ χreg/χmin ≤ 1.025).24 To model the decay more ac-
curately, both B1 inhomogeneities and imperfect slice pro-
files were considered, as has been described previously.20 Sub-
sequently, the MWF was calculated as the ratio of myelin-
water associated T2 components (15-40 ms) to all T2 com-
ponents (15-2000 ms). The MWF maps were co-registered
and resliced to the resampled T1-weighted images in MAT-
LAB R2016b using the statistical parametric mapping (SPM12,
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) toolkit.25

Tract Tractography

The preprocessing and tract tracking of the DTI data were per-
formed using ExploreDTI v4.8.6.26 The diffusion MRI data
was first corrected for head displacement, including B-matrix
rotation, and Eddy current induced geometric distortions. Sub-
sequently, an EPI distortion correction was performed by trans-
forming the diffusion images to the resampled T1-weighted
space. Whole brain tract tractography was performed using
constrained spherical deconvolution with a uniform seed point
of 2 mm3, a step size of 1 mm, angle threshold 30° and tract
length range 50-500 mm.

Structural Network Construction

To construct the structural brain network, we used the 84
Freesurfer brain regions as nodes. Subsequently, using Ex-
ploreDTI, the number of streamlines (ie, tracts) between each
pair of nodes was calculated. To minimize the number of un-
stable and spurious connections, two nodes were considered
connected if there are at least two streamlines between them.27

Furthermore, we impose that the total tract volume is at least
400 mm3 (=50 voxels). The latter requirement was added since
the myelin maps have thicker slices (4 mm) compared to the dif-
fusion images (2 mm), potentially causing unreliable results for
tracts with a small volume. Moreover, only the tracts with a fair
or better reproducibility of MWF values were included. There-
fore, the intra-class correlation coefficient (ICC) was calculated
for each tract using a one-way random model, and only those
tracts with ICC > .40 were selected for further analysis.28 Fi-
nally, to avoid results based on a small number of data points,

only edges present in at least 50% of the adults, 50% of the
healthy children and 50% of the children with CAE were con-
sidered (ie, group-thresholding).29

To evaluate the robustness of our results, we have also con-
structed the structural graph while varying the aforementioned
tuning parameters (3 and 5 streamlines between nodes, impos-
ing a tract volume of 80 mm3 (=10 voxels) and 800 mm3 (=100
voxels), without the ICC constraint and with group-thresholds
of 25% and 75%).

To construct the MWF weighted network, the median MWF
was calculated for each of the tracts connecting nodes, by ex-
tracting the tract mask using ExploreDTI and overlaying it
on the MWF map. The median, instead of the mean, was
used, since the MWF distribution in a region of interest is
skewed.20,30,31

Maturation Analysis

The effect of age on the tract-specific myelin content was de-
rived from the healthy subjects using linear regression. Pre-
vious studies suggest a nonlinear, reversed U-shaped, relation
between myelin content and age,12,32,33 therefore a quadratic
age term was added to the model.

Using the regression formula, the tract-specific myelin-
water content was calculated for the representative ages of 12
(MWF12y) and 25 (MWF25y) years. Subsequently, the percentual
difference in myelin-water content (PDMW) at 25 years com-
pared to 12 years was calculated as:

PDMW = MWF25y−MWF12y
MWF12y

× 100%

Note that the PDMW can also yield negative values, indi-
cating a decrease in myelin-water content.

A tract-specific myelin developmental graph was obtained
by calculating the PDMW for each tract. The graph can be used
to differentiate tracts based on their myelin development.

To investigate developmental differences between healthy
children and children with CAE, two types of tracts were con-
sidered. The tracts that show the least myelin increase (the 10%
tracts with the lowest PDMW) and the tracts with a high increase
of myelin content (the 10% tracts with the highest PDMW).

To evaluate the development of the non-myelin specific DTI
metrics (FA and RD), we also used the FA and RD to construct
developmental graphs based on their respective percentual dif-
ferences (PDFA and PDRD).

Statistical Analysis

Differences in PDMW values in the healthy controls were ex-
amined between the tracts only traversing inside the left and
right hemispheres (ie, intra-hemispheric tracts) using an inde-
pendent samples t-test. Using a similar approach, differences
between intra- and interhemispheric, anterior (frontal lobe) and
posterior (occipital and parietal lobes) as well as central (sub-
cortical, cingulate, and insular regions) and peripheral connec-
tions were assessed.

Differences in myelin-water content of early and late de-
veloping tracts between the healthy children and children with
CAE were estimated using multivariate regression analysis. Age
and sex were added to the model as covariates. To evaluate the
robustness of the results, the analysis was repeated for 25%
and 50% of the tracts (instead of 10%) with the lowest/highest
PDMW values.

310 Journal of Neuroimaging Vol 30 No 3 May/June 2020



Fig. 1. Example MWF maps of an adult (28 year old male), healthy
control child (9 year old boy) and child with childhood absence
epilepsy (10 year old boy).

