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Introduction

Maturation of brain white matter is accompanied by a complex ensemble of different
processes, including myelination, that leads to dramatic changes in microstructural
properties. Across different regions, these changes proceed in a particular spatio-
temporal order and can be investigated in vivo using Magnetic Resonance Imaging
(MRI).

However, using MRI for investigating developing white matter still raises many
questions. On the one hand, none of the existing MRI parameters can describe
the whole complexity of the undergoing maturational changes; while, on the other
hand, neither of them is specific of any particular developmental process or tissue
property. Thus, reliable description of developing white matter requires specially-
adapted multiparametric approaches that take into account complementary infor-
mation from different parameters.

In this work, we will show some examples of how multimodal MRI may be
used to describe normal white matter maturation and to identify biomarkers of
pathological development.

In part I, we will first give a short overview of brain development, with a focus
on white matter maturation. Then existing MRI techniques and previous imaging
studies of developing white matter will be described.

In part II, we will present some new multiparametric approaches to describe
global white matter maturation and myelination in a population of healthy infants.
There we will also introduce a preliminary atlas of white matter structural con-
nectivity in children that can be used for analysis of white matter microstructural
properties across different bundles.

In the last part of this work, we will show how the multiparametric approaches
and the connectivity atlas, described in part II, can be applied to investigate white
matter pathologies and provide some preliminary observations in focal epilepsy and
metachromatic leukodystrophy (MLD).
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Part I

Development of the brain white
matter in infants and children

19





This part of the manuscript contains two chapters. The first chapter provides
an overview of normal brain development starting from the embryonic stage. It de-
scribes major developmental processes, including neurogenesis, neuronal migration,
glial proliferation and differentiation, synaptogenesis, establishment of brain struc-
tural connectivity, and maturation of the white matter bundles through myelina-
tion. The second chapter focuses on the study of brain development with Magnetic
Resonance Imaging (MRI). It first describes different imaging modalities, includ-
ing T1 and T2 relaxation, diffusion tensor imaging (DTI) indices and some more
complex metrics, like NODDI (neurite orientation dispersion and density imag-
ing), MTR (magnetization transfer) and MWF (Myelin Water Fraction). For each
modality, first, a brief explanation of the physical principles is provided, followed
by description and interpretation of age-related changes. The principles of 3D fiber
reconstruction and bundle identification are also given. Then a brief overview of
imaging findings in the developing brain white matter is provided. Finally, some
technical aspects of pediatric imaging are considered.
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Chapter 1

Normal brain development

Brain development is a complex sequence of numerous processes, including neural
induction, neurulation, neuronal proliferation and migration, apoptosis, synapto-
genesis and myelination. It spans through entire childhood till adulthood. This
chapter provides a short overview of these developmental processes, with a par-
ticular focus on white matter development, i.e. establishment of the neural con-
nectivity and white matter myelination, which represents an important step in the
maturation of the white matter that is protracted into the postnatal life until late
adolescence.

1.1 Embryonic development
Human brain development starts at the 2nd - 3rd post-conceptional week with dif-
ferentiation of the neural progenitor cells, a process initiated by inductive signaling
molecules coming from mesodermic cells of the dorsal marginal zone [1]. From the
end of the 3rd week and until approximately embryonic day 42 (∼E42) neural pro-
genitor cells undergo several turns of "symmetrical" cell division to increase the size
of the neural progenitor pool [1–4]. The first distinct neural structure, the neural
tube, is formed by folding and fusion of the neuroectoderm. This process occurs
between embryonic days 20-27 (E20-27) [3] and starts with the appearance of two
ridges on the sides of the neural plate at ∼E21. These ridges rise, fold and then
fuse, forming the neural tube. The fusion starts from the center and proceeds both
rostrally and caudally [5]. The anterior and the posterior neuropores close at ∼E25
and E27 respectively. At the end of the 4th week, just before the closure of the pos-
terior neuropore, the anterior portion of the neural tube forms the three primary
brain vesicles: the prosencephalon that will evolve into the forebrain, the mesen-
cephalon that will give rise to the midbrain structures and the rhombencephalon
that will become the hindbrain (Fig. 1.1) [1, 3, 4, 6]. The prosencephalon will fur-
ther divide into the telencephalon and the diencephalon, and the rhombencephalon
will be splitted into the metencephalon and the myelencephalon. The resulting five
secondary brain vesicles present the primary organization of the central nervous
system.
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CHAPTER 1. NORMAL BRAIN DEVELOPMENT

Figure 1.1: Correspondance between embryonic brain regions and mature
brain structures. Adapted from http://howtoimprovemybrain.info/key-brain-
development-stages/

1.2 Corticogenesis
During the fetal period, which spans from the 9th week till the end of pregnancy,
the developping brain undergoes dramatic morphological changes that are accom-
panied by numerous complex events at the cellular level. Starting from ∼E42 cell
division in the proliferative ventricular zone (VZ, Fig. ??) gradually becomes asym-
metrical [7]: each cell produces one neuron and one neural progenitor. The new
neural progenitor cell remains in the proliferative zone and continues to divide.
The first generated neurons form the preplate, which later splits into the marginal
zone (layer I) and the subplate [8]. All subsequently generated neurons migrate
in an "inside–out" manner to form cortical laminae: the deeper cortical layers are
formed earlier than the superficial layers [3, 4, 9–11]. Different neuronal types are
produced in sequential waves depending on their location relative to the molecular
gradients in the ventricular zone [4, 8, 9, 12–18].

Most neurons migrate along radial glial cells; however, an important portion
of neurons, originating from the ganglionic eminences of the ventral telencephalon
(a transitory brain structure that disappears by the end of midgestation, 30-35
weeks [19, 20]) migrates tangentially (parallel to the outer cortical surface) and
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CHAPTER 1. NORMAL BRAIN DEVELOPMENT

becomes the inhibitory cortical interneurons [3, 4, 21–25]. This migration mostly
occurs between 12th and 20th weeks and results in a 6-layered neocortex with
distinctions between the layers based on the cell types and connections that pre-
dominate in each layer [26, 27]. Disruption of neuronal migration can lead to severe
neurodevelopmental disorders, like lissencephaly [28]. Such disturbances can also
result in local foci of ectopic cortical tissue in the white matter that can induce
seizures [29, 30].

1.3 Glial proliferation and differentiation
There are three types of glial (non-neuronal) cells: astrocytes, oligodendrocytes
and microglia (brain macrophages). Unlike neurons, their proliferation, migration
and differentiation are protracted long into the postnatal period [3, 31]. Glial pro-
genitors migrate from the forebrain subventricular zone into neighboring structures,
including the overlying white matter, neocortex, striatum, and hippocampus, where
they differentiate into astrocytes and oligodendrocytes [31–34]. Microglial cells are
believed to be of mesodermal origin and probably to enter the developing central
nervous system (CNS) from the blood stream, the ventricles or the meninges [35,
36].

Astrocytic proliferation in human neocortex starts at ∼24th week and peaks
around 26-28th weeks [37, 38]. Astrocytes play multiple important roles during
brain development and later on, including axonal guidance, stimulation of neuritic
growth and synaptic formation, production of trophic factors and extracellular
matrix components, neuronal survival, myelination, establishment of the blood-
brain-barrier [37–42]. Astrocytes have also various nutritive roles, participate in
osmoregulation and help to support neuronal metabolic homeostasis [37–39, 43].

Oligodendrocytes are responsible for myelin production and myelination of the
white matter, which will be further detailed in section 1.6. Recent studies sug-
gest that oligodendrocytes also produce trophic factors contributing to the main-
tenance of axonal integrity and neuronal survival, they influence neuronal size and
axon diameter, and may possibly contribute actively and directly to neural sig-
naling [3, 44, 45]. According to their maturation stage, oligodendrocytes can be
divided into four types: oligodendrocyte progenitors, preoligodendrocytes, imma-
ture oligodendrocytes and mature myelinating oligodendrocytes. Oligodendrocyte
progenitors are produced in the proliferative subventricular zone during the last
months of gestation and in the early postnatal period. These bipolar, mitotically
active cells differentiate into preoligodendrocytes, multipolar cells with retained
proliferative capacity, during their migration into the white matter. In the third
trimester immature oligodendrocytes progressively start to form membrane wraps
around nearby axons. Finally, mature myelinating highly multipolar oligodendro-
cytes tightly wrap nearby axons with multi-layered membrane sheaths from which
most of the cytoplasm has been extruded. This process, called myelination, follows
a particular spatiotemporal order, described in section 1.6.

The peak of microglia in the developing brain coincides with apoptosis [36].
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This phenomenon can be explained by microglia’s role in phagocytosis of cellular
fragments and elimination of redundant axons and dendrites [36, 46]. In addition,
microglia may have more active roles, for example by inducing degeneration of some
cells [36]. Microglial cells produce trophic factors crucial for normal development
and function of neurons and glia [36, 47–49]. They participate in the growth and
guidance of neurites, increase myelinogenesis and stimulate the vascularization of
the CNS [36, 50].

1.4 Brain growth and gyrification
Brain development is marked by dramatic increase in brain size: between the 16th
gestational week and birth, brain volume increases almost 10-folds [51–54]. Brain
growth continues in the postnatal life with an increase of ∼88% during the 1st year
and of ∼15% during the 2nd year [55, 56] (Fig. 1.2).

Figure 1.2: Changes in head circumference for boys from birth to 24 months. The
5th, 25th, 50th, 75th and 95th centile curves and shown. Adapted from [57].

Although neurogenesis and neural migration continue in the postnatal period
both in the subgranular zone of the hippocampus and in the subventricular zone
lining the lateral ventricles [58, 59], it is thought that the main contribution to the
observed brain growth in the postnatal period arises from glial proliferation and
myelination of the white matter [55].
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To accomodate the growing cortex volume and surface within a limited space,
brain undergoes changes in surface morphology through gyrification: the brain
surface progressively folds to create a complex pattern of sulcal and gyral regions.
Gyrification starts between the 10-15th postconceptional weeks [60, 61], peaks dur-
ing the third trimester of pregnancy, when brain undergoes considerable growth and
reaches its relatively stable stage between the 66-80th postconceptional weeks [62].
Although gyrification patterns of human individuals are highly variable [62], they
do reveal a common spatiotemporal gyrification order [62, 63]. The Sylvian fissure
and the callosal sulcus are the first to appear during the 13-14th gestational weeks
(Fig. 1.3) [60, 61, 63, 64]. They are followed by the olfactory, calcarine and parieto-
occipital sulci in the 15-19th weeks [62, 63]. The cingulate sulcus and the circular
sulcus of the insular cortex appear at ∼18th gestational week. The central sulcus
can be clearly observed from the 20th week, the superior temporal and collateral
sulci - from the 23rd week, the precentral sulcus - from the 24th week, the post-
central and superior frontal sulci - from the 25th week, and the intraparietal and
middle temporal sulci - from the 26th week [62, 63]. The lateral occipital sulcus
appears at the 27th week and the inferior frontal sulcus - at the 28th week [62,
63]. The most secondary sulci and gyri start to appear from the 32nd-34th weeks,
while tertiary sulci develop in the post-natal life [60, 62, 63].

Figure 1.3: The Sylvian fissure (green arrow), the calcarine fissure (blue arrow),
and the parieto-occipital sulcus (red arrow) are among the first to appear during
brain gyrification as revealed by 3-dimensional reconstruction of the lateral (top
row) and medial (bottom row) surface of 13–21 week brains. Adapted from [61].

1.5 Synaptogenesis and development of neural
circuits

Development of neural circuits starts during the early fetal period (9-15 postcon-
ceptional weeks) with most major axonal pathways being established in the preterm
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period. When neurons reach their target regions in the cortex, they start to make
connections (synapses) with other neurons by extending their axons and dendrites.
This process strongly depends on interaction with scaffolding cells (radial glial cells
and tangentially migrating neurons named ‘corridor’ cells) and on gradients of guid-
ance molecules [4, 65–67]. The first growing axons, so-called pioneering axons, lay
down the path for the following axons that tend to fasciculate with them [68, 69].
The first temporary synaptic connections can be found as early as at the 5th week
in the preplate (the primordial plexiform layer) [4, 70–72]. These temporary con-
nections play an essential role in establishing important white matter pathways,
including the thalamocortical (TC) and corticothalamic (CT) pathways [3, 4, 73–
77].

In the early fetal period, the internal capsule already contains thalamocortical
fibres radiating towards the lateral cerebral wall. At this stage these fibers do not
penetrate into the cortical plate to establish synaptic connections in it. Addition-
ally, internal capsule also has growing efferent (motor) corticosubcortical projection
pathways. The modulatory brain-stem afferent fibres are also present above and
below the cortical plate [78–81]. Several limbic bundles, including fornix, stria
terminalis and cingulum, can be already identified on histological and MRI/DTI
images [82].

Midfetal period (15-23 postconceptional weeks) is characterized by transient
connectivity networks. Thalamocortical and basal forebrain afferent fibres establish
numerous synaptic connections with subplate neurons. Subplate neurons not only
guide ingrowing afferent fibres and early efferent projections but also form active
endogenous cortical network and serve as an associative cortico-cortical system
for medial cortex [83–85]: the subplate receives massive fibre projections from
precingulate area and the anterior cingulate cortex that connect these areas with
intermediate and posterior cingulate areas. At this stage most cortical efferent
pathways already penetrate their targets in striatum, pons and the spinal cord.
The cortico-pontine pathway can be easily visualized using imaging techniques [82].
Although still growing, the corpus callosum can also be already identified [86–88].

During cortical development there is an overproduction of neurons and synaptic
connections and by the end of adolescence, almost 50% of them are eliminated by
synaptic pruning (synapse elimination) and apoptosis (programmed cell death)
that explodes around 19–23rd gestational weeks [4, 89–93]. These processes are
regulated by synaptic activity and various trophic factors produced by neurons
and glia cells.

The major event in the neural circuits development during early preterm pe-
riod (24-28 postconceptional weeks) is the beginning of synaptogenesis within the
cortical plate [70, 94] and establishment of first permanent connections with future
cortical layer IV neurons, i.e. projection pathways that connect the cerebral cortex
with lower brain parts, brainstem and the spinal cord. This occurs by relocation of
the thalamocortical and basal forebrain afferent fibres from the subplate into the
cortical plate [70, 95]. At the same time other afferent and efferent pathways also
establish permanent connections with their target areas, including limbic cortico-
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cortical connections in the cingulate, entorhinal and hippocampal cortex. Although
most cortico-cortical connections are still poorly defined [96, 97], three neocortical
associative pathways are already present, namely the fronto-occipital fascicle, the
uncinate fascicle and the deep portion of the external capsule [20, 98].

Late preterm period (29-34 postconceptional weeks) is characterized by rapid
development of neural networks. After the 28th week, the declining subplate mainly
contains neurons predetermined for commissural (interconnecting the correspond-
ing regions of the two brain hemispheres) and association (connecting different
regions within the same brain hemisphere) pathways, which are among the last to
develop [4, 70]. The short range cortico-cortical connections, originating from layer
II, develop earlier than longer-range connections between distant cortical regions,
originating from layer III [99]. At this stage both in vivo and in vitro imaging
studies are able to identify the following associative pathways: fronto-occipital and
uncinate fascicles (already present at earlier stages), the inferior fronto-occipital
fasciculus, and the superior longitudinal fasciculus [20, 82, 100]. At the end of the
late fetal period, cerebral white matter networks become quite similar to those of
the newborn brain. Since this time and later on after birth, the established neu-
ronal networks continue to refine and to mature through myelination until the end
of adolescence.

1.6 Myelination of the brain white matter

1.6.1 Role of myelin
Myelination of the white matter results in dramatic increase of axonal conduction
and velocity of the information transmission between neurons [101]. In the central
nervous system, myelin sheaths present extended membranes of oligodendrocytes
that wrap around neural axons (Fig.1.4). Periodic uncovered short portions of
axons between the segments, called the nodes of Ranvier, are crucial for impulse
propagation along the axons: unlike unmyelinated fibers, when a membrane of a
myelinated axon is excited at the node of Ranvier, local circuits of ion currents
cannot flow out through the insulating myelin sheath but flow out and depolarize
the next node. This form of axon excitation jumping from one node to another
is called saltatory conduction and allows both increasing propagation velocity and
saving energy required for membrane excitation.

1.6.2 Myelin biochemical composition
Insulating properties of myelin stem from its biochemical composition [102, 103].
In comparison with other biological membranes, myelin is characterized by a very
high lipid content, with lipids making up to 70-80% of the total dry weight. On
the contrary, the protein content of 15-30% is rather low. The water content
of myelin is about 40%. Although there is no ‘myelin-specific’ lipid, cerebroside
(galactosyl ceramide) is the most typical for myelin, with its concentration being
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Figure 1.4: Myelin sheaths are formed by extended processes of olygodendrocytes
that wrap around neural axons with periodic uncovered portions (nodes of Ranvier).
Adapted from www.boundless.com.

directly proportional to the brain myelin content. Myelin lipids contain 25–28%
of cholesterol, 27–30% of galactolipids, and 40–45% phospholipids when expressed
as percentages of total lipid weight. The myelin protein composition is simpler
than in other membranes, with most proteins being unique to myelin. ProteoLipid
Protein (PLP) and Myelin Basic Protein (MBP) constitute 60–80% of the total
protein content.

1.6.3 Myelin structure
Myelin structure presents a double lipid bilayer with proteins fully or partially em-
bedded in both sides of the bilayer, or attached to it by weaker linkages (Fig. 1.5).
Lipids and proteins can easily diffuse in the plane of the membrane (lateral diffu-
sion), unless they are anchored by specific interactions. On the contrary, transverse
diffusion (transition from one membrane surface to the other) is limited and the dis-
tribution of lipids and proteins across bilayer’s sides is asymmetric: galactolipids,
cholesterol, phosphatidylcholine, and sphingomyelin are situated mainly on the
extracellular side, while ethanolamine plasmalogen and myelin basic protein are
mainly found on the cytoplasmic side of the bilayer. Different myelin components
are synthesized by different cellular compartments, they are transported to the
myelin sheaths by different mechanisms and at different rates.

1.6.4 Myelinogenesis
Myelinogenesis, starting from initial axon ensheathment up to formation of mature
multilayer myelin sheath, is regulated by precise sequence of gene expression in the
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Figure 1.5: A. A typical CNS myelinated fiber; B. Myelin sheaths present repeat-
ing lipid bilayer membranes with embedded or attached proteins. ProteoLipid
Protein (PLP) and Myelin Basic Protein (MBP) constitue around 60–80% of the
total protein content; C. Phospholipids are major myelin lipid components, mak-
ing up to 45% of lipid content [104]. The figure shows the structure of phos-
phatidylethanolamine. Adapted from [103, 105].

oligodendrocytes. In the central nervous system myelin genes are expressed only
in oligodendrocytes and their expression is significantly up-regulated just before
the onset of rapid myelination. This period is the most vulnerable and crucial
in the myelination process. There is evidence that expression of these genes is
controlled by both tissue-specific and stage-specific mechanisms. Successful myeli-
nation strongly depends on efficient interactions between oligodendrocytes, neurons
and astrocytes [102, 106]. During pre-myelination stage, proliferation of oligoden-
drocyte precursor cells, differentiation of oligodendroglia and expression of myelin
genes are greatly influenced by the presence of axons and neural electrical activity
(Fig.1.6) [107]. Action potential firing in axons results in nonsynaptic release of
adenosine, which activates adenosine receptors on oligodendrocyte precursor cells,
inhibiting their proliferation, stimulating both their differentiation and myelin for-
mation [108]. Axonal diameter is another important factor for the initiation of
myelination and it determines the final thickness of the myelin sheath. Astrocytes
produce trophic factors essential for proliferation, migration and differentiation of
oligodendrocyte progenitors, extension of oligodendrocyte processes and their ad-
hesion to axons, myelin formation and maintenance (Fig.1.6). These factors can
modulate hormones playing important roles in myelination, including growth hor-
mone, thyroid hormone and steroids. Deficiency in these hormones during early
development may cause hypomyelination [109, 110].

1.6.5 Spatiotemporal progression of brain myelination

Brain myelination starts from the 5th fetal month and continues until the end of
adolescence, being most intensive during the first 2 post-natal years. Asynchronous
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spatiotemporal progression of the white matter myelination in the child brain has
been extensively documented by postmortem studies (Fig.1.7) [117–121] and it
can be summarized by the following rules [102]:

• Myelination proceeds in the direction of the impulse conduction.

• Central sensory areas tend to myelinate before central motor areas.

• Motor and sensory pathways myelinate before association pathways.

• Myelination generally progresses in the caudo-rostral direction and from cen-
tral to peripheral regions.

• As first suggested by Flechsig et al. [122], there is a link between structural
and functional maturation: pathways that start functioning earlier have a
tendency to myelinate first.

However, one should keep in mind that there are many exceptions to these
rules and that there is a normal variability in the onset of myelination for different
white matter bundles. Moreover, definition of myelination onset may also depend
on the used methodology for myelin detection (light microscopy, immunological
approaches, MRI).

At the 20th gestational week, myelin can be already detected in the spinocere-
bellar tract, lateral spinothalamic tract, in the statoacoustic tectum and tegmen-
tum [118]. At the same time, cerebellar peduncles begin to myelinate, first in the
inferior peduncles, then in the superior peduncles and later, at around 26 gesta-
tional weeks, in the middle peduncles [118, 121]. At the 22nd gestational week,
myelin appears in the inferior olive [118]. Optic chiasm and optic tract start myeli-
nation at around the 25th gestational week, followed by optic radiations: rostral
part at the 27-28th weeks and occipital part at the 29-30th weeks [118]. At the 27-
28th weeks, myelin can be observed in the central part of the corona radiata [118].
During the 29-30th weeks, the first myelin signs successively appear in the corti-
cospinal tract, cingulum, fornix, anterior limb of the internal capsule [118]. From
the 32nd week, myelin can be found in the corpus callosum and from the 34th week
- in the anterior commissure [118]. By the 40th gestational week, myelin can be
detected in the acoustic radiations [123].

Despite early beginning of myelination, most brain structures and white matter
bundles appear poorly myelinated at birth and their myelination is protracted in
the postnatal period, being most intensive in the first two postnatal years. At
birth, mature myelinated stage is reached only in the spinocerebellar tract, the
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spinothalamic tract, the statoacoustic system, the cerebellar peduncles, optic chi-
asm and optic tract and the posterior limb of the internal capsule [118, 121]. In
histological studies, mature myelinated stage in the optic radiations and partially
in the corticospinal tract can be detected after the first 2-3 postnatal months (50-52
post-conceptional weeks) [119]. Starting from the 3rd postnatal month, myelina-
tion progressively spreads from the central sulcus area in the anterior direction,
and in the temporal direction from the 4-5th postnatal months (Fig. 1.8). The
body of the corpus callosum starts to show mature appearance at the 5th postna-
tal month (∼60 post-conceptional weeks) [119]. At the 6th postnatal month (∼65
post-conceptional weeks) mature myelinated appearance is seen in the splenium and
the acoustic radiations [119]. The most frontal brain areas start to myelinate be-
tween the 7th and 11th months [124]. At around 9 months (∼80 post-conceptional
weeks), mature myelinated stage is reached in the cingulum and in the posterior
frontal areas [119]. At 11 months (∼87 post-conceptional weeks) mature myelinated
stage is reached in the anterior limb of the internal capsule and the genu of the
corpus callosum, at 15 months - in the external capsule [119]. Mature myelinated
appearance is observed in frontal areas at ∼18 months (∼119 post-conceptional
weeks), and in the temporal areas at ∼19 months (∼122 post-conceptional weeks).
Although myelination rates are greatest during the first two postnatal years, the
process continues, although at slower rates, during childhood, adolescence, and
even adulthood [125–132]. Magnetic resonance imaging (MRI) provides important
tools for the in vivo studing white matter maturation (for review see chapter II
and [133]): being in agreement with histological studies, they are able to further
detail the spatio-temporal pattern of myelination progression [134, 135].
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Figure 1.6: Myelination is regulated by complex interactions between oligodendro-
cytes, neurons and astrocytes. Adapted from [107] A. Before myelination starts,
immature oligodendrocyte precursor cells (NG2+) and silent, non-active axons can
be seen. B. Propagation of action potentials along the axons results in ATP release
and adenosine generation, which activates adenosine receptors on NG2+ cells and
promotes their differentiation and myelination [108]. Electrically active axons also
release K+ that blocks K+-channels on in oligodendrocytes and may contribute
to oligodendrocyte proliferation [111]. C. Electrical activity may also modulate
expression of cell adhesion molecules (CAMs) that play role in initiation of myeli-
nation [112–114]. D. Glu (glutamate) or GABA release from synapses on NG2+

cells may also participate in regulation of myelination [115]. E. Release of neuro-
transmitters, ions and ATP from electrically active axons may influence myelination
by modifying gene expression in oligodendrocytes and release of the cytokine LIF
from astrocytes [107, 116].
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Figure 1.7: Asynchronous progression of myelination across different white matter
pathways as revealed by histological studies of Yakovlev and Lecours. Adapted
from [121].

Figure 1.8: Myelination proceeds from the central sulcus area first in the posterior
direction, then into anterior areas, and finally to the temporal sites. Adapted from
[119, 122].

35



CHAPTER 1. NORMAL BRAIN DEVELOPMENT

36



Chapter 2

Imaging studies of white matter
development in infants and
children

Magnetic Resonance Imaging (MRI) provides various contrasts and quantitative
parameters reflecting different micro- and macroscopic tissue properties. As white
matter properties dramatically change with age, these parameters can be used by
both researchers and clinicians for evaluation of its development. In this chapter,
I will first provide a brief overview of MRI parameters, explaining their physical
principles, relating biological interpretations of their age-related changes and de-
scribing previous findings in imaging studies of normal white matter development.
Next, 3D fiber reconstruction and identification of white matter bundles for study-
ing principles of white matter connectivity will be described. Finally, some specific
technical aspects of MRI in the pediatric populations, with a focus on correction
of motion artifacts in DWI (Diffusion Weighted Imaging), will be discussed.

At the end of the chapter two articles are included. The first is a research
paper describing a new correction strategy for diffusion-weighted images corrupted
with motion artifacts, with my contribution to it consisting of 1) validation of the
proposed strategy using data with simulated motion-related artifacts and 2) com-
parison of the proposed strategy with another widely-used correction strategy. The
second article is a review article on imaging studies of early white matter matura-
tion in fetuses, newborns and infants. Its content is largely covered in the present
and partially in previous chapters and includes description of the basic concepts
underlying white matter development, explications of main MRI techniques and
desription of the main imaging findings in studies of white matter development in
relation with different undergoing maturational processes.
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2.1 T1 and T2 relaxation times

2.1.1 Physical principles of T1 and T2 imaging
Quantitative T1 and T2 relaxation times describe behavior of nuclear spins of the
hydrogen atoms of water molecules after their excitation by application of a radio
frequency (RF) pulse.

The recovery of the longitudinal magnetization component ML towards its ini-
tial state (called longitudinal or spin-lattice relaxation) in inversion-recovery ex-
periments is an exponential process described as:

ML(t) ∝ ρ(1− 2e−T I/T 1) (2.1)

where T1 is the longitudinal relaxation time, TI is the inversion time and ρ stands
for proton density. T1 values are different within different tissues and are highly
affected by tissue microenvironment [136–138]: for example, T1 values are smaller
(fast recovery) in the presence of macromolecules and higher (slow recovery) in
free liquids. At 3 Tesla, the typical T1 values measured in an adult brain in white
matter, grey matter and cerebrospinal fluid (CSF) are in the ranges of 800-1100ms,
1300-1900ms and 3000-4000ms respectively [137–141].

Figure 2.1: Recovery of normalized longitudinal magnetization for tissues with
different T1 values in a 3 Tesla magnetic field. The graph shows absolute values
of the normalized longitudinal magnetization, as it is measured from the acquired
T1 relaxation signal. T1 values for different tissues at 3T were taken from [140].

