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Abstract Age-dependent changes in the normal cerebral
white matter have been reported; however, there is no study
on normal cerebellar white matter maturation in developing
brain using diffusion tensor imaging (DTI). We performed
DTI in 21 children who had normal neurological assess-
ment along with no evidence of any abnormality on
imaging. The aim of this study was to compare the age-
related changes in fractional anisotropy (FA) and mean
diffusivity (MD) quantified from cerebral white matter
(splenium and genu of the corpus callosum and posterior
limb of the internal capsule) and cerebellar white matter
(middle cerebellar peduncles, superior cerebellar peduncles,
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and inferior cerebellar peduncles) regions in healthy
children ranging in age from birth to 132 months. Log-
linear regression model showed best fit to describe the age-
related changes in FA and MD both for cerebral and
cerebellar white matter. In cerebral white matter, an initial
sharp increase in FA was observed up to the age of
24 months followed by a gradual increase up to 132 months.
In cerebellar white matter, sharp increase in FA was
observed up to 36 months, which then followed a gradual
increase. However, MD showed a sharp decrease in
cerebral white matter up to 24 months followed by a more
gradual decrease thereafter, while in cerebellar white matter
after an initial decrease (6 months), it followed a stable
pattern. This study provides normative database of brain
white matter development from neonates to childhood. This
quantitative information may be useful for assessing brain
maturation in patients with developmental delay of the
cerebral and cerebellar white matter.

Keywords White matter development - Myelination -
Fractional anisotropy - Mean diffusivity

Introduction

The human brain undergoes an extended period of postnatal
maturation. Myelination of white matter is one of the main
processes of brain development that proceeds systematical-
ly throughout the postnatal phase and continues into
adulthood [1-4]. This process is essential for the rapid
development of motor learning and cognitive functions [5,
6]. Furthermore, the understanding of the developing
human brain is of great clinical importance, as many
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neurological and neurobehavioral disorders originate during
this process of development. Though the histological
studies have shown changes in the developing human brain
[7-9], these are unable to provide sequential information
related to its development as the technique is invasive.

White matter myelination in infants and children can be
assessed noninvasively using magnetic resonance imaging
(MRI) [10-12]. During the process of development, brain
undergoes considerable anatomical changes that affect the
relaxation property of the MR parameters. It has been
reported that the T1 and T2 relaxation times become shorter
as the myelination progresses [10, 11]. However, conven-
tional MRI has several limitations in the evaluation of brain
development [13].

Diffusion-weighted imaging has demonstrated early
changes in apparent diffusion coefficient (ADC) and
anisotropy in white matter tracts even before the onset
of myelination histologically or on T1- and T2-weighted
imaging [14, 15]. Nomura et al. [16] reported decreased
ADC and increased white matter anisotropy during the
first 6 months of postnatal life. Morriss et al. [17]
demonstrated decreased ADC and increased anisotropy
during the first 3 years of postnatal life in major white
matter tracts in 30 children aged 1 day to 17 years. Fluid-
attenuated inversion recovery (FLAIR) imaging has been
also used to investigate the normal appearance of white
matter myelination in infants and children [18, 19].
Magnetization transfer (MT) imaging has shown age-
dependent changes in MT ratios of white matter in normal
children [20, 21].

Diffusion tensor imaging (DTI) has provided quantita-
tive assessment of the water diffusion in tissues at the
microstructural level. The diffusion of water in white matter
is anisotropic due to the presence of myelin sheath [22].
The commonly used DTI metrics are mean diffusivity
(MD), which measures the magnitude of diffusion, and
fractional anisotropy (FA), which quantifies the preferential
direction of water diffusion along white matter tracts. The
first investigations of human brain maturation with DTI
were performed on preterm and term neonates, and showed
that the isotropic diffusion coefficient decreases and
diffusion anisotropy rises with increasing gestational age
[23-25]. Other authors extended these observations to
normal brain development in infants and children, showing
strong positive correlation between anisotropy and age, and
negative correlation between overall diffusion and age in
major white matter tracts [26-29]. These results are
consistent with ongoing myelination and decreased water
content with age.