Fig. 2. Mean MWF of all tracts of healthy subjects and children
with CAE with respect to age. The solid curve represents a quadratic
least-squares fit. Abbreviations: MWF, myelin-water fraction; CAE,
childhood absence epilepsy.

Statistical analysis was performed using MATLAB R2016,
and statistical significance was inferred when P < .05.

Results
Resulting MWF maps are shown in Figure 1, for a represen-
tative healthy adult, healthy child, and child with CAE. In
Figure 2 the mean MWF of all the tracts is shown as a function
of age. The solid curve represents a least squares quadratic fit
(R2 = .77, P < .01). The mean MWF for the healthy children
(.060 ± .011) and children with CAE (.060 ± .011) is similar,
while the healthy adults have a higher mean MWF (.097 ±
.012).

The tract-specific PDMW graph from childhood (12 years)
to adulthood (25 years) is shown in Figure 3A, a histogram
with the PDMW values is shown in Figure 3B. Figure 3C
shows the 10% tracts with the lowest MWF increase, and

Figure 3D, the 10% tracts with the highest MWF increase.
The resulting PDMW graph is publicly available on GitHub
(https://github.com/GSDrenthen/MWFDevelopmantGraph).
Table 2 shows the PDMW for several groups of tracts. The
PDMW values of the tracts in the right hemisphere, intra-
hemispheric tracts, and peripheral tracts are significantly higher
compared to tracts in the left hemisphere, inter-hemispheric
tracts, and central tracts, respectively. PDMW values of
anterior tracts did not differ significantly from posterior tracts.

No significant differences were found in MWF content be-
tween healthy children and children with CAE for either the
tracts that develop in an early stage (β = −.15, P = .49) (Fig 3C),
or the tracts that develop in a later stage (β = .26, P = .20)
(Fig 3D). However, the difference between the MWF of late and
early developing tracts is significantly smaller in the children
with CAE (β = −.58, P < .01) (Fig 4). Note that the selection of
early and late developing tracts was based on healthy controls
only.

When selecting 25% or 50% of the tracts (instead of 10%)
with the highest and lowest PDMW values the results are sim-
ilar, showing that the difference between the MWF of late and
early developing tracts (�) is significantly smaller in the chil-
dren with CAE (P < .01). Furthermore, varying the tuning pa-
rameters of the structural network construction also revealed
similar results, showing similar developmental patterns (data
not shown) and showing that the � is significantly smaller in
the children with CAE (P < .05).

The PDFA values (2 ± 7%) and PDRD values (−2 ± 5%) are
much lower compared to the PDMW (40 ± 14%). Moreover,
the developmental patterns were less pronounced compared to
the PDMW graph (data not shown). Furthermore, while for the
PDRD graph the � is still significantly different in children with
CAE (P < .05), no significant difference was reported for the �

in the PDFA graph.

Discussion
Current Findings

This study characterized a whole brain tract-specific myelin
development graph for children aged from 7 to 12 years and
adults aged from 18 to 32 years, and assessed differences of
tract-specific myelin-water content in children with CAE. Tract-
specific myelin-water content is shown to develop through
adulthood. Especially, the tracts connecting central regions,
inter-hemispheric connections, and tracts in the left hemisphere
are shown to be myelinated in an earlier stage compared to
the peripheral regions, intra-hemisphere, and right hemisphere
connections, respectively. Furthermore, cross-sectional differ-
ences in myelin-water content of early and late developing
tracts (as determined in healthy controls) were found between
children with CAE and healthy controls.

Maturation of Myelin Content

Myelination proceeds rapidly after birth and during infancy
and early childhood.5,16 Here, the myelin content is shown to
increase from childhood through adolescence into adulthood,
as was also reported previously.32,34 Interestingly, the diffusion
metrics FA and RD showed much less pronounced increases,
indicating that although they are sensitive to the myelin con-
tent, they fail to be specific to the myelin content only. By
determining the development of tract-specific myelin content,
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Fig. 3. (A) Myelin development graph, showing the tract-specific PDMW values, (B) histogram of the PDMW values, (C) the 10% tracts
with the lowest percentual MWF increase, and (D) the 10% with the highest percentual MWF increase. Abbreviations: L, left; R, right; MWF,
myelin-water fraction; PDMW, percentual difference in myelin-water content.

different development trajectories can be observed for differ-
ent tract bundles. Early myelination is considered to develop
from inward to outward regions and from posterior to anterior
regions,35 which is partly in agreement to our current findings.
While the tracts connecting central structures (sub-cortical, cin-
gulate, and insular) are developed in an earlier stage compared
to outward regions, no difference was found between tracts
in posterior and anterior regions. This possibly indicates that
the posterior-anterior development of myelin content precedes
largely the age of 12 years, while the inward-outward pattern
persists into adulthood.