Transverse (or spin-spin) relaxation describes the decrease of the transverse
magnetization MT due to the loss of coherence in a population of nuclear spins as
a result of local magnetic field perturbation associated with the proximity of the
excited spins to each other:

MT (t) ∝ ρe−T E/T 2 (2.2)

where T2 is a transverse relaxation time and TE is an echo time. Similar to
T1, T2 values depend on the tissue microstructural properties [136, 138, 141]. For
example, in tissue microenvironments with strong spin-spin interactions (ordered
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cell assemblies, microstructures, etc.) T2 values are shorter because of a rapid loss
of coherence across the spin population. At 3 Tesla, typical T2 values measured in
an adult brain are ∼70ms for white matter, ∼100ms for grey matter and ∼1440ms
in the CSF [140, 141].

In this way, T1 and T2 values allow to distinguish different tissues: gray matter,
white matter, cerebrospinal fluid (CSF), scalp fat, etc. Of importance, they also
reflect pathological changes at a microscopic level. For example, in diseases leading
to disruption of the tissue microenvironment (cell lysis, matrix breakdown, etc.)
they are usually elevated relative to nonpathological conditions [136, 142–144].

Quantitative T1 and T2 maps should not be confused with commonly used
in radiology T1-weighted (T1w) and T2-weighted (T2w) images [136]. T1w/T2w
images that are acquired using single TI/TE value are not quantitative maps of T1
and T2 relaxation times, but are rather proton density images with pixel intensities
weighted by local T1/T2 values. The degree of weighting depends on TI/TE and
other acquisition parameters. On the contrary, quantitative T1 and T2 maps are
computed from multiple measures with different TI/TE values, using, for example,
EPI single-shot spin-echo (SE) sequences [145]. This makes acquisitions longer but
the resulting maps reflect local quantitative T1 and T2 relaxation times measured
in milliseconds.

Finally, it should also be mentioned that the measured T1 and T2 values depend
on the strength of the magnetic field [137, 140, 146, 147]. T1 increases with the field
strength (B0) approximately as B1/3

0 , increasing by ∼25% when the field strength
raises from 1.5 T to 3.0 T. T2 values are rather stable for field strengths between
0.2 and 3 Tesla and decrease at higher fields: when the field stregth raises from 1.5
to 7T, T2 values decrease by a factor of ∼1.6 [148, 149].

2.1.2 Changes during development
In the developing brain, T1w and T2w images show several changes depending on
the maturational stage [150](Fig. 2.2). Before 6 months the infantile pattern is
characterized by a reversal of the normal adult contrasts: on T1w images, signal
intensity is lower in the white matter than in the grey matter; on T2w images,
white matter intensity is higher than in the grey matter. Between 8 and 12 months
a heterogeneous isointense pattern in observed, which is characterized by poor
contrast between grey and white matters in maturing regions. The early-adult
pattern is observed starting from 1 year. This pattern has higher signal intensity
in the white matter than in the grey matter on T1w images and vice versa on the
T2w images.

The times of the transitions between these patterns vary across different brain
regions and depends on the acquisition sequence, with T1w images acquiring the
“early-adult” pattern earlier than T2w images. At birth, on T1w images, the
mature “myelinated” appearance can be observed in the pons and cerebellar pe-
duncles; at 1-3 months, it is observed in the posterior limb of the internal capsule,
optic radiations and the splenium of the corpus callosum. Then, at ∼6 months it
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is seen in the anterior limb of the internal capsule and genu of the corpus callosum.
Finally, at 8-12 months it is observed in the white matter of the frontal, parietal
and occipital lobes. Although the observed changes on T1w and T2w images can
be used to describe undergoing maturational processes, they cannot be used for
quantitative evaluation of the maturation and can be compared across individuals
only when using similar sequences.

Quantitative evaluation of the maturation can be approached by measuring T1
and T2 relaxation times. As it has been repeatedly shown in MRI studies, both T1
and T2 values decrease with age in both grey and white matter [151–156](Fig. 2.2).
This decrease is rapid during the first decade of life and attenuated thereafter.

The mechanisms underlying the decreases of T1 and T2 relaxation times during
brain maturation are still under discussion [153, 154, 157–159]. The shortenings of
T1 and T2 can be largely explained by a drop of brain water content [154](Fig. 2.3).
However, other processes may also contribute to these age-related changes. T1
values may be also affected by increasing concentrations of cholesterol and phos-
pholipids during myelin synthesis (Fig. 2.3) as well as by changes in fiber organi-
zation [153, 154]. Changes in T2 values can be also explained by iron accumula-
tion [160–162] and increasing lipid packing. Consequently, T1 and T2 decreases
have different timecourses: decrease in T1 starts earlier than in T2, already during
the "pre-myelinating" stage; while T2 decrease correlates with the maturation of
the myelin sheath [106, 124, 163–165].
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Figure 2.2: Changes in T1w and T2w images and in quantitative T1 and T2
maps during development. Images were acquired on a 3T MRI system in infants
of different post-term ages (3, 19 and 34 weeks) and in a young adult. Adapted
from [133].
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Figure 2.3: Age-related changes in brain weight, water and cholesterol content [154].
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2.2 Diffusion Imaging
Since its first application for imaging the human brain in the mid-1980s [166, 167],
diffusion imaging has become an important tool for investigating the brain struc-
ture. In particular, it has a considerable potential for explorating of normal and
abnormal white matter maturation as diffusion parameters quantitatively reflect
various maturation processes, while 3D-reconstruction (tractography) techniques
enable studying the organization of white matter bundles.

2.2.1 Physical principles of diffusion imaging
Diffusion imaging allows investigating tissue microstructural properties through
diffusion of water molecules within those tissues. Diffusion is a random motion
of molecules, and in a free medium, the resulting molecular displacements can be
described by a three-dimensional Gaussian distribution, with the mean-squared
displacement of the molecules for a given time interval t equal to 6Dt, where D is
a constant called “diffusion coefficient”, which depends only on the molecular size,
temperature and viscosity of the medium. However, in biological tissues, molecular
displacements are smaller, because moving water molecules interact with various
tissue components, including cell membranes, fibers and macromolecules. More-
over, in the presence of aligned structures, molecular mobility can no longer be
considered equal in all directions (anisotropic diffusion): e.g. within white mat-
ter, water molecules move more easily along fiber bundles than perpendicular to
them because in this direction there are fewer obstacles restricting their diffusion
(Fig.??) [168]. In this way, water molecules can be used to investigate tissue mi-
crostructure at a scale beyond the usual image resolution. Indeed, typical diffusion
times are 10-50ms, corresponding to average displacements of water molecules of
∼10 µm, comparable to the size of a cell.

Diffusion images can be obtained by implementing the Stejskal-Tanner diffusion
encoding [169], in which a pair of diffusion-sensitizing gradients (motion-probing
gradients) is added to a T2-weighted spin-echo sequence before and after the 180◦
refocusing pulse (Fig.2.4A).

In this scheme, diffusion results in an incomplete rephasing of the spins that
have diffused between the applications of the diffusion-sensitizing gradients and
thus, in a loss of signal intensity (Fig.2.4B), described as follows:

Si/S0 = e−bDi (2.3)

where Si is the signal intensity observed in a given voxel for the diffusion-
sensitizing gradients applied along direction i, S0 is the signal intensity at the
same location measured without diffusion-sensitizing gradients, Di is the diffusion
coefficient describing diffusion in the i direction, assuming it being Gaussian, and
b is a diffusion weighting, which depends on the strength, duration, and temporal
spacing of the diffusion-sensitizing gradients. For rectangular gradient pulses, b-
values are expressed as:
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Figure 2.4: A. A diagram of a pulse sequence for diffusion-weighted acquisi-
tion [170]. Two diffusion-sensitizing gradients (G is amplitude and δ is duration of
the gradients, ∆ is the time interval between gradient onsets) are added to a spin-
echo sequence before and after the 180◦ refocusing pulse. B. Circles with arrows
represent nuclear spins of the water molecules. Because of water diffusion between
the application of the diffusion-sensitizing gradients, the second gradient cannot
completely refocus the spins leading to the signal loss. Adapted from [171].

b = γ2G2δ2(∆− δ/3) (2.4)

where γ is the gyromagnetic ratio, G is the amplitude of the diffusion gradient,
δ is the duration of the diffusion gradients, ∆ is the time interval between the
onsets of the diffusion gradients. Eq.2.3 can be directly used to calculate diffusion
coefficient Di for a given direction.

2.2.2 Diffusion tensor imaging (DTI)
To describe diffusion in a 3D medium, Di in eq.2.3 can be replaced by a diffusion
tensor D and the tensor diffusion model can be fitted by multilinear regression
methods using at least 6 measurements with noncollinear diffusion gradients [172].
Geometrically, diffusion tensor can be represented by an ellipsoid whose shape is
defined by its 6 independent components (Fig.2.5).

Several rotation invariant parameters can be used to characterize the size and
shape of the diffusion ellipsoid: mean 〈D〉, longitudinal λ‖ and transverse λ⊥ dif-
fusivities and fractional anisotropy FA. These parameters can be calculated from
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the eigenvalues λ1, λ2, λ3 of the diffusion tensor, that describe diffusion along the
3 diffusion ellipsoid axes:

< D >= (λ1 + λ2 + λ3)/3 (2.5)

λ‖ = λ1 (2.6)

λ⊥ = (λ2 + λ3)/2 (2.7)

FA =
√

3
2

√∑3
i=1(λi− < D >)2√∑3

i=1 λ
2
i

(2.8)

Figure 2.5: Principles of DTI. A. Diffusion is measured in at least 6 directions
in order to estimate the diffusion tensor represented by diffusion ellipsiod. B.
Estimated diffusion tensor is diagonalized to find its eigenvectors and corresponding
eigenvalues. C. The principal direction of the diffusion ellipsoid is identified and
color-coded (F). D. Eigenvalues of the diffusion tensor are used to create fractional
anisotropy maps. E. Information about fractional anisotropy intensity (D) and
local fiber orientation (C) can be combined to produce color-coded orientation
maps [171].

2.2.3 DTI changes during development
During white matter maturation, changes in the DTI indices show complex dynam-
ics according to the maturational stage (Fig.2.6). First, progressive organization of

45



CHAPTER 2. IMAGING WHITE MATTER DEVELOPMENT

the fibers into fascicles likely results in increased longitudinal diffusivity λ‖ and de-
creased perpendicular diffusivity λ⊥, thus leading to increased fractional anisotropy.
This process is probably responsable for increased anisotropy that can be observed
even in unmyelinated fibers [173–176]. At this stage mean diffusivity is likely to be
unchanged. Next, at the "pre-myelination" stage, proliferation of oligodendrocytes,
accompanied by water decrease, should result in the decrease of all 3 diffusivi-
ties [176, 177]. This process was initially considered spatially isotropic [106], how-
ever, recent evidence suggests that oligodendrocytes prefer to make initial extension
of their processes in the axonal direction, leading to anisotropy increase [178, 179].
Finally, during "true" myelination, ensheathment of the axons by the oligoden-
droglial processes should lead to decreased transverse diffusivity due to decrease in
both membranes permeability and extracellular distance between the axons in the
perpendicular direction [180, 181]. In places with crossing fibers, this scheme may
become more complex if crossing bundles have different maturational timelines:
anisotropy first increases as the first bundle gets myelinated, but when the second
crossing bundle gets myelinated it decreases, meanwhile diffusivities decrease in
both cases.

Figure 2.6: Theoretical relationships between maturational stages and DTI param-
eters in the white matter. Adapted from [182].

DTI studies in utero [86, 88, 183] and in preterm newborns [174, 184–189] con-
firmed age-related decrease in mean diffusivity and increase in anisotropy within dif-
ferent white matter regions, including pyramidal tract, corpus callosum, frontal and
occipital regions. Decreases in diffusivities and increases in fractional anisotropy
continue after birth (Fig. 2.7), being rapid in the first post-natal year and slower
in the second year [126–128, 131, 132, 190–192].

Because of myelination asynchrony across bundles, age-related changes in DTI
parameters show considerable regional variations both across and along white mat-
ter bundles [127, 133, 178]. These maturational differences between white matter
regions can be identified as early as at 28-43 weeks of gestational age (Fig. 2.8.A),
suggesting an early maturation of cerebral peduncles, internal capsule and com-
missural tracts of the corpus callosum [192]. To describe maturation asynchrony
across white matter bundles in infants between 4 and 18 weeks (Fig. 2.8.B), Dubois
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et al. [182] suggested a model based on different sensitivities of mean diffusivity
〈D〉 and fractional anisotropy FA to different maturational processes. This model
classifies white matter bundles using information from both 〈D〉 and FA values
normalized to the values from the corresponding bundles in the adult population,
and the speed of their changes. The model was supported in 8 out of 11 considered
bundles that were classified as follows. The cortico-spinal tract appeared to be
the most mature bundle, followed by the spino-thalamic tract and the fornix. The
optic radiations, the inferior longitudinal and arcuate fascicles appeared relatively
immature at this age. The least mature bundles were the anterior limb of the inter-
nal capsule and the cingulum. Evaluations of the changes in DTI parameters over a
larger age-range confirmed asynchronous maturation of white matter bundles [127,
193] (Fig. 2.8.C). A tract-based analysis of the DTI parameters during the first two
postnatal years suggested that sensory and motor tracts show higher maturation
degree at birth but slower maturation rates compared to others bundles [127]. On
the contrary, association bundles, including arcuate, uncinate and inferior longitu-
dinal fasciculus have lower maturation degree at birth, but mature at higher rates
during the first year as compared to projection bundles. Similarly, comparison of
the changes in mean diffusivity 〈D〉 and fractional anisotropy FA across almost
the entire lifespan (5-83 years) suggested that frontal–temporal connections, in-
cluding cingulum, uncinate fasciculus and superior longitudinal fasciculus, have a
prolonged maturation, while the fornix, corpus callosum and inferior longitudinal
fasciculus showed relatively fast maturational rates [193].

Finally, DTI allowed revealing differences in maturation progression within in-
dividual bundles [127, 192, 194–196]. For example, it was shown that during the
late preterm period the cortico-thalamic tract starts to myelinate first at the level of
the internal capsule [194]. It was also shown that in the optic radiations of infants
(6-17 post-natal weeks) there are two maturational waves: an early wave in the an-
terior region, starting from the lateral geniculate nucleus, and a later catching-up
wave in the posterior region, starting from the occipital cortex [196]. These waves
may result from myelination of the geniculo-cortical and cortico-geniculate fibers
respectively. Generally, during the first two post-natal years, maturational changes
near cortical regions appear smaller than in the central regions [127].

2.2.4 Other diffusion models

Diffusion tensor model is based on the assumption that in each voxel diffusion
process can be described by a Gaussian distribution. However, at higher b-values
this assumption is no longer valid [197]. Furthermore, each voxel may contain
several tissue compartments with different diffusion characteristics (grey matter,
white matter, cerebrospinal fluid) that differently contribute to the total measured
diffusion signal. Diffusion tensor model will also fail to adequatly describe diffusion
in white matter regions containing fiber populations with different orientations, i.e.
crossing or diverging fibers. To overcome these limitations several other diffusion
models have been introduced. Here we will mention the most known models used

47



CHAPTER 2. IMAGING WHITE MATTER DEVELOPMENT

to characterize microstructural tissue properties, while those used for 3D fiber
tractography to better characterize the spatial distribution of fiber orientations
and resolve complex fiber configurations will be described later in the corresponding
section in section 2.6.

Using High Angular Resolution Diffusion Imaging (HARDI) [198], it is possi-
ble to model diffusion signal as a mixture of diffusion signals from several tissue
compartments and estimate their parameters and fractions.

The bi-exponentialmodel describes two distinct diffusing pools (fast and slow)
with different diffusion coefficients and volume fractions [199, 200]. However, these
fast and slow components are not equivalent to the extra- and intracellular com-
ponents as initially hypothesized since fitted and true volume fractions are signifi-
cantly different [201, 202].

The ball-and-stick model accounts for an intra-axonal component modeled
as a cylinder with zero radius ("stick") and an extra-axonal component with an
isotropic diffusion ("ball") [203]. This model allows estimating fiber orientation,
the relative volume fractions of the two components and their inherent diffusion
coefficients.

The CHARMED (Composite Hindered And Restricted Model of Diffusion)
model accounts for intra-axonal and extra-axonal compartments [204]. The intra-
axonal compartment is characterized by a restricted model of diffusion within im-
permeable parallel cylinders of a given diameter. This model explains non-Gaussian
diffusion with increasing diffusion time at high b-values. Hindered extra-axonal
compartment is modeled by an effective diffusion tensor explaining anisotropic
Gaussian diffusion observed at low b-values. Using diffusion data acquired at both
high and low b-values along different directions, the CHARMED model allows to
estimate various microstructural parameters, such as the diffusivity of the extra-
axonal component, the axonal density (volume fraction of the intra-axonal compo-
nent) and fiber orientations (3D probability distribution obtained from 3D Fourier
transformation of the signal attenuation profile). This model is further extended
in the AxCaliber model by introducing the distribution of axonal diameters as an
unknown function to be estimated from diffusion data at both different degrees of
diffusion weighting and different diffusion times [205].

NODDI (neurite orientation dispersion and density imaging) relies on a three-
compartment model of the tissue microenvironement. It includes the intra-cellular
compartment modeled as "sticks" (cylinders of zero radius) with orientation disper-
sion described by a Watson distribution, the extra-cellular compartment character-
ized by anisotropic Gaussian diffusion, and the CSF compartment with isotropic
Gaussian diffusion [206]. This model allows to disentangle two key factors con-
tributing to FA: neurite density and neurite orientation dispersion.

The main limitation of these models for studying brain development is that
they require long acquisition times to provide the data necessary for reliable model
fitting. This remains a critical constraint for their applications in healthy unse-
dated infants and children and so far, there were only a few studies applying these
techniques to the developing brain [207–209].
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It was shown that in newborns scanned at term, CHARMED and NODDI
parameters were able to identify several microstructural components of the white
matter: early maturing fibers (myelinated and tightly packed fibers in the posterior
limb of the internal capsule), partially mature fibers (tightly packed but relatively
unmyelinated fibers of long association and callosal cortico-cortical connections)
and immature fibers (less tightly packed and incoherently oriented short cortico-
cortical fibers and periventricular crossroad of pathways) [209]. In this study the
early maturing bundles were clearly highlighted on the intra-axonal/neurite volume
fraction maps derived from both CHARMED and NODDI, showing higher values as
compared to other areas. Both methods also highlighted the compact and oriented
structure of the corpus callosum with the highest intra-neurite volume fraction and
the smallest neurite orientation dispersion index. With these parameters, it was
also possible to differentiate between the posterior and anterior internal capsule
that have similar cellular structure but different maturation stages (i.e. partially
myelinated and non-myelinated stages respectively).

Another study addressed age-related changes in NODDI parameters within the
posterior limb of the internal capsule (PLIC), the genu and splenium of the corpus
callosum during the first 3 post-natal years [208]. The study revealed a non-linear
increase in intra-axonal water fraction in all 3 regions. The most rapid increase
was seen in PLIC, followed by splenium and then by genu. The fraction of the CSF
compartment did not change with age in the splenium (11% on average) and in the
genu (5% on average) but sligthly increased in PLIC (from 0 to 3%). Orientation
dispersion index was rather stable across the age-range in all 3 regions and ranked
splenium as the most aligned bundle, followed by genu and PLIC. Tortuosity of the
extra-axonal space was found to increase exponentially with age in all three regions,
with the most rapid changes observed in PLIC, followed by the splenium and genu.
At the age of 3 years, the splenium was found to be the most tortuous tract,
followed by genu and PLIC. The observed changes in intra-axonal water fraction
and tortuosity are believed to result from active myelination, via the reduction of
the extra-axonal space.

2.2.5 Conclusion
Although investigation of the age-related changes in diffusion parameters may pro-
vide insights on white matter maturation, none of these parameters is specific to
any particular tissue property or maturational prossess but they are rather in-
fluenced by a complex ensemble of various maturational processes. At the same
time, none of these parameters can reflect the whole complexity of the undergo-
ing maturational changes. Thus, reliable description of white matter maturation
may require development of more sophisticated multiparametric approaches that
integrate complementary information from several parameters. Examples of such
approaches will be presented in the experimental part of this work.
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Figure 2.7: Changes in the DTI maps during development. The maps are presented
for the same subjects as in Fig. 2.2. FA-RGB maps are color-coded directionality
maps. In the white matter, FA increases with age, while 〈D〉, λ‖ and λ⊥ decrease.
Adapted from [133].
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Figure 2.8: Age-related changes in FA and 〈D〉 across different white matter bun-
dles (A) in preterm newborns imaged at 1.5T (adapted from [192]); (B) in infants
imaged at 1.5T (adapted from [182]); (C) in infants at birth, at 1 year and 2
years of age imaged at 3T (adapted from [127]). Abbreviations: AFinf, inferior
branch of the arcuate fasciculus; ALIC, anterior limb of the internal capsule; CG,
cingulum; CS, centrum semiovale; CST, cortico-spinal tract; EC, external capsule;
ILF, inferior longitudinal fasciculus; OR, optic radiations; PLIC, posterior limb of
the internal capsule; STT, spino-thalamic tract; UF, uncinate fasciculus.
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2.3 Other myelin-related imaging parameters

2.3.1 Magnetization transfer ratio (MTR)
2.3.1.1 Physical principles of MTR

MTR evaluates the ratio between free protons with unrestricted motion and protons
bounded to macromolecules, such as lipids and proteins, that are characterized by
restricted motion [163, 210–213]. It relies on transfer of magnetization between the
protons of these two pools and produces a contrast that allows tissue differentiation:
tissues with higher number of protons with restricted motion have higher MTR
values [210]. Thus, myelinated white matter, containing a large number of bound
protons, has higher MTR values than gray matter [214]. MTR contrast is achieved
by saturating macromolecule protons using an off-resonance radio frequency (RF)
pulse [210, 215]. The saturated bound protons then interact with free protons,
leading to magnetization transfer to the free protons and reducing the measured
MRI signal. This transfer can occur both through dipolar coupling or through
direct chemical exchange [210]. Thus, MTR can be calculated as follows:

MTR = (1− MS

M0
) ∗ 100 (2.9)

whereM0 is MRI signal intensity without the saturation pulse andMS is signal
intensity after the saturation pulse.

2.3.1.2 Changes during development

MTR is thought to provide a measure of myelin amount. During the first 2 post-
natal years, myelination of the white matter is accompanied by an increase in MTR
values from 13-19% in unmyelinated white matter to 34-37% after myelination [153,
216]. This increase likely results from increasing concentrations of macromolecules
in the myelinating white matter, with the main contribution ascribed to increasing
concentrations of galactocerebrosides [152, 153, 163]. In gray matter, MTR values
at birth are similar to those of unmyelinated white matter and during maturation,
MTR values in gray matter gradually increase to 25-26% [153].

Evaluation of MTR within individual white matter bundles was in agreement
with the known posterior-anterior progression of brain myelination [217]. MTR
values were found to be higher in projection and commissural bundles compared
to association bundles, with this difference being already detectable at 1 month of
age, reflecting early myelination of the former bundles [217]. MTR values reach a
relatively mature stage in the occipital and frontal white matter at ∼13 and ∼16
months respectively, and at ∼18 and ∼19 months in the splenium and genu of
the corpus callosum [218]. In adulthood, MTR is relatively stable with a slight
tendency to increase in occipital and temporal white matter regions [214, 219]

Nevertheless, MTR interpretation is not straightforward because the technique
is likely to be sensitive not only to myelin-associated macromolecules, but also to
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other factors, including the macromolecular density of axonal cytoskeleton com-
ponents such as microtubules and neurofilaments [178]. Furthermore, MTR relies
on a simple two-pool model ("free" and "bound" proton pools), while the actual
resulting MTR reflects more complex combination of various relaxation and ex-
change processes [220]. It was also suggested that MTR values strongly depend on
specific pulse sequence characteristics and thus, may be difficult to compare across
studies [220].

2.3.2 Myelin Water Fraction (MWF)
2.3.2.1 Physical principles of MWF

MWF corresponds to the fraction of water trapped by the myelin sheaths relative
to the total water volume within an imaging voxel [135, 221–223]. MWF mapping
assumes multicomponent origin of T1 and/or T2 relaxation signals and can be
derived from a multicomponent analysis of these signals. Whereas the exact number
of components is still under discussion, the shortest T2 component (below 40-
50ms) is consistently attributed to myelin-related water [135, 221–223] and thus, is
thought to faithfully reflect the amount of true myelin in the tissue (myelin sheaths).
Unlike relaxation times, MWF is a priori independent from the magnetic field
but its computation is highly sensitive to both the acquisition and computational
settings, making direct comparisons across studies hardly achievable.

The most conventional strategies for MWF quantification do not make any
assumptions on the number of components and are based on the calculation of the
T2-spectrum (Fig. 2.9A). In these approaches, MWF is computed in each voxel
as the ratio between the signal with T2 below 40-50ms and the total water signal
in the T2 distribution [223–229]. Similar strategies have been also proposed for
T2* [230] and T1 spectra [231]. However, reliable estimation of a spectrum requires
acquisition of the relaxation signal with a large number of time-points (N>32) [222,
223], making the acquisition protocol impractically long for infants and children.

An alternative strategy is to make a multicomponent model of the relaxation
signals that takes into account the relative contributions of the different compo-
nents, and to fit this model with the acquired data in order to estimate the fractions
of the components (Fig. 2.9B) [221, 232, 233]. These models will differ depending
on the acquisition sequences, on the number of modelled components, which usually
varies from 2 to 4, including myelin-related component, intra/extra-cellular water
and free water of the cerebro-spinal fluid (CSF), and on the presence or absence of
exchange between these components. Unless some a priori assumptions are made
on the components relaxation characteristics [233], such models are described by
non-linear equations, and their robustness relies on the sampling strategy and the
number of measurements. Although with mcDESPOT sequences, it is possible to
make acquisition time as short as 18min 22sec [135], it remains nevertheless rather
long for pediatric applications where acquisition times should be kept as short
as possible. Furthermore, such approaches typically require long post-processing
times due to sophisticated stochastic model fitting [221]. An alternative strategy
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for fast MWF quantification that overcomes these limitations will be introduced in
the experimental part of this PhD work (see chapter 5).

Figure 2.9: A. Example of a T2 spectrum from in vivo human white matter, show-
ing multiple peaks corresponding to different compartments of the white matter.
B. Graphical representation of a three-compartement relaxation model used to fit
the mcDESPOT data. The model includes two compartments with water exchange
(intra/extra cellular water and myelin-bound water) and the third free water com-
partement (cerebral spinal fluid) without water exchange. Adapted from [135, 234].

2.3.2.2 MWF changes during development

MWF provides a more direct measure of the brain myelin content than any other
MRI parameter. It has shown good correlation with myelin amount [226] and
seems particularly relevant for quantifying progression of the white matter myeli-
nation [134, 135, 233]. MWF dramatically increases during white matter matura-
tion and nicely demonstrates the spatiotemporal pattern of myelination progression
(Fig. 2.10). In agreement with the known caudo-rostral myelination progression,
increase in MWF values starts earlier in projection fibers (frontal–parietal region)
and later in association fibers (frontal region) [233]. From the 3rd post-natal month,
MWF increases in the cerebellum, pons, and internal capsule; then the increase in
MWF values spreads from the splenium of the corpus callosum and the optic radia-
tions (at 3–4 months) to the occipital and parietal lobes (at 4–6 months), followed
by the genu of the corpus callosum and the frontal and temporal lobes (at 6–8
months) [134]. The spatio-temporal pattern over a larger age range (3–60 months)
was consistent with histological findings on myelination [135].
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Figure 2.10: MWF maps demonstrate the spatiotemporal sequence of the increase
in brain myelin content across the developmental period. Plots at the bottom depict
myelination trajectories for different white matter regions and pathways from the
83rd to the 2040th post-natal days. Adapted from [134].
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2.4 Multiparametric imaging
Multiparametric analysis of MRI data may open new perspectives for studies of
white matter development. However, to our knowledge, there were only a few at-
tempts to describe white matter maturation using multiparametric MRI data [132,
182, 235, 236]:

• In the work of Dubois et al. [182], a maturational model was based on the es-
timation of the global bundle maturation by progression through four stages,
which took into account both the maturation state and speed of each bundle,
calculated from DTI indices (FA and 〈D〉). This model suggested that the
cortico-spinal tract appeared the most mature, followed by the spino-thalamic
tract and the fornix, then the optic radiations, the arcuate and inferior longi-
tudinal fasciculi, and the least mature were the anterior limb of the internal
capsule and the cingulum.

