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The human infant is particularly immature at birth and brain
maturation, with the myelination of white matter fibers, is protracted
until adulthood. Diffusion tensor imaging offers the possibility to
describe non invasively the fascicles spatial organization at an early
stage and to follow the cerebral maturation with quantitative
parameters that might be correlated with behavioral development.
Here, we assessed the feasibility to study the organization and
maturation of major white matter bundles in eighteen 1- to 4-month-
old healthy infants, using a specific acquisition protocol customized to
the immature brain (with 15 orientations of the diffusion gradients and
a 700 s mm 2 b factor). We were able to track most of the main
fascicles described at later ages despite the low anisotropy of the infant
white matter, using the FACT algorithm. This mapping allows us to
propose a new method of quantification based on reconstructed tracts,
split between specific regions, which should be more sensitive to specific
changes in a bundle than the conventional approach, based on regions-
of-interest. We observed variations in fractional anisotropy and mean
diffusivity over the considered developmental period in most bundles
(corpus callosum, cerebellar peduncles, cortico-spinal tract, spino-
thalamic tract, capsules, radiations, longitudinal and uncinate fascicles,
cingulum). The results are in good agreement with the known stages of
white matter maturation and myelination, and the proposed approach
might provide important insights on brain development.
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Introduction

Brain white matter myelination is a long process which starts
well before birth and continues until adulthood. Post-mortem
studies have shown that myelination progresses in a caudo-rostral
way, at different rates depending on location (Yakovlev and
Lecours, 1967; Brody et al., 1987), with earlier maturation of
motor and sensory tracts in comparison with cortico-cortical
association fibers. This long-lasting process has been confirmed in
vivo with conventional Magnetic Resonance Imaging (MRI)
(Barkovich et al., 1988; Van der Knaap and Valk, 1990; for
review Paus et al., 2001), which provides images of the infant
brain in three dimensions (3D) and non invasively. Recently,
Diffusion Weighted Imaging (DWI) and Diffusion Tensor Imaging
(DTI) have proved to be more sensitive to explore brain
development and white matter fibers density and maturation
(Rutherford et al., 1991; Sakuma et al., 1991; for review Neil et
al., 2002), since the early bundles organization can be depicted
and the monitored parameters are changing in the immature brain
earlier than the T1 and T2 relaxation times (Huppi et al., 1998a;
Neil et al., 1998; Baratti et al., 1999).

Diffusion MRI permits biological tissue structure to be probed
and imaged on a microscopic scale non invasively (Le Bihan et al.,
1986; for review Le Bihan, 2003). Because water diffuses more
easily in the direction of the fibers than orthogonally, where it is
hindered by myelin sheaths or axonal membranes, this technique
has been used to study the organization of the adult white matter in
fiber bundles (Moseley et al., 1990). In order to get information on
the diffusion “anisotropy”, images are acquired in DTI with
several diffusion-encoding gradients, applied in non collinear
orientations (Basser et al., 1994; for reviews Le Bihan et al.,
2001; Basser and Jones, 2002). With post-processing algorithms,
3D “tracking” of brain connections becomes possible (Conturo et
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al., 1999; Mori et al., 1999; for review Mori and van Zijl, 2002)
and enables an in vivo “dissection” of several main fascicles
(Catani et al., 2002, 2003; Mori et al., 2002; Hagmann et al., 2003)
and the construction of atlases of white matter bundles (Wakana et
al., 2004). But, so far, all these bundles have only been mapped in
adults’ fully myelinated brains.

Yet, large degree of anisotropy is already present in non-
myelinated nerves (Beaulieu and Allen, 1994), as well as in the
white matter of premature newborns (Huppi et al., 1998a) and of
young animals (Wimberger et al., 1995; Prayer et al., 2001), with
not or poorly myelinated fibers. These observations point out that
bundles are spatially organized early on and should be accessible to
imaging. Indeed, major commissural, projection and association
fascicles have been identified in two dimensions (2D) in the
neonatal brain, preterm or at term (Partridge et al., 2004; Hermoye
et al., in press), and recently tracked in 3D (corpus callosum: Zhai
et al., 2003; some projection tracts: Yoo et al., 2005). Nevertheless,
the whole structure of white matter bundles has not been
reconstructed in infants with tractography like in adults.

Besides the visualization of white matter tracts, DTI should also
provide an evaluation of the bundle maturation, since the diffusion
parameters (mean diffusivity, indexes of anisotropy) vary with the
water content and the fibers’ compactness and myelination.
Changes with age have been described in newborns (Neil et al.,
1998; Huppi et al., 1998a) and infants from birth to childhood
(Mukherjee et al., 2001). Because the first months of life represent
a critical period, during which the cerebral growth is intense (the
cranial perimeter increases of 0.5 cm per week) and the brain
encounters various and numerous stimulations (after a “protected”
period during gestation), we need a more precise description of the
differential maturation across bundles at this time period. Such a
study requires a reliable and reproducible method of volumes-of-
interest (VOIs) definition for the diffusion parameters quantifica-
tion, in order to allow subtle changes to be detected. Hence, the
conventional approach, based on regions-of-interest (ROIs), may
not be appropriate because of intrinsic difficulties (location
variability across subjects, partial volume effects), whereas
performing measurements directly on the tracked bundles seems
more accurate.