The tracts in the left hemisphere had lower PDMW values
compared to the right hemisphere, indicating that the tracts in
the left hemisphere are myelinated in an earlier stage. In most
individuals, language processes are strongly left-lateralized.36,37

Similar leftward asymmetries in myelin-water content were pre-
viously related to language ability in young children (aged 1-5
years).38 Although language development peaks at these early
ages, it continues through adolescence into adulthood.39 There-
fore, the persisting asymmetry that we observed between 12 and
25 years of age is likely to be related to language development.

Table 2. PDMW Values for Several Tract Types in Healthy Controls

Tract types PDMW P-value

Left hemisphere 40 ± 13% <.01
Right hemisphere 45 ± 16%
Intra-hemisphere 42 ± 14% <.01
Inter-hemisphere 35 ± 10%
Anterior 34 ± 9% .13
Posterior 36 ± 12%
Central 19 ± 17% <.01
Peripheral 43 ± 14%

Data represent mean ± standard deviation unless otherwise indicated. PDMW,
percentual differences in myelin-water content.

Myelin Abnormalities in CAE

Children with CAE showed cross-sectional differences in
myelin-water content of tracts with different maturation tra-
jectories, as determined in healthy controls. Namely, children
with CAE showed a lower difference in myelin-water content
between the earlier and later developing tracts. This finding
may exhibit the effect that epilepsy has on the development of
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Fig. 4. Myelin-water content of early (solid lines and closed circles)
and late developing tracts (dashed lines and open circles) in children
with childhood absence epilepsy (CAE; red) and healthy peers (HC;
black). The difference between the myelin-water fraction (MWF) of
late and early developing tracts is significantly smaller in children
with CAE (red arrow) compared to controls (black arrow). **P < .01.

various white matter tracts during childhood. The widespread
myelin developmental differences might play a role in the un-
derlying mechanisms of CAE. The main function of myelin is
accelerating the propagation velocity of electrical signals via
saltatory conduction. Differences in myelin content could im-
pact the complex temporal organization of action potentials,40

and therefore might play a role in the synchronized neuronal
activity during generalized seizures that accompany CAE. A
previous study with the same cohort already showed a de-
creased myelin-water content in the frontal lobe of children
with CAE.8 Thus, besides a lobular decrease of frontal myelin
content shown earlier, this study shows a more widespread dif-
ference in neurodevelopment as part of CAE.

Study Considerations

Our study has important strengths. The study used well de-
fined inclusion criteria for children with CAE in agreement with
current ILAE standards. Moreover, the age and sex-matched
controls enabled us to make reliable group-level comparisons.
This study has two major limitations. The first limitation of
the study is the different acquisition resolution of the diffusion
and GRASE images, resulting in additional preprocessing steps
(interpolation, co-registration) that could introduce artifacts in
the results. Accordingly, only tracts of sufficient volume (50
voxels) and reproducible MWF values were included in the
analysis. Second, the acquisition parameters of the MRI exams
differ slightly between the children and adults. The TR of the
diffusion weighted scan is 7012 ms in the adult dataset and
6579 ms in the children dataset while the TE spacing for the
GRASE scan is 9.3 ms in the children and 10 ms in the adults.
It cannot be fully excluded that these differences may have a
bearing on our results, though in-house simulations revealed
that the MWF values of the two scans are closely related to
a linear model with unit slope and zero intercept (R2 > .95).
Moreover, for the group-comparison, the myelin-water content
in CAE was compared to healthy control scans with the same

acquisition parameters. Additionally, diffusion MRI acquisition
is prone to EPI distortions, especially the frontal and temporal
lobe are susceptible to such artifacts. While an EPI correction
was performed, it cannot be excluded that some regions are still
affected by EPI distortions. Furthermore, healthy development
of myelin-content between the ages of 12 and 25 was assessed
cross-sectionally. While our results indicate that the patterns
of maturation presented are in agreement with most evidence
from other studies, a more accurate overview of maturation
effects should be made with longitudinal data. Similarly, the
neurodevelopmental difference in CAE is based on the matu-
ration graph from healthy controls. Moreover, the sample size
of this study is relatively small, which limits the power for more
in-depth correlation analysis with clinical/epilepsy variables.
Future larger studies with longitudinal data, or even adults who
were previously diagnosed with CAE, could provide additional
insights into the neurodevelopmental involvement of myelin
content in CAE.

Concluding Remark
This study investigated the development of healthy tract-
specific myelin-water content. Myelin content was found to
increase steadily throughout the whole brain from childhood
into adulthood. Clear patterns of maturation were observed,
where tracts in the central regions myelinate prior to periph-
eral tracts and intra-hemispheric tracts as well as tracts in the
left hemisphere myelinate prior to inter-hemispheric tracts and
tracts in the right hemisphere, respectively. The latter possibly
due to language development. The development graph was ap-
plied to a cohort of children with CAE and healthy controls.
The difference between earlier and later myelinated tracts was
lower in children with CAE, indicating that CAE is associated
with widespread neurodevelopmental myelin differences.
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