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ABSTRACT

Microstructural and physiological changes are intense in the deve-
loping brain, thus considerably modifying parameters quantified by
MRI (relaxation times, anisotropy and diffusivities). The latest ad-
vances in EPI enabled to non-invasively measure these parameters
in infants in a reasonable acquisition time to follow brain matura-
tion. To take advantage of the parameters complementarity, we first
proposed to correct EPI distortions by a registration approach never
applied on infants” data. We then clustered brain regions according
to their different microstructural properties and maturation, without
spatial priors. Results were in agreement with post-mortem studies :
maturation proceeds from center to periphery ; first maturing regions
included primary regions, but also the amygdala and the medial cin-
gular region. The most delayed regions were observed in superior
frontal and parietal lobes. In future analyses, we will propose new
partitions of the whole brain and of specific functional regions based
on maturation patterns returned by this approach.

Index Terms— Developing brain, EPI distortion, multimodal
image registration, clustering

1. INTRODUCTION

During the first post-natal weeks, dendritic development and
myelination are intense in the brain grey and white matters, oc-
curring at different times and speeds according to brain regions
and underlying networks. The reference works on this maturation
progression remain the rare post-mortem studies that have reported
asynchrony within the white matter and the cortical regions [1]. As
these changes modify the molecules environment and restrict water
movement in the developing cerebral tissues, parameters measured
by magnetic resonance imaging (MRI) are consequently affected. In
the infant brain, previous works have shown that these parameters,
including quantitative relaxation times (qT1 and qT2) and para-
meters provided by diffusion tensor imaging (DTI : longitudinal
diffusivity A,,, transverse diffusivity A, and fractional anisotropy
imaging FA), can be used to differentiate the developing grey matter
(GM) and the white matter (WM) myelinating fascicles [2]. All
these MRI parameters are indeed sensitive to changes induced by
maturation, but their maturational sensitivity is ought to differ in
regards to their biophysical mechanisms [3]. Thus combining these
parameters may better highlight the maturation asynchrony across
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brain regions than univariate analyses, as demonstrated for WM
bundles [4]. Thanks to the latest advances in echo-planar imaging
(EPI), quantitative mappings related to T1- and T2-relaxometries as
well as DT are available within a limited acquisition time, providing
valuable information on the tissues organization and microstructure
non-invasively in a few minutes and making their use reasonable
in healthy infants [5]. However, EPI sequences suffer from dis-
tortions induced by magnetic field inhomogeneities all along the
phase-encode direction and by large differences in magnetic suscep-
tibility close to the interfaces between air, skull and brain. Precisely
correcting for these distortions is thus essential to reliably superpose
quantitative maps and anatomical images, especially for the cortex
whose ribbon is very thin in the developing brain. Because of limited
acquisition time in infants, the common approach used to correct
these geometrical deformations, based on fieldmap calibration [6],
could not be applied for all infants (these maps were not acquired
because of time constraints). So we here proposed to directly regis-
ter all distorted maps (qT1, qT2, DTI) on undistorted anatomical
images [7, 8]. For the first time, this approach was applied on in-
fants’ data. We then investigated whether a clustering analysis [9]
can provide a partition of developing tissues without any priors on
spatial localization for regions of interest.

2. MATERIAL AND METHODS

2.1. Acquisition

The database included 17 sets of images obtained in sponta-
neously asleep healthy term-born infants, aged from 3 to 21 weeks
(corrected ages for gestational age at birth), under a protocol ap-
proved by the Institutional Ethical Committee. Spin-echo EPI se-
quences (1.8mm isotropic) were acquired in less than 1lmin on
a 3T MRI Trio system using a 32-channels head coil (Siemens
HealthCare, Erlangen, Germany) and using the y-axis as the phase-
encoding direction. For DTI, 30 diffusion gradient orientations were
used at b=700s.mm™>. For qT1 and qT2, 8 inversion times (TI :
250—2500ms) and 8 echo times (TE : 50—260ms) were used
respectively. MRI parameters (FA, A\,, and Ay, qT1, qt2) were
estimated in each voxel using the Connectomist and Relaxometrist
toolboxes [10]. For each subject, anatomical T2-weighted images
(T2w-MRI) were also acquired (1x1x 1.1mm?) using a turbo spin-
echo sequence.