In most of the DTI studies, age-dependent changes in the
normal cerebral white matter have been reported [26-29].
In a recent study, Dubois et al. [30] did not find any

significant age-related changes in FA, while significantly
decreased MD values were observed in middle cerebellar
peduncles (MCP) of healthy infants ranging from 1 to
4 months. However, a detailed study of normal cerebellar
white matter maturation in developing brain with DTI has
not yet been performed.

The current study was performed with the aim to
compare age-related changes in DTI metrics (FA and MD)
quantified from cerebral white matter [splenium and genu
of corpus callosum, and posterior limb of the internal
capsule (PLIC)] and cerebellar white matter [MCP, superior
cerebellar peduncles (SCP), and inferior cerebellar
peduncles (ICP)] regions in healthy children ranging in
age from birth (0.2 months) to 132 months.

Materials and Methods

Twenty-one children (mean age, 38.40 months; range, 0.2—
132 months) were included in the study. These children
were attending the Department of Pediatrics, Chatrapati
Shahuji Maharaj Medical University, Lucknow, for com-
plaints of isolated mild peripheral joint injury. There were
six children aged 0.2-3.5 months (term babies), three 8—
12 months, four 15-24 months, and eight 48—132 months.
Additional brain imaging was also performed in these
children. The inclusion criteria were (1) normal neurolog-
ical assessment and (2) clinical brain imaging study
showing no visible abnormality. Children with a known
brain disorder or with specific clinical evidence of
neurological dysfunction were excluded from this study.
All studies were performed within the guidelines of the
Institutional Ethics Committee. Informed consent was
obtained from the parents of all the children after explain-
ing the purpose of the study.

MRI Protocol
Imaging Parameters

Imaging was performed on a 1.5-T MRI scanner (Signa Lx
Echo speed plus, General Electric Healthcare Technologies,
Milwaukee, WI, USA) using a standard birdcage receive
and transmit radiofrequency quadrature knee coil (neonates
up to 1 month) and head coil (infants, 1-12 months;
children, 12—132 months). The gradient system was capable
of delivering maximal gradient amplitude of 33 mT/m. MR
imaging parameters included T2-weighted axial fast spin-
echo images using repetition time (TR)=6,000 ms, echo
time (TE)=85 ms, number of excitation (NEX)=4, TI-
weighted axial spin-echo (SE) images with TR=1,000 ms,
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TE=14 ms, NEX=2, and T1 FLAIR images with TR=
2,250 ms, TE=9.0, inversion time=600 ms, NEX=4. A
total of 36 contiguous 3-mm-thick axial sections were
acquired with a 240x240 mm field of view (FOV) and
image matrix of 256 %256.

DTI Protocol

DTI data were acquired using a single-shot echo-planar
dual SE sequence with ramp sampling [31]. The diffusion-
weighted acquisition parameters were b-factor=0 s/mm?,
700 s/mm? (neonates up to 1 month and infants from 1 to
12 months), 1,000 s/mm?” (children, 12—132 months), slice
thickness=3 mm with no gap, number of slices=34-36,
FOV=240x240 mm, TR=8 s, TE=100 ms, and NEX=38.
The acquisition matrix was 128x80, and the homodyne
algorithm was used to construct the k-space data to 128 x
128 and zero-filled to generate an image matrix of 256 x
256. The diffusion tensor encoding used was the balanced
rotationally invariant [32] dodecahedral scheme with ten
uniformly distributed directions over the unit hemisphere.
DTI imaging was completed in 9.36 min.

DTI Data Processing and Analysis

The magnitude averaged data were transferred to a worksta-
tion for further analysis. DTI data analysis involves three
major steps: pre-processing, processing, and post-processing.

Data Pre-Processing

The data were distortion-corrected for shear, scale, rotation,
and translation using the Automated Image and Registra-
tion package [33]. The removal of scalp to isolate the brain
in the collected raw images was done in all the cases by an
automated stripping procedure [34]. Subsequent DTI
processing did not require any filtering, as justified by the
absence of unprocessed voxels.