• Prastawa et al. [235] introduced an absolute maturational measure from the
total growth rate for a set of multimodal observations (longitudinal and trans-
verse diffusivities, proton density and intensity of T1w and T2w images). The
relative maturational measure was calculated as the time shift required to
transform a maturational curve for a given bundle to a reference curve com-
puted from the posterior limb of the internal capsule (because of its known
early myelination). This model was in agreement with the known tempo-
ral order of the white matter maturation: (1) brain regions related to basic
functions such as sensory and motor information processing are the most
advanced in the maturation; (2) central regions of the white matter tracts
mature before peripheral sub-cortical regions.

• Vardhan et al. [236] proposed using the Hellinger distance to measure age-
related changes in the intensities of T1w and T2w images. This strategy also
demonstrated that maturation begins in posterior regions and frontal regions
mature later on. Finally, Sadeghi et al. [132] suggested using the Gompertz
function to model age-related changes in both FA and the intensities of T1w
and T2w images in order to provide landmarks on maturation asynchrony
across bundles.

Despite their advantages, the above mentioned approaches had several strong
limitations:

• The model of Dubois et al. [182] was not supported in three bundles (corpus
callosum, external capsule, and uncinate fasciculus) and did not give quanti-
tative assessment of the relative maturational delays between the bundles.

56



CHAPTER 2. IMAGING WHITE MATTER DEVELOPMENT

• Prastawa et al. [235] also did not report any quantitative results on the rel-
ative maturational delays between white matter regions, and this study was
focused on different regions rather than on different bundles.

• The works of Vardhan et al. [236] and Sadeghi et al. [132] also provided region
specific rather than tract-based information possibly mixing the information
about different bundles passing at the same location.

• All these approaches, except the one from Dubois et al. [182], used the inten-
sities of T1w and T2w images, which are hardly comparable across subjects
because of signal inhomogeneities and of varying acquisition tunings.

• None of these approaches, except the one from Dubois et al. [182], takes into
account the differences in the parameters and their variations at the mature
adult stage, so that it was not possible to assess bundles maturational degrees
relative to their mature stages.

Example of a novel multiparametric appraoch free from these drawbacks will
be introduced in this work in chapters 3 and 4.

2.5 Functional correlates of MRI biomarkers of
white matter maturation

The observed structural maturational changes accompany changes in the functional
efficiency of brain networks and are correlated with behavioral indices [237–247].
Thus, analysis of the structural changes during development may help to under-
stand the biological principles underlying cognitive development, by revealing the
early structural features associated with certain functions such as language, and
by investigating correlations between these structural features and cognitive per-
formance. Below we will describe some examples of such correlations observed in
language-related networks.

DTI studies in healthy infants (1-4 months old) have shown early asymmetries
within language-related networks [248], including 1) the larger temporal part of the
arcuate fasciculus in the left hemisphere; and 2) higher FA values in its left parietal
part, suggesting either better microscopic organization or advanced myelination.
At the functional level, specialization of the left hemisphere for language processing
can be observed in preterm babies already at the 6th gestational month [249]. Such
early asymmetries may point to the genetic constraints driving early development
of lateralized functions in the human brain.

In the developing language network, language acquisition goes in parallel with
white matter myelination [250, 251]. Expressive and receptive language abilities
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show significant correlations with MWF values in frontal and temporal white mat-
ter, with the leftward asymmetry in frontal white matter and the rightward asym-
metry in the external/extreme capsule [242].

Recently, using an original clustering approach based on DTI parameters, Dubois
et al. [252] was able to further highlight the developmental tempos of the linguistic
bundles. Maturation of the ventral pathway, which is assumed to support semantic
processing was more advanced than maturation of the dorsal pathway, which is
believed to support phonological processing. However, the latter catches up during
the first post-natal months. Its fast development during this period might relate
to the learning of speech cross-modal representations and to the first combinatorial
analyses of the speech input.

It was also demonstrated that performance in word learning correlates with FA
and λ⊥ in the direct connections between Broca’s and Wernicke’s areas of the left
hemisphere, suggesting that our ability to learn new words may rely on an efficient
communications between temporal and frontal areas [253]. In eldery subjects, FA
in these tracts was also correlated with performance in artificial grammar learning
task [254], suggesting that the acquisition of syntactic knowledge in older adults
relies on intact white matter microstructure in language-related areas as well as
their interhemispheric functional coupling. Finally, adult dyslexic patients show
specific correlations between performance on phoneme awareness and speech per-
ception and the integrity of the left arcuate fasciculus evaluated by FA, and between
orthographic processing and FA in left inferior fronto-occipital fasciculus [255].

2.6 Investigating white matter connectivity

2.6.1 3D fiber reconstruction (tractography)
Another important issue in studies of the developing white matter is investigation
of white matter structural connectivity. Diffusion imaging allows reconstruction
of the white matter fibers in 3D using various tractography algorithms based on
different diffusion models [256].

2.6.1.1 Diffusion models

In DTI model, it is assumed that in each voxel the principal fiber direction is par-
allel to the main axis of the diffusion ellipsoid (primary eigenvector of the diffusion
tensor). This information on fiber orientation can be visualized on 2D directional
color-coded maps [257] (Fig.2.5). The fibers can be further reconstructed in 3D
by algorithms following the primary eigenvector from one voxel to another [256].
The main limitation of this DTI-based approach is that it can reveal only one fiber
direction per voxel and faces problems in regions of crossing fibers.

To overcome this limitation, alternative approaches that allow resolving multi-
ple fiber orientations within a voxel, have been introduced [258, 259], with most of
them being based on High Angular Resolution Diffusion Imaging (HARDI) [198].
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In these approaches, estimation of fiber orientations are obtained either from the
diffusion orientation density function (dODF) or from the fiber orienta-
tion density function (fODF) and the tractography algorithms then use peaks
in these functions to reconstruct white matter fibers.

Approaches based on dODF estimate the diffusion propagator p(~r, t) that gives
the probability of certain molecular displacement ~r within the diffusion time t. The
radial integral of the diffusion propagator gives the dODF:

Ψ (θ, φ) =
∞∫
0
p
(→
r , θ, φ

)
r2dr, θ ∈ [0, π] , φ ∈ [0, 2π],

which describes the relative number of particles that have diffused along the line
connecting a given point on the sphere to the origin. In q-ball imaging dODF is
estimated using the Funk–Radon transform [260, 261]. This approach can resolve
multiple peaks in the dODF missed by the tensor model. In analytical q-ball
imaging, dODF is just a linear transformation of the modified spherical harmonics
coefficients, representing HARDI signal [260].

In contrast to dODF approaches, fODF techniques reveal the angular distri-
bution of fiber orientations from the angular structure of either the signal [262, 263]
or the dODF [264] by spherical deconvolution with a kernel. This kernel presents
the simplest model of the diffusion properties of a single fiber and it is obtained
either by assuming that white matter with the highest anisotropy contains coherent
fibers with single orientation, or by simulating the response from an idealized fiber.

2.6.1.2 Tractography algorithms

Once the information on fiber orientations is known at every image voxel, it can
be used to reconstruct white matter pathways in 3D using different fiber tracking
algorithms that can be divided into deterministic and probabilistic [170, 265].

In deterministic approaches, fiber trajectories, also called “streamlines”, are
reconstructed by connecting the neighboring image voxels that are thought to be-
long to the same white matter fiber. This can achieved by following the fiber
direction (for example, principle eigen vector in DTI) from one voxel to another.
Constraints on the maximum turning angle of the fiber trajectory between voxels
and propagation masks with defined minimum FA values can be applied to make
reconstruction more realistic and, in analogy to curve fitting, some regularization
may also be introduced [266–268]. Tractography can be initiated from user-defined
voxels ("seeds") placed in certain regions of interest to identify white matter tracts
passing through them. Alternatively, in the "brute force" approach, the seed voxels
can be placed within the entire brain volume [269].

In contrast to deterministic tractography, probabilistic approaches incorporate
the expected uncertainty of fiber orientations. This can be done, for example, by
interpreting the local ODF as a probability density distribution of the local fiber
orientation, then sampling randomly this distribution many times, and perform-
ing streamline tractography with each sample from the same starting point. In
this way, such approaches can produce connectivity maps, showing probabilities of
connections between different brain regions and the starting point.
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2.6.2 Identification of white matter bundles
Once 3D tractography is performed over the entire brain volume, individual white
matter bundles can be identified and extracted from tractography datasets using
various approaches. For example, this can be done in each individual subject us-
ing manually defined regions of interest (ROI) that should be passed through or
avoided by the fibers (Fig. 2.11) [269–272]. This approach is very time-consuming,
it imposes a priori assumptions on bundle locations and depends on the expert
experience. Alternatively, ROI atlases could be applied using affine or non-linear
transformations [273–275]. However, in this case results strongly depend on nor-
malization quality and do not take into account variability of fiber shapes.

Recently, more sophisticated approaches using fiber-clustering techniques have
been proposed for automatic bundles segmentation [276–284]. In such approaches,
organization of the brain white matter is represented by an atlas that is generated
over a group of subjects and that contains bundles present in most subjects of
the considered population (Fig. 2.12) [277, 281, 285, 286]. Then bundles’ identi-
fication in individual subjects can be performed by comparing fiber clusters from
the considered individuals to the labeled bundles from the atlas (Fig. 2.12J). Such
approaches are more efficient because they take into account fiber shapes and lo-
calization variabilities. Being fully automatic, they save time and increase repro-
ducibility of the reconstructed bundles. Furthermore, such atlases can be also used
to analyse tissue microstructural properties, even when its not possible to perform
reliable tractography (for example, in myelin-related diseases), by projecting atlas
bundles to the subject data. However, existing atlases were generated from adult
data and projection of their bundles to pediatric patients (for example, to children
with metachromatic leukodystrophy, see chapter 8) may not be adequate since
fiber shapes and lengths change during development and those in young children
differ from those in adults. Thus, studies in pediatric patients require creating
age-specific atlases. Example of such a preliminary atlas will be described in the
experimental part of this work (see chapter 6).

2.6.3 Imaging development of the white matter connectiv-
ity

Diffusion imaging and tractography techniques are very useful to investigate the
developing organization of the white matter. Post-mortem imaging studies in fe-
tuses have shown that tracts in the brainstem and limbic tracts are among the first
to develop, beeing already detectable before the second trimester [61, 100]. At the
13th gestational week, the pontine crossing tract and the corticospinal tract can
be already identified. At the 15th week, the pontine crossing tract increases in
size and gets the configuration similar to the adult state, completely surrounding
the corticospinal tract. Between the 15th and 20th weeks, the corticospinal tract
increases its size. At the same time, the middle and inferior cerebellar peduncles
and the medial lemniscus become distinguishable. Limbic tracts, including fornix
and the stria terminalis, can also be easily detected at the age of 13 weeks, while

60



CHAPTER 2. IMAGING WHITE MATTER DEVELOPMENT

cingulum can be detected only after 17 weeks. At the age of 13 weeks, among the
commissural tracts, one can observe the middle cerebellar peduncle, optic chiasm
and anterior commissure. The corpus callosum appears only at the 15th week. At
the 20th gestational week, corpus callosum is more advanced in the frontal regions
(genu and forceps minor) than in other areas (splenium and forceps major, body).
The internal capsule can also be detected at the 13th week and during development
it extends from its core to anterior and posterior regions. Starting from the 19th
week the uncinate fasciculus, the inferior frontooccipital fasciculus and the inferior
longitudinal fasciculus can be observed. The superior longitudinal fasciculus could
not be reliably traced (though it is not absent), even at birth, likely due to its slow
maturation [287].

In vivo investigations in fetuses and preterm babies are in global agreement
with findings in post-mortem studies [86, 88, 288, 289]. Using fetal MRI in utero
it is possible to reconstruct certain fiber tracts, like corpus callosum, thalamo-
cortical and corticospinal tracts as early as at the 18th gestational week [86, 88,
289]. In cases of the corpus callosum agenesis, it is possible to detect the Probst
bundles (longitudinal callosal fascicles) [290]. The uncinate fasciculus and the in-
ferior fronto-occipital fasciculus can be revealed as early as at the 20th gestational
week [288]. Identification of the cingulum and the fornix was possible only starting
from the 27th week [288]. The inferior longitudinal fasciculus could be revealed
from the 30th week, however in some cases it was possible to identify it as early as
in the 23rd week [288].

After term birth, despite low anisotropy values, almost all main white mat-
ter tracts can be reliably reconstructed, including commissural bundles (genu,
body and splenium of the corpus callosum), projection bundles (corticospinal tract,
spino-thalamic tract, optic radiations, anterior limb of the internal capsule), limbic
bundles (fornix and cingulum) and associative bundles (external capsule, uncinate,
arcuate, superior and inferior longitudinal fascicles) (Fig. 2.13) [128, 182, 291].
A similar organization of the major bundles has been demonstrated between new-
borns and toddlers of 1 and 2 years of age [127]. However, certain associative
bundles, like the superior longitudinal fasciculus, remain difficult to reconstruct
at birth and show large reorganization in the fiber orientations during the first
post-natal months [287].
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Figure 2.11: Principles of bundles’ identification using ROIs and examples of iden-
tified bundles in adult subjects scanned at 1.5T. Individual bundles are extracted
from whole brain tractography datasets using AND and NOT ROI operations. For
example, first all tracts that penetrate the 1st ROI (orange circle) are selected (A).
When the 2nd "AND" ROI (red circle) is applied, only the fibers that go through
both ROIs are kept (B). Finally, "NOT" ROI (black circle) is used to remove unde-
sired fibers (C). D-N Examples of identified bundles: D - cingulum in the cingulate
gyrus part. GCC indicates the splenium of corpus callosum; E - cingulum in the
hippocampal part; F - corticospinal tract; G - forceps minor; H and I - ROIs for
uncinate and identified uncinate respectively; J - superior longitudinal fasciculus; K
- forceps major; L - inferior longitudinal fasciculus; M - fronto-occipital fasciculus;
N - anterior thalamic radiation. Adapted from [272].
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Figure 2.12: Multi-subject atlas of white matter bundles in adults and principles
of its application for automatic bundles identification in whole brain tractography
datasets as suggested by Guevara et al [277]. (A) List of atlas bundles and corre-
sponding colors. (B–D) All bundles as seen from right (B), top (C) and front (D)
sides. (E–I): Detailed view of the bundles: (E) Exterior view of the left arcuate
fasciculus; (F) Exterior view of the corpus callosum tracts; (G) Interior view of left
fornix, uncinate, inferior fronto-occipital, inferior longitudinal and corticospinal
tracts; (H) Interior view of the left cingulum fascicles; (I) Exterior view of the
left thalamic radiations. J. To identify bundles in a new tractography dataset, the
fibers should be clustered and the resulting clusters should be compared to the atlas
bundles to label them with the closest bundle from the atlas. Adapted from [277].
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Figure 2.13: Similar organization of the major white matter bundles reconstructed
in a 6-week-old infant and in an adult. Abbreviations: AF, arcuate fasciculus;
ALIC, anterior limb of the internal capsule; CG, cingulum; CST, cortico-spinal
tract; FOF, fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus; OR,
optic radiations; SLF, superior longitudinal fasciculus; STT, spino-thalamic tract;
UF, uncinate fasciculus. From [133].
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2.7 Technical aspects of imaging in infants and
children

Imaging of the developing brain in infants and children presents additional technical
challenges during both data acquisition and analysis [133, 139, 292]. Some of them
are described below.

2.7.1 Data acquisition
Rapid brain growth may require using specially-designed coils adapted to the size
of the subject head [293]. Smaller sizes of the cerebral structures require higher
spatial resolution, however the acquisition time should be kept as short as possible
to reduce exposure to acoustic noise and to avoid as much as possible motion
artifacts. In clinical practice, some of these difficulties can be avoided by sedating
pediatric patients and acoustic noise can be reduced by using foam earplugs or
industrial-grade earmuffs. However, in the absence of strong clinical arguments,
healthy infants and children cannot be sedated and it is extremely difficult to
make them stay motionless during acquisition, unless they are naturally asleep.
Furthermore, even in clinics it is highly desired to reduce the overall need for
sedation in order to prevent any potential negative side effects. However, for some
MRI techniques, including MWF mapping and HARDI imaging, that naturally
require acquisition of a large amount of data, long acquisition time is a main
limitation for their applications in pediatric imaging. Thus, for these techniques
specially adapted protocols should be developed, like the one proposed by Poupon
et al. for T1, T2 and T2* mapping [145]. Recently, using the Kalman filtering
framework, it became possible to speed up the q-ball imaging, making it a useful
tool to 3D white matter tractography [294, 295]. A specially designed approach
for fast MWF quantification from infant data acquired with a short acquisition
protocol will be described later on in the experimental part of this work (chapter
5).

2.7.2 Tissue segmentation and image alignement
Another source of difficulties in pediatric imaging arises from the rapid develop-
mental changes. In conventional imaging, this leads to rapid changes in T1w and
T2w contrasts with brain tissue maturation (see chapter 2.1.2). Thus, to assure
good contrast between different tissues, different MRI sequences are often used
depending on the developmental period. To differentiate myelinated from unmyeli-
nated white matter regions, T1w contrast is generally preferred during the first
6–8 post-natal months, and T2w contrast between 6 and 14 months [296, 297].
This makes comparison across ages difficult, possibly leading to misclassification of
cerebral tissues [298, 299] and thus, dedicated post-processing tools for tissue seg-
mentation are required for different developmental periods. Changes in brain size,
its underlying organization and in imaging contrasts impose additional difficulties
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for image alignement and comparison across ages and subjects. To overcome these
difficulties a number of pediatric brain templates have been proposed [300–303].

2.7.3 Estimation of DTI parameters
Reliable estimation of the DTI parameters depends on the signal-to-noise ratio
(SNR) of the diffusion-weighted images and on the number of diffusion directions.
During the first post-natal months the SNR decreases because of the decrease in
both T2 relaxation time and diffusivities [304]. Thus, to make data comparable
across subjects with different ages it is important to adapt the number of dif-
fusion directions according to age, acquiring data with more directions in older
subjects. One should also keep in mind that DTI is very sensitive to motions ar-
tifacts that should be reduced or corrected during acquisition [295, 305–308] or
post-processing [309–314]. Motion can occur during slice or volume acquisition
("intra-slice"/"intra-volume" motion) or between acquisitions corresponding to dif-
ferent orientations of diffusion-sensitizing gradients ("intervolume" motion). This
results in two types of motion-related artifacts:

1. artifacts within a volume (signal irregularities and outliers with alomost com-
plete signal dropout;

2. misregistration between the volumes acquired before and after a movement.

To deal with these artifacts, we recently proposed a fully automated correction
strategy [310] (Fig. 2.14), which has the 2 following steps:

1. detection and resampling of slices corrupted by motion or techni-
cal problems (mechanical vibrations, spike noise). Detection of the
corrupted slices is based on their comparison with the volume acquired at
b=0s/mm2, using mutual information, and reampling of the detected out-
liers is based on spherical-harmonics decomposition of the diffusion signal
and takes advantage of high number of diffusion gradients orientations.

2. realignment of orientation volumes misregistered due to inter-volume
motion and distortions stemming from eddy currents. At this step, all
orientation volumes are first registered to the first DW orientation volume,
using affine transformation with shearing that maximizes mutual informa-
tion. Then the geometric mean product of all DW volumes is computed and
realigned to the volume acquired at b=0s/mm2. Next, all initial orientation
volumes are registered to this realigned product and resampled. Finally, a
optional 3D rigid transformation can be applied to put the corrected data
into the Talairach space by aligning the anterior and posterior commissures
(AC-PC).
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Figure 2.14: Schematic representation of the 2-step correction strategy from [310].

The proposed strategy was tested in real data acquired in healthy unsedated
infants (6-22 weeks old) and it was shown to improve DTI maps and increase the
reliability of DTI quantification. My personal contribution to this work consisted
of further validation of the proposed strategy using data with simulated artifacts
arising from different possible types of motion (translational and rotational motion,
vibration along a given axis). The quality of the correction strategy was evaluated
for artifacts of various strengths in terms of deviations from the reference diffusion-
weighted signal, differences in the tensor main direction and in the resulting FA
values. Finally, I also compared the proposed strategy with another widely-used
correction approach, named RESTORE [309].
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Objective: Diffusion imaging techniques such as DTI and HARDI are difficult to implement in infants because
of their sensitivity to subject motion. A short acquisition time is generally preferred, at the expense of
spatial resolution and signal-to-noise ratio. Before estimating the local diffusion model, most pre-
processing techniques only register diffusion-weighted volumes, without correcting for intra-slice artifacts
due to motion or technical problems. Here, we propose a fully automated strategy, which takes advantage
of a high orientation number and is based on spherical-harmonics decomposition of the diffusion signal.
Material andmethods: The correction strategy is based on two successive steps: 1) automated detection and
resampling of corrupted slices; 2) correction for eddy current distortions and realignment of misregistered
volumes. It was tested on DTI data from adults and non-sedated healthy infants.
Results: The methodology was validated through simulated motions applied to an uncorrupted dataset and
through comparisons with an unmoved reference. Second, we showed that the correction applied to an
infant group enabled to improve DTI maps and to increase the reliability of DTI quantification in the
immature cortico-spinal tract.
Conclusion: This automated strategy performed reliably on DTI datasets and can be applied to spherical
single- and multiple-shell diffusion imaging.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Imaging the diffusion of watermolecules byMRI enables the non-
invasive exploration of the tissues' microstructure. This is done by
making the MR signal sensitive to spin motion through the
application of diffusion gradients during acquisition [1]. To explore
the anisotropic structure of tissues, such as the fiber organization of
white matter, diffusion-weighted (DW) images are currently
acquired along several orientations of the diffusion gradients taken
on a single shell in the Q-space, for a fixed b-value, with models like
diffusion tensor imaging (DTI) and high angular resolution diffusion
imaging (HARDI). In DTI, MR measurements are performed along at

least 6 orientations of the diffusion gradients. In comparison with
data averaging, increasing the number of orientations also improves
the signal-to-noise ratio (SNR) of the resulting diffusion maps. On
condition that orientations are uniformly distributed over the space
[2,3], it further enables amoreprecise spatial and angular estimationof
the diffusion model, thus improving the local estimation of the spatial
organization of tissues. But it also increases the acquisition time and
thus the risk of motion artifacts. Increasing the b-value improves the
reliability of diffusion models, but decreases the SNR. HARDI models,
such as Q-ball imaging (QBI), better explore the tissue microstructure
and anisotropy, but the acquisition of a high number of diffusion
gradient orientations is required. Therefore, a compromise between
image quality and acquisition time must be found.

Diffusion techniques are based on 2-dimensional (2D) acquisi-
tions with echo planar imaging (EPI), and slices are generally
acquired in an interleaved order. Because of diffusion gradients,
the acquisition time of a slice is of the order of 200 ms, which
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corresponds to a 10 s scan duration to cover thewhole brainwith 50
slices. If for instance 30 different orientations of the diffusion
gradients are acquired, the total acquisition time is at least 5 min
(plus the acquisition time for b = 0 images and calibration scans
required for parallel imaging). Consequently, motion can occur
during the acquisition of a slice (“intra-slice” motion) or a volume
(“intra-volume” motion), or between the acquisitions correspond-
ing to different orientations of diffusion sensitization (“inter-
volume” motion). It results in two kinds of motion-related errors:
1) artifacts within a volume (signal irregularities and potential
outliers with near-complete signal dropout that generate “black
stripes” artifacts along the slice direction, when images are viewed
from the side, or signal loss in a region of the brain, due to repeated
excitation of spins during slice selection); and 2) 3Dmisregistration
between the volumes acquired before and after the movement.
Other artifacts are also frequently observed in DW images,
independently of subject's motion, because of hardware problems
during acquisition like mechanical vibrations [4] or spike noise [5].
The impact of such corrupted data on DTI and QBI metrics has
recently been highlighted with simulations [6].

MR diffusion techniques are particularly informative to explore
the developing brain [7,8], but they are challenging in non-sedated
infants [9,10] because of their sensitivity to subject's motion. To
improve data quality, the first step is to optimize data acquisition.
Short acquisition times, relying on low orientation number, are
generally used, but at the expense of accuracy. DWI and DTI
sequences performed within a breath-hold of the mother have
been devised for fetal brain imaging [11]. Continuous scanning has
also been performed in order to acquire repeated series, whose
volumes have to be registered a posteriori [12]. Alternatively, DTI
acquisitions may be adapted in real time according to patient
motion, by continuously adjusting all applied gradients to compen-
sate for changes in head position [13], by identifying corrupted data
according to the position and themagnitude of the largest echo-peak
in the k-space [14], or by directly evaluating the quality of DTI maps,
which are estimated on-line [15]. The implementation of a self-
navigation scheme with variable density spiral acquisition gradients
has also enabled to remove both eddy current distortions andmotion
artifacts in the adult brain [16]. To deal with mechanical vibrations,
Gallichan and colleagues [4] recommended a full Fourier k-space
sampling, but this increases the minimum echo time and decreases
the slice number available per repetition time. In infants, specific
spatial distributions of diffusion orientations, which take into
account their temporal order during acquisition, have enabled to
reliably estimate the diffusion tensor even if the acquisition is
interrupted due to motion [3,17].

Another direction to deal with motion in DW images is to apply
post-processing correction strategies, which definitely help im-
prove the precision and accuracy of the metrics estimation in DTI
[18] and HARDI imaging [19]. The most common registration
technique corrects for eddy current distortions and 3Dmotion [20],
and is based on mutual information between diffusion orientation
volumes and a reference volume, with a subsequent rotation of the
B-matrix before analysis of DW images [20,21]. Integrating motion
in the signal model used for the tensor estimation seems to perform
superiorly compared with the conventional method [22]. In
pediatric patients, an automated reconstruction software has
recently been implemented [10], but it requires a dedicated
acquisition for Nyquist ghost calibration and parallel imaging
GRAPPA weight. These post-processing strategies hardly correct
for within-slice artifacts, which are frequently observed in rapidly
moving subjects like infants or due to mechanical vibrations or
spike noise. The easiest solution to deal with these artifacts is to
exclude thewhole corrupted volumes on a simple visual basis, but it
is time consuming, dependent on the experimenter and it also

potentially removes uncorrupted slices. Automatic detection of
outliers has previously been performed through linear correlation
coefficients between DW volumes [10], during a robust estimation
of the diffusion tensor [23], or by finding the local maxima on the
Laplacian of DW signals across diffusion orientations [24]. For the
correction of detected outliers, methods include removing such
voxels [23] or volumes [10], fitting the signal using linear regression
methods [4], or interpolating the Q-space signal directly on the
spherical shell [6]. Recently, an algorithm which detects and
removes outliers prior to 3D resampling, while takingmisalignment
into account, has been proposed [9]. Despite their respective
advantages, all these approaches also present some drawbacks:
rejecting instead of correcting the corrupted data, making hypoth-
esis on the diffusion model, etc.

Alternatively we here propose a global post-processing method-
ology for automatically correcting all motion-related artifacts in DW
images before computing the diffusion model. It is based on two
successive steps: 1) automated detection and 2D resampling of slices
corrupted by motion or technical problems (mechanical vibrations,
spike noise); 2) 3D realignment of orientation volumes misregis-
tered due to inter-volume motion and distortions stemming from
eddy current. This correction strategy was applied on DTI data
from 20 non-sedated infants, aged from 6 to 22 weeks. First, the two
steps of the methodology were validated by simulating motion
in an uncorrupted dataset. Second, we applied this strategy to all
infants, and we studied quantitatively the immature cortico-spinal
tract, because its development has already been detailed over this
age range.