2.2. Distortion correction and multimodal image registration

To be able to reliably compare the parameter maps in particu-
lar in voxels located in the cortex whose thickness may be less than
2mm in infants, the first step was to correct geometrical distortions
due to the use of EPI read echotrains. We proposed to correct distor-
tions by directly registering, one after the other, the resulting qT1,
qT2 and A;, maps with the subject’s T2w-MRI [7, 8]. Resulting
from the same acquisition, A and FA maps were deformed using
the transformation estimated on A ,, maps.

A global rigid transformation based on mutual information (MI)
was first estimated between the brains semi-automatically extracted
from the quantitative images and the one semi-automatically extrac-
ted from the corresponding anatomical image [11]. An elastic de-
formation, based on cubic B-splines and using MI as a similarity
criterion, was then estimated for each quantitative image to locally
improve the correction [12]. This algorithm uses coarse-to-fine uni-
formed 3D grids of control points to locally estimate the registration.
Adult brain studies based on a similar approach often limited their
deformation along the phase-encode direction [8]. Here a supple-
mentary difficulty relied on the position of the baby’s head inside
the MR scanner (because the babies were spontaneously asleep, it
was not possible to get their head perfectly aligned with MR axes,
so frontal sinuses were not on a sole axis on EPI images). Moreover,
the infant brain is not perfectly centered into the skull : the distance
between brain and skull can be very thin (cf. Fig.1a), yellow arrows
and [13]) and can thus adding distortions through any directions.
Contrary to recommendations previously made for adults studies, the
elastic deformation was consequently estimated on all directions.

For 4 infants with a regularly-spaced age (3w, 6w, 13w and
19w), manual landmarks were delineated on quantitative images be-
fore and after the non-linear registration, at the level of frontal and
occipital lobes (where distortions were visually the most important)
and on the lateral ventricles (to characterize a central region). In ad-
dition to visual assessments, the image registration was quantitati-
vely evaluated by computing the Chamfer distances between these
landmarks and similar marks fixed on anatomical images.

2.3. Clustering analysis

To classify tissues according to their different microstructural
properties and their degree of maturation, a clustering analysis was
performed from the registered MRI parameter maps (qT1, qT2, FA,
Ay, and A1) using Gaussian Mixture Modeling (10 initializations)
based on an Expectation-Maximization algorithm (10 iterations) and
using all brains together (i.e. 5 data x 17 infants). The CSF was
previously automatically removed from the data using a histogram
analysis.

For the clustering analysis, the number of classes was a required
input parameter. We hypothesized that characterizing the developing
tissues would require at least 7 classes in infants : immature GM,
averagely mature GM, mature GM, immature WM non-compactly
organized, immature WM compactly organized, mature WM non-
compactly organized, and mature WM compactly organized. To vali-
date this hypothesis, we expected to find known results : first mature
WM and GM regions should be in central regions, and a progression
in the maturation patterns should be observed with increasing age of
the infants [1]. In addition, normalized volumes (defined as the vo-
lume of each class divided by the whole brain volume) were plotted
as a function of age assuming that the volumes of immature classes
should decrease with age while the reverse is expected for the more
mature classes. To validate the labelling of GM versus WM classes

Fig. 1. 6w infant’s images : a) T2w-MRI of the brain into the skull.
The yellow arrows point towards the direct contact between cere-
bral tissues and skull. b) T2w-MRI of the brain extracted from the
skull. ¢) Linearly registered qT1 image superimposed on a homoge-
neous grid. Red circles highlight the main geometrical distortions. d)
Non-linearly registered qT1 image superimposed on the associated
deformed grid. High deformations appeared corrected (red cross).

resulting from the clustering analysis, we computed Dice indices bet-
ween these classes and the GM versus WM masks obtained through
a semi-automatic segmentation obtained from T2w-MRI [11], for
the 4 infants used in 2.2.