In this context, DTI and fiber tracking were used to assess the
early 3D organization and maturation of white matter bundles in
eighteen 1- to 4-month-old unsedated healthy infants. A specific
acquisition protocol was designed to study the immature infant’s
brain with appropriate spatial resolution, while dealing with motion
artifact issues. Several incompletely myelinated fascicles were
mapped in 3D using fiber tracking, and the tracts were compared to
the adult bundles for identification. An original method for
quantifying diffusion parameters in bundles, based on tracking,
was developed and compared to the conventional approach by
ROIs. Changes in mean diffusivity and fractional anisotropy were
then monitored over the considered developmental period.

Materials and methods
Subjects

Twenty-five healthy infants were included in this study after
their parents gave written informed consent. Reliable data were

obtained only for eighteen infants (mean chronological age: 12.9 +
3.4 weeks, range: 6.6—19.4 w; mean maturational age, i.e.

corrected by gestational age at birth: 11.2 + 3.6 weeks, range:
5.4-18.4 w) because no sedation was used. These infants were
spontaneously asleep during MR imaging. The infant gestational
age at birth was known with an uncertainty smaller than 3 days as
the first US examination was performed before 12 weeks of
gestation. Particular precautions were taken to minimize the noise
exposure, by using customized headphones and by covering the
magnet tunnel with a special noise protection foam. The study was
approved by a regional ethical committee for biomedical research.

Data acquisition

The acquisition was performed on a 1.5-T MRI system (Signa
LX, GEMS, USA), with a maximum gradient amplitude of 22 mT
m~ ! and using a birdcage head coil. A diffusion-weighted (DW)
spin-echo echo-planar technique was implemented, with a 700 s
mm 2 b factor (TE/TR = 89.6 ms/13.8 s) and 15 diffusion gradient
encoding orientations. A specific orientation scheme was designed
to avoid losing the whole data set in case of motion during
acquisition (Dubois et al., 2004). Thirty interleaved axial slices
covering the whole brain were acquired (slice thickness = 2.5 mm,
FOV = 24 cm, matrix = 128 x 128); the in-plane resolution was
interpolated to 0.94 x 0.94 mm? at reconstruction. The acquisition
time was of 3 min 40 s.

Efforts were made to obtain a reproducible signal-to-noise ratio
(SNR) among infants brains. Additional orientations were thus
acquired in nine infants in order to improve SNR. In three other
infants, images of one orientation were removed before post-
processing, because of cortico-spinal fluid (CSF) pulsatility
artifacts or motion. Hence, the orientations count varied slightly
across infants.

Finally, conventional anatomical MR images were acquired
using a fast spin-echo sequence, yielding a T2 weighting for the
best contrast between grey and white matter, in order to provide a
precise anatomical reference.

Data post-processing

Data processing was performed using Anatomist (Riviere et al.,
2000, http://anatomist.info) and BrainVISA softwares (Cointepas
et al., 2001, 2003, http://brainvisa.info/).

Image preparation

The geometric distortions of the DW images, due to eddy
currents, were corrected referring to the » = 0 image (Mangin et al.,
2002). No correction of motion artefacts was performed in the DW
images. The DW and anatomical images were then co-registered.
After the anterior and posterior commissures (AC and PC) were
labeled on the anatomical images, all images were realigned in the
AC-PC plane and diffusion orientations were reoriented.

Diffusion tensor estimation

The diffusion tensor was estimated on a pixel-by-pixel basis
and diagonalized. Mean diffusivity (<D>) and fractional anisotro-
py (FA) were calculated (Basser and Pierpaoli, 1996; Pierpaoli and
Basser, 1996). This anisotropy index ranges between 0 for an
isotropic tissue and 1 for a perfectly anisotropic tissue. A map of
color-coded directionality (RGB map) was generated, in which the
color codes for the principal eigenvector orientation (red: right—
left; green: anterior—posterior; blue: inferior—superior), while the
contrast is weighted with FA (Pajevic and Pierpaoli, 1999).
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Detection of the white matter fiber bundles

2D identification

First, the following fiber bundles were identified on the RGB
map (see Results, Fig. 2), using anatomical atlases obtained in
infants with conventional MRI (Salamon et al., 1990) and in adults
with DTI (Wakana et al., 2004), as well as post-mortem
dissections:

— Commissural fibers: corpus callosum (1) genu (1a), splenium
(1b), body (lc), middle cerebellar peduncles (2), pontine
crossing tract (3).

— Projection fibers: spino-thalamic tract and medial lemniscus
(4), cortico-spinal fibers (5) (in the mid-brain (6), cerebral
peduncles (7), posterior limb of the internal capsule (8),
low (9) and high (10) centrum semiovale), anterior limb of
the internal capsule (11), optic (12) and acoustic (13)
radiations.

— Association fibers: external capsule (14), superior (15) and
inferior (16) longitudinal fascicles, uncinate (17) fasciculus,
cingulum (18). The inferior fronto-occipital fasciculus was not
identified because it merges with the uncinate fasciculus in the
frontal region and in the inferior part of the external/extreme
capsule and with the inferior longitudinal fasciculus in the
occipital region.