2. Materials and methods

2.1. Description of the correction method

Our post-processing strategy takes advantage of a high diffusion
orientation number to correct for corrupted (also called outlier)
images. It relies on two successive steps: 2D resampling of the outlier
individual slices, followedby3D registration and correctionof the eddy
current distortions in the resulting volumes (Fig. 1). It is implemented
within BrainVISA [25] in the Connectomist toolbox [26].

2.1.1. Detection of outlier slices
To detect corrupted slices, the basic concept is to compare

the DW image for the ith orientation Oi to all the other orientations
(Oj, j ≠ i), for each slice independently. To do so, the b = 0 image is
used as a reference and, a distance between it and each DWOi image
is computed. The mutual information (MI) coefficient [27,28] was
chosen because it does not impose any particular relationship
between images (except sharing some information), which makes
the measurement independent of the grey level intensity that is
variable across diffusion orientations, and it is a reliable and robust
criterion to compare b = 0 and DW images and correct eddy current
distortions [29]. The outlier detection in a given slice s is done with a
simple criterion: slice s for the orientationOi is considered as an outlier
if its MI coefficient is not in the range: mean ± f x StdDev, where the
mean and standard-deviation (StdDev) of MI coefficients are comput-
ed over all orientations (the median values were systematically
computed and found almost equal to the means). The f factor is the
only parameter to be tuned once for a specific protocol (see below).
This strategy for outliers detection is fully automatic. Note that
several DW images (for different orientations Oi) may be corrupted
in the same slice. On the other hand, several slicesmay be corrupted
at the same diffusion orientation, which may reveal a weakness of
the gradient power amplifier or a vibration problem, in the absence
of motion.
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2.1.2. Resampling strategy of outlier slices
When an outlier is detected using the previous criterion, our

strategy consists of resampling it instead of discarding the
corresponding diffusion orientation from the set of available DW
data. Corrections are performed through resampling from the non-
outlier DW images in the Q-space. A decomposition of the DW signal
is performed over the non-corrupted orientations, by using the
modified spherical harmonics basis (SH) proposed by Frank [30]: for
acquisitions performed on a single shell q, the signal of each voxel

can be decomposed on this basis Ψ: S q u!
� �

¼ S0∑
j
SH q; jð ÞΨ j u!

� �
,

where u! represents a normed vector coding for the diffusion
orientation. This decomposition is limited to the 6th order to avoid
overfitting, and some regularization is introduced by Descoteaux and
colleagues to improve its reliability [31]. The resulting SH coefficients
are used to compute the “theoretical” signal values along the
orientations corresponding to rejected outliers. Thus, in a given slice,
corrupted DW images are replaced by these images interpolated
onto the SH basis computed from the set of non-corrupted DW
images. Such interpolation should be applied to images with
relatively high signal-to-noise ratio (greater than ~4) as the
Laplace–Beltrami regularization imposes a Gaussian noise model.

Note that the outlier detection and resampling are performed
first, independently for each slice and before the 3D volume
registration, because rapid-motion artifacts generally corrupt 2D
slices. Consequently, we cannot exclude potential contributions from
“inter-volume” motion. Nevertheless, these contributions are ex-
pected to be small in comparison with the potential impact of 2D
outliers on the 3D registration, and not thewhole volume ismodified
when only a single slice is corrupted (this hypothesis was tested by
simulations in Section 2.2.4.5). Furthermore, this approach does not
rely on strong hypothesis concerning the diffusion model, except
that it can be decomposed onto an SH basis, contrarily to a previous
approach which considered a diffusion tensor model [6].

2.1.3. 3D volumes registration of the different orientations
To correct both motion misregistration and eddy current

distortions, the volumes corresponding to the different diffusion
orientations are realigned according to an original strategy based on
mutual information. In the conventional strategy [20], all orientation
volumes are registered to the b = 0 volume, but registration may be
impaired by the difference in signal intensity from the cortico-spinal
fluid (CSF) between the b = 0 volume (high signal) and the DW

volumes (null signal). To gain in robustness, the 3D registration was
here performed in two consecutive steps. First, all orientation
volumes were registered to the first DW orientation volume
according to the maximization of 3D MI coefficients, based on an
affine transformation with shearing. Then the geometric mean

product of all DW volumes was computed: ð∏
N

i¼1
VOiÞ

1=N

, where N

represents the total number of orientations, and realigned to the
volume acquired with b = 0 s.mm−2. Second, all initial orientation
volumes were registered to this realigned product and resampled.
A further 3D rigid transformation can be optionally added to put the
corrected data into Talairach space by aligning the anterior and posterior
commissures (AC-PC) in a single axial slice (see the application
Section 2.2.5). The assigned diffusion orientations are subsequently
corrected by applying the rotation stemming from the resulting
transformation [20,21]. Since registration is based on an affine transfor-
mation with scaling and shearing, it corrects for both 3D misregistration
between volumes and eddy current distortions at the same time.

2.2. Method evaluation and validation

Correction strategies were evaluated on brain DTI images of
adults and of non-sedated infants, as these subjects are particularly
prone to motion during MR acquisitions. Five strategies were
compared: #1 no correction, #2 visual rejection of corrupted
volumes, #3 resampling of outlier slices alone, #4 3D motion
registration alone and #5 2-step correction strategy (corresponding
to strategy #3 followed by strategy #4). First, the outlier detection
was evaluated in adults' data with vibration- or motion-related
artifacts. Motion was also simulated to further validate the method
with ground-truth knowledge stemming from an uncorrupted infant
dataset: corrupted slices were introduced randomly (simulation of
random “intra-slice” and “intra-volume” motion) or around a
specific orientation (simulation of a systematic equipment vibration
effect) to test the resampling of outlier slices (strategy #3); random
translations and rotationswere also introduced to test the 3Dmotion
registration (strategy #4). Second, the two steps (strategy #5) were
combined to correct real motion on an adult whomoved on purpose.
Third, the five strategies were applied to the whole infant group, and
we focused on the cortico-spinal tract, as an example of a well-
described fasciculus, relatively mature in the developing brain.

Fig. 1. Schematic summary of the 2-step correction strategy. The successive steps to correct motion artifacts are detailed schematically.
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2.2.1. Subjects
The study was performed on two adults and 20 healthy infants

born at term (details in Table 1). The MRI protocol was approved by
the regional ethical committee for biomedical research, and all
subjects or parents gave written informed consents. Infants were
non-sedated and spontaneously asleep at the beginning of MR
imaging, but some of them moved during acquisition (see the
Results section for details). Particular precautions were taken to
minimize noise exposure, by using customized headphones and
covering the magnet tunnel with special noise protection foam.

2.2.2. Data acquisition
Acquisitions were performed on a Tim Trio 3 T MRI system

(Siemens, Erlangen), equipped with a whole body gradient (40 mT/m,
200 T/m/s) and a 32-channel head coil. A DW spin-echo single-shot
EPI sequence was used, with parallel imaging (GRAPPA reduction
factor 2), partial Fourier sampling (factor 6/8) and monopolar
gradients to minimize mechanical and acoustic vibrations. Inter-
leaved axial slices covering the whole brain (50 for infants, 70 for
adults) were imaged with a 1.8 mm isotropic spatial resolution
(matrix = 128 × 128). After the acquisition of the b = 0 volume,
diffusion gradients were applied along 30 orientations with b =
700 s. mm−2 (TE = 72 ms, TR = 10 s for infants, 14 s for adults).
An adult moved on purpose in a first acquisition and remained
motionless in a second scan to get a reference unbiased dataset. For
another adult, because of technical problems, data were corrupted
with vibration-related artifacts (located in the occipital lobe over 25
slices) for orientations of the diffusion gradients along the x-axis.
From this dataset we selected 5 datasets of 25 orientations including
1 to 5 artifacted orientations.

2.2.3. DTI post-processing and tractography
For each set of DW images (corrected or not), the diffusion tensor

parameters were estimated in each voxel using BrainVISA software
[25]. DTI maps were generated (mean b DN, longitudinal λ// and
transverse λ┴ diffusivities, fractional anisotropy FA and color-encoded
directionality RGB). 3D tractography was performed using regu-
larized particle trajectories [32], with an aperture angle of 45° and
from a whole-brain mask excluding voxels with low FA (b0.15) or
high b D N (N2.10−3mm2.s−1), which may correspond to grey
matter or CSF ([33]). Because its reconstruction requires an accurate
matching of the slices, the cortico-spinal tract was selected with
manual regions and split between the cerebral peduncles and low
centrum semiovale for quantification of DTI parameters [33,34].

2.2.4. Validation of the correction strategies

2.2.4.1. Validation of the detection of outlier slices (strategy #3): adult
dataset. For the adult datasets (motion on purpose and vibration-
related artifacts), different detection factors f were tested, from f = 3
to f = 1. The slices automatically detected as outliers were compared
with the slices visually labeled as outliers. We computed the
percentage of false-negative detection, characterizing the outliers
missed by the automatic method, and the percentage of false-positive
detection, describing the over-detection errors.

2.2.4.2. Validation of the resampling of outlier slices (strategy #3):
simulations of motion. We further selected the data from a single
infant who had not moved at all during the acquisition (subject #8
from Table 1, middle age of 11.7w) and compared the corrected
datasets (after simulatingdifferent kinds ofmotion)with the reference
dataset (the real uncorrupteddataset). On theonehand, random intra-
slice motion was simulated by introducing different numbers (from 1
to 5 over 30) of outlier orientations in a given slice (bymaking the DW
signal aberrant). Ten random sets of corrupted orientations were
tested for each number of outliers, and 3 random slices were
independently corrected. On the other hand, vibrations and miscali-
bration of a gradient were simulated by corrupting gradient(s) around
a specific diffusion orientation: the read axis (along which the echo-
planar echo-train is collected) was considered because it is highly and
frequently on demand in MR scanners, and it may induce mechanical
vibrations due to the coupling of the gradient coil, the subject itself and
the table [4]. All slices of the corresponding volumes were considered
as outliers since such artifacts affect thewhole volume. The strength of
the vibrations was taken into account by increasing the conic angle of
the corrupted DW orientations. For our specific set of 30 orientations
(Siemens package VB15), it concerned 1 orientation (angle 0°), 2
orientations (up to 11.5° around x), 3 orientations (up to 23.5°), and 5
orientations (up to 31.5°).

For both the simulated random motion and the vibrations, the
corrected datasets (with resampling of the outlier slices—strategy#3—
or by exclusion—strategy #2) were compared with the acquired
reference dataset. First, the resampled DW signal within each voxel of
the outlier slices was compared with the reference signal in order to
investigate the impact of the number of outliers and of the kind of
motion (random or vibration) on the resampling performance. Mean

normalized deviation was computed as 1
Nvoxel

∑
voxel

Sreference−Sresampled

Sreference

����
���� ,

where N is the number of voxels in the outlier slice excluding voxels
in the surrounding noise. The percentages of voxels with signal
values different for more than 5% or 10% of the reference were
evaluated. Second, we assessed the errors in the estimation of the
direction of the main tensor eigenvector e v! : the averaged angle
between the reference and the corrected eigenvectors was computed

Table 1
Summary of the numbers of corrected volumes for the different strategies.

For each infant, the age and the number of volumes corrected for the four applied
strategies are specified in comparison with no correction. For all parameters, the
mean and standard deviations over the 20 infants are detailed, as well as the
minimum and maximum values.

Subjects Mean count of subjects' corrected volumes

# Age Manual Outlier
correction

3D
registration

2-step
correction

(Weeks) Rejection Dif
N0%

Dif
N1%

Dif
N1%

Dif
N5%

Dif
N1%

Dif
N5%

1 5.9 8 2.3 1.5 26.6 15.0 26.6 15.2
2 7.4 0 0.9 0.3 6.2 0.0 6.5 0.1
3 9.7 0 0.9 0.1 15.4 0.0 15.6 0.0
4 9.9 3 1.2 0.3 22.5 6.8 22.5 6.9
5 11.1 3 2.4 0.6 23.3 4.0 23.3 4.3
6 11.3 5 2.2 1.5 28.3 23.2 28.5 23.7
7 11.6 6 3.2 1.7 21.2 7.7 21.4 8.5
8 11.7 0 0.0 0.0 11.2 0.0 11.2 0.0
9 11.7 1 2.5 0.9 8.5 0.3 8.8 0.3
10 12.7 3 1.0 1.0 23.0 12.3 23.3 13.2
11 13.1 0 0.8 0.2 8.3 0.1 8.4 0.2
12 13.3 0 0.2 0.1 6.9 0.0 7.0 0.0
13 13.7 0 0.6 0.3 11.9 0.1 12.0 0.1
14 15.0 2 0.7 0.6 14.9 1.2 15.1 1.6
15 15.6 3 1.9 0.8 17.9 4.0 18.3 4.3
16 16.3 0 0.0 0.0 10.9 0.1 10.9 0.1
17 17.6 0 1.0 0.7 23.6 3.7 23.6 3.7
18 18.0 0 2.2 0.1 8.1 0.0 8.1 0.0
19 21.4 6 1.9 1.5 21.1 5.7 21.4 6.1
20 22.4 0 0.6 0.2 17.6 0.0 17.5 0.1
Mean 13.5 2.0 1.3 0.6 16.4 4.2 16.5 4.4
std-dev 4.2 2.5 0.9 0.6 7.1 6.2 7.1 6.4
min 6 0 0.0 0.0 6.2 0.0 6.5 0.0
max 22 8 3.2 1.7 28.3 23.2 28.5 23.7
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as 1
Nvoxel

∑
voxel

arccos
ev!reference•ev!reference

ev!reference

�� ��� ev!reference

�� ��
 !

. Since these errors may

depend on the local accuracy of the tensor model and on the ratio
between the first, the second and the third eigenvalues, we segregated
the voxels according to FA values: three independent classes of voxels
were considered with FA in the range [0.1–0.3], [0.3–0.5] and [0.5–1].
Third, we focused on the corrected FA maps generated from the 30
diffusion orientations after resampling or exclusion of outliers, and we
reported differences within slices relatively to the reference FAmap in
terms ofmean normalized deviation and percentages of voxels with FA
values differing bymore than 5% and 10% as previouslymentioned. For
each measure, the average values and standard deviations were
computed over all the considered slices and over all the corrupted
sets of orientations within a given number of outliers.

2.2.4.3. Comparison of methods to correct outlier slices (strategy #3):
adult dataset. Our method to correct outliers was qualitatively
compared with a widely-used approach (RESTORE [23]). Because
the steps for outlier detection and 3D motion registration are not
applied in the same order in these two approaches (outliers are
first corrected with our method, and secondly excluded with
RESTORE), we focused on data without 3D motion by considering
the adult dataset corrupted with vibration-related artifacts for
1 orientation.

2.2.4.4. Validation of the 3D motion registration (strategy #4):
simulations of motion. First, we checked whether eddy current
distortions were finely corrected by strategy #4 by registering in 3D
the uncorrupted DW volumes to the product of DW images. MI
coefficients were computed between the b = 0 and DW images, and
were compared between the initial and the registered DW images
using a paired t-test across all slices and all diffusion orientations.

Second, specific translations and rotations were introduced in the
initial uncorrupted dataset for a given diffusion orientation in order
to assess the strategy robustness in case of motion. Increasing shifts
(from 1 to 5 mm) and angles (from 1 to 5°) were applied
independently along the three spatial axes (x, y and z). According
to strategy #4, the shifted volumes and the initial dataset were
independently registered to the product of DW images based on
mutual information, in such a way that eddy current distortions were
corrected in the sameway and that both datasets were resampled. As
in the previous Section (2.2.4.2), the resulting registered datasets
were compared in terms of DW signal (mean normalized deviation,
percentages of voxels with values differing by more than 5% and
10%), direction of the main eigenvector (averaged angle errors for
voxels with FA in the range [0.1–0.3], [0.3–0.5] and [0.5–1]), and FA
within slices (mean normalized deviation, percentages of voxels with
values differing by more than 5% and 10%).

2.2.4.5. Validation of the 2-step correction strategy (strategy #5):
simulation of motion and adult dataset. First, we tested whether it is
justified to perform first the outlier detection step, before the 3D
volume registration. In the uncorrupted infant dataset, we intro-
duced both an outlier volume for a specific orientation (as in
Section 2.2.4.2) and a 3D motion for another volume (as in
Section 2.2.4.4), because motion that corrupts 2D slices generally
leads to the 3D misalignment of next DW volume.

Second, in the adult dataset with intentional movements, the two
steps (strategy #5) were combined to correct motion artifacts. For
both the corrected and the uncorrected datasets, errors in terms of
DW signal, direction of the main eigenvector and FA were computed
relatively to the reference dataset without motion and compared in
order to evaluate the correction effects.

2.2.5. Evaluation of the correction strategies: optimization
over the infant group

2.2.5.1. Implementation of motion correction strategies. For each infant,
experimenter JD performed visual rejection of corrupted volumes
(strategy #2): whole volumes were rejected if they presented typical
signal dropout (“black stripes” when viewed from the side), while
volumes with minor irregularities in the diffusion signal were kept
(see Fig. 2 for examples).

For the automatic detection of outlier slices (strategies #3 and
#5), the choice of the f factor was based on the distributions of MI
coefficients (between the b = 0 image and the non-corrected DW
images) across all diffusion orientations. Histograms computed for
typical subjects and slices were screened to decide which criteria to
use for the detection of corrupted data (factor f). Examples are
presented in Fig. 3.1 for two specific infants. For the quiet infant
(Fig. 3.1.a) all MI coefficients were always in the range mean ± f x
StdDev for f = 3, but not for f = 2. For the moving infant (Fig. 3.1.b)
the distributions were more spread because of a drifting effect of MI
coefficients due to inter-volume motion (Fig. 3.2.): MI coefficients of
corrupted DW data were far from the distribution peak, and the
factor f = 3 enabled to detect these outliers. These observations
were similar across all infants and slices, so a value f = 3was applied
to detect the most corrupted slices.

Besides, a resampling of DW images was performed for all
strategies (even if no correction or registration was performed) in
order to align the anterior and posterior commissures (AC-PC) in a
single slice. This realignment aimed to provide a consistent color
coding on directionality RGB maps across all infants, despite the
variability in brain positions that resulted from how the infant fell
asleep. For strategies #4 and #5, this resampling was applied jointly
with the 3D-motion registration by composing the two transforma-
tions. After the AC-PC placement all orientation volumes resulted in
60 slices, the first and last of which being possibly cut or empty when
the anterior and posterior commissures were already well-aligned in
the initial brain orientation. Thus only the 40 central slices were
consideredwhen a global estimation of the corrections over the brain
was required.

2.2.5.2. Comparison of motion correction strategies. In each infant we
quantitatively evaluated and compared the correction strategies by
computing the MI coefficients between b = 0 image and DW image
for each slice and diffusion orientation. For each orientation the MI
coefficients were also averaged over the 40 central slices. For each
correction strategy, the MI coefficients were compared with the
coefficients from the initial images. For strategy #2 we reported non-
null or 1% larger differences. For strategies #4 and #5 we only
reported differences larger than 1% or 5% because the 3D realignment
always implied small corrections for eddy current distortions
(differences between 0 and 1%). For strategies #3, #4 and #5, we
also computed an apparent number of corrected volumes (by
dividing by 40 the number of corrected slices within the 40 central
slices) in order to facilitate the comparison with strategy #2 which
excluded whole volumes. Besides, our 2-step approach was qualita-
tively compared with RESTORE method in terms of RGB maps.

2.2.5.3. DTI quantification over the infants group. Because the range of
ages was restricted to a short developmental period, linear models
between DTI parameters in the cortico-spinal tract and age provided
the best fits across the infants group as compared with quadratic
models. For each correction strategy, we computed correlation
coefficients R, as well as mean, minimal and maximal values over
the group, and standard deviations after taking into account the
significant linear age-related effects. For the strategies comparison,
note that lower standard deviations mean better registration across
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babies, and thus better motion correction. Higher FA values also
mean better delineation of the fasciculus according to surrounding
tissue and less partial volume effect.

3. Results

3.1. Validation of the correction strategies

3.1.1. Validation of the detection of outlier slices (strategy #3):
adult datasets

In the dataset from the adult who moved on purpose, no more
than 4 orientations per slice were corrupted. For detection factors f
higher than 2.4, the percentage of false-negatives was around 60%,
and no false-positive was detected. Then the false-negative percent-
age decreases and the false-positive percentage increases with
decreasing factor, and both percentages were balanced at 40% for
f = 1.2. The false-negative percentage did not pass the 10%
threshold for reasonable f factors (f N 1). For this dataset, the false-
negative percentage was quite high in comparison with the false-
positive percentage.

In the adult dataset corrupted with vibration-related artifacts,
similar patterns were observed. The false-negative percentage was
below 10% for false-positive percentage equal to 15% for 1 corrupted
orientation (f = 3), and around 50% for 2 to 5 corrupted orientations
(f = 1.8 to 1.2). Furthermore, the values for balanced false-negative
and false-positive percentages increasedwith thenumber of corrupted
orientations, from 30% to 42% for 2 to 5 orientations (f = 2.1 to 1.6).
Consequently, the performances of the detection approach were
reasonable but decreased with the degree of data corruption.

3.1.2. Validation of the resampling of outlier slices (strategy #3):
simulations of motion

Considering the infant dataset where motion-related artifacts
were introduced, the slices that were corrected for random outliers
presented a mean normalized deviation in DW signal of 5.1% ± 0.6%
in comparison with the reference and on average over the different
outlier numbers. 34% ± 4% (resp. 11% ± 3%) of voxels within the
corrected slices showed signal differences higher than 5% (resp.
10%). The number of random outliers had no influence on these
deviations (Fig. 4.a). Concerning the resampling of outliers stem-
ming from vibration-related artifacts, the mean normalized devia-

tions and the percentages of voxels with differing signals were
higher and increased with the number of outliers (Fig. 4.a).

In terms of angular errors in the main eigenvector direction
(Fig. 4.b), the strategy of outliers resampling performed better than
the strategy of outliers exclusion, both for randomly distributed
outliers and for outliers along a specific orientation in the case of
vibrations. Errors were particularly small when resampling the
random outliers (for instance, for 5 outliers: 5.0° ± 0.5° for voxels
with FA in [0.1–0.3]; 2.7° ± 0.6° for voxels with FA in [0.3–0.5];
1.9° ± 1.1° for voxels with FA in [0.5–1]). On the contrary, errors
were quite large when excluding the outliers along the x-direction
(up to 18.9° ± 0.6° for 5 outliers for voxels with FA in [0.1–0.3]),
suggesting that the exclusion strategy was not appropriate to correct
important vibrational artifacts. Because the tensor estimation is
based on the whole set of 30 orientations, errors increased with the
number of outliers. Larger errors were observed when resampling
the vibration outliers in comparison with the random outliers,
highlighting the impact of orientation distribution over the space.
Finally, angular errors differed according to FA ranges, with higher
errors in low-FA voxels where the tensor model estimation was less
reliable (for instance, for the resampling of 5 vibration outliers:
7.6° ± 0.7° for voxels with FA in [0.1–0.3]; 4.1° ± 0.9° for voxels
with FA in [0.3–0.5]; 2.8° ± 1.0° for voxels with FA in [0.5–1]).

For both the random motion and vibration outliers, errors in FA
estimation were of the same order of magnitude as errors in DW signal
(Fig. 4.c). No significant differencewas observed between the strategies
of outliers resampling and exclusion in terms of mean normalized
deviations to the reference (up to 8% ± 0.3%) and percentages of voxels
with differing FA values (5%: up to 51% ± 1%; 10%: up to 27% ± 1%). As
for angular errors in the main eigenvector direction, these deviations
increased drastically when the outlier number increased from 1 to 5
(Fig. 4.c). This reflects the high dependence of the tensor estimation on
the acquired number of orientations. For an equivalent number of
outliers, the mean normalized deviations and the voxel percentages
were again higher for outliers along a specific orientation (vibrations)
than for outliers along orientations randomly distributed over the
whole space (random motion) (Fig. 4.c).

All these results together suggest that artifacts due to technical
problems (vibrations) may impair the robustness of DTI quantifica-
tion more than a reasonable random motion. Even if the strategy of
exclusion is less sensitive than the signal geodesic interpolation on

Fig. 2. Automated resampling of corrupted slices. DW images of a 21.4 week-old infant are presented for different slices and different orientations of the diffusion gradients
without any correction (first row) and after resampling for the detected outlier slices with f = 3 (second row). Slices are presented in axial (a, b) or coronal views (c–e: arrows in
c and d respectively correspond to slices in a and b). Corrupted slices resulting from fast motion during the volume acquisition (a–d) were finely resampled whereas minor
irregularities in the diffusion signal (arrow in e) were not corrected. Strategy #2 performed in the same way (visual rejection of volumes a–d, but not of volume e).
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the diffusion shell, errors cannot be avoided when the signal
sampling is missing around a specific orientation. In our analyses,
resampling outliers according to the spherical harmonics basis
appeared as the most reliable strategy.

3.1.3. Comparison of methods to correct outlier slices (strategy #3):
adult dataset

For the adult dataset with vibration-related artifacts for 1
orientation over 25, our approach could provide correct RGB maps
contrarily to RESTORE (Supplementary Fig. 1).

3.1.4. Validation of the 3D motion registration (strategy #4):
simulations of motion

Eddy current distortions were finely corrected when the initial
dataset was registered to the product of DW images, as assessed
visually and by the increase in MI coefficients between b = 0
images and DW images (paired t-test across slices and orientations:
t = 14 p b 0.001).

Correcting the 3D-motion after introducing translations or
rotations on purpose to the uncorrupted dataset triggered relatively
small errors in comparison with the reference, and there were no
influence of the motion kind or amplitude (for up to 5 mm and 5°).
These errors were smaller in comparison with the outlier resam-
pling, in terms of DW signal (on average over all translations and
rotations, mean normalized deviations: 2.7% ± 0.5; percentage of
voxels with differences N5%: 14% ± 4%; percentage of voxels with
differences N10%: 5% ± 2%), tensor main eigenvector direction

(angle errors: 0.18° ± 0.01° for voxels with FA [0.1–0.3]; 0.09° ±
0.01° for voxels with FA [0.3–0.5]; 0.09° ± 0.08° for voxels with FA
[0.5–1]) and FA estimation (mean normalized deviations: 2.1% ±
0.2%; percentage of voxels with differences N5%: 14% ± 2%;
percentage of voxels with differences N10%: 5% ± 1%). On the
contrary, translating a single volume by 5 mm and not correcting it
can lead to large angle errors in the tensormaindirection (FA [0.1–0.3]:
9.1° ± 1.2°; FA [0.3–0.5]: 4.8° ± 1.9°; FA [0.5–1]: 6.7° ± 11.6°).
Consequently, correcting such 3Dmotionwith our approach appeared
to be worthwhile and efficient.

3.1.5. Validation of the 2-step correction strategy (strategy #5):
simulation of motion and adult dataset

When both a corrupted volume and a 3D-moved volume were
simultaneously introduced in the uncorrupted infant dataset, the
outlier detection step finely detected the corrupted volume, whereas
the 3D-moved volume was not detected for translations up to 5 mm.
Less than 3 peripheral slices were detected for rotations up to 5°
(1 slice for 1° and 2° rotations, 2 slices for 3° rotations), except for 5°
rotation along z (14 slices detected). Since smaller amplitudes of 3D
motion are generally observed in infants, this simulation justified to
perform the outlier detection step before the 3D volume registration.