3. RESULTS

3.1. Distortion correction and multimodal image registration

Figurel displays a T2w-MRI (Fig.1b)), the native qT1 image
superimposed on a homogeneous grid (Fig.1c)) and the corrected
qT1 superimposed on the associated deformed grid (Fig.1d)) for a
6w-old infant. The red circles highlight the geometrical distortions
in the native qT1 mainly visible in the frontal and occipital regions,
which were correctly amended after registration as assessed by vi-
sual inspections (see red cross). The deformed grid shows how cor-
rections were locally applied (note the high deformations of the grid
in the frontal and occipital regions compared with the hardly affected
central brain region).

Figure2 displays the mean Chamfer distances (and their asso-
ciated standard deviations (SD)) computed between frontal, central
(lateral ventricles) and occipital landmarks delineated on A,/ (resp.
on qT1 and qT2) maps and on the T2w images, before (red cross)
and after (green circle) the non-linear registration. Before registra-
tion, distances were very high for frontal and occipital landmarks
(highest values were obtained for qT1 maps). After registration, the
mean distances and corresponding SD significantly decreased for
the peripheral landmarks, confirming previous visual observations
(Figurel). On average, the distances computed after the registration
were less than 1mm (i.e. the anatomical image resolution).

3.2. Clustering analysis

As for the clustering analysis performed on these corrected
maps, 4 classes were visually identified in the WM and 3 in the GM.
The mean Dice index computed on 4 infants was equal to 0.74+0.02
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Fig. 2. Mean Chamfer distances and their associated SD computed
on 4 infants, between peripheral and central landmarks delineated
on \,, (resp. on qT1 and qT2) maps and the associated T2w-MRI
before (red cross) and after (green circle) the non-linear registration.

when regrouping all GM classes and to 0.63+0.01 when regrouping
all WM classes.

Figure3a) shows the WM classes superimposed on T2w-MRI
slices for the 4 infants (cf. 2.2). Two main observations suggested
that the purple cluster represented the most immature WM, the blue
cluster the averagely mature WM, and the green and red clusters
the most mature WM : 1) the spatial organization and localization
of clusters, in layers from central to peripheral regions, with occi-
pital versus frontal differences; 2) the changes in normalized vo-
lumes across the full age range (Fig.3d)) : decreasing volumes for
the purple and blue clusters, increasing volumes for the green and
red clusters. Because of its localization mainly in bundles, we infer-
red the red class to represent the mature WM compactly organized.
The purple class was supposed to represent the immature WM non-
compactly organized, being located in the frontal crossroads of the
youngest infants (1). Because the same frontal and occipital regions
changed from the blue to green clusters with age, WM compactness
may not be the main factor providing the distinction between these
two clusters. Aside from these interpretations, different maturation
patterns were observed across brain regions. The central part of the
internal capsule (2) appeared the most mature from the youngest in-
fant. Several regions showed changes in their class labelling with
age, suggesting intense maturation over this period : for example the
WM region close to the central sulcus (3) and the optic radiations (4).
The least mature region in the oldest infants was the frontal cross-
roads.

Figures3b) and 3c) illustrate the projection of GM classes
voxels on the left inflated inner cortical surfaces of the same infants
(lateral and medial views resp.). The normalized volumes (Fig.3e))
suggested that the turquoise cluster was the most immature GM
(age-related decrease), the yellow cluster was moderately mature
GM (inverse-U shape), and the maroon cluster was the most mature
GM (age-related increase). Using this scale, the primary cortical
regions (central sulcus (5), Heschl’s gyrus (6) and calcarine scissure
(7)) appeared moderately mature for the youngest infant and became
the most mature from 6 weeks of age. Focusing on the lateral sur-
face (Fig.3b)), the posterior temporal region (8) close to the superior
temporal sulcus seemed moderately mature for the youngest infants
and became more mature from 13 weeks of age. The parietal and

occipital lobes were mainly classified as immature for the young
infants, and also progressively displayed higher maturation with
age. The region at the boundary between these two lobes (9) seemed
to mature the last. Finally, the frontal lobe maturation followed a
similar pattern with a notable delay for the superior region (10). Fo-
cusing on the medial surface (Fig.3c)), the central grey nuclei (11)
seemed to mature early on from the central part to the periphery. The
parieto-occipital fissure (12) was moderately mature until 6 weeks
of age then become most mature from 13 weeks of age. The middle-
posterior cingulum region (13) and the agmydala (14) seemed to
display similar maturation patterns.