Fiber bundles tractography

Second, the identified fiber bundles were reconstructed in 3D
using the linear FACT algorithm (“Fiber Assignment by Contin-
uous Tracking”, Mori et al., 1999). The “tracking” was performed
on a voxel-by-voxel basis by continuously following the orienta-
tion of the tensor first eigenvector. All fiber bundles passing
through a “seed” positioned on the bundle were tracked, with some
constraints dependant on the bundles. A FA threshold of 0.1 was
used. The “curvature angle” (angle between the first eigenvector
and the tract tangential vector) was imposed to be smaller than 60°
for the uncinate fasciculus (which has the most curved geometry)
and 45° for the other bundles.

The reliability of the obtained bundles was evaluated
according to a priori knowledge on the adult bundles organiza-
tion. The fibers were selected and classified according to the
regions they run across, so that artefactual fibers were avoided
(“two regions-of-interest” approach described in Catani et al.,
2002); two to four “selection regions” were used (see Results,
Fig. 4 and Table 1 for the regions count). The corpus callosum
genu and splenium were defined as the connection pathways
between the frontal lobes, and the occipital and parietal lobes,
respectively; the other fibers of the corpus callosum were
supposed to belong to the corpus callosum body. The pyramidal
tract was defined as the fibers passing through the cerebral
peduncles, the posterior limb of the internal capsule and the low
and high centrum semiovale. The anterior limb of the internal
capsule traveled between the genu of the internal capsule and the
frontal lobe. Fibers of the external capsule ran in an inferior—
superior direction, through the capsule and the low centrum
semiovale. Optic radiations connected the lateral geniculate
nucleus and the occipital pole, whereas the inferior longitudinal
fasciculus connected the temporal and occipital lobes. Finally, the
uncinate fasciculus connected the frontal and the temporal lobes,
and passed through the inferior part of the external/extreme
capsule.

Table 1
Tracking results across infants (cereb ped: cereblar peduncles; ic: internal
capsule; lcs: low centrum semiovale; hes: high centrum semiovale)

Bundle Regions  Tracts /18 Infants/18
count
L R
Corpus callosum:
Genu la 2 18
Splenium 1b 2 18
Body lc 2 18
Spino-thalamic tract 4 2 18 18 18
Cortico-spinal tract:
Midbrain-hcs 5 12 9 12
Cereb ped-hcs 5 4 18 18 18
Midbrain-cereb ped 6 2 18 13 18
Cereb ped-ic 7 2 18 18 18
ic-lcs 8 2 18 18 18
Les-hes 9 2 18 18 18
ic anterior limb 11 2 18 18 18
Optic radiations 12 2 15 14 17
External capsule 14 2 18 18 18
Inferior longitudinal: 16 3 10 12 12
In the temporal region 16a 2 16 16 16
In the occipital region  16b 2 18 17 18
Uncinate: 17 3 11 11 15
In the frontal region 172 2 16 13 17
In the temporal region 17b 2 18 17 18
“All” 19 - 12 10 15

Are outlined the count of “selection regions” used for each bundle, the
number of reliable tracts (over 18) obtained in left (L) and right (R)
hemispheres and the number of infants for which the bundles were tracked
at least on one side.

Diffusion parameters quantification in white matter bundles

Definition of regions and tracts of interest

In order to assess the maturation degree of the white matter
fascicles, FA and <D> were measured in the previously described
individual bundles, averaged over both manually drawn ROIs and
sections of the tracked bundles. The ROIs’ and tracking seeds’
localization was performed concomitantly for all infants to increase
the reliability. The ROIs and tracts were labeled with a “r” and “t”
prefixed to the bundle numbers, respectively (“rN”/“tN” for the
Nth bundle).

First, polygonal ROIs were positioned in each identified
bundle, in both hemispheres, using both the » = 0 image and the
RGB map (see results Fig. 2 for a survey of the ROIs location).
The region’s volume depended on the bundle (between 65 mm?®
and 130 mm?®), and it was sufficiently small so that the whole ROI
was located in the bundle core. For the inferior longitudinal
fasciculus, two ROIs were identified, in the temporal (rl16a) and
occipital (r16b) lobes. For the uncinate fasciculus, three ROIs were
drawn, in the frontal region (rl7a), in the inferior part of the
external/extreme capsule (r17b) and in the temporal lobe (r17c).

Second, the analysis was performed in sections of the
reconstructed tracts. The fibers were split at the level of specific
regions (see results Fig. 4 for a survey of the splits location), and we
checked that the tract sections did not run within gray matter using
the b = 0 image. The corpus callosum genu (t1a) and splenium (t1b)
were sectioned at 9.4 mm from the inter-hemispheric scissure on
both sides, so that they did not merge with the forceps minor and
major. The fibers of the corpus callosum body (tlc) were more
limited and were sectioned at 4.7 mm from the scissure. The



1124 J. Dubois et al. / Neurolmage 30 (2006) 1121—1132

cortico-spinal tract was divided into four sections (t6: 6—7,t7: 78,
t8: 8—9, 19: 9—10). The spino-thalamic tract (t4) was constrained to
the midbrain. The anterior limb of the internal capsule (t11) was
sectioned between the capsule genu and the frontal region. Part of
the external capsule (t12) was considered, between the “capsules
level” and the low centrum semiovale. Two segments for the
inferior longitudinal and the uncinate fascicles were considered, in
the temporal (t16a) and occipital (t16b) regions, and in the frontal
(t17a) and temporal (t17b) regions, respectively. For index
quantification over a tract section, line integration for each fiber
was used by interpolating <D> and FA maps in 3D: a mean value
was calculated by averaging the measurements from all the points of
all the bundle fibers.