Data Processing

The distortion corrected data were then interpolated to
attain isotropic voxels and decoded to obtain the tensor
field for each voxel. The tensor field data were then
diagonalized using the analytical diagonalization method
[35] to obtain the eigenvalues (A, \», and A3) and the three
orthonormal eigenvectors (e, e, and e3). The orthogonality
of the computed eigenvectors and the correctness of the
eigenvalues were checked using random sampling at a
number of voxels. The correctness observed was up to an
order of 1077, indicating that no iterative refinement of the
computed eigenvalues/vectors was needed. The tensor field
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data was than used to compute the DTI metrics such as
mean diffusivity (Eq. 1.0) and fractional anisotropy (Eq.
2.0) for each voxel.

At A+ A3
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3
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Data Post-Processing and Quantification

Analysis of the conventional as well as DTI images was
undertaken by an experienced neuroradiologist (R.K.G.).
Java-based software was used to calculate various DTI-
derived metrics (FA and MD) [36]. The DTI-derived
maps were displayed and overlaid on images with different
contrasts to facilitate the region-of-interest (ROI) place-
ment. For FA and MD quantification, ROIs were placed on
the corpus callosum, internal capsule, and cerebellar
peduncles. Elliptical and/or rectangular ROIs were placed
at the level of third ventricle to obtain FA and MD values
in genu and splenium of corpus callosum and PLIC
(Fig. 1). We defined the levels of MCP, SCP, and ICP on
the basis of the anatomic landmarks visible on DTI color
maps as described in detail elsewhere [37]. Elliptical ROIs
were placed at the level of pons in the axial plane for
MCP, while for SCP and ICP, a coronal plane passing
obliquely through it was selected for the placement of
ROIs (Fig. 1). The size of the ROI varied from 2x2 and
6x6 pixels (minimum number = 4 pixels and maximum
number = 36 pixels).

Statistical Analysis

Linear, quadratic, cubic, log-linear, growth, and exponential
models were used to explain the relationship between age
and DTI indices (FA and MD). For each model regression
coefficients, R? and 95% confidence interval of the mean
were estimated. The computations were performed using
the statistical package for social sciences (SPSS, V15, Inc.,
Chicago, IL, USA). Based on regression diagnostics, the
log-linear model given below (Eq. 3.0) was found to have a
best fit, and the results of this analysis were used to explain
various relationships. p value less than or equal to 0.05 was
considered to be significant.

y= blln(x) + bo (30)
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Fig. 1. Axial and coronal images in an 8-year-old child showing
normal cerebral and cerebellar white matter. T2-weighted image, mean
diffusivity, fractional anisotropy (FA), and color-coded FA maps at the
level of third ventricle (a—d), pons (e-h), and fourth ventricle (i-1)
showing region-of-interest(s) placed on color-coded FA maps on the
genu and splenium of the corpus callosum, posterior limb of the

where y is the estimated DTI value, x is the age, by is the
constant term, and b, is the regression coefficient of the log
transform of age.

Results
FA and MD Values

The mean FA values for all age groups was found to be
highest in splenium (0.48+0.04) followed by the genu
(0.47+0.04) of the corpus callosum, MCP (0.45+0.06),
PLIC (0.38+0.03), SCP (0.35+0.06), and ICP (0.34+0.05;
Table 1). The mean MD values was highest in the genu of
the corpus callosum (1.09+0.22) followed by PLIC (1.00+
0.19), splenium of the corpus callosum (1.00+0.16), ICP
(0.71£0.05), SCP (0.674+0.03), and MCP (0.66+0.03) for
all age groups (Table 2).

internal capsule, middle cerebellar peduncles, superior cerebellar
peduncles, and inferior cerebellar peduncles, respectively. The cut
off value for the color-coded FA map for display is kept at 0.2, above
which the color-coded regions reflect the white matter only [red
(right—left), green (anterior—posterior), and blue (superior—inferior)

Log-Linear Graphs

The FA was lowest in newborns, while it was highest in
children for all the ROIs placed on different cerebral and
cerebellar white matter regions. The MD for these ROIs
followed an opposite trend being highest in newborns and
lowest in children. In all ROIs, the FA increased, while MD
decreased continuously (Tables 3 and 4), and the log-linear
regression model provided the best fit.