For the adult dataset moved on purpose, the deviation errors
computed according to the reference unmoved dataset were
relatively high in terms of DW signal (mean normalized deviation:
18%; percentage of voxels with differences N5%: 73%; percentage of
voxels with differences N10%: 51%), tensor main eigenvector

Fig. 3. Variations of MI coefficients across the diffusion orientations. 3.1. Examples of MI distributions are presented for different slices of two infants (quiet infant in Figure 3.1.a,
moving infant in Figure 3.1.b), with the mean (diamond signs) and the intervals mean ± f × StdDev for f = 2 (empty triangle signs) and f = 3 (filled triangle signs). 3.2. For
three infants, averaged MI coefficients are plotted over the 30 orientations for the strategy without correction (blue dots, strategy #1) and for the strategies with resampling of
outlier slices (green diamonds, strategy #3), with 3D registration (yellow triangles, strategy #4), and with the 2-step correction (red dots, strategy #5). The first infant (a: #8 from
Table 1) was quietly asleep whereas the two others (b, c: #1 and 19 from Table 1) moved a little during acquisition (the orientations rejected with strategy #2 are highlighted
with stars). In comparison with the other corrections, the 2-step strategy enabled to drastically homogenize the MI coefficients over the 30 orientations.
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direction (angle errors: 38° for voxels with FA [0.1–0.3]; 41° for
voxels with FA [0.3–0.5]; 43° for voxels with FA [0.5–1]) and FA
estimation (mean normalized deviations: 38%; percentage of voxels
with differences N5%: 90%; percentage of voxels with differences
N10%: 80%). The 2-step correction strategy enabled to significantly
reduce these errors for DW signal (mean normalized deviation: 10%;
percentage of voxels with differences N5%: 62%; percentage of voxels
with differences N10%: 35%) and tensor main eigenvector direction
(angle errors: 31° for voxels with FA [0.1–0.3]; 32° for voxels with FA
[0.3–0.5]; 33° for voxels with FA [0.5–1]). For FA estimation, the
errors remained high (mean normalized deviations: 32%; percentage
of voxels with differences N5%: 89%; percentage of voxels with
differences N10%: 80%), probably because the corrected dataset did
notmatch entirely the reference dataset, whichwas not corrected for
3D motion and eddy current distortions. These results highlighted
the correct performances of our correction approach but also the
difficulty to compare successive acquisitions that present intrinsic

variability: spatial variability due to varying head position, and signal
variability caused by different technical tuning.

3.2. Comparison of the correction strategies over the infant group

High-quality DW images were acquired in all infants (mean SNR
measuredonb = 0 image in frontalwhitematter: 184 ± 32). Because
of small movements during sleep, we visually detected some motion
artifacts in 10/20 infants, concerning 1 to 8/30 orientations (see Fig. 2).
For strategy#2, it led to amean visual rejection of 2 ± 2.5 orientations
over all infants (range: 0–8, Table 1).

3.2.1. Evaluation of the correction of outlier slices (strategy #3)
The detection of outlier slices performed finely with a factor

f = 3 and detected all visually corrupted slices (Fig. 2). In all
infants, no more than 5 orientations per slice were resampled by
this strategy, which means that the SH decomposition was

Fig. 4. Validation of the outliers resampling strategy. Deviations from the reference are presented after resampling or excluding 1 to 5 random or vibration-related outliers
introduced in an uncorrupted dataset. For deviations in DW signal (Figure 4.a) and in FA (Figure 4.c), mean normalized deviations are presented (left column in %), as well as the
percentages of voxels presenting differences larger than 5% (middle column) and 10% (right column). For angle errors in the tensor main direction (Figure 4.b), three classes of
voxels are considered according to FA (left column [0.1–0.3], middle column [0.3–0.5], right column [0.5–1]).
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performed over at least 25 orientations according to our acquisi-
tion sampling scheme. Over all orientations and in all infants,
strategy #3 modified 1.3 ± 0.9 volumes (range: 0–3.2 volumes)
(Table 1, strategy #3), which was less than the visual rejection. The
corrections were small since only 0.6 ± 0.6 volumes on average
showed differences in MI coefficients higher than 1%.

The number of automatically resampled volumes was highly
correlated with the number of visually rejected volumes across
infants (correlation coefficient for non-null differences R = 0.68; for
differences higher than 1% R = 0.89), showing that both methods
did perform comparably, but the slices visually rejected and those
automatically resampled were not exactly the same. Indeed, the
visual method rejects the whole volume when it appears visually
corrupted, whereas the automated method only resamples part of
the volume, i.e., the corrupted slices. Conversely, the latter method
also corrects for small flaws detected in slices of non-rejected
volumes, which are wrongly not taken into account by the
experimenter in the visual exclusion step, e.g. at the bottom of the
brainstem or at the top of the brain. Altogether, the automated
resampling of outlier slices modified on average a smaller number of
volumes, and has the advantages to be automated and independent
from the experimenter, therefore fully reproducible. In addition, it
allows us both to keep uncorrupted data within each volume, and to
detect and correct subtle artifacts that are not readily visible on
visual inspection.

3.2.2. Evaluation of the 3D motion registration (strategy #4)
To correct for 3D motion and eddy current distortions, the

registration to the mean geometric product outperformed the
conventional registration to b = 0 image in all infants except 3. It
corrected 16.4 ± 7.1 volumes on average over all infants when
considering MI differences larger than 1% (range: 6.2–28.3)
(Table 1). This expected large number of corrected volumes is due
to the correction of eddy current distortions, performed even when
the infantdidnotmove at all. But thosecorrectionswere actually small,
since this number fell to 4.2 ± 6.2 volumes (range: 0–23.2) when
considering MI differences larger than 5%.

3.2.3. Evaluation of the 2-step correction strategy (strategy #5)
Combining the resampling of outlier slices and the registration

for 3D motion and eddy current distortions (strategy #5) modified a
similar volume number than the 3D registration alone (strategy #4):
16.5 ± 7.1 volumes on average over infants for differences larger
than 1% (range: 6.5–28.5); 4.4 ± 6.4 for differences larger than 5%
(range: 0–23.7) (Table 1). In comparison with the other approaches,
this strategy enabled to drastically homogenize the MI coefficients
over the 30 orientations in moving babies, while it implied no
changes in quiet babies (Fig. 3.2): the standard deviation over the 30
orientations (normalized by the mean) was the smallest with
strategy #5 for most infants (except for 2 for whom differences
were less than 0.2%).

This strategy further improved the quality of resulting DTI maps,
as outlined by RGBmaps (Fig. 5). When outlier slices were either not
rejected or resampled (strategies #1 and #4), remaining artifacts
were seenwith a color-code corresponding to corrupted orientations
(see arrows in Fig. 5b). The red color (right/left orientation)
corresponds to the read echo-train axis that often shows
artifacts because it is highly solicited when the DW orientation is
along the x-gradient axis. When 3D motion registration was not
performed (strategies #1, #2 and #3), the bundles' delineation was
blurred and questionable (see arrows in Fig. 5c), particularly in the
sub-cortical white matter and the corpus callosum. In quiet infants,
all RGB maps were relatively similar, except that the correction of
eddy current distortions (strategies #4 and #5) enabled to reduce
artifacts over the whole brain and obvious discrepancies at the
frontal and occipital borders (see arrows in Fig. 5a). Finally, the 2-
step strategy provided the maps with the highest quality (Fig. 5.5),
appearing more reliable and less artifacted than maps obtained after
correction with RESTORE (Fig. 5.6).

3.2.4. Impact of the correction strategies: focus on the developing
cortico-spinal tract

In all infants, the cortico-spinal tract was finely reconstructed by
tractography, similarly with all five correction strategies. All
strategies also globally provided equivalent quantification of mean

Fig. 5. Evaluation of RGB maps quality in infants. RGB maps are presented for the same three infants as in Fig. 3.2 (a: quiet infant; b, c: moving infants), and were computed
according to DW images obtained 1) without correction, 2) with visual rejection of corrupted volumes, 3) with resampling of outlier slices, 4) with 3D registration of motion,
5) with our 2-step correction strategy and 6) with RESTORE approach. The 2-step strategy (5) corrected most artifacts (arrows) and provided the best RGB maps on visual
assessment. With RESTORE (6), images appeared smoother, but the comparison remained difficult because of differences in orientations (images were not resampled to AC-PC
referential). Some motion artifacts remained, particularly in b (arrows).
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and maximal parameters over the infant group, on average in the
tract section, but standard deviations were the smallest with the 2-
step correction strategy because of higher minimal values (Fig. 6).
Furthermore, the age-related increase in FAwasmore accurate when
motion registration was performed (strategies #4 and #5: R = 0.62;
strategies #1/2/3: R = 0.53/0.48/0.48). The detected increase in
anisotropy (+0.004/week of age), and the decreases in mean
diffusivity (−4.10−6mm2.s−1/week of age) and transverse diffu-
sivity (−6.10−6 mm2.s−1/week of age) were in good agreement
with previous studies [33]. Altogether this suggests that the 2-step
strategy (strategy #5) was the most reliable approach to reconstruct
the immature cortico-spinal tract and to quantify DTI parameters on
average over the tract.

4. Discussion

DTI and HARDI techniques are sensitive to motion in two ways.
First, because they are based on 2D acquisition, motion artifacts may
be observed on isolated slices. In addition, misregistration can occur
between DTI volumes because of the successive acquisition of several
diffusion orientations, and because of eddy current distortions in EPI
images. It seems intuitively important to correct images corrupted
by such motion-related artifacts before estimating the diffusion
models. Actually, it has been shown that the contributions of motion
and noise are of the same order of magnitude at 3T, and that both are
influenced by the choice of sampling scheme [18]. Motion is
generally due to the subject, some of which being more susceptible
to move than others, like infants, children and patients. But artifacts
can also result from technical problems: in many MRI systems,
instabilities of the gradients can lead to spikes [5], and the table may
vibrate due to low-frequency mechanical resonances, which are
stimulated by the low-frequency gradient switching associated with
the diffusion-weighting [4]. This leads to corrupted data along
specific gradient orientations.

We proposed in this study a post-processing approach relying on
two successive and uncorrelated steps, which were first validated by

introducing selected motion artifacts or discrepancies on different
datasets, and comparing the corrected datasets with reference ones.
It was further tested on DW data obtained in non-sedated infants,
who frequently move during MRI acquisition: it successfully
corrected sets corrupted by motion, while it had lower influence
on uncorrupted data.

For intra-slice motion, we implemented an original method to
detect and resample corrupted slices. For the outlier detection, a
distance measure was defined to compare any DW slice and the
corresponding b = 0 slice. A natural distance could be a correlation
coefficient, but no linear relationship exists between the b = 0 and
the DW signals which are variable across diffusion orientations [35].
Since mutual information (MI) does not rely on any relationship on
the grey level intensity [29], it was a more reliable criterion in order
to detect putative outliers for each slice independently. Furthermore,
b = 0 image was selected as a reference to compute MI coefficients.
If it is corrupted, this stepwould fail: using a DW image (for a specific
orientation) would bias the detection for closed orientations, and the
product of all DW volumes may be corrupted if a single DW image is
artifacted. Nevertheless, this may not be a limiting issue: in the
context of single-shell diffusion imaging, b = 0 image is required
anyway to compute the diffusion model, and in multi-shell imaging
it is unlikely that all b = 0 images would be corrupted.

With this setting-up, the detection was fully automated and
reproducible, and the factor f was the only parameter to be tuned
once for a specific protocol. The detection was performed on a slice-
by-slice basis. Given the acquisition time of a slice (200 ms), intra-
slice motion generally corrupts the whole slice: artifacts may not be
visible in some regions of the brain; nevertheless it does not imply
that the signal sampling is reliable in such regions. Besides,
vibration-related artifacts corrupt clusters of voxels within a slice,
but it remains difficult to limit the borders of the regions with
impaired signal. Consequently methods which correct the artifacts
locally (either on a voxel-by-voxel basis [9,23] or with a moving
average window) may fail to correct the wholeness of such artifacts,
and rejecting thewhole slicemay bemore reliable. In this study, only
a qualitative comparison between our method and RESTORE was
performed, but it appeared that using the diffusion tensor model was
quite unsuccessful to detect outliers in both infants and an adult
dataset locally corrupted for a specific orientation of the diffusion
gradients. Combining the two approaches (MI criteria on the whole
slice and local constraint on signal intensity) would be a perspective
to improve the outlier detection.

Resampling of the detected outliers can be performed from the
non-outlier DW images, either in the image space, or in the Q-space.
The former strategy is not adequate because the tissue local
microstructure can change significantly between neighboring slices:
interpolating the signal can introduce incoherence, partial voluming
effects, and consequently lead to the mixture of heterogeneous
populations of fibers. Resampling the corrupted data in the Q-space
is more robust. In a recent study Sharman and collaborators [6] also
considered this correction strategy after manual detection of the
outliers. Two smoothing steps were used: a first spatial smoothing in
the image space, using a Gaussian filter, which can only be applied to
low b-values acquisitions and a second Q-space smoothing applied
to the five closest neighbors using aweightedmean, which restricted
the smoothed estimates to a very small quantity of DW data
and imposed that they remain of good quality. Following smoothing,
Q-space interpolation was performed directly on the spherical shell
in the native DW signal space [6]. In our approach, the resampling of
outlier slices relied on the decomposition of the DW signal on the
modified spherical harmonics basis [36], which is a natural basis on
the sphere. Contrarily to the geodesic resampling approach [6], it
made use of all non-corrupted data, rather than on a restricted
neighborhood. Thus, it required a smaller number of valid data to

Fig. 6. Comparison of correction strategies through DTI parameter quantification. DTI
parameters (fractional anisotropy FA, mean b DN, longitudinal λ// and transverse
diffusivities λ

┴
) were computed in the cortico-spinal tract, reconstructed according to

DW images obtained as in Fig. 5. For each strategy, the mean values are presented
over the infant group (filled symbols, with standard deviations corrected for
significant age-related effects in plot bars), as well as the minimal and maximal
values (empty symbols).
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compute a robust diffusion model estimation, and increased
robustness to local corruption on the spherical shell, for instance
when DW data contained artifacts around a specific orientation
because of gradient system instabilities. Since using a non-
parametric model may lead to overfitting of the signal, the spherical
harmonics decomposition was limited to the 6th order. In addition, a
Laplace–Beltrami regularization term was used to better deal with
noise removal and avoid any kind of overfitting with spurious spikes
that may be present in the signal acquired on a shell of the Q-space.
The resampling was validated for 1 to 5 outlier orientations over 30,
leading to small errors in diffusion signal (~5%, Fig. 4a) in
comparison with acquired images. But it may fail in case of severe
motion when most orientations are corrupted, and then prospective
strategies that adapt the acquisition according to the subject's
motion should be preferred [13].

This correction approach is well indicated for any DW acquisition
involving spherical samplings. It can be applied not only to the
tensor model, but to most HARDI andmultiple shell models since the
spherical harmonics decomposition can be generalized to acquisi-
tions with multiple q samplings [36,37]. For such protocols, our
method would be particularly useful because the long acquisition
times lead tomoreprobablemotion. Besides, the regularization relying
on the Laplace–Beltrami operator makes the decomposition implicitly
robust to noise, and the novel implementation using a modified
LMMSE approach [38] also makes it robust to Rician and non-central
Chi noise, which is observed in high b-values acquisitions.

In comparison with the strategy based on visual rejection of
whole corrupted volumes, our method presents several advantages.
It is fully automated and quick, independent from the experimenter,
and is performed slice-by-slice rather than volume-by-volume,
which is a particularly suitable when a single slice is corrupted. By
introducing outliers on purpose in a set initially not corrupted by
motion, we observed that filling in the missing data was equivalent
to rejecting these data in terms of FA estimation, but it performed
better when considering the estimation of the main eigenvector
direction, particularly for outliers along a specific orientation
(vibration). Furthermore, over the whole infant group, the final
numbers of corrected volumes were smaller, and the resulting DTI
maps were equivalent for both strategies. The main advantage of
filling in the missing data was to make the number of DW
measurements constant from voxel-to-voxel before the computation
of the DTI model. Nevertheless it remained that the number of
recovered orientations differed across slices. Besides, as the accuracy
of the SH decomposition estimation increases with the spatial
distribution of the diffusion orientations, it is important to combine
our correction method with DW acquisition strategies that optimize
the spatial orientation distribution according to the acquisition time
and the motion hypotheses [3,17].

Our 2-step correction strategy also included a 3D realignment of
orientation volumes, misregistered by inter-volume motion and eddy
currentdistortions. The implemented registrationwasbasedonmutual
information with the mean product of DW images, which appeared to
bemore robust in comparisonwith the conventional registration based
onb = 0 image, andgave reliable results for simulated translations and
rotations along the three axis and on real data.

The combination of both the resampling of outlier slices and the
registration between orientation volumes was critical [9]. However
one may wonder which step should be performed first. On the one
hand, if an orientation volume still presents irregularities in the
diffusion signal, it will be difficult to realign it in 3D. On the other
hand, the resampling of corrupted slices may be wrong if the volume
is spatially shifted in comparison with the reference. We performed
the outlier resampling first, because this step is made slice-by-slice,
andwould thus bewronganyhowshould the slices be tilted previously
by the 3D registration.Moreover, the initial 3Dmisregistration thatwe

observed between volumes in all infants was verified to be small
enough to guarantee the reliability of the outlier slice resampling.

5. Conclusion

The 2-step correction strategy was validated on datasets with
various motion- and vibration-related artifacts, and it was success-
fully applied to DTI data of the infant brain. Since no hypothesis on
the diffusion model is made, it can be used to correct any dataset
acquired over a single shell in the Q-space (e.g., DTI and HARDI local
models) and could be easily extended to multiple-shell acquisitions.
So it is worth applying this correction in all DW data with potential
sources of artifacts. As an example, it here enabled to reliably study
the developing cortico-spinal tract, in agreement with previous
studies of unmoved datasets [33].

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.mri.2014.05.007.
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Abstract—Studying how the healthy human brain develops

is important to understand early pathological mechanisms

and to assess the influence of fetal or perinatal events on

later life. Brain development relies on complex and intermin-

gled mechanisms especially during gestation and first post-

natal months, with intense interactions between genetic,

epigenetic and environmental factors. Although the baby’s

brain is organized early on, it is not a miniature adult brain:

regional brain changes are asynchronous and protracted,

i.e. sensory-motor regions develop early and quickly,

whereas associative regions develop later and slowly over

decades. Concurrently, the infant/child gradually achieves

new performances, but how brain maturation relates to

changes in behavior is poorly understood, requiring non-

invasive in vivo imaging studies such as magnetic reso-

nance imaging (MRI). Two main processes of early white

matter development are reviewed: (1) establishment of con-

nections between brain regions within functional networks,

leading to adult-like organization during the last trimester of

gestation, (2) maturation (myelination) of these connections

during infancy to provide efficient transfers of information.

Current knowledge from post-mortem descriptions and

in vivo MRI studies is summed up, focusing on T1- and T2-

weighted imaging, diffusion tensor imaging, and quantita-

tive mapping of T1/T2 relaxation times, myelin water fraction

and magnetization transfer ratio.

This article is part of a Special Issue entitled: The CNS

White Matter. � 2014 IBRO. Published by Elsevier Ltd. All

rights reserved.
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INTRODUCTION

Brain development relies on several complex and

intermingled mechanisms, such as the maturation and

functional specialization of gray matter (GM) regions

(cerebral cortex and central gray nuclei) and the

establishment and myelination of white matter (WM)

connections between the different neural regions.

Typical development is the global consequence of

interactions between genetic programming, epigenetic

and environmental factors (e.g. external stimulations,

maternal, nutritional or medical factors). Cerebral

changes are particularly intense during the last weeks of

gestation and the first post-natal months, as indirectly

highlighted by the non-linear increase of the cranial

perimeter (by about 14 cm during the two first post-natal

years, followed by only 7 cm until adulthood). Although

the baby’s brain is organized early on into functional

networks, it is not an adult brain in miniature: growth

and maturation are asynchronous, some regions, like

the sensory ones, develop early on and quickly,

whereas associative regions, like frontal ones, develop

later on and slowly until the end of adolescence (Paus

et al., 2001).

Concurrently with this anatomical evolution of the brain,

the infant gradually achieves new psycho-motor and

cognitive skills, but how brain maturation explains the

often abrupt changes of behavior observed during

development is poorly understood. Before the

development of non-invasive brain imaging methods, our

knowledge on human brain development was relying on

(fortunately) rare post-mortem investigations, which are

intrinsically limited by the lack of anatomo-functional

correlations and by the uncertainty on brain normality.

Using myelin staining, most of these studies described

whether myelin is present or not in a given WM region at a

given age: this information is however not bundle-specific

and thus might be misleading at bundles crossings.

Advanced post-mortem dissection techniques now enable

to follow the trajectory of long-distance bundles (Martino

et al., 2010; Maldonado et al., 2013). But absolute

measurements of myelin amount are still missing, which

prevents the quantitative comparison across WM regions.

Another approach to understand brain development is

to study animals, but if such studies enable to test

particular hypotheses, they remain largely inadequate

because of the specificity of human cognitive functioning

and brain development. Mammals are generally

classified according to their developmental stage at

birth, belonging either to species with early development

or to species with immature development. Humans have

a special position since brain responses are already

observed in utero (Draganova et al., 2007), while some

high-level functions have a protracted development over

two decades. For instance, the fiber myelination in the

somatosensory, motor, frontopolar and visual

neocortices is delayed in humans compared with

chimpanzees, with slower myelination during childhood

extending beyond late adolescence (Miller et al., 2012).

The recent development of non-invasive techniques

(magnetic resonance imaging (MRI), electroencepha-

lography (EEG), magnetoencephalography (MEG)) has

further enabled to relate maturation of cerebral structures to

infants’ neurodevelopment and behavior. In particular,

several MRI techniques available on clinical scanners

(section ‘Structural MRI techniques and developmental

specificities’) enable to investigate and follow longitudinally

the brain development and plasticity of healthy and at-risk

children (Barkovich, 2000; Paus et al., 2001; Neil et al.,

2002; Prayer and Prayer, 2003; Huppi and Dubois, 2006;

Yoshida et al., 2013). But when these imaging techniques

are applied to babies, many difficulties arise and require

adapting data acquisition and post-processing to different

developmental periods (fetus, preterm or at-term

newborn, infant, toddler, etc.).

With these constraints inmind, wehere review themain

insights revealed by recent MRI studies on the early

development of WM, which is a complex and long-lasting

process that plays a crucial role during the human motor

and cognitive development (section ‘The basic concepts

of white matter development’). Two main stages can be

delineated: (1) the establishment of long and short
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connections betweenbrain regions during the last trimester

of human gestation, leading to an early adult-like

organization of neural networks, (2) the maturation of

these fibers during infancy and toddlerhood to provide an

efficient transfer of information between functional

regions. These two processes are consecutively

described in the healthy brain by summarizing current

knowledge obtained from post-mortem and in vivo

imaging studies (sections ‘Imaging the early organization

of white matter’ and ‘Imaging the maturation of white

matter’). Finally, the functional significance of early

structural biomarkers of the developing WM is discussed

based on studies with behavioral and neurophysiologic

evaluations of infants, with a specific focus on preterms

without overt brain lesions (section ‘Functional correlates

of MRI biomarkers of WM maturation’).

THE BASIC CONCEPTS OF WM DEVELOPMENT

The early organization of WM

WM organization in adults. WM contains a large

amount of glial cells (astrocytes, oligodendrocytes and

microglia, which account for around 50% of the total

brain volume and nearly 90% of brain cells), but it is

mainly studied as the brain compartment of crossing

paths that connect different functional regions. Long-

distance fibers, generally gathered into bundles, can be

classified according to their connection patterns.

Commissural fibers connect the two cerebral

hemispheres, mostly between homotopic regions (e.g.

the corpus callosum (CC)). Projection fibers are bi-

directional fibers between the thalamus and the cortex,

between the cortex and the brainstem and spinal cord

(e.g. the cortico-spinal tract (CST), the optic radiations

(OR)). Associative fibers regroup cortico-cortical fibers

between intra-hemispheric regions (e.g. the arcuate

fasciculus (AF)) and fibers of the limbic system (e.g. the

fornix).

Growth of fiber connections during the last trimester of
gestation. The progressive organization of WM

connections has been established with post-mortem

studies. Once the neuron has migrated to its final

localization, it develops connections with other neurons

at both ends: a dendritic tree within the GM, and the

formation of an axon running through the WM. At the

macroscopic level, the axons formation leads to the

formation of long-distance bundles. This wiring occurs

mostly during the second part of pregnancy, but its

exact temporal progression is still poorly described in

humans. It includes processes of neuronal and synaptic

overproduction, followed by cellular apoptosis, axonal

retraction and synaptic pruning. All these processes of

overproduction/elimination are essential to sustain the

functional networks plasticity (Stiles and Jernigan,

2010). The early wave of migrating neurons remains in

the subplate (underneath the future cortex) and is

crucial to establish a first rough blueprint of the cerebral

organization, both for the cortex and the WM. On the

one hand, they relay thalamo-cortical projections in the

late fetal and preterm brain, amplifying sensory signals

(Kanold and Luhmann, 2010; Kostovic and Judas,

2010), and on the other hand they send pioneering

axons toward the internal capsule to guide axons from

the later migrating neurons (McConnell et al., 1989).

They also guide inter-hemispheric connections through

the CC between 25 and 32 weeks of gestational age (w

GA) (deAzevedo et al., 1997).

To reach their target structure, axons grow and are

guided by their extremity growth cones, which are

attracted or repulsed by positive or negative signals

(e.g. contact signals, chemical signals, neuro-

transmitters, growth factors). They follow ‘‘pioneering’’

axons (process of ‘‘fasciculation’’). The initial connection

production stage is followed by a pruning stage that

aims at suppressing redundant or aberrant circuits and

is dramatically sensitive to the environment

(Huttenlocher and Bonnier, 1991). This process may be

influenced by several factors: e.g. neuron survival,

competition for trophic factors, electrical activity of

axons, afferent inputs. In particular, in the CC, pruning

is a major morphogenetic process between the end of

gestation and the first and second postnatal months

(Innocenti and Price, 2005). In the rhesus monkey, up

to 70% of callosal axons are eliminated in the four first

post-natal months (LaMantia and Rakic, 1990). In

humans, the number of axons in the CC may be close

to a maximum in the newborn brain (with no new axons

being formed to cross the midline), and the process of

axonal pruning is supposed to occur after birth (Kostovic

and Jovanov-Milosevic, 2006).

The maturation of WM

Concurrently and subsequently to the organization of WM

networks, fiber connections become progressively mature

and functionally efficient through the myelination process

that favors the conduction of the nervous impulse

(Baumann and Pham-Dinh, 2001; Van der Knaap and

Valk, 1995a,b).

Myelin description. In the adult brain, the WM white

color is due to the high myelin content (40–50% of dry

weight). The myelin sheaths enwrapped around axons

are complex bilamellar membranes constituted by

lipoproteins (myelin basic proteins (MBP), proteo-lipid

proteins (PLP), myelin associated glycoproteins (MAG),

20,30-Cyclic nucleotide-30-phosphohydrolase (CNP), etc.)

and lipids (cholesterol, phospholipids, glycolipids,

galactocerebrosides, etc.). This ‘‘roll-cake like’’ structure

is formed by the membrane prolongations of

oligodendrocytes in the central nervous system (CNS)

(Barkovich, 2000).

The myelin role is to allow a fast conduction of the

nerve impulse. Indeed, the action potential propagates

along the axon by electrical depolarization of the

nervous membrane, continuously when no myelin

sheath enwraps the axon, or via saltatory conduction

from a Ranvier node to the next (Ranvier nodes are the

fiber places between myelin sheath segments). The

conduction speed depends on the distance between

nodes, on axonal diameter and on the myelin sheath
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thickness: from 2 m s�1 in unmyelinated CNS fibers to

120 m s�1 in myelinated fibers of the peripheral nervous

system.

Myelination of WM fibers. Myelination (i.e. myelin

formation around axons) is the last stage of WM

development, that begins after the process of axonal

overproduction-pruning and follows premyelinating

stages including the formation and maturation of

oligodendrocytes (Thomas et al., 2000). This process

includes several steps (Hardy and Friedrich, 1996; Butt

and Berry, 2000; Prayer and Prayer, 2003).