Diffusion parameter averages between right and left hemispheres
were considered, except when a bundle was not tracked on one side.
When several ROIs or sections were identified at different locations of
one fasciculus, mean FA and <D> were calculated over these ROIs or
sections to characterize the bundle as a whole (corpus callosum: r1/t1:
mean over la—c; cortico-spinal tract: r5/t5: mean over 6—10; inferior
longitudinal fasciculus: r16/t16: mean over 16a—b; uncinate fascicu-
lus: r18/t18: mean over 18a—c). Finally, the FA and <D> averages
over all ROIs (r19) and over all tracts (t19) were calculated to evaluate
the global maturation of the infants’ bundles.

Fiber bundles maturation: evolution of diffusion parameters with
age

FA and <D> changes with age, corrected by gestational age at
birth, were evaluated for each bundle and each method, using a
linear regression. Statistically significant correlations were consid-
ered at a level of P < 0.05 (thresholds were corrected for multiple
comparisons, with “false discovery rate” (FDR) approach), and the
parameter variations were computed on a week by week basis.

Quantification methods: ROIs vs. tracts
The averages and standard deviations over infants of the
diffusion parameters were recorded for the ROI and split tract

analyses. If a significant correlation with age were to be found in a
bundle, the effect of age was removed prior to the standard
deviation calculation. The methods were compared by testing the
differences between the indexes (Xror VS. Xiract, X = FA or <D>)
using a two-tailed paired ¢ test over infants (statistical threshold
P <0.05 after FDR correction). Finally, the results obtained for the
changes with age were compared for both methods.

Results
White matter organization in fiber bundles

2D identification

The “effective SNR” of the b = 0 image (corrected for the
acquired orientation count, in comparison with the reference of 15
orientations: SNReffective = SINR*\/ Norientations/ 135) was of 31.9 +3.3
in white matter (mean * standard deviation over infants). High-
quality diffusion tensor images were obtained with the proposed
protocol (Fig. 1). Major bundles were identified in 2D, as outlined
on the RGB map in Fig. 2. The spino-thalamic tract, the superior
longitudinal and the uncinate fascicles were clearly visible,
although they had not been previously described in infants.

Fiber bundles tractography

Fiber tracking was obtained for a part or the totality of all
bundles (Fig. 3), except the pontine crossing tract and the
cingulum. The tracking of the middle cerebellar peduncles was
truncated in some infants, because the mid-brain was not imaged
entirely. As described in adults, the tracking accuracy might be
questionable with some bundles, especially in the places of
crossing fibers, such as the acoustic radiations when they get
close to the optic radiations or the optic radiations when they get
close to the inferior longitudinal fasciculus.

In the absence of a reference for the white matter organization
in infants, the tracking accuracy and reproducibility were increased

0.8

0]

Fig. 1. DTI maps: anatomical (T2w), non-diffusion weighted (b0) and diffusion weighted images (DW) and maps of <D> (scale: 10> mm? s '), FA and RGB
obtained on a 15.7-week-old infant (age corrected by gestational age at birth), at the level of the optic radiations. FA and RGB maps were masked for <D>
values higher than 2 x 107> mm? s~'. Images are presented with radiological convention: left (L) and right (R) are reversed.
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Fig. 2. Bundles identification: RGB maps obtained for the same infant, showing the identified bundles (see the text for the number significance). The bottom
and top images are cut because the imaged volume was realigned in the AC—PC plane.

across infants by constraining the tracts to run through specific
regions, given a priori knowledge on the bundles organization in
adults (Figs. 4a—b). However, this approach was not used for some
bundles: the cerebellar peduncles tracts were truncated in some
infants, and the location of the acoustic radiations and the superior
longitudinal fascicles was highly variable across infants. The
results across infants are detailed in Table 1. For the pyramidal tract
(5), partial volume effects in the midbrain did not provide fibers
continuity from this region to the high centrum semiovale for six
infants; the tract was thus defined as the fibers connecting the
cerebral peduncles and the high centrum semiovale. For the
inferior longitudinal and the uncinate fascicles, no fibers were
found to continuously connect the three “selection regions” for six
and three infants, respectively, and the two segments were thus
considered individually.

Diffusion parameters quantification in white matter bundles

Volumes of interest

The location of the ROIs and tracts sections are outlined in
Figs. 2 and 4c, respectively. The tract approach was not used for
the middle cerebellar peduncles, the pontine crossing tract, the
acoustic radiations, the superior longitudinal fasciculus and the
cingulum because these bundles were not tracked or not
reproducibly split over infants. Because the spatial resolution
remained coarse compared to the infant bundles size, the
uniformity of the diffusion parameters, particularly FA, was quite

low within the VOIs for both the ROI and tract approaches.
However, the intra-regional variabilities were deeply reproducible
across infants, and the mean parameters, averaged over the VOIs,
were computed as indexes characterizing the bundles regions.