In newborns, FA was highest in splenium followed by
the genu of the corpus callosum, MCP, PLIC, SCP, and ICP
(Fig. 2). The highest increase in FA in cerebral white matter
was observed up to the age of 24 months, while in
cerebellar white matter, it was up to 36 months followed
by a gradual continuous rise subsequently in both cerebral
and cerebellar white matter (Fig. 2). However, the degree of
increase in FA was higher in cerebellar white matter
compared to cerebral white matter. At the end of
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Table 1 Relationship between age and fractional anisotropy (FA) in cerebral and cerebellar white matter of the developing brain using log-linear

regression model

Regions FA (Mean = SD) Regression coefficients Model diagnostics 95% CI of mean
by by R? F Significance Lower Upper
Splenium of CC 0.48+0.04 0.4224 0.0208 0.878 136.32 0.000 0.46 0.50
Genu of CC 0.47+0.04 0.4193 0.0185 0.900 170.93 0.000 0.45 0.48
PLIC 0.38+0.03 0.3453 0.0145 0.642 71.82 0.000 0.37 0.39
MCP 0.45+0.06 0.3699 0.0316 0.920 458.68 0.000 0.43 0.47
SCP 0.35+0.06 0.2724 0.0306 0.969 1243.57 0.000 0.33 0.37
ICP 0.34+0.05 0.2721 0.0272 0.905 380.96 0.000 0.33 0.36

CC corpus callosum, PLIC posterior limb of the internal capsule, MCP middle cerebellar peduncles, SCP superior cerebellar peduncles, /CP

inferior cerebellar peduncles, CI confidence interval

132 months, the splenium of corpus callosum still showed
highest FA, followed by the MCP, genu of the corpus
callosum, SCP, PLIC, and ICP (Fig. 2).

The MD was highest in the genu of the corpus callosum
followed by the PLIC, splenium of the corpus callosum,
ICP, SCP, and MCP during the early period (Fig. 3). The
MD showed an initial sharp decrease in cerebral white
matter up to the age of 24 months, while in the cerebellar
white matter, it was observed up to 6 months (Fig. 3). In
cerebral white matter after 24 months, the MD showed a
decreased pattern (Fig. 3). However, in cerebellar white
matter, an initial decrease (6 months) in MD was noticed,
which later stabilized (Fig. 3). After 132 months, the genu
of the corpus callosum showed highest MD followed by the
splenium of the corpus callosum, PLIC, ICP, SCP, and
MCP (Fig. 3).

Discussion

This study demonstrates the potential of DTI indices (FA
and MD) in assessment of cerebral (splenium and genu of
the corpus callosum and PLIC) and cerebellar (MCP, SCP,
and ICP) white matter maturation with the progression of

age. In the current study, the log-linear model showed best
fit to describe the age-related changes in the DTI indices
(FA and MD) both for cerebral and cerebellar white matter.
The pattern of log-linear graphs showed that in cerebral
white matter, an initial sharp increase in FA was observed
up to the age of 24 months followed by a gradual increase
up to 132 months. In cerebellar white matter, sharp increase
in FA was observed up to 36 months, which then followed a
gradual increase. On the other hand, MD showed a sharp
decrease in cerebral white matter up to 24 months followed
by a more gentle decrease thereafter, while in cerebellar
white matter, after initial decrease (6 months), it followed a
stable pattern.

Previous studies have shown that in neonates, as the
brain matures, there is a gradual increase in FA and
decrease in MD in the white matter, and this is believed
to be associated with the process of myelination [17, 26—
28]. All these studies have described age-related changes in
DTI indices in cerebral white matter. As far as we know,
there is no study till date that describes the changes in DTI
indices as a function of age in cerebellar white matter.
Morriss et al. [17] demonstrated changes in ADC and FA
during the first 3 years of life in major white matter tracts in
children aged between 1 day to 17 years. Schneider et al.