Oligodendrocyte precursors proliferate, migrate and

form ‘‘initiator’’ processes, which align along axons

(predominant radial orientation) and identify targeting

axons (Volpe, 2008). Spiral ensheathment around the

axon starts with an extension of such a process that

elongates and wraps around the axon. Afterward, the

myelin sheath becomes more compact, through an

increasing number of spiral turns that is determined by

the axonal diameter (Baumann and Pham-Dinh, 2001).

A single oligodendrocyte myelinates several axons

(even of different diameters), suggesting that each axon

participates to the regulation of its myelination (Friede,

1972). In the human brain, four stages of

oligodendrocyte maturation have been described: early

and late progenitor cells, immature and mature

oligodendrocytes. The immature oligodendrocytes

(which are multipolar cells rich in a lipid called

galactocerebroside) account for 30–40% of the entire

oligodendroglia population in the preterm period

(�28–37 w GA).

The ‘‘pre-myelinating’’ state generally refers to the

initial period when pre-oligodendroglial cells increase

and settle along the axons (Baumann and Pham-Dinh,

2001), and when the cholesterol and glycolipids

concentration starts to increase (Poduslo and Jang,

1984; Barkovich et al., 1988). The following ‘‘true’’

myelination process corresponds to the ensheathment

of oligodendroglial processes around the axons, and to

the chemical maturation of the myelin sheath with rising

amount of macromolecules (Poduslo and Jang, 1984;

Barkovich et al., 1988). At the microscopic level, the

myelination induces major changes in water molecules

content and compartmentalization (Matsumae et al.,

2001) and in protein and lipid contents (Barkovich et al.,

1988; Kucharczyk et al., 1994). Notably, a strong

correlation exists between myelination and the

concentration of galactocerebroside in immature and

mature oligodendrocytes (Matthieu, 1993).

Regional asynchrony of WM myelination. Myelination

occurs in the human brain from the second part of

pregnancy to the end of adolescence. A peak is

observed during the first post-natal year. Its progression

varies across cerebral regions: it follows a caudo-rostral

gradient and progresses from the center to the

periphery. Post-mortem studies have detailed this

sequence (Flechsig, 1920; Yakovlev, 1962; Yakovlev

and Lecours, 1967; Gilles et al., 1983; Brody et al.,

1987; Kinney et al., 1988), using a visual ordering from

stages 0 to 4 according to staining with hematoxylin and

eosin-luxol fast (‘‘mature myelin’’ refers to stages 3 and

4). Some myelin is observed microscopically from 20 w

GA on at the level of the bulb and pons, which are

myelinated at birth. Mature myelin is detected from 37

to 40 w GA in the cerebellum and internal capsule.

Between the first and third post-natal months, the

posterior limb of the internal capsule (PLIC), the OR

and the CC splenium become myelinated. Mature

myelin can be found from the 6th month in the anterior

limb of the internal capsule (ALIC) and in the CC genu,

from the 15th month in the occipital pole, and from the

23rd month in the frontal and temporal lobes (for review

(Baumann and Pham-Dinh, 2001).

From these post-mortem studies, several rules can be

outlined on the myelination progression in the brain

(Kinney et al., 1988): it occurs earlier and faster (1) in

proximal pathways than in distal ones; (2) in sensory

pathways (somatosensory, vision, audition) than in

motor ones; (3) in projection fibers than in associative

ones; (4) in central regions than in polar ones; (5) in the

occipital pole than in the posterior parietal WM and in

the temporal and frontal poles. These global schemes

cannot be dissociated from one another, and suggest

eight sub-groups of maturation, depending on the

presence/absence of myelin at birth (sub-groups A/B)

and the time periods at which mature myelin is

observed (sub-groups 1–4) (Kinney et al., 1988). For

example, the middle cerebellar peduncles, the optic

tract and chiasm, the PLIC, the CST in the midbrain and

pons and the central corona radiata belong to sub-group

A1; OR (proximal and mid-distal), auditory radiations

(proximal), the CC body and splenium belong to sub-

group B1; cingulum (CG), external capsule (EC), the

ALIC, the CC rostrum and Heschl’s gyrus belong to

sub-group B2; fornix and extreme capsule belong to

sub-group B4. This asynchrony in the maturation

sequence is supposed to depend on the hierarchy of

connections between cortical areas (Guillery, 2005): the

early maturation of receptive sensory areas (responsible

for low-level processing) would enable a stabilization of

the information used by integrative areas (involved in

high-level processing) which develop later on.

Functional correlates of WM myelination. Beside glial

factors, neuronal maturation and electrical activity might

control myelination induction (Kinney et al., 1988).

Blocking this activity in vitro inhibits myelination

(Demerens et al., 1996), and the proliferation of

oligodendrocytes precursors is influenced by

neighboring axonal activity (Barres and Raff, 1993).

Electrical activity in the mouse optic nerve influences

the triggering of myelination over a short time period

(Demerens et al., 1996). This nerve myelination is

further delayed in mice kept in a dark environment after

birth (Gyllensten and Malmfors, 1963) and accelerated

in rabbits whose eyelids have been opened prematurely

(Tauber et al., 1980). Astrocytes may act as an

intermediary between myelination and electrical impulse

activity, through the mediation of a cytokine leukemia

inhibitory factor (Ishibashi et al., 2006). Nowadays, the
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inhibitory role of oligodendrocytes and myelin on neuritic

growth is also considered, which may partly explain the

weak plasticity of the adult brain (Ng et al., 1996).

Since myelination leads to a spectacular increase in

the conduction speed of the nerve impulse (Baumann

and Pham-Dinh, 2001), it is assumed to improve the

functional efficiency of brain networks (van der Knaap

et al., 1991). Myelination of the midbrain and spinal cord

is actually coupled with behavioral improvement

(Langworthy, 1928a,b), but fiber myelination and

functional maturation are uncorrelated in different

cerebral systems. For instance, the myelination of the

CST occurs before birth in several regions (midbrain,

internal capsule, central corona radiata) while the

newborn motor capacities are weak. On the other hand,

the acoustic radiations have an extended myelination

until 3 years of age while the infant auditory system is

efficient early on.

Such discrepancy may rely on the fact that extending

myelination may be necessary in a second step to

compensate for brain growth and maintain similar

latencies between brain regions across ages (Salami

et al., 2003). In the visual system for example, the

latency of the first positive wave of response to a

stimulus (P1) reaches the adult latency (�100 ms) at

around four post-natal months, whereas the distance

between the retina and the calcarine fissures still

increases by around 6 cm until adulthood. Whereas the

transfer of visual information may be efficient early on in

4-month-old infants, an extending myelination may

enable to further increase the conduction speed by

around 0.6 m s�1 in relation with brain growth.

STRUCTURAL MRI TECHNIQUES AND
DEVELOPMENTAL SPECIFICITIES

Several complementary MRI techniques can be used to

image brain development in healthy infants. Since signal

comes from the hydrogen nuclei (the ‘‘protons’’) of water

molecules, cerebral tissues with different water

concentrations and environments demonstrate on MR

images different contrasts that change with brain

maturation.

Conventional MR imaging and relaxometry

Physical basics. ‘‘Conventional’’ MRI generally refers

to images whose signal is weighted (noted ‘‘w’’) by

proton density (PD) or by relaxation times, which

characterize how fast the water magnetization returns to

equilibrium after the perturbation induced by

electromagnetic waves. The longitudinal relaxation time

(T1) characterizes the proton interactions with its

environment (‘‘spin–lattice’’ interactions), while the

transverse relaxation time (T2) characterizes the

interactions between protons (‘‘spin–spin’’ interactions).

In the developing brain, T1 weighting is generally

obtained with short TR and short TE, or using inversion

recovery sequences with long inversion times (TI), while

T2 weighting is obtained with long repetition times (TR)

and long echo times (TE). Since relaxation times

depend on tissue characteristics, T1w and T2w images

demonstrate high contrast between cerebral tissues in

the adult brain (Fig. 1).

Developmental specificities of T1w and T2w con-
trasts. Because of brain tissues immaturity and high

water content, T1w and T2w contrasts are very different

in the infant brain from what is described in the adult

brain, and contrasts evolve with brain maturation

(Fig. 1). Considering the brain as a whole, successive

maturational stages are described (Paus et al., 2001):

(1) the infantile pattern (0–6 months), showing a reversal

of the normal adult contrasts (T1w: lower WM intensity

than GM intensity; T2w: higher WM intensity than GM

intensity); (2) the iso-intense pattern (8–12 months),

characterized by a poor contrast between GM and WM;

and (3) the early-adult pattern (>12 months) (T1w:

higher WM intensity than GM intensity; T2w: lower WM

intensity than GM intensity). Actually, the specific time-

course of these patterns depends on brain regions

because of maturation asynchrony (see Section ‘Imaging

the maturation of white matter’).

As a consequence, the delineation between the GM

and WM is often not obvious on infant images, contrarily

to the clear border observed on adult T1w images. T1

weighting is mostly used during the preterm and

perinatal periods, but the contrast becomes poorer with

age until it recovers during the second post-natal year.

T2 weighting transitorily enables a better contrast

between term and 4–6 months post-term (Leroy et al.,

2011b). The second post-natal semester is actually the

most difficult period to image, with a weak delineation of

the GM/WM border.

To identify myelinated WM regions from unmyelinated

regions, T1w contrast is generally preferred during the

first 6–8 post-natal months, and T2w contrast between 6

and 14 months because changes in WM contrasts are

observed on T1w images before T2w images (van der

Knaap and Valk, 1990; Barkovich et al., 1992).

Mapping T1 and T2 relaxation times during WM
maturation. The changes observed on T1w and T2w

contrasts can be used to understand maturation

processes, but T1w and T2w signals cannot be directly

compared across individuals because of the variability

between exams related to technical tunings. To provide

such inter-individual comparisons, either signals may be

normalized for each subject in reference to a given

tissue (e.g. the cerebro-spinal fluid) (Leroy et al.,

2011a), or T1 and T2 relaxation times may be

quantitatively measured (Fig. 1) by recording signals

from dedicated MRI acquisitions with different sequence

parameters (e.g. different inversion times TI to compute

T1, different echo times TE to compute T2).

In the developing brain, T1 and T2 decrease more

strongly in WM than in GM because of myelination

processes (Fig. 4a) (Barkovich, 2000; Prayer and

Prayer, 2003). At least two distinct pools of water

molecules are supposed to contribute to MR signal in

the WM: water located within the myelin sheath

(with relatively short T1 and T2 relaxation times) and
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intra-axonal, intra-cellular and interstitial water (i.e. water

outside of the myelin sheath, with longer T1 and T2). Both

T1 and T2 decreases parallel the decrease in water

concentration, nevertheless their time courses are

different, and two distinct mechanisms can be

distinguished: the change in water molecules

compartmentalization (Matsumae et al., 2001), and the

increase of protein and lipid contents (Barkovich et al.,

1988; Kucharczyk et al., 1994). T1 shortening starts

already during the ‘‘pre-myelinating’’ state, while T2

shortening correlates temporally with the chemical

maturation of the myelin sheath (Poduslo and Jang,

1984; Barkovich et al., 1988; Baumann and Pham-Dinh,

2001) (Fig. 4c).

Diffusion imaging

Physical basics and post-processing strate-
gies. Another recent approach to assess WM

maturation is diffusion-weighted imaging (DWI) which

measures the natural motion of water molecules. The

diffusion in cerebral tissues is not ‘‘free’’ (Le Bihan,

2003). Microscopic displacements may be restricted

within multiple physical compartments, or hindered by

cell and organelle membranes: this results in tortuous

pathways around these obstacles. Imaging diffusion at

the macroscopic scale thus enables to explore the

tissue microstructure non-invasively (Le Bihan et al.,

Fig. 1. Anatomical images of the developing brain. T1w and T2w images are presented for subjects of different ages: a preterm newborn of

31 weeks of gestational age (GA), term-born infants at a post-term age (PTA) of 6 weeks, 19 weeks and 34 weeks (PTA: post-natal age corrected

for gestational age at birth, considering a term age of 40 weeks), and a young adult. Note the contrast inversion between GM andWM during the first

post-natal year. For the infants and adults, quantitative maps of T1 and T2 relaxation times (in seconds), and of myelin water fraction (MWF) are

also presented. Within the white matter, T1 and T2 decrease with age, while MWF increases. Preterm images were acquired on a 1.5-T MRI

system, the other images on a 3-T system.
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2001). To take into account the spatial heterogeneity of

the diffusion process, the diffusion information is

generally encoded in different spatial directions, and the

diffusion tensor (DT) formalism is used with the

assumption that a single fiber orientation is present in

each voxel of the image and that the diffusion process

can be represented by an ellipsoid that encodes the

tensor eigenvectors and eigenvalues. The diffusion

tensor imaging (DTI) technique provides maps of

quantitative and complementary parameters (Fig. 2):

diffusion anisotropy (e.g. fractional anisotropy (FA))

(Beaulieu, 2002), mean diffusivity (MD= one third of

the tensor trace), longitudinal diffusivity (k// = diffusivity

along the main tensor axis) and transverse diffusivity

(k\ = diffusivity perpendicular to the main axis).

The trajectory of WM fibers can be further

reconstructed virtually in 3 dimensions (3D) using

tractography algorithms that follow the direction of the

main DT eigenvector from a voxel to a neighboring

voxel (Le Bihan and Johansen-Berg, 2012) (Fig. 3). The

dissection of major WM bundles is then based either on

the individual definition of regions crossed by the fibers,

or through automatic classifications recently proposed

for the adult brain, such as clustering (Guevara et al.,

2011, 2012) and probabilistic methods (Yendiki et al.,

2011). Recently, some alternatives to the tensor model

have been proposed, such as Q-ball imaging, diffusion

spectrum imaging (DSI) and high-angular resolution

diffusion imaging (HARDI). These techniques enable to

resolve multiple fiber orientations within a voxel, but

Fig. 2. DTI images of the developing brain. DTI maps are presented for the same subjects as in Fig. 1. Color-coded directionality maps (FA-RGB,

where color informs on the direction of the tensor main eigenvector) nicely highlight early WM organization, and immature bundles already

demonstrate high fractional anisotropy (FA). The different DTI parameters provide different contrasts between brain tissues. Within WM, FA

increases with age, while mean (MD), longitudinal (k//) and transverse (k\) diffusivities (in 10�3 mm2 s�1) decrease.
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they require long acquisition times hardly achievable

in vivo in healthy unsedated infants.

DTI correlates of WM maturation. DTI parameters are

well suited to reveal information that is not apparent on

T1w and T2w images during brain development (Fig. 2)

(Neil et al., 2002; Huppi and Dubois, 2006). It is

generally assumed that diffusivities decrease with

maturation, while anisotropy increases in the developing

WM (Neil et al., 1998; Huppi et al., 1998a) and

decreases in the cortex during the preterm period

(McKinstry et al., 2002; Ball et al., 2013). Transverse

diffusivity decreases more in WM than in GM

(Mukherjee et al., 2002), leading to a reversed contrast

between newborns and adults on transverse diffusivity

maps (Fig. 2). In WM bundles, changes are more

intense for transverse than for longitudinal diffusivity

(Mukherjee et al., 2002; Dubois et al., 2008b; Geng

et al., 2012), with even no change in longitudinal

diffusivity detected after 1 year of age (Gao et al.,

2009). These parameter dynamics in WM bundles are

consistent with the assumption of a cylindrically

symmetric decrease in diffusion due to myelination

process (Mukherjee et al., 2002).

Fifteen years ago, it had been suggested that the age-

related decrease in mean diffusivity in both GM and WM

would reflect the overall decrease in brain water

content, while the increase in anisotropy in the WM

would rather rely on its microstructure (e.g. packing and

myelination) (Neil et al., 1998). Nowadays the current

hypotheses on the relationships between these

parameters and the maturational mechanisms are

recognized as more complex in the WM (Fig. 4b).

Even in the absence of myelin, the tight organization

of WM fibers inside a bundle lead to intrinsic anisotropy

related to high longitudinal diffusivity contrasting with

low transverse diffusivity (Beaulieu, 2002). Studies in rat

pups have shown that the first evidence of anisotropy

precedes initial myelin (Wimberger et al., 1995), and

that this early anisotropy may be related to sodium-

channel activity (Prayer et al., 2001).

During the first stage of myelination (‘‘pre-

myelination’’), when glial cell bodies and membranes

proliferate, both a decrease in brain water content and

an increase in membrane density are observed, which

imply decreases in mean, longitudinal and transverse

diffusivities. Whereas this mechanism had initially been

assumed spatially isotropic (Dubois et al., 2008b),

recent evidence rather suggests that the initial extension

of oligodendroglial processes is anisotropic in favor of

the axonal direction (Zanin et al., 2011; Nossin-Manor

et al., 2012). This anisotropy increase has been related

to the maturation of the compound action potential and

the development of immature oligodendrocytes in the

rabbit developing WM (Drobyshevsky et al., 2005).

The following ‘‘true’’ myelination process (with the

ensheathment of oligodendroglial processes around the

axons) is further accompanied by a decrease in both

membranes permeability and extracellular distance

between membranes, implying an increase in

anisotropy, a decrease in transverse diffusivity, but no

change in longitudinal diffusivity. At crossing fibers

places, the situation may appear puzzling when crossing

Fig. 3. Tractography of the developing WM bundles. Examples of major WM bundles, reconstructed with regularized tractography using

Connectomist software (Duclap et al., 2012), are presented for the 6-week-old infant and the adult of Figs. 1 and 2: projection and limbic pathways

(left column), and associative pathways (right column). Note the similar organization between the infant and adult brains. Abbreviations: AF, arcuate

fasciculus; ALIC, anterior limb of the internal capsule; CG, cingulum; CST, cortico-spinal tract; FOF, fronto-occipital fasciculus; ILF, inferior

longitudinal fasciculus; OR, optic radiations; SLF, superior longitudinal fasciculus; STT, spino-thalamic tract; UF, uncinate fasciculus.
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bundles follow different maturational calendars: when the

first bundle gets myelinated, anisotropy first increases,

but it subsequently decreases when the second

crossing bundle gets mature (the reverse argument has

been detailed for neurodegenerative disorders (Douaud

et al., 2011)); at the same time, diffusivities are

decreasing (Fig. 4b).

Therefore anisotropy and longitudinal diffusivity are

rather good markers of tissue macrostructure and

organization, finely characterizing compactness,

crossing fibers, etc. but the interpretation of their

changes may remain difficult during WM maturation. On

the contrary, transverse diffusivity consistently

decreases with all maturational processes (Fig. 4c).

Recently, other geometrical diffusion measures (linear

and planar diffusion anisotropies Cl and Cp) have been

considered to model more accurately different WM

microstructures in comparison with the classical

cylindrical shape of a fiber bundle (Chen et al., 2011).

During maturation, these parameters may be sensitive

to changing compactness since after birth Cl growth

velocities are highest in central WM while Cp growth

velocities are highest in peripheral WM.

Finally, let us keep in mind that DTI parameters vary

across bundles in the adult brain, in relation with their

macroscopic geometry and compactness. Highlighting

maturational effects in the developing brain thus requires

either considering the developmental trajectories toward

adulthood to evaluate the asymptotes of maturation, or

normalizing infant measurements by the adult references

(Dubois et al., 2008a).

Myelin-related imaging parameters

Other quantitative parameters relying on the myelin

amount have been proposed to evaluate the maturation

of WM.

Magnetization transfer ratio. The ‘‘magnetization

transfer ratio’’ (MTR) informs about the ratio between

free water and water with restricted motion, bound to

Fig. 4. Illustrations of maturation-related changes in MRI parameters. (a) The decreases in T1 and T2 relaxation times (increases in relaxation rates

R1 = 1/T1 and R2 = 1/T2) are more intense in the developing WM than in the developing GM, which leads to contrast inversions on T1w and T2w

images during the first post-natal year (Fig. 1). Post-mortem images of WM myelin staining were reproduced from (Flechsig, 1920). (b) During the

myelination of WM fibers, two successive processes occur: ‘‘pre-myelination’’ with oligodendrocytes and membranes proliferation, and ‘‘true’’

myelination. Both lead to changes in DTI parameters: e.g. increase in fractional anisotropy (FA) and decrease in transverse diffusivity (k\) in the

case of a single maturing bundle (upper row) (Dubois et al., 2008b). But changes are more complex in other configurations, for instance when

crossing bundles are maturing at different times (lower row). (c) In summary, quantitative parameters are expected to change at different times

depending on the major steps of WM maturation (bundles fasciculation, ‘‘pre-myelination’’, ‘‘true’’ myelination), suggesting strong parameters

complementarity. In a single-bundle configuration, anisotropy (FA) increases, mean (MD) and transverse (k\) diffusivities decrease, while

longitudinal diffusivity first increases (dashed line) then decreases (Dubois et al., 2008b). T1 and T2 relaxation times decrease, whereas myelin

water fraction (MWF) and magnetization transfer ratio (MTR) increase (the dashed line corresponds to MTR observations in preterm corpus

callosum (Nossin-Manor et al., 2012)).
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macromolecules such as proteins and lipids (McGowan,

1999). Thus it is thought to reflect the myelin amount

and increase during WM maturation (Kucharczyk et al.,

1994). Nevertheless, during the preterm period

(26–34 w GA), MTR values have been found higher in

the genu and splenium of the CC than in the PLIC and

the periventricular white matter (PVWM) (Nossin-Manor

et al., 2012). Since at this stage callosal fibers are

highly organized, closely packed, but non-myelinated

fibers, this technique appears to be sensitive not only to

myelin-associated macromolecules, but also to the

macromolecular density of axonal cytoskeleton

components such as microtubules and neurofilaments

(Nossin-Manor et al., 2012) (Fig. 4c).

Myelin water fraction. As for approaches based on

‘‘multi-component relaxation’’ (MCR) analyses, different

pools of water molecules are modeled in each voxel

(Spader et al., 2013). These pools can be distinguished

from measured MR signals, on the basis of different

relaxometry properties (T1 and/or T2) and of specific

exchange relationships (Menon et al., 1991; Whittall

et al., 1997; Beaulieu et al., 1998). Such decomposition

is supposed to provide valuable information on the

tissue microstructure. Whereas the exact number of

pools to be modeled is still debated (Deoni et al.,

2012b), a consistent pool of water related to myelin is

always considered, and studies generally describe maps

of ‘‘myelin water fraction’’ (MWF) (Fig. 1). This fraction

drastically increases during WM maturation (Deoni

et al., 2012a) (Fig. 4c). Contrarily to relaxation times,

the definition of MWF is a priori independent from the

magnetic field. But its computation is highly sensitive to

both the acquisition protocol and the post-processing

modeling, making direct comparisons across studies

hardly achievable.

Practical considerations for imaging the developing
brain

In vivo imaging of the baby brain. The pre- and post-

term periods are radically different, not only in terms of

brain organization (see next section) but also in terms of

practical possibilities to obtain MR images. Because

infants after term are generally healthy, ethical and

practical issues are similar to older ages. On the

contrary, the main difficulty in imaging the pre-term

period is to obtain images of healthy (or at least not

neurologically ill) brains. Imaging fetuses in utero is not

commonly done without strong medical arguments.

Similarly, preterm newborns are at high-risk of

neurological lesions, and their physiological stage is

very unstable making them difficult to move to MRI

center without good reasons.

In all cases, imaging fetuses and infants is a

challenge. Data are difficult to acquire first because of

the techniques’ sensitivity to motion. Without clinical

indication, healthy babies cannot be sedated, then one

cannot prevent a fetus to move within the womb, and

quietness is difficult to obtain in infants during a long

time. Thus, data acquisition should remain short,

especially in preterms in whom it is difficult to maintain a

stable thermal state inside the MR scanner. Acoustic

noise should also remain reasonable, in order to avoid

any acoustic trauma and discomfort, and to assure

baby’s sleep or quiet cooperation. Second, despite short

acquisition time, image spatial resolution should be

higher than in adults because cerebral structures are

smaller. That is why the scarce images obtained at

early ages (i.e. before 5 months of gestation) have been

obtained in post-mortem fetuses with very long

acquisition times.

Technical constraints of conventional imaging. The

developing brain is changing every day, much more

rapidly than the adult brain between 20 and 50 years of

age, and T1w and T2w contrasts change with the brain

tissues maturation. This contrast variability and the use

of different MR sequences along the first post-natal year

require dedicated post-processing tools for different

developmental periods to segment unmyelinated and

myelinated WM from other cerebral tissues (GM,

cerebro-spinal fluid). However it may lead to

misclassification of cerebral tissues (Matsuzawa et al.,

2001; Choe et al., 2012), and the comparison across

ages remains difficult.

Technical constraints of DTI. The signal-to-noise ratio

(SNR) of DW images decreases with infants’ age

because both T2 relaxation times and diffusivities

decline during the first post-natal months (Mukherjee

et al., 2002). Actually the reliability of DTI estimation is

influenced by SNR and by the number of diffusion

directions. To a certain extent, acquiring more directions

is equivalent to averaging (Dubois et al., 2006a).

Adapting the number of diffusion directions according to

the infants’ age (with more numerous directions in older

infants) is worth considering to make the data

reproducible across subjects. Furthermore, DTI

quantification is particularly sensitive to motion artifacts,

and several strategies have been proposed to reduce or

correct them during the acquisition (Dubois et al.,

2006b) or in post-processing (Dubois et al., in revision).

IMAGING THE EARLY ORGANIZATION OF WM

Imaging the WM growth

Increase in WM volume. With all these difficulties in

mind, we can try to appreciate the WM growth by

estimating its volume from T1w and T2w images

acquired before and after term (Fig. 5a). In normally

developing fetuses in utero, the global volume of the

intermediate zone and subplate (whose frontier remains

difficult to delineate) increases from around 15 to

90 cm3 between 21 w and 31 w GA, i.e. 15% per week

(Scott et al., 2011). In premature neonates, the WM

volume increases from around 50 cm3 at 29 w GA to

170 cm3 at 44 w GA, as reported in age-specific atlases

(Kuklisova-Murgasova et al., 2011). Afterward, a

longitudinal follow-up study in infants has demonstrated

that WM volume increases from around 164 cm3 at term
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birth to 183 cm3 at 1 year of age (i.e. increase by 11% per

year), to 218 cm3 at 2 years of age (i.e. increase by 19%

per year).

Thus at these ages WM growth is relatively slow in

comparison with the rapid GM growth (by 149% in the

first year and 14% in the second year), leading to a

decrease in the percentage of WM when normalized for

the total brain volume (Gilmore et al., 2007; Knickmeyer

et al., 2008). Subsequently the WM volume increases at

a higher rate than GM volume throughout childhood

(Matsuzawa et al., 2001), and the ratio between WM

and GM volumes dramatically increases during

childhood and adolescence (Groeschel et al., 2010).

Imaging a mix of several processes. While WM tissue

is imaged as a whole on T1w and T2w images, its volume

increase actually reflects several processes that occur

successively or concomitantly during development, but

whose contributions are hard to separate. WM

composition is changing dramatically, especially during the

mid-gestation period which is marked by neuronal

migration: pyramidal neurons follow radial patterns along

glial fibers, from the central periventricular region to the

cortical periphery, while interneurons follow tangential

patterns from the ganglionic eminence. Axonal

connections are also growing from central gray nuclei and

from cortical regions. Besides, the vascularity is

developing according to a radial organization. These

coherent structural patterns are mixing, making the

dissection of growing fascicles difficult. Concurrently, glial

cells proliferate: oligodendrocytes play a crucial role to

myelinate axonal fibers during the late pre-term and post-

term periods, while the contribution of developing

astrocytes and microglia is still poorly understood, notably

in terms of metabolism. Overall, several mechanisms

contribute to the global increase in WM volume, and more

subtle MRI techniques are thus required to detail the

axonal organization in the growing WM.