Fiber bundles maturation: evolution of diffusion parameters with
age

Statistically significant correlations of diffusion parameters with
age, corrected by gestational age at birth, were obtained for most
bundles with both methods (Table 2, Fig. 5). Both FA and <D>
changed with age in the corpus callosum splenium and body, the
pontine crossing tract, the cortico-spinal tract below the low
centrum semiovale, the capsules, the optic and acoustic radiations,
the superior and inferior (on average, region 16) longitudinal
fascicles, the cingulum and the global white matter; in the optic
radiations and the inferior longitudinal fasciculus, the FA increase
was observed with the tract approach only. Isolated <D> decreases
(not related to FA increases) were found in the centrum semiovale,
the segments of the inferior longitudinal bundle, the uncinate
fasciculus, and, with the ROI approach, in the corpus callosum
genu and the middle cerebellar peduncles. Isolated FA increases
(not related to <D> decreases) were observed in the spino-thalamic
tract with the tract approach. The variations in the diffusion
parameters with age were well beyond experimental error, as the
changes, reported to the age period of 13 weeks, were larger than
the standard deviations over infants.
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Commissural fibers

Fig. 3. Bundles tractography: tracked bundles in the brain of the same infant (see the text for the number significance), in 3D views (with the reconstructed
infant’s face and cortical surface), or 2D views (projection on anatomical images).

Quantification methods: ROIs vs. tracts

The results obtained with the two approaches were compared.
However no validation could be performed due to a lack of
reference in infants white matter bundles.

First, the analysis over split tracts led to significantly lower FA
and higher <D> measurements compared with the analysis by
ROIs for most of the bundles (Table 2, Fig. 6), probably because
quantification was performed in a bigger VOI for tracts. No
difference in FA was observed for the cortico-spinal tract (5), the
optic radiations (12) and the external capsule (14). No difference in
<D> was observed for the anterior limb of the internal capsule
(11), the external capsule (14) and the uncinate fasciculus (18). FA
was statistically higher with the tract method for the cortico-spinal
tract between the internal capsule and the low centrum semiovale
(8); <D> was statistically lower for this latter segment (8), the
whole tract (5) and the segment between the cerebral peduncles
and the internal capsule (7). Besides, the same pattern of FA and
<D> variations across bundles was observed with both methods;
this pattern depends both on the differential bundles maturation
and geometry (fibers compacity, crossing fibers).

Second, the two approaches were equivalent for the monitoring
of the diffusion parameters changes with age, except for some
bundles (Table 2). The tract analysis provided more relevant

information compared to the analysis over ROIs for the detection
of the FA increase in the spino-thalamic tract, the posterior limb of
the internal capsule, the optic radiations and the inferior
longitudinal fasciculus. Actually, tracking was required to precisely
locate and differentiate the optic radiations and the inferior
longitudinal fasciculus because these fascicles merge in the
occipital region; the ROI location in the bundles may have been
variable across infants due to different bundles geometry.

Third, once corrected for significant evolution with age, the FA
standard deviations in the bundles across infants were smaller with
the tract approach than with the ROI approach (Table 2, Fig. 6)
(two-tailed paired ¢ test across bundles: P = 0.000). The standard
deviations were not significantly different for <D>.

Discussion

This study demonstrates the potential of DTI and tractography
to assess the early 3D organization and the maturation of infants’
white matter bundles. Despite unachieved myelination, main fiber
bundles are already in place at birth, and they were mapped
although FA was low. An original quantification approach, which
considers the 3D tracked bundles, was used for monitoring the
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Fig. 4. Bundles reliability and splitting: tracked fibers, before (a) and after (b) constraints by “selection regions”, and split tracts considered for the quantitative
analysis (c). Corpus callosum: b: classification in genu (la), splenium (1b) and body (1c). Cortico-spinal tract: a: fibers tracked from a seed drawn in the
posterior limb of the internal capsule (8); b: fibers passing through the cerebral preduncles (7) to the high centrum semiovale (10); c: split of the tract in four
segments. Inferior longitudinal fasciculus: c: split of the tract in the temporal (t16a) and occipital (t16b) regions. Uncinate fasciculus: c: split of the tract in the

frontal (t17a) and temporal (t17b) regions.

subtle evolution of the diffusion parameters with age, during a
post-natal period critical for the infant psycho-motor development.
This approach was compared to the conventional ROI approach.
First, a specific acquisition protocol, customized to the specific
biological properties of the immature infant brain, was imple-
mented. The mean diffusivity and the SNR are higher than in
adults because of the higher water content and the longer T2
relaxation time (Neil et al., 1998; Mukherjee et al., 2002). A b
factor of 700 s mm > was thus chosen to fit with the optimization
described by Xing et al. (1997), and increasing the acquired
number of orientations enabled to improve the accuracy of the
diffusion tensor estimation (Bastin et al., 1998; Jones et al., 1999;
Jones, 2004). The spatial resolution adjustment resulted from a
compromise between the SNR and the acquisition time. Given the
large voxel size compared to the small infant brain and the acquired
number of orientations, partial volume effects in voxels containing
crossing fibers could not be completely avoided. Nevertheless,