Table 2 Relationship between age and mean diffusivity (MD; 10~ mm?/s) in cerebral and cerebellar white matter of the developing brain using

log-linear regression model

Regions MD (Mean + SD) Regression coefficients Model diagnostics 95% CI of mean
By b, R? F Significance Lower Upper
Splenium of CC 1.00+0.16 1.1929 —0.0753 0.857 113.72 0.000 0.93 1.07
Genu of CC 1.09+0.22 1.3682 —0.1090 0.885 146.30 0.000 0.98 1.18
PLIC 1.00+0.19 1.2416 —0.0954 0.942 651.32 0.000 0.94 1.05
MCP 0.66+0.03 0.6971 —0.0151 0.809 169.16 0.000 0.65 0.67
SCp 0.67+0.03 0.7143 —0.0166 0.848 222.84 0.000 0.66 0.68
ICP 0.71+0.05 0.7734 —0.0238 0.901 363.38 0.000 0.70 0.73

CC corpus callosum, PLIC posterior limb of the internal capsule, MCP middle cerebellar peduncles, SCP superior cerebellar peduncles, /CP

inferior cerebellar peduncles, CI confidence interval
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Table 3 Fractional anisotropy (mean £+ SD) values in different cerebral and cerebellar white matter regions of children in different age groups

Regions Age (months)
0.2-3.5 months 8-12 months 15-24 months 48-132 months

Splenium of CC 0.42+0.01 0.48+0.01 0.49+0.01 0.52+0.02
Genu of CC 0.42+0.03 0.47+0.02 0.49+0.01 0.49+0.01
PLIC 0.35+£0.02 0.37+0.01 0.37+£0.02 0.42+0.03
MCP 0.37+0.05 0.44+0.03 0.47+0.02 0.51+0.01
SCP 0.27+0.04 0.34+0.02 0.38+0.01 0.40+0.01
ICP 0.27+0.05 0.34+0.02 0.37+0.01 0.38+0.02

CC corpus callosum, PLIC posterior limb of the internal capsule, MCP middle cerebellar peduncles, SCP superior cerebellar peduncles, /CP

inferior cerebellar peduncles

[28] performed DTI study in 52 children ranging from
1 day to 16 years and found an increased FA and decreased
isotropic diffusion with age in cerebral white matter. They
showed that monoexponential regression function was
found to be the best fit to describe the age-related changes
in FA and isotropic diffusion for the splenium and genu of
the corpus callosum [28]. Mukherjee et al. [26] demon-
strated that age-related increase in anisotropy and reduction
in ADC in 153 children ranging from 1 day to 11 years
followed a biexponential model in the splenium of the
corpus callosum and internal capsule except for mono-
exponential regression in the genu of the corpus callosum.
They observed large and fast early rise in anisotropy during
the first 2 years of postnatal life followed by a slower
growth subsequently. This time course paralleled the
maturational decline in water diffusion followed by slower
decay of ADC [26]. They suggested that these changes are
most likely due to the progression of myelination in central
white matter tracts [26].

In the current study, swift increase in FA was observed in
cerebral white matter during the first 24 months and is
consistent with the previous findings [26, 28, 29]. However,
swift rise in FA was observed during the first 36 months in
cerebellar white matter in the current study. This difference
in the duration in the white matter maturation between

cerebral and cerebellar white matter suggests that cerebellar
white matter myelination takes much longer to complete as
compared to cerebral white matter. The progressive slower
increase in FA both in cerebral and cerebellar white matter
subsequently up to the age of 132 months suggests
continuing myelination, increased organization, and com-
pactness of the axonal bundles. These results are consistent
with previous studies, which showed that the rate of
myelination slows after 2 years of age [38] and continues
during childhood and adolescence [39].