4. DISCUSSION AND CONCLUSION

This study is a proof of concept to use quantitative mappings
based on EPI images to non-invasively study the infant brain matu-
ration within a reasonable acquisition time, and cluster cerebral re-
gions according to their microstructural and maturational properties.
The main issue to study such images lies on the distortions inherent
to the acquisition. These distortions may be reduced in using specific
sequences as the one described in [14]. To exploit our existent da-
tabase, we chose to correct distortions in post-processing EPI scans
through non-linear registration. Quantitative evaluations showed that
in average, the variability of the distances computed between the
linear-registered quantitative images and associated T2w-MRI de-
pended on the concerned EPI sequence. According to the mean va-
lues and their associated SD, the qT1 maps got the highest distortion
probably due to the fact that it was the sole sequence not using paral-
lel imaging. The distance values and variability across subjects and
across regions significantly decreased after the non-linear registra-
tion and got a similar order of magnitude whatever the studied EPI
modality (qT1, qT2, DTI). In addition, the mean final distance was
less than Imm (i.e. the anatomical image resolution), which was a
required constraint since the cortical thickness is less than 2mm in
some regions of the infant brain. This confirmed that the proposed
distortion correction was well-adapted to our study.

For the first time, a clustering analysis over a whole infant group
was performed and provided partitions of brain tissues that globally
agreed with post-mortem studies [1]. On one hand, the progression
of maturation within a specific brain region can be easily visualized
across infants of different ages. On the other hand, relative advances
or delays of maturation across regions, even spatially close, can be
observed based on intra-individual analysis. The GM classes showed
expected results concerning the maturation of primary regions and of
the occipital then frontal lobes. Further non-expected results such as
the early maturation of amygdala (similar to the calcarine matura-
tion) were also highlighted. We also observed the well-known pro-
gression of WM maturation from central to peripheral regions and
from occipital to frontal regions. We initially assumed to separate
WM clusters based on differences in compactness properties, in ad-
dition to differences in maturational properties, but it did not seem
to be possible over this developmental period. Considering either a
cohort of infants of equivalent ages, or a higher number of classes
will be tested in the future to try to discriminate WM regions based
on their intrinsic microstructure (i.e. not related to maturation) and
refine the GM parcellation. Besides, Dice indices for 4 infants high-
lighted that some voxels were misclassified in the GM or in the WM,
suggesting that performing clustering analyses on GM and on WM
separately would refine the results. Unfortunately, anatomical seg-
mentations cannot be easily obtained during the first post-natal year
due to the poor and heterogeneous tissue contrast on T1w and T2w-
MRI, and manual corrections are required to reliably segment the
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Fig. 3. Clustering analysis results : WM classes superimposed on T2w-MRI slices (a), GM classes projected on left inflated inner cortical
surfaces (lateral (b) and medial (c) views). The projection corresponds to the majority of voxel labels computed along an external cylinder
(height = 1 voxel, radius = 2 voxels). Normalized volumes of WM and GM classes are on (d) and (e) resp. Anatomical regions highlighted :
frontal crossroads (1), internal capsule (2), central sulcus region (3, 5), optic radiations (4), Heschl’s gyrus (6), calcarine scissure (7), posterior
temporal region (8), boundary region between parietal and occipital lobes (9), superior frontal region (10), central grey nuclei (11), parieto-
occipital fissure (12), middle-posterior cingulum region (13), agmydala (14).

maturing GM and WM. Finally, the robustness and information va-
lue of the DTI, qT1 and qT2 parameters combination will be consi-
dered to evaluate their pertinence for the exploration of GM and WM
maturation in the developing brain.
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