Before term: imaging the growth of fiber connections

Post-mortem investigations with conventional
MRI. Correlation studies between histology and

Fig. 5. Age-related changes in WM volume and DTI parameters. Age-related changes in WM volume (a) and in DTI parameters (b) are highlighted

in different populations: preterm newborns (left column), at term-born newborns or infants (middle column) and during the first two post-natal years

(right column). Note that WM volume increases more slowly than GM volume. Fractional anisotropy (FA) increases in major WM bundles, while

mean (MD) and transverse (k\) diffusivities decrease. DTI parameters strongly differ among WM bundles. Figures were adapted with permission

from different studies: WM volumes in preterm newborns imaged at 3 T (Kuklisova-Murgasova et al., 2011), in newborns at term imaged at 3 T

(Gilmore et al., 2007), in infants at 0, 1 year and 2 years of age imaged at 3 T (Knickmeyer et al., 2008); DTI parameters in preterm newborns

imaged at 1.5 T (Partridge et al., 2004), in infants imaged at 1.5 T (Dubois et al., 2008b), in infants at 0, 1 year and 2 year of age imaged at 3 T

(Geng et al., 2012). Abbreviations: AFinf, inferior branch of the arcuate fasciculus; ALIC, anterior limb of the internal capsule; CG, cingulum; CS,

centrum semiovale; CST, cortico-spinal tract; EC, external capsule; ILF, inferior longitudinal fasciculus; OR, optic radiations; PLIC, posterior limb of

the internal capsule; STT, spino-thalamic tract; UF, uncinate fasciculus.
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conventional MRI with high spatial resolution in post-

mortem fetuses (Judas et al., 2005; Rados et al., 2006)

have shown that three fiber systems are recognizable

as early as 12 w GA: the CC, the fornix and the

hemispheric stalk, which represents a massive

connection between the telencephalon and the

diencephalon and contains all the projection fibers of the

developing internal capsule, including the thalamo-

cortical fibers. During the mid-fetal period (17–24 w GA),

a substantial elaboration of major cerebral fiber systems

is observed in the ‘‘intermediate zone’’ (the fetal ‘‘WM’’).

In the fronto-polar and occipito-polar regions, the fiber

architectonics of the fetal cerebrum displays a tangential

axon strata. Below the CC, the fornix is well developed.

The CC, the internal and ECs are growing. In the

central WM, the ‘‘periventricular crossroads’’ are the

intersections between these major fiber systems:

callosal fibers (transverse direction), associative fibers

(sagittal direction), thalamo-cortical/cortico-fugal fibers

(radial direction).

Between 24 and 32 w GA, the major events are the

development of the corona radiata, from the

transformation of the tangential fetal fiber-architectonic

stratification. All major segments of the cerebral WM can

be recognized: CC, corona radiata, centrum semiovale

(CS), gyral WM (which is not yet fully developed

because the subplate zone remains interposed between

the corona radiata and the cortex). Fibers continue to

grow at the levels of the periventricular crossroads and

of the ventricular part of the CC, which leads to a

blurring on post-mortem images. By term birth, all major

fiber systems are to be in place.

Post-mortem investigations with diffusion imag-
ing. DTI imaging is an exquisite technique to detail the

developing organization of WM and precise the

developmental calendar observed on conventional

images. Imaging fetuses post-mortem at 19–20 w GA

confirmed that limbic fibers (CG, fornix) develop first

(entire trajectories visible at 19 w GA) and association

fibers last (Huang et al., 2006). The CC, the UF and

inferior longitudinal fasciculus (ILF) become apparent

between 13 and 22 w GA (Huang et al., 2009). At 20 w

GA, the CC formation is more advanced in the frontal

lobe (genu and forceps minor) than in other regions

(splenium and forceps major, body). The core regions of

projection fibers are well-developed early on, but not the

peripheral regions (i.e. the corona radiata), and the

ALIC develops before the posterior limb.

The more elaborated technique of HARDI

tractography applied to post-mortem fetuses between

19 w to 42 w GA (Takahashi et al., 2012) has clarified

the calendar of tract development. A few immature long-

range association pathways are visible early on in the

WM (e.g. the uncinate and fronto-occipital fascicles),

and short-range cortico-cortical tracts emerge prior to

gyrification in regions where sulci will later develop. An

early dominant radial organization of WM that gradually

diminishes by term age is observed. This feature

disappears first in dorsal parieto-occipital regions,

second in ventral fronto-temporal regions; earlier at the

depths of sulci than in the crests of gyri. At 19 w GA,

the ganglionic eminence presents a dominant tangential

organization which gradually disappears by term. These

radial and tangential patterns are related to neuronal

migration as confirmed by the combination of HARDI

technique with the structural analysis of conventional

images in post-mortem fetuses between 21 w and 24 w

GA (Kolasinski et al., 2013). The radial pattern

originates in dorsopallial ventricular/subventricular zone,

while the tangentio-radial patterns originate in subpallial

ganglionic eminence. These patterns regress in a

caudo-rostral and lateral–ventral to medial–dorsal

direction across this short developmental period. The

post-mortem application of immunomarkers to radial

glial fibers, axons, and blood vessels has enabled to

decipher the histological origins of the HARDI-defined

coherence (Xu et al., 2012), suggesting that the radial

coherence in the fetal WM likely reflects a mixture of

radial glial fibers (at mid-gestation), penetrating blood

vessels (that are consistently radial), and radial axons

(among radial, tangential and oblique axons).

In vivo investigations. Data acquired in vivo in preterms

and fetuses have confirmed post-mortem studies. Using

diffusion imaging, the early laminar organization of the

cerebrum (cortical plate, subplate zone, intermediate

zone, subventricular and periventricular zones, germinal

matrix) has been delineated in 25–27 w GA preterm

newborns (Maas et al., 2004). Imaging studies of in utero
fetuses have described that the pyramidal tract and the

splenium and genu of the CC are depicted early on and

may be reconstructed in 3D using tractography

algorithms between 18 and 37 w GA (Bui et al., 2006;

Kasprian et al., 2008; Pontabry et al., 2013), as well as

the Probst bundles in cases of CC agenesis (Kasprian

et al., 2013). In preterms, association tracts and

subcortical projection tracts are also identified (Partridge

et al., 2004; Dudink et al., 2007).

After term: imaging the WM bundles and developing
connectivity

Imaging the WM bundles. After term birth, almost all

prominent WM tracts are identified despite low

anisotropy values (Hermoye et al., 2006). This early

organization has been further mapped in 3D in infants

between 1 and 4 months of age, using a dedicated

protocol for acquisition and post-processing (Dubois

et al., 2006a, 2008b). Most commissural bundles (genu,

body and splenium of the CC), projection bundles (CST,

spino-thalamic tract (STT), OR, ALIC), limbic bundles

(fornix and CG) and associative bundles (EC, uncinate,

arcuate, superior and inferior longitudinal fascicles) can

be detected and tracked (Fig. 3). In a longitudinal study

using a dedicated DTI atlas, a similar organization of the

major bundles has been shown between newborns and

toddlers of 1 and 2 years of age (Geng et al., 2012).

However, some associative bundles that mature later

on (see section ‘Imaging the maturation of white matter’),

such as the superior longitudinal fasciculus, demonstrate

large changes in fiber orientations during the first
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post-natal months (Zhang et al., 2007). High-field imaging

at 3 T may enable the precise exploration of subtle

connections within specific developing networks (e.g. the

language network (Dubois et al., in preparation)). Actually

one should keep in mind that DTI methodology does not

enable to decipher between exact fiber directions in the

place of crossing fibers, particularly when crossing

bundles are maturing at different rates and over different

time periods. This leads to erroneous interpretation on

the presence/absence of a bundle in the developing

brain. Accordingly, the dorsal pathway of the developing

language network (the AF) may not seem to fully connect

temporal and frontal regions in newborns (Perani et al.,

2011; Brauer et al., 2013), but this might be artifactually

related to its low maturation in comparison with the

crossing CST (Dubois et al., in preparation).

Developing WM connectivity. Recently, the wiring

pattern of cerebral connections and the maturational

calendar have been reinterpreted in the framework of

small-world topology (Hagmann et al., 2010). The

principal characteristics observed in adults have been

found in infants demonstrating that the infant brain is

neither fully connected, nor only locally connected (Fan

et al., 2011; Yap et al., 2011; Pandit et al., 2013). This

result might appear trivial, given the anatomical results

reviewed above showing that the short and main long-

distance connections are already observed before term,

but this approach has the advantage to have no a priori
and to place the brain within a mathematical formalism.

Longitudinal studies performed from birth to two years

of age and based on regional GM volumes (Fan et al.,

2011) and on the number of fibers passing through pairs

of regions (Yap et al., 2011) have been interpreted as

showing an increase in integration and a decrease in

functional segregation.

Behavioral and functional studies certainly support

such hypotheses, but structural studies are confronted

with several unsolved drawbacks. For example, the

difficulties in GM/WM segmentation vary with age due to

changes in T1w and T2w contrasts; weakly myelinated

fibers may appear shorter because of lower anisotropy

that impacts tractography reconstructions; smaller head

size creates partial volume effects that might blur

connectivity results in younger infants. Finally, network

efficiency is sometimes indirectly inferred from diffusion

metrics (Hagmann et al., 2010), and not directly from

the transfer times of the neural information, whereas the

information propagation at the same latency in the infant

and adults brains may not require a similar tract

myelination because of the different brain sizes (Salami

et al., 2003). Fortunately, combining these structural

measures with electrophysiological and/or resting-state

fMRI has indeed shown a strengthening of the

correlations between structural and functional

connectivities (Hagmann et al., 2010).

IMAGING THE MATURATION OF WM

When the bundles are in place, a slow process of

maturation begins, following a different calendar in

different bundles.

Different periods of WM maturation

Before term: localized myelination. Before 36 w GA,

unmyelinated WM is the most prominent brain tissue

according to T1w and T2w images, and an abrupt

increase in myelinated WM is detected between 35 and

41 w GA (Huppi et al., 1998b). However, there is earlier

evidence of myelination in specific WM regions

(Counsell et al., 2002) such as the inferior and superior

cerebellar peduncles before 28 w GA, the PLIC, the

CST around the central sulcus and the corona radiata

from 36 w GA on.

DTI studies of in utero fetuses (Righini et al., 2003; Bui

et al., 2006; Kasprian et al., 2008; Jiang et al., 2009) and

ex utero preterm newborns as young as 26 w GA (Huppi

et al., 1998a,b; Neil et al., 1998; Miller et al., 2002; Dudink

et al., 2007; Aeby et al., 2009, 2012) have found the

general pattern of age-related decrease in mean

diffusivity and increase in anisotropy in different WM

regions (pyramidal tract, CC, frontal and occipital

regions). In longitudinal imaging between 28 and 43 w

GA (Partridge et al., 2004), early differences have been

further identified between several projection and

association pathways, with low mean diffusivity and high

FA in cerebral peduncles, internal capsule and

commissural tracts of the CC, suggesting an early

maturation of these tracts (Fig. 5b) and confirming the

analyses done on T1w/T2w images.

After term: major changes related to myelination. After

term, WM myelination is intense in the developing brain,

and quantitative MRI parameters have underlined

successive maturational periods: acute changes during

the first post-natal months, less rapid modifications

during toddlerhood, and slower changes thereafter until

young adulthood. It is particularly obvious for DTI

parameters (Fig. 5b): decrease in MD and increase in

FA are rapid during the first post-natal year and slower

during the second year (Mukherjee et al., 2001; Forbes

et al., 2002; Hermoye et al., 2006; Geng et al., 2012;

Sadeghi et al., 2013). Age-related decreases in

diffusivities have been modeled through exponential

decays from birth to childhood (Mukherjee et al., 2001),

or by a sigmoid function (Gompertz growth function,

based on intuitive variables related to delay, speed, and

expected asymptotic value) longitudinally from birth to

2 years of age (Sadeghi et al., 2013).

In the same way, T1 and T2 decreases are particularly

rapid over the two first years (Engelbrecht et al., 1998;

Haselgrove et al., 2000), yielding to exponential decays

with age (Fig. 6a) (Leppert et al., 2009). Conversely, the

MTR increases exponentially (Engelbrecht et al., 1998;

van Buchem et al., 2001) (Fig. 6b). Between 3 and

60 months, the increase in MWF is best modeled by a

modified Gompertz function which is characterized by

four distinct parameters: the developmental lag, the

transitionary period and two growth rates (Fig. 6c)

(Dean et al., 2014).

To summarize, for all MRI and DTI parameters, the

dynamic of changes is intense between birth and

2 years of age, which does not match the relatively slow
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increase in WM volume during this developmental period.

Furthermore these non-linear patterns of changes reveal

considerable regional variations across and along WM

bundles because of myelination asynchrony.

Spatio-temporal sequence of WM maturation

Maturation asynchrony across WM bundles. The

interest of DTI studies rests in the quantification of

differences across WM bundles, detailing a progression

of maturation from a central-to-peripheral and a

posterior-to-anterior direction (Oishi et al., 2011). For

instance, the increase in anisotropy appears greater in

non-compact ones (corona radiata and peripheral WM)

than in compact WM structures (CC, internal capsule,

cerebral peduncle) across the first three post-natal

years (McGraw et al., 2002). Diffusivities and anisotropy

show different evolutive patterns across brain regions of

the preterm brain (Nossin-Manor et al., 2012) and of the

infant brain during the first two post-natal years (Geng

et al., 2012), with highest FA in the CC and lowest

mean diffusivity in the PLIC.

By taking advantage of the different sensitivities of

diffusivity and anisotropy to maturational processes, a

model based on the parameter changes during the ‘‘pre-

myelination’’ and the ‘‘true’’ myelination periods was

build to describe the bundles maturational stages in

infants between 4 and 18 weeks of post-natal age in

comparison with an adult group (Dubois et al., 2008b).

This model enabled to detect early spatio-temporal

differences in the maturation progression of a set of

Fig. 6. Age-related changes in quantitative parameters related to myelin. Relaxation times T1 and T2 (a), magnetization transfer ratio (MTR) (b)

and myelin water fraction (MWF) (c) are shown during infancy and toddlerhood. T1 and T2 decrease exponentially with age while relaxation rates

(Ri = 1/Ti), MTR and MWF increase (left column). Note parameters variability across WM regions, which demonstrate different temporal maturation

courses (left and middle columns). Some correlations between the parameters have been shown (right and middle columns), but these correlations

mainly rely on co-variations with the infants age. Figures were adapted with permission from different studies: age-related changes in T2 and MTR

at 1.5 T in infants (Engelbrecht et al., 1998), variability in relaxation rates at 3 T in newborns at term (Williams et al., 2005), correlations between

MTR, T1 and FA at 1.5 T in preterm newborns (Nossin-Manor et al., 2012), MWF increase at 3 T in infants (Deoni et al., 2012a). Abbreviations:

PLIC, posterior limb of the internal capsule; PVWM, peri-ventricular white matter.
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bundles, from the more to the less mature bundles: (1) the

CST, (2) the STT and the fornix, (3) the OR, the arcuate

and inferior longitudinal fascicles, (4) the ALIC and the

CG. In a similar way, three distinct phases of

maturation, with specific dynamics for each bundle type,

have been modeled and identified in the fetal WM

between 23 and 38 w GA: (i) the axonal organization,

(ii) the myelination gliosis, and (iii) the myelination,

which appears early in the CST, followed by the OR and

the CC (Zanin et al., 2011).

Regional asynchrony in WM maturation is also

observed by MTR, showing a relatively mature stage at

12.9 and 15.6 m in the occipital and frontal WM

respectively, and at 17.7 and 18.7 m in the splenium

and genu of CC (Xydis et al., 2006). The spatio-

temporal pattern of myelination progression is also

nicely demonstrated through MWF (Deoni et al., 2011,

2012a). It rises earlier in a frontal–parietal region

(projection fibers) than in an frontal region (association

fibers) during childhood, following the standard caudal-

to-rostral trend (Lancaster et al., 2003). In infants

between 3 and 11 months of age, MWF increases in the

cerebellum, pons, and internal capsule; it further

increases caudo-cranially from the splenium of the CC

and OR (at 3–4 months); to the occipital and parietal

lobes (at 4–6 months); and then to the genu of the CC

and frontal and temporal lobes (at 6–8 months) (Deoni

et al., 2011). The spatio-temporal pattern provided over

a larger age range (3–60 months) is coherent with

histological studies of myelination (Deoni et al., 2012a).

Maturation progression within a WM bundle. The

spatial resolution of DTI also allows to studying

maturation along a WM tract: maturation does not

evolve at the same time and speed in different spatial

locations within a bundle (Partridge et al., 2005; Colby

et al., 2012). During the first two post-natal years,

changes near cortical regions generally appear smaller

than in brain central regions (Geng et al., 2012). In

preterm newborns between 28 and 43 w GA, the motor

tract and the somatosensory radiations of the CST

begin to myelinate during the late preterm period first at

the level of the internal capsule (Berman et al., 2005).

Maturation further seems to proceed earlier in the motor

pathway than in the sensory one at the vertex where

motor fibers initiate from the cortex. From term-

equivalent age (Berman et al., 2005; Geng et al., 2012),

the anisotropy profile presents a local dip at the level of

the corona radiata, which suggests the beginning and

ongoing maturation of crossing pathways (fibers of the

CC and superior longitudinal fasciculus).

The myelination progression in the visual pathways of

infants between 6 and 17 weeks of post-natal age has

also been studied, showing two asynchronous fronts of

maturation in the OR: an early wave in the anterior

region, initiating from the lateral geniculate nucleus, and

a later catching-up wave in the posterior region,

initiating from the occipital cortex (Dubois et al., 2008c).

According to the assumption that myelination proceeds

from the neuron body to the periphery (McCart and

Henry, 1994), this pattern may result from the

respective myelination of the geniculo-cortical

(projection) fibers and cortico-geniculate (feedback)

fibers, with a delayed maturation of the cortical

retrocontrol to the thalamus relative to bottom-up fibers.

Sophisticated approaches to map WM maturation
asynchrony

Recently, original approaches that combine MRI

parameters have been proposed to measure even more

precisely the maturation across WM regions.

Correlations between MRI parameters. The different

parameters (T1, T2, DTI, MTR, MWF) capture different

properties of WM maturation (Fig. 4c). Some studies

have described specific correlations between them, but

most have missed to take into account their major age-

related dependencies.

In neonates, a strong correlation has been detected

between relaxation rates R1 (1/T1) and R2 (1/T2)

among different WM regions (Williams et al., 2005)

(Fig. 6a). In the kitten WM, DTI mean diffusivity seems

to correlate more with R2 than with R1 (Baratti et al.,

1999), whereas maps of mean diffusivity demonstrate a

pattern of regional variations similar to T1 maps in

preterm newborns between 26 and 45 w GA (Nossin-

Manor et al., 2012).

According to the inverse correlation between MTR

increase and T2 decrease in WM after term birth, it has

been assumed that both changes rely on fast proton

relaxation within macromolecules in myelinated tissue

(Engelbrecht et al., 1998). An inverse correlation

between MTR and T1 is observed in preterm newborns

near term (Nossin-Manor et al., 2012) (Fig. 6b). MTR is

also positively correlated with FA in WM during the

preterm period, suggesting a coupling between the

increase in concentration of pre-myelination-associated

macromolecules and the increase in axonal alignment

and axonal density (Nossin-Manor et al., 2012)

(Fig. 6b). The comparison of MWF measurements with

age-related dynamics of T1 (R1) and T2 (R2) relaxation

times (rates) has shown that all parameters are

sensitive to WM maturation in infants, but in different

ways suggesting that they provide complementary

information on maturation processes (Lancaster et al.,

2003; Deoni et al., 2012a) (Fig. 6c).

Since T1, T2, DTI, MTR and MWF maps show

regional variations following different evolutions with

age, these parameters are to be sensitive to multiple

and complementary mechanisms of WM development. It

is only by combining and comparing these parameters

that one can hope to outline comprehensive patterns of

the tissue macro- and microstructures. For instance, in

preterm infants the CC displays high values of MTR, T1,

FA and longitudinal diffusivity and low transverse

diffusivity values, because callosal fibers are highly

organized, closely packed, with high axonal density of

microstructural components (e.g. microtubules,

neurofilaments), leading to high directionality, coherence

and restriction, but the fibers are not myelinated and the

water content is high (Nossin-Manor et al., 2012). On

the other hand, the PLIC shows in the preterm period
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(pre-myelinating stage) low values of MTR, FA and

diffusivities and high T1 values, resulting from a lower

fiber packing density than in the CC, a lower

macromolecular density, along with lower directionality

and coherence but higher restriction; at term, the

increase in MTR values, along with lower transverse

diffusivity, are markers of the myelination process

(Nossin-Manor et al., 2012). Thus a clever use of these

different parameters, informed by a better understanding

of the mechanisms they are sensitive to, do provide

more precise in vivo maps of the WM maturation.

Multi-parametric imaging. Dealing with multi-

parametric data will open new perspectives in the

study of WM development. Combining the time

trajectories of anisotropy, longitudinal and transverse

diffusivities may definitely provide accurate landmarks

on maturation asynchrony across bundles (Sadeghi

et al., 2013). Modeling the information from structural

(T1w, T2w, PD images) and DTI data (longitudinal and

transverse diffusivities) with modified Legendre

polynomials has also provided an absolute measure of

maturation (rate of change) and a relative measure

(time shift) (Prastawa et al., 2010). Maps of growth

rates demonstrate slow regions (e.g. internal capsule)

and rapidly growing regions (e.g. deep WM in anterior

and posterior regions, temporal lobe). Maps of time

shifts based on structural data demonstrate gradual

changes in regions that undergo myelination, while

surprisingly those based on DTI data mostly highlight

differences between central and peripheral regions

(Prastawa et al., 2010).

DTI parameters may also be combined with

quantitative relaxation times T1 and T2. Because of the

complex relations between these parameters in

developing bundles (Kulikova et al., 2013a), an original

measure of maturation has been defined in infants

between 3 and 21 weeks of post-natal age to

summarize the changes in all parameters while taking

into account their possible correlations. This measure,

based on the computation of the Mahalanobis distance

in comparison with a group of adults, confirms the

evidence of WM maturation asynchrony over a short

developmental period and outperforms univariate

approaches (Kulikova et al., 2013b). It further provides a

quantitative evaluation in weeks of the developmental

delays between WM bundles. The maturation order

provided by this multi-parametric approach during the

first post-natal year is congruent with the, from the most

to the least mature bundle: the STT; the OR; 6 weeks

later: the middle portion of the CST and the fornix;

12 weeks later: the inferior portion of the CST; 7 weeks

later: the genu and splenium of the CC and the superior

portion of the CST; 6 weeks later: the inferior CG;

3 weeks later: the CC body and the superior CG;

3 weeks later: the inferior longitudinal, fronto-occipital

and uncinate fascicles; 2 weeks later: the EC; 3 weeks

later: the ALIC; 4 weeks later: the superior longitudinal

and arcuate fascicles literature (Kulikova et al., in

preparation).

FUNCTIONAL CORRELATES OF MRI
BIOMARKERS OF WM MATURATION

In healthy infants, WM maturation correlates with psycho-

motor acquisitions (Prayer and Prayer, 2003) but the

exact relationships between cerebral structure and

function remain difficult to grasp. Brain anatomical

analyses might help to understand the biological bases

of cognitive development, by revealing the early

structural specificities that may underlie human complex

functions such as language, and by mapping

correlations between structural indices and functional

efficiency. WM studies are also crucial to understand

early functional impairments such as the ones triggered

by preterm birth.

Early WM asymmetries in highly lateralized functional
networks

Finding which hemisphere is the left one on an axial

image of an adult human brain is usually relatively easy

thanks to the Yakovlev torque creating right frontal and

left occipital petalias, and a steeper and shorter right

sylvian fissure (Toga and Thompson, 2003). Some of

the structural asymmetries observed in the peri-sylvian

regions (Heschl gyrus, planum temporale, superior

temporal sulcus (STS)) have been described during the

early brain development of fetuses and preterm

newborns (Chi et al., 1977; Feess-Higgins and Laroche,

1987; Dubois et al., 2008a, 2010a). Other asymmetries

evolve later on during development: for instance the

posterior extension of the sylvian fissure progresses

until adolescence and adulthood (Sowell et al., 2002). At

the functional level, the left-hemisphere specialization

for language processing is observed early on in infants

(Dehaene-Lambertz et al., 2002, 2006) and already at

6 months of gestation (Mahmoudzadeh et al., 2013),

and the lateralization of the somato-sensory response is

also detected at birth (Erberich et al., 2006). The origins

and relationships between these early anatomical and

functional asymmetries are still debated.

Using DTI in healthy infants, three WM regions have

been shown asymmetric early on (Dubois et al., 2009):

(1) the temporal part of the AF is larger on the left; (2)

its left parietal part shows a better microscopic

organization than the right; (3) the CST is more mature

in the left hemisphere between the cerebral peduncles

and the PLIC. These two bundles have also been

shown asymmetric in preterm infants at term-equivalent

age (Liu et al., 2010) and in adults (Buchel et al., 2004;

Parker et al., 2005). Since these WM pathways are

related to language and motor networks, such early

structural asymmetries might be biomarkers of the

genetic constraints driving development of lateralized

functions in the human brain, although no strict

correlation has been found between asymmetries of the

motor pathways and later handedness.

Myelin content is also asymmetrical in multiple WM

regions, with no significant change over time during

infancy (O’Muircheartaigh et al., 2013): toward the left

hemisphere in the temporal/occipital lobe on the

trajectory of the arcuate and inferior longitudinal
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fascicles, in the medial frontal and posterior parietal lobes;

toward the right hemisphere in the dorsal external/

extreme capsule and in central WM. Furthermore,

language ability correlates with MWF rightward

asymmetry in the external/extreme capsule and with

MWF leftward asymmetry in frontal WM, and such

relationships seem to stabilize around 4 years of age

(O’Muircheartaigh et al., 2013).

Correlations between DTI parameters and functional
measurements

The key question that encourages further in vivo MRI

studies of the developing brain is to which extent

advanced structural imaging provides biomarkers of the

sensori-motor and cognitive development of infants. In

the developing language network, the time course of

WM myelination parallels language acquisition, with

lexical explosion after 18 months of age (Pujol et al.,

2006; Su et al., 2008). Similar relationships have been

highlighted in 12-month-old infants, where visuospatial

working memory performance correlated with DTI

microstructural characteristics of WM tracts connecting

brain regions known to be involved in working memory

(genu of the CC, anterior and superior thalamic

radiations, anterior CG, AF), beyond individual

variations in age and developmental level (Short et al.,

2013).

Structure–function correlations can also be

highlighted by comparing MRI parameters with

neurophysiological measures. In the visual system

during the first post-natal months, several maturation

processes (e.g. fiber myelination, retina and cortex

development) lead to a dramatic decrease of the latency

of the first response wave to a visual stimulus (P1) as

measured by event-related potentials, from about

260 ms at birth to about 120 ms at 4 months of age

(McCulloch et al., 1999). This decrease is related to an

increase in the conduction speed of the neural impulse,

which is correlated to the OR microstructure and

maturation (FA and transverse diffusivity) beyond the

effect of age (Dubois et al., 2008c). This correlation

study of EEG and DTI measurements (obtained in the

same infants) outlines the functional significance of

structural markers during WM maturation. The ability to

characterize individual anatomical and functional

differences across infants is very promising for the

understanding of normal development with special focus

on experience-dependent mechanisms and critical

periods of plasticity. It is also crucial for the definition of

biomarkers that will characterize and detect early

perturbations of developmental trajectories.

Functional correlates of MRI biomarkers in preterm
newborns

Based on the results obtained in healthy infants, early

biomarkers of neurological deficits are searched for,

especially in the case of premature birth. The early

organization and maturation of axonal pathways is a

highly vulnerable process during the second half of

pregnancy (Kostovic and Jovanov-Milosevic, 2006). In

infants born prematurely, brain growth is disturbed by

the change from in utero to ex utero environment, and

the difficulties to maintain a stable homeostasis. But

whereas the neurodevelopmental disabilities of children

born prematurely are now rather well described, the

underlying alterations of brain development (that lead to

disabilities) remain poorly understood (Ment et al., 2009).

Early impairments in WM development. MRI studies

might provide early biomarkers of functional outcome

and of specific disturbances of cognitive development.