It has been reported that the age-dependent decline in
MD parallels the rise in FA in major white matter tracts [26,
28]. In the current study, the pattern of MD was also
described by the log-linear regression model both in
cerebral and cerebellar white matter. Mukherjee et al. [26]
demonstrated large and rapid early maturational decline in
ADC during the first 2 years of postnatal life, and a smaller
and slower late decay of ADC predominating thereafter.
This maturational time course of ADC closely paralleled
that of changes in brain water content with age, although
the 46% drop in ADC between term birth and adulthood
was much larger than the 12% decrease in brain water
content over that interval as determined from brain speci-
mens [40]. Hence, the age-dependent reduction of MD
reflects more than just tissue water loss. During develop-

Table 4 Mean diffusivity (x10~> mm?/s; mean + SD) values in different cerebral and cerebellar white matter regions of children in different age

groups
Regions Age (months)
0.2-3.5 months 812 months 15-24 months 48-132 months

Splenium of CC 1.22+0.08 0.99+0.03 0.93+0.03 0.87+0.02
Genu of CC 1.36+0.05 1.23+0.04 1.01+£0.07 0.86+0.05
PLIC 1.24+0.09 1.08+£0.08 0.91+0.06 0.82+0.03
MCP 0.69+0.04 0.66+0.00 0.65+0.01 0.63+0.01
SCP 0.71+0.02 0.69+0.01 0.66+0.01 0.64+0.01
ICP 0.77+0.03 0.72+0.01 0.71£0.03 0.66+0.01

CC corpus callosum, PLIC posterior limb of the internal capsule, MCP middle cerebellar peduncles, SCP superior cerebellar peduncles, /CP

inferior cerebellar peduncles
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ment, other factors that influence MD include increased
binding of water to macromolecules such as myelin,
reducing free water content, and the formation of new
structural barriers to water diffusion such as dendritic
arborization, axonal ramification, synaptogenesis, and glial
proliferation within gray matter as well as progressive
myelination within white matter [13]. In the current study,
the fast decline in MD was observed up to the age of
24 months in cerebral white matter thereafter becoming
gradual in keeping with the log-linear decline. The fast
decline in the MD component may be linked to the
decreasing amount of extracellular space and/or increasing
concentration of intracellular macromolecules [41]. Fur-
thermore, the gradual decrease in MD might be due to the
ongoing reduction in the total water content of the brain,
which decreases by 14—18% from birth to adulthood [40].
However, the cerebellar white matter showed fast log-linear
decrease in MD compared to cerebral white matter. In

cerebellar white matter, the fast log-linear decrease in MD
component was observed up to the period of 6 months and
then tended toward stabilization. It has been reported that the
cerebellar white matter loses its water relatively rapidly
compared to other parts of the brain [42]. We speculate that
this may be the possible reason for the fast decrease in MD
in cerebellar white matter compared to cerebral white matter.
No further change in MD suggests that there might have
been no significant reduction in water content subsequently.
The pattern of log-linear regression graph for these two
indices (FA and MD) showed that FA provides more
accurate information in assessing the white matter maturation
(cerebral and cerebellar white matter) compared to MD.

In a number of cerebellar conditions like spino-cerebellar
degeneration, cerebellar cognitive affective syndrome, and
cerebellar motor syndrome, conventional imaging may or
may not show much abnormality [43]. This study may
provide a normative data of cerebellar peduncles that might

Fig. 3. Relationship between
mean diffusivity (MD;

1073 mm?/s) and age in different
cerebral and cerebellar white
matter regions of children rang-
ing in age from birth to

132 months. CC corpus cal-
losum, PLIC posterior limb of
the internal capsule, MCP mid-
dle cerebellar peduncles, SCP
superior cerebellar peduncles,
ICP inferior cerebellar
peduncles, CL confidence limit

Mean Diffusivity (MD)

MD vs Age

— Splenium of CC
= Splenium_CL
—Genu of CC
= Genu_CL
—PLIC
o PLIC_CL
—MCP
o MCP_CL
SCP
SCP_CL

—ICP
o ICP_CL

Age (in months)
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be of value in identifying the abnormality in cerebellar
white matter on DTL. This baseline information may aid the
neuroradiologists in differentiating normal from abnormal
white matter.

Conclusion

We conclude that changes in the magnitude and anisotropy
of water diffusion follow different time courses during
cerebral and cerebellar white matter development that may
be described with a log-linear regression model. This study
might provide a normative database of brain white matter
development from neonates to childhood. This information
may be useful for assessing brain maturation in patients
with developmental delay associated with cerebral and
cerebellar white matter.
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