solving this common DTTI pitfall would have required acquisition
times not compatible with our unsedated pediatric population.
The major white matter bundles were tracked in the infants’
brain despite low anisotropy, with a FA threshold of 0.1. A 0.2
threshold, which is generally considered in adults studies, was
excluded because the tracking of the less mature tracts (like the
uncinate fasciculus) was limited. As the “true” bundle size cannot
be known, using large seeds and several selection regions
significantly decreased the weight of any arbitrary choice of
tracking parameters (Huang et al., 2004). The reliability of the
fibers and of the “apparent” tract size was then increased. This
method obviously implies that the fibers trajectory is known a
priori and that inter-individual variability is reduced, which might
not be the case for some bundles (e.g. the superior longitudinal
fasciculus). Besides, the tracking accuracy may be affected by the
background noise in the raw images, particularly for linear
algorithms as errors accumulate with the line propagation (Basser
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Table 2
FA (a) and <D> (b) results for all infants, evaluated for each bundle using both quantitative methods (averaged over ROIs or split tracts)

Bundle Change per week of age (P value) Mean =+ standard deviation
ROIs Tracts ROIs Tracts
(a) FA

Corpus callosum: 1 0.011 (0.019) 0.006 (0.030) 0.56 + 0.05 0.45 + 0.03*
Genu la (ns) (ns) 0.64 £ 0.07 0.52 £ 0.05%*
Splenium 1b 0.011 (0.012) 0.008 (0.018) 0.67 + 0.05 0.52 + 0.04*
Body lc 0.013 (0.027) 0.006 (0.045) 0.46 = 0.07 0.34 £ 0.03*

Mid cerebellar peduncles 2 (ns) - 0.56 + 0.05 -

Pontine crossing tract 3 0.008 (0.04) - 0.33 £0.05 -

Spino-thalamic tract 4 (ns) 0.007 (0.018) 0.45 £ 0.04 0.38 £ 0.03*

Cortico-spinal tract: 5 0.006 (0.012) 0.006 (0.004) 0.47 +0.02 0.48 +0.02
In the midbrain 6-7 0.009 (0.007) 0.008 (0.006) 0.43 +0.03 0.40 + 0.03*
Cerebral peduncles 7-8 0.010 (0.001) 0.010 (0.004) 0.55 +0.03 0.53 +0.03*
ic posterior limb 8-9 (ns) 0.007 (0.018) 0.51 + 0.03 0.57 £ 0.03°
Centrum semiovale 9-10 (ns) (ns) 0.43 £0.03 0.33 £ 0.02*

ic anterior limb 11 0.006 (0.009) 0.004 (0.018) 0.43 +0.03 0.34 + 0.02*

Optic radiations 12 (ns) 0.006 (0.008) 0.38 £0.03 0.38 £0.02

Acoustic radiations 13 0.008 (0.007) - 0.28 +0.03 -

External capsule 14 0.007 (0.009) 0.004 (0.023) 0.36 + 0.03 0.35 +0.02

Superior longitudinal 15 0.005 (0.051) - 0.36 £ 0.03 -

Inferior longitudinal: 16 (ns) 0.004 (0.048) 0.38 £ 0.03 0.32 + 0.02*
In the temporal region 16a (ns) (ns) 0.35 £0.03 0.28 £ 0.02*
In the occipital region 16b (ns) (ns) 0.41 +0.04 0.36 £ 0.03*

Uncinate: 17 (ns) (ns) 0.36 £ 0.03 0.31 £0.02*
In the frontal region 17a (ns) (ns) 0.38 £ 0.03 0.29 £ 0.02*
In the temporal region 17b (ns) (ns) 0.36 £ 0.03 0.33 £ 0.03*

Cingulum 18 0.009 (0.009) - 0.36 + 0.04 -

“All” 19 0.006 (0.000) 0.006 (0.004) 0.43 +0.01 0.37 + 0.01*

(b) <D>(x107> mm? s ")

Corpus callosum: 1 —0.023 (0.003) —0.015 (0.017) 1.33 £ 0.09 1.49 + 0.08*
Genu la —0.021 (0.035) (ns) 1.25+0.15 1.48 £ 0.11*
Splenium 1b —0.027 (0.000) —0.016 (0.001) 1.22 +0.07 1.39 + 0.05*
Body lc —0.022 (0.016) —0.020 (0.028) 1.42 +0.12 1.58 £ 0.11*

Mid cerebellar peduncles 2 —0.011 (0.014) - 0.96 £ 0.05 -

Pontine crossing tract 3 —0.010 (0.004) - 0.95 £ 0.04 -

Spino-thalamic tract 4 (ns) (ns) 0.92 + 0.04 1.00 + 0.06*

Cortico-spinal tract: 5 —0.010 (0.001) —0.008 (0.005) 1.07 £ 0.03 1.04 + 0.03°
In the midbrain 6-7 —0.016 (0.000) —0.019 (0.035) 1.11 + 0.04 1.19 £ 0.12*
Cerebral peduncles 7-8 —0.016 (0.000) —0.008 (0.005) 1.09 + 0.04 1.01 +0.03°
ic posterior limb 8-9 —0.006 (0.026) —0.005 (0.036) 1.00 + 0.04 0.99 + 0.03°
Centrum semiovale 9-10 —0.008 (0.019) —0.009 (0.005) 1.10 + 0.04 1.14 £ 0.04*