While several reviews have detailed WM abnormalities

related to prematurity (periventricular leucomalacia,

punctate lesions, diffuse excessive high signal intensity

(DEHSI)) and their long-term effects on the child brain

(for example (Ment et al., 2009; Rutherford et al., 2010),

we here summarize only major findings observed in

preterm infants without gross brain lesions and imaged

below 2 years of age.

The impact of prematurity on WM development has

been mainly evaluated by comparing preterms at term-

equivalent age with full-term infants. Preterm infants

present with less GM/WM differentiation and myelination

in comparison with full-term newborns (Huppi et al.,

1996; Mewes et al., 2006). The macrostructure of the

CC is impaired, with reduced volume correlating with

lower GA at birth (Thompson et al., 2012). Using voxel-

based analyses (Rose et al., 2008) or tract-based

spatial statistics (TBSS) (Anjari et al., 2007), FA

reductions were found in several WM regions (CS,

frontal WM, CC, internal and ECs), but higher FA

associated with lower T2 values were also observed in

cortico-spinal projections, suggesting a decreased

number of crossing inter-hemispheric fibers associated

with a decreased water concentration (Rose et al., 2008).

BesideWM, thalamic development is also dramatically

disrupted by prematurity, with reduced volume related to

abnormalities in ‘‘allied’’ WM structures (CSTs and CC) at

term-equivalent age (Ball et al., 2012b). The thalamo-

cortical loop seems highly vulnerable, with diminished

connections between the thalamus and frontal cortices,

supplementary motor areas, occipital lobe and temporal

gyri in preterm infants (Ball et al., 2012a). Prematurity is

also related to widespread reductions in the connection

strength of WM tracts involving all cortical lobes and

several subcortical structures during the second post-

natal year (Pandit et al., 2013).

Correlations with behavioral measures. Local

reductions in WM volumes at term-equivalent age in the

sensorimotor and mid-temporal regions are strongly

correlated with measures of cognitive and motor

development between 18 and 20 months of corrected

age (Peterson et al., 2003). In the absence of apparent

WM lesions, higher mean diffusivity values at the level

of the CS at term-equivalent age have been associated

with poorer developmental quotient on the Griffiths

Mental Development Scales at 2 years of corrected age

(Krishnan et al., 2007). Similarly, a TBSS analysis has

shown that developmental quotient at 2 years corrected

age is related to FA in subparts of the CC at
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term-equivalent age; performance sub-scores to FA in the

CC and right CG; and eye-hand coordination sub-scores

to FA in the CG, fornix, anterior commissure, CC and

right uncinate fasciculus (UF) (Counsell et al., 2008).

Focus on the developing visual system. Three studies

have focused on the early development of the visual

system in preterm infants, because this function

matures early on and is frequently impaired by

premature birth. Between 29 and 41 w GA, the

microstructural development (FA) of the OR has been

correlated with the newborn visual maturity (scores from

a visual fixation tracking assessment) independently of

GA (Berman et al., 2009). This has been confirmed at

term-equivalent age, with a specific correlation between

the visual assessment score and the FA in the OR,

independently from GA at birth, GA at scan or presence

of lesions on conventional MRI (Bassi et al., 2008). A

recent study has further evidenced an effect of the

period of premature extra-uterine life in addition to the

degree of prematurity: indeed, visual function around

term-equivalent age seems related to FA in the OR at

that age, but also to FA evolution pattern, as

characterized by the rate of increase between two

successive scans (the first between 30 and 36 w GA,

the second at term-equivalent age between 39 and 46 w

GA) (Groppo et al., 2012). The alteration of WM

pathways microstructural maturation during the late

preterm period thus impacts the visual function at birth.

CONCLUSION

Characterizing the dynamics of human brain development

and the structural bases of functional maturation requires

in vivo studies of the healthy newborn and infant. These

studies are challenging and require dedicated

methodologies for image acquisition and post-

processing. But it is worth the effort since new

quantitative markers of maturation have been recently

validated, also providing a better understanding of the

deleterious effects of early disturbances such as

prematurity.

Mechanisms of WM development are complex and

intermingled. In terms of early WM organization, the

growth and wiring of axonal fibers occur mostly during

the preterm period, whereas the pruning of aberrant or

useless connections rather starts during the first post-

natal weeks along with external stimulations. Afterward,

fibers get myelinated and progressively functionally

mature, which may result from neuronal activity and

also reinforce it. WM maturation further impacts on the

functional efficiency of brain networks, which correlates

with the infant acquisitions. All these mechanisms occur

at different times and speeds according to cerebral

Fig. 7. General time-line of WM development. The time-courses of developmental mechanisms are tentatively summarized across WM bundles,

according to post-mortem investigations and MRI studies. These mechanisms include the growth, pruning and myelination of axonal fibers, during

the pre-term and post-term periods (fetal and post-natal ages in weeks). For each mechanism, approximate time periods are indicated. To our

knowledge, information on the beginning and ending of axonal pruning are missing in the human brain. Purple-bordered arrows refer to the

myelination process. Abbreviations: AF, arcuate fasciculus; ALIC, anterior limb of the internal capsule; CC, corpus callosum; CG, cingulum; CR,

corona radiate; CST, cortico-spinal tract; EC, external capsule; FOF, fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus; PLIC, posterior

limb of the internal capsule; OR, optic radiations; SLF, superior longitudinal fasciculus; STT, spino-thalamic tract; UF, uncinate fasciculus. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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regions and involved functions, with maturation

proceeding until adulthood in some associative frontal

and temporal regions. A tentative summary of the time-

line of WM development during the preterm period and

the first post-natal months can be provided from post-

mortem investigations and in vivo MRI studies (Fig. 7).

Although relatively coherent, some variations in the time

courses are observed because the techniques are

differently sensitive to mechanisms of WM organization

and maturation. Let us keep in mind that MRI

techniques remain indirect and macroscopic approaches

to explore the developing microstructure. They can

hardly investigate some mechanisms (e.g. fiber

pruning), but their main advantage is to be non-invasive

techniques that can be applied in vivo in healthy fetuses

and infants. For instance, they are the only conceivable

approach to investigate how brain maturation is

influenced early on by environmental factors and

nutrition (e.g. boosting of WM myelination by

breastfeeding (Deoni et al., 2013)).

Other emerging MRI techniques, such as magnetic

susceptibility mapping and phase imaging, are

promising to help characterize the microstructural

properties of the developing WM (Zhong et al., 2011;

Lodygensky et al., 2012; Chen et al., 2013). Of course,

WM changes are not completed by 2 years of age, but

are protracted in some brain regions until the end of

adolescence; however it is beyond the scope of the

current article to review all existing studies based on

structural MRI (Paus et al., 1999, 2001; Paus, 2005,

2010; Giedd and Rapoport, 2010) and DTI (Barnea-

Goraly et al., 2005; Eluvathingal et al., 2007; Lebel

et al., 2008; Faria et al., 2010; Lebel and Beaulieu,

2011). Finally, the interactions between the developing

WM connectivity and the development of cortical

regions will probably take a place of honor soon, since

an increasing number of studies have recently provided

early quantitative markers of cortical maturation (Leroy

et al., 2011a), that may also correlate with the

development of infant cognitive abilities (Aeby et al.,

2013; Travis et al., 2013).

To sum, correlation approaches based on

complementary imaging approaches (including

anatomical and functional imaging and behavioral

assessments) enable to explore the developing brain at

several levels, from brain structure development to the

infant motor and cognitive acquisitions. Beyond normal

development, these studies are crucial to understand

the mechanisms of pathologies that result from early

cerebral anomalies (e.g. genetic diseases, epilepsies,

mental retardation, learning disorders), to assess the

influence of early disturbances related to fetal conditions

(e.g. intra-uterine growth restriction, teratogen

exposures) or perinatal events (e.g. premature birth,

neonatal stroke), and to follow the efficiency and

robustness of medical interventions.
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Experimental work
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This part describes the experimental work conducted during my PhD studies.
It is separated into 4 chapters.

The first chapter deals with the description of the variability of multiple MRI
parameters during normal early post-natal development. In this chapter a clus-
tering approach is applied to separate different white matter bundles according to
differences in their maturation reflected by 6 MRI parameters: quantitative T1
and T2 relaxation times, fractional anisotropy FA, mean 〈D〉, longitudinal λ‖ and
transverse λ⊥ diffusivities. The results of this chapter were presented at the 30th
Annual Scientific ESMRMB Meeting in Toulouse (2013) and a copy of the pre-
sented poster is included at the end of the chapter. Although the applied approach
allowed reasonable description of the white matter maturation that was globally in
agreement with post-mortem studies, it could not be used neither for comparison of
the maturational dynamics across the bundles, nor for quantitative measurements
of the maturational stages. This required more sophisticated multiparametric ap-
proaches introduced in the following chapters.

The second chapter introduces a novel multiparametric index for quantitative
evaluation of the white matter maturation. This index is based on Mahalanobis
distance derived from 4 complementary MRI parameters: T1 and T2, λ‖ and λ⊥.
This novel index is demonstrated to be more appropriate for investigating asyn-
chrony of the white matter maturation than conventional univariate approaches.
Furthermore, it provides a quantitative model that can be used to predict rela-
tive maturational delays between different white matter bundles. The results of
this chapter were selected for an oral presentation at the 30th Annual Scientific
ESMRMB Meeting (Toulouse, 2013) and were also recently published (the paper
is attached at the end of the chapter [315]). As the developped approach provides
a global maturational measure, it may not be optimal for evaluation of specific
maturational processes, e.g. myelination, which would require using dedicated
techniques, like the one described in the following chapter.

The third chapter deals with evaluation of white matter myelination. In that
chapter, we present a novel approach for fast and reliable quantification of the
Myelin Water Fraction (MWF) in infants using a 3-compartment model of T1 and
T2 relaxation signals. The results were presented at the Joint Annual ISMRM-
ESMRMB Meeting 2014 (Milan) and form the bases of a submitted article (2
posters and the manuscript are included at the end of the chapter).

Finally, the fourth chapter is focused on the study of white matter connec-
tivity in the developing brain. This chapter describes creation of a preliminary
child white matter connectivity atlas that can be used for automatic identification
and extraction of the white matter bundles from child whole-brain tractography
datasets. Results of this chapter will be presented at the ISMRM 23rd Annual
Meeting (2015) and the abstract is attached at the end of the chapter.

Chapters 4 and 5 are based on a published and on a submitted papers, each
attached at the end of the corresponding chapter. In these chapters, we highligh
the most important points of the work, while all necessary details are available in
the attached articles.
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The first two works are based on infant and adult databases previously acquired
and post-processed by Jessica Dubois and Ghislaine Dehaene. These databases are
described in the first chapter of this part. MWF quantification also uses these
databases but in addition 3 adult calibration subjects were acquired and post-
processed. The white matter connectivity atlas is based on data that were acquired
at Neurospin by Lucie Hertz-Pannier mostly during my PhD and they were post-
processed by myself. The pulse sequences, used for data acquisition, and post-
processing tools, implemented in Connectomist software and PTK toolbox [316],
were developped by Cyril Poupon and the UNIRS team.

Children used for creation of the connectivity atlas were recruited in neurope-
diatric hospitals in Paris (Hôpital Necker: Dr.Chiron, Dr.Nabbout, Dr.Chemaly;
Hôpital Kremlin-Bicêtre: Dr.Sevin, Dr.Aubourg; Hôpital Robert-Debré: Dr.Auvin)
and throughout the France (CHU de Rennes: Dr.Napuri; Lorient: Dr.Caubel).
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Chapter 3

Correlations of quantitative MRI
parameters in the developing
white matter bundles

As different MRI parameters are sensitive to different maturational processes (see
Part I Chapter 2 and [133]), investigating brain maturation can greatly benefit
from multimodal approaches that take into account complementary information
from several parameters. Studying age-related correlations between MRI param-
eters may shed light on the undergoing maturational processes. In this chapter
this approach is applied to describe the correlations of six MRI parameters: relax-
ation times qT1 and qT2, fractional anisotropy FA, mean 〈D〉, longitudinal λ‖ and
transverse λ⊥ diffusivities, within white matter bundles of healthy infants born at
term. This work was based on previously acquired and post-processed infant and
adult data, which will be briefly described at the beginning of the chapter. Then
description of the correlation analysis and corresponding results will be given, fol-
lowed by results’ interpretations. At the end of the chapter, a poster presented at
the 30th Annual Scientific ESMRMB Meeting, which summarizes results of this
chapter, is included [317].

3.1 Description of the infant and adult databases

3.1.1 Subjects

Infant MRI database included 17 healthy subjects born at term (3-21 weeks old,
7 girls, 10 boys). Adult MRI database, used as a reference group to assess white
matter maturation, consisted of 13 healthy subjects (22.4 ± 1.6 years, 6 women,
7 men). None of the subjects had any neurodevelopmental problems or brain
abnormalities detected on MR images. Data was obtained using the study protocol
approved by the regional ethical committee for biomedical research and informed
consents were obtained from parents and adult subjects.
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3.1.2 Acquisition protocol
Data was acquired on a 3T MRI system (Tim Trio, Siemens Medical Systems,
Erlangen, Germany), equipped with a whole body gradient (40 mT/m, 200 T/m/s)
and a 32-channel head coil. Interleaved axial slices covering the whole brain (50/70
slices for infants/adults respectively) were acquired with a 1.8mm isotropic spatial
resolution (FOV = 23×23cm2, matrix = 128×128) using EPI single-shot spin-echo
(SE) sequences:

• For qT1 mapping, an inversion recovery (IR) SE-EPI sequence with eight
different values of inversion time (TI=250→1500ms, each step 250ms + TI=2000,
2500ms): TE = 38 ms, TR = TI+15s (TR = TI+21s for adults), partial
Fourier sampling factor 5/8, leading to an acquisition time of 2min 11s (3min
03s for adults). This sequence was developped in house by Cyril Poupon [145];

• For qT2 mapping, a SE-EPI sequence with 8 different values of echo time
(TE = 50→260ms, each step 30ms): TR = 15.5s (TR = 21.7 s for adults),
parallel imaging GRAPPA factor 2, partial Fourier sampling factor 6/8, lead-
ing to an acquisition time of 2min 51 s (4min for adults). This sequence was
developped in house by Cyril Poupon [145];

• For DTI, a DW-SE-EPI sequence with 30 orientations of diffusion gradients
and b = 700s/mm2 (+b = 0 volume): TE = 72ms, TR = 10s (TR = 14s for
adults), parallel imaging GRAPPA factor 2, partial Fourier sampling factor
6/8, leading to an acquisition time of 5min 40s (7min 56s for adults).

3.1.3 Data post-processing
MRI data were post-processed beforehand using in-house developped Connectomist
software [145, 316]. DWI data were corrected for motion and eddy currents-induced
artifacts [310] and quantitative MRI and DTI maps were generated for 6 parame-
ters: quantitative relaxation times qT1 and qT2, fractional anisotropy FA, mean
〈D〉, longitudinal λ‖ and transverse λ⊥ diffusivities (Fig. 3.1).

Whole brain tractography was performed according to a 4-order analytical Q-
ball model with a regularized 3D tractography [294] and 18 white matter bundles
that mature at different times and rates [248] were identified in each subject using
manually delineated regions of selection and exclusion [269] (Fig. 3.2, 3.3, 3.4):

• projection bundles: cortico-spinal tract CST with three subdivisions (in-
ferior, middle and superior portions); spino-thalamic tract STT; optic radia-
tions OR; anterior limb of the internal capsule ALIC;
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Figure 3.1: Quantitative MRI and DTI maps of 6 parameters (fractional anisotropy
FA, mean 〈D〉, longitudinal λ‖ and transverse λ⊥ diffusivities, quantitative relax-
ation times qT1 and qT2) generated for subjects of different ages: infants at 6 and
19 weeks, and a young adult. Scale for diffusivities: ×10−3mm2/s; relaxation times
are given in seconds.

• association bundles: external capsule EC, arcuate fasciculus AF, superior
SLF and inferior ILF longitudinal fascicles, uncinate fasciculus UF, fronto-
occipital fasciculus FOF;

• limbic bundles: fornix FX; inferior CGinf and superior CGsup parts of the
cingulum;

• commissural bundles: genu CCg, body CCb and splenium CCs of the cor-
pus callosum.

In each subject, MRI parameters were quantified and averaged over the bundle
length (Fig. 3.2, 3.3, 3.4), taking into account fiber density [291].
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3.2 Correlation analysis
Since MRI parameters vary across different bundles in adults and since they have
different scales, maturational changes of the MRI parameters in infants should be
considered relative to the adult mature stage and thus, for further analysis MRI
parameters in infants were normalized by the corresponding mean values from the
adult reference group. Normalized MRI parameters in infants were plotted as a
function of age for all bundles (Fig. 3.5). Correlations between each pair of MRI
parameters were computed for each bundle in the adult group. For correlation
analysis in infants, age-related effects were eliminated by linear regressions and
correlations between MRI parameters residuals were computed for each bundle.
The resulting correlation coefficients in infants (15=6*5/2 correlation coefficients
per infant) were used for hierarchical clustering of the bundles based on squared
Euclidean distance and centroid linkage (Fig. 3.6). This approach exploited the
hypothesis that bundles clustered together should have similar maturational prop-
erties.

3.3 Results
Distributions of all parameters for all bundles were significantly different between
infants and adults (ad-hoc t-tests, p<0.05, Fig. 3.2, 3.3, 3.4), showing lower FA
values and higher values of other parameters in infants. In infants, FA increased
with age in all bundles, while diffusivities and relaxation times decreased (Fig. 3.5).
The mean infant parameters and the rates of their changes were different across
bundles and parameters, reflecting differences in bundles maturational stages and
suggesting that certain tracts (e.g. spino-thalamic and cortico-spinal tracts) ma-
tured faster than the others. However, it was hard to compare the maturational
dynamics for the majority of the bundles using such representation.

Correlation analysis of the MRI parameters in the adult group revealed several
strong correlations, including FA-λ⊥, 〈D〉-λ⊥, 〈D〉-λ‖ (Tab. 3.1). In infants, corre-
lation analysis also retrieved the above mentioned correlations, as well as additional
correlations, namely, 〈D〉-qT2, λ⊥-qT2, λ‖-qT2, λ⊥-λ‖, FA-〈D〉, FA-λ‖ (Tab. 3.2).

Clustering analysis based on the infant correlation coefficients allowed to sepa-
rate the bundles into 4 distinct groups (Fig. 3.6):

• 1st group: arcuate fasciculus, inferior longitudinal fasciculus, fronto-occipital
fasciculus, uncinate fasciculus, genu and body of the corpus callosum, supe-
rior parts of the cingulum;

• 2nd group: superior portion of the cortico-spinal tract, external capsule,
splenium of the corpus callosum, superior longitudinal fasciculus, optic radi-
ations, anterior limb of the internal capsule;
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• 3rd group: fornix, inferior portion of the cortico-spinal tract, inferior por-
tion of the cingulum;

• 4th group: middle portion of the cortico-spinal tract, spino-thalamic tract;

Projection bundles
bundle FA-〈D〉 FA-λ‖ FA-λ⊥ FA-qT1 FA-qT2 〈D〉-λ‖ 〈D〉-λ⊥ 〈D〉-qT1 〈D〉-qT2 λ‖-λ⊥ λ‖-qT1 λ‖-qT2 λ⊥-qT1 λ⊥-qT2 qT1-qT2
CSTinf 0,04 0,57 -0,80 0,26 0,31 0,76 0,40 0,17 -0,15 -0,16 0,24 -0,04 -0,17 -0,30 0,54
CSTmid 0,22 0,87 -0,90 0,14 0,42 0,65 0,18 0,08 0,07 -0,61 0,07 0,32 -0,04 -0,31 0,14
CSTsup -0,75 0,50 -0,97 0,28 0,08 0,17 0,88 -0,27 -0,02 -0,30 0,14 0,09 -0,32 -0,03 0,17
STT -0,37 0,18 -0,76 -0,46 -0,06 0,83 0,87 0,10 0,66 0,45 -0,12 0,57 0,25 0,51 0,01
OR -0,44 0,08 -0,81 -0,52 -0,14 0,82 0,86 0,51 0,32 0,47 0,17 0,28 0,56 0,32 0,19
ALIC -0,67 0,21 -0,87 0,29 0,20 0,56 0,93 -0,15 0,11 0,25 0,19 0,37 -0,21 -0,01 0,51

Association bundles
bundle FA-〈D〉 FA-λ‖ FA-λ⊥ FA-qT1 FA-qT2 〈D〉-λ‖ 〈D〉-λ⊥ 〈D〉-qT1 〈D〉-qT2 λ‖-λ⊥ λ‖-qT1 λ‖-qT2 λ⊥-qT1 λ⊥-qT2 qT1-qT2
EC -0,75 0,12 -0,93 0,35 0,01 0,47 0,93 -0,17 -0,13 0,19 0,15 -0,16 -0,26 -0,03 -0,07
AF -0,68 0,14 -0,91 0,25 0,00 0,60 0,91 -0,24 0,00 0,24 -0,16 -0,12 -0,24 0,01 0,44
SLF -0,44 0,18 -0,82 -0,12 0,29 0,78 0,84 0,02 0,13 0,33 -0,08 0,36 0,01 -0,11 0,25
ILF -0,82 -0,22 -0,94 0,13 -0,53 0,70 0,95 0,19 0,46 0,50 0,49 -0,05 0,07 0,51 -0,10
FOF -0,56 0,10 -0,86 0,11 -0,20 0,75 0,90 -0,23 0,24 0,40 -0,02 0,08 -0,18 0,24 -0,26
UF -0,69 -0,09 -0,92 0,35 -0,12 0,75 0,90 -0,14 0,15 0,43 0,05 0,12 -0,29 0,13 -0,01

Limbic bundles
bundle FA-〈D〉 FA-λ‖ FA-λ⊥ FA-qT1 FA-qT2 〈D〉-λ‖ 〈D〉-λ⊥ 〈D〉-qT1 〈D〉-qT2 λ‖-λ⊥ λ‖-qT1 λ‖-qT2 λ⊥-qT1 λ⊥-qT2 qT1-qT2
FX -0,26 0,11 -0,52 0,22 0,25 0,91 0,95 -0,26 0,79 0,75 -0,26 0,91 -0,38 0,61 -0,27

CGinf -0,66 0,30 -0,90 0,07 -0,13 0,47 0,91 -0,26 0,45 0,11 -0,09 0,37 -0,23 0,33 0,08
CGsup -0,42 0,54 -0,91 -0,74 0,03 0,52 0,76 0,25 -0,07 -0,15 -0,44 0,01 0,64 -0,07 0,23

Commissural bundles
bundle FA-〈D〉 FA-λ‖ FA-λ⊥ FA-qT1 FA-qT2 〈D〉-λ‖ 〈D〉-λ⊥ 〈D〉-qT1 〈D〉-qT2 λ‖-λ⊥ λ‖-qT1 λ‖-qT2 λ⊥-qT1 λ⊥-qT2 qT1-qT2
CCg -0,31 0,02 -0,69 -0,08 -0,64 0,92 0,52 0,07 0,41 0,15 -0,02 0,10 0,28 0,90 0,30
CCb -0,44 -0,29 -0,50 0,06 0,28 0,93 0,89 0,58 0,16 0,67 0,45 0,21 0,58 0,12 0,58
CCs 0,10 0,14 0,02 0,40 0,07 0,99 0,89 0,33 0,58 0,83 0,29 0,56 0,37 0,54 0,46

Table 3.1: Correlation coefficients for different MRI parameters across white matter
bundles in the adult group. Coefficients with p<0.05 are given in bold.

Projection bundles
bundle FA-〈D〉 FA-λ‖ FA-λ⊥ FA-qT1 FA-qT2 〈D〉-λ‖ 〈D〉-λ⊥ 〈D〉-qT1 〈D〉-qT2 λ‖-λ⊥ λ‖-qT1 λ‖-qT2 λ⊥-qT1 λ⊥-qT2 qT1-qT2
CSTinf -0,28 0,41 -0,79 -0,39 -0,13 0,64 0,64 -0,14 0,73 -0,03 -0,57 0,42 0,45 0,62 0,12
CSTmid -0,58 0,61 -0,96 -0,66 -0,38 0,16 0,74 0,52 0,75 -0,39 -0,43 0,15 0,62 0,51 0,42
CSTsup -0,22 -0,01 -0,46 -0,57 -0,28 0,93 0,94 0,41 0,79 0,8 0,22 0,76 0,57 0,57 0,65
STT -0,16 0,83 -0,77 0,16 -0,38 0,29 0,71 0,21 0,54 -0,4 0,18 0,09 0,01 0,57 -0,21
OR -0,64 -0,29 -0,79 -0,22 -0,37 0,9 0,96 0,57 0,8 0,76 0,53 0,73 0,59 0,78 0,83
ALIC -0,66 -0,25 -0,83 -0,33 -0,43 0,79 0,95 0,6 0,8 0,65 0,58 0,75 0,51 0,73 0,53

Association bundles
bundle FA-〈D〉 FA-λ‖ FA-λ⊥ FA-qT1 FA-qT2 〈D〉-λ‖ 〈D〉-λ⊥ 〈D〉-qT1 〈D〉-qT2 λ‖-λ⊥ λ‖-qT1 λ‖-qT2 λ⊥-qT1 λ⊥-qT2 qT1-qT2
EC -0,4 -0,26 -0,5 -0,19 -0,28 0,97 0,98 0,39 0,87 0,92 0,3 0,86 0,46 0,88 0,59
AF -0,66 -0,09 -0,51 -0,52 -0,52 0,78 0,52 0,55 0,84 0,27 0,37 0,84 0,41 0,4 0,51
SLF -0,77 -0,42 -0,82 -0,46 -0,53 0,87 0,97 0,62 0,82 0,79 0,47 0,79 0,64 0,83 0,68
ILF -0,59 -0,24 -0,74 -0,3 -0,45 0,89 0,94 0,37 0,83 0,71 0,23 0,68 0,41 0,41 0,52
FOF -0,65 -0,17 -0,84 -0,39 -0,55 0,85 0,93 0,36 0,84 0,64 0,28 0,74 0,41 0,81 0,38
UF -0,57 0,08 -0,77 -0,54 -0,41 0,73 0,96 0,4 0,92 0,55 0,06 0,75 0,53 0,84 0,26

Limbic bundles
bundle FA-〈D〉 FA-λ‖ FA-λ⊥ FA-qT1 FA-qT2 〈D〉-λ‖ 〈D〉-λ⊥ 〈D〉-qT1 〈D〉-qT2 λ‖-λ⊥ λ‖-qT1 λ‖-qT2 λ⊥-qT1 λ⊥-qT2 qT1-qT2
FX 0,01 0,38 -0,38 -0,57 -0,05 0,87 0,9 0,05 0,79 0,61 -0,23 0,6 0,37 0,77 -0,07

CGinf -0,22 0,5 -0,73 -0,04 -0,21 0,66 0,81 -0,13 0,75 0,14 -0,13 0,5 -0,05 0,66 0,01
CGsup -0,76 0,01 -0,91 -0,56 -0,72 0,61 0,96 0,49 0,93 0,37 0,14 0,55 0,5 0,89 0,46

Commissural bundles
bundle FA-〈D〉 FA-λ‖ FA-λ⊥ FA-qT1 FA-qT2 〈D〉-λ‖ 〈D〉-λ⊥ 〈D〉-qT1 〈D〉-qT2 λ‖-λ⊥ λ‖-qT1 λ‖-qT2 λ⊥-qT1 λ⊥-qT2 qT1-qT2
CCg -0,76 -0,37 -0,97 -0,3 -0,7 0,65 0,82 0,4 0,7 0,56 0,46 0,62 0,34 0,77 0,31
CCb -0,77 -0,07 -0,92 -0,34 -0,61 0,66 0,96 0,45 0,7 0,43 0,2 0,42 0,43 0,66 0,28
CCs -0,91 -0,76 -0,96 -0,45 -0,66 0,93 0,98 0,47 0,75 0,87 0,43 0,67 0,44 0,75 0,55

Table 3.2: Correlation coefficients for different MRI parameters across white matter
bundles in the infant group. Coefficients with p