ic anterior limb 11 —0.009 (0.008) —0.009 (0.005) 1.07 + 0.04 1.07 + 0.04

Optic radiations 12 —0.019 (0.002) —0.032 (0.000) 1.25 +0.07 1.31 £ 0.07*

Acoustic radiations 13 —0.015 (0.013) - 1.14 £ 0.07 -

External capsule 14 —0.014 (0.001) —0.010 (0.000) 1.07 + 0.04 1.09 + 0.03

Superior longitudinal 15 —0.015 (0.005) - 1.18 £ 0.06 -

Inferior longitudinal: 16 —0.016 (0.000) —0.019 (0.001) 1.24 +0.04 1.34 £ 0.05*
In the temporal region 16a —0.011 (0.004) —0.014 (0.005) 1.27 + 0.04 1.33 + 0.05*
In the occipital region 16b —0.020 (0.000) —0.022 (0.000) 1.21 £0.05 1.34 £ 0.06*

Uncinate: 17 —0.013 (0.000) —0.010 (0.001) 1.16 + 0.02 1.18 + 0.03
In the frontal region 17a —0.015 (0.000) —0.012 (0.000) 1.18 £ 0.04 1.22 £0.03*
In the temporal region 17b —0.011 (0.000) —0.009 (0.003) 1.12 + 0.03 1.15 £ 0.03*

Cingulum 18 —0.014 (0.002) - 1.19 £ 0.05 -

“All” 19 —0.014 (0.000) —0.014 (0.000) 1.14 + 0.02 1.19 £ 0.02*

In the two central columns, changes with age, corrected by gestational age at birth, are detailed for statistically significant linear correlations (in parenthesis: P
values, ns: not significant). In the two right columns, the mean values and standard deviations over infants are presented, and significant differences between
methods are outlined: *: lower FA and higher <D> with the tract approach; ©: higher FA and lower <D> with the tract approach.
For an easier comparison of the ROI and tract quantification, parameters for adjacent ROIs of the cortico-spinal tract and the uncinate fasciculus have been
averaged (so that equivalent regions are considered for ROIs and tracts).

* Lower FA and higher <D> with the tract approach.

© Higher FA and lower <D> with the tract approach.
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Fig. 5. Diffusion parameters evolution with age: FA (a) and <D> (b)
changes with infants” age, corrected by gestational age at birth, for
examples of bundles (from Table 2): ccs: corpus callosum splenium; csf:
cortico-spinal fibers; or: optic radiations; ec: external capsule; uf: uncinate
fasciculus. FA and <D> were quantified on average over sections of the
tracts. Significant P values are outlined (ns: not significant).

et al., 2000; Lazar and Alexander, 2003). Therefore we attempted
to acquire images with high and reproducible SNR among infants.
Under this restrictive methodology, anatomically plausible tracts
were obtained.

References on the white matter bundles organization are lacking
in infants. In our study, this organization appeared very similar to
adults (Wakana et al., 2004). Nevertheless, our method still
presents limitations. Some bundles, although present, might have
not been tracked, because of the spatial resolution or the low
anisotropy resulting from the low myelination. As crossing fibers
are not handled properly with the diffusion tensor concept,
erroneous fibers may be tracked, and, if a bundle is visible in
infants and not in adults, one may speculate whether this
connection may disappear with maturation or whether it is an
artefact. Non-linear tractography algorithms would be interesting
to consider, such as methods based on probabilistic approaches
(Hagmann et al., 2003; Parker et al., 2003; Lazar and Alexander,
2005), or on the minimization of the fibers global energy, with
regularization of their trajectory (Poupon et al., 2000) . Another
obvious limitation of the tracking method is that the distinction
between afferent and efferent fibers cannot be made with diffusion
MRI by principles.

So far, DTI has been used to describe and quantify the white
matter maturation and myelination processes in preterm or at term
newborns (Neil et al., 1998; Huppi et al., 1998a, 2001; Miller et al.,
2002; Zhai et al., 2003; Partridge et al., 2004; Gilmore et al., 2004),
and in children over a large range of ages, from birth through
childhood or adolescence (Klingberg et al., 1999; Mukherjee et al.,
2002; McGraw et al., 2002; Boujraf et al., 2002; Schmithorst et al.,

2002; Schneider et al., 2004; Hermoye et al., in press). The study
of healthy infants from 1 to 4 months old has not been reported yet.
We focused on this critical period as major changes occur during
the first months of life: cerebral growth and maturation (synapto-
genesis, myelination) are intense while the brain encounters
numerous external stimulations after birth. Imaging this subject
population was challenging and required patience because we did
not sedate healthy infants for ethical reasons. Reliable data were
obtained only for 70% of the subjects. A large group of 18 infants
was studied in order to assess the reliability and reproducibility of
the proposed approach.

A reliable method for defining VOIs for the diffusion
parameters quantification was required in order to monitor the
subtle changes happening during this developmental period across
bundles. The tracking approach, which was initially described for
the evaluation of the pyramidal tract of infants and children with
congenital hemiparesis (Glenn et al., 2003), was compared to an
approach with polygonal ROIs, which were described to generate
more reliable results than elliptical ROIs (Bonekamp et al., 2005).
The results reproducibility was assessed by two different means.
The feasibility of following changes with age in most bundles was
the first warrant: if the bundles were not precisely localized across
infants, no effects would have been observed. Second, the standard
deviations across infants, once corrected for evolution with age,
were small. From a methodological point of view (Partridge et al.,
2005), the tracking approach should be preferred, except for
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Fig. 6. Diffusion parameters averages over infants: FA (a) and <D> (b) mean
values and standard deviations (error bars) over infants: evaluated with the
two quantitative methods (averages over ROls or split tracts), for examples
of bundles (from Table 2): cc: corpus callosum; stt: spino-thalamic tract; csf:
cortico-spinal fibers; alic: anterior limb of the internal capsule; or: optic
radiations; ec: external capsule; ilf: inferior longitudinal fasciculus; uf:
uncinate fasciculus; all: average over tracts. Statistically significant differ-
ences between methods are outlined: *: lower FA and higher <D> with the
tract approach; °: higher FA and lower <D> with the tract approach



1130 J. Dubois et al. / Neurolmage 30 (2006) 1121—-1132

bundles (like the cingulum or the acoustic radiations) which cannot
be reproducibly delimited across subjects. Actually, the ROI
approach is open to bias because the location reproducibility
across subjects depends on the experimenter expertise. The
bundles are better delineated with the tracking method, in an
easier way, and partial volume effects are reduced. Furthermore,
the bundle is considered as a whole and the analysis is not focused
on a reduced region. In this study, both methods led to similar
results concerning the differential maturation process of the
bundles. However, absolute FA and <D> values were different
for some bundles, which may essentially result from a difference in
the VOISs size (the ROIs had to be small to ensure a localization
within the bundles core, whereas the whole bundle was tracked).
None quantification could be validated due to a lack of reference in
infants white matter bundles. Furthermore, the comparison of FA
standard deviations over infants with both approaches confirmed
that the latter one should be preferred. On the other hand, since the
maturation differs along the bundle, with myelination progressing
in the direction of the impulse conduction (Van der Knaap and
Valk, 1995), the method which consists of averaging the diffusion
parameters over the whole tract may also be questionable. The
more accurate way to evaluate the fasciculus maturation would be
to consider the diffusion parameters along the tract (Gong et al.,
2005; Berman et al., in press), but it would be difficult to
systematically assess the evolution with age for all bundles.

Both FA and <D> changes with age were monitored in order to
describe the bundles maturation. FA was described to be the most
sensitive marker for detecting differences between tracts in the
premature brain (Partridge et al., 2004). In our study, both
parameters provided relevant and complementary informations.
The observation of FA and / or <D> variations might depend on
partial volume effects: when spatial resolution is critical (like for
the uncinate fasciculus), a change in <D>, but not in FA, might be
obtained. On the other hand, these variations might rely on the
maturation stages of the bundles. The decrease in <D> might
highlight the decrease in water content resulting from the axonal
maturation (with membranes, organelles and microtubules matu-
ration), the increase in fibers density and the first stage of
oligodendroglial proliferation, whereas the increase in FA might
rather reflect changes which accompany the “premyelinating
state”, the last stage of “true” myelination with wrapping of the
myelin sheath around the axons and the increasing organization
and compacity of the bundles (Neil et al., 2002). The FA increase
with age may hardly result from larger partial volume effects
between gray and white matters in the younger infants, as the ROIs
and split tracts locations in the white matter were visually checked
on the b = 0 image. Segmentation of the unmyelinated infant brain
tissues could not be achieved because it requires the acquisition of
complementary conventional images (as the contrast in T1 is low,
Huppi et al., 1998b), which was precluded for unsedated infants.

Furthermore, the infants maturational age, i.e. corrected by
gestational age at birth, was here considered because the infants
gestational term ranged from 37 to 41 weeks. The fact that brain
maturation differs before and after birth was not taken into account.
This should be investigated through the comparison of diffusion
parameters changes with ages corrected or not by the gestational
age: the respective roles of intra-uterine growth and post-natal
environment on brain development and white matter maturation
might then be better understood.

The differential changes with age observed across bundles are
in good agreement with the known stages of myelination, as

studied in postmortem studies. Myelination is known to begin
earlier in the commissural and projection fibers than in the
association fibers, and earlier in the occipital and temporal lobes
than in the frontal lobe (Yakovlev and Lecours, 1967; Brody et al.,
1987). However, the origins of water diffusion anisotropy in DTI
are still debated (for review Beaulieu, 2002) since it exists in
“premyelinating states” (Wimberger et al., 1995; Huppi et al.,
1998a; Prayer et al., 2001) or in non-myelinated nerves (Beaulieu
and Allen, 1994; Ono et al., 1995; Gulani et al., 2001; Song et al.,
2002). Increase in FA with age may not only rely on myelination
but may also result in an increase in the fibers density and in the
bundles volume.

Finally, a non-invasive classification of the differential bundles
maturation may be provided using the proposed approach by
comparing the infant population to an adult population in order to
normalize for differences in bundles geometry and compactness.

Conclusion

DTI combined with fiber tracking appears as a promising tool
for highlighting the early organization and maturation of white
matter bundles in young infants, as well as pathological (absent or
delayed) white matter development, like in premature newborns or
after a perinatal stroke. Compared with functional tests (like
functional MRI), the link between structural and functional
developments should be better understood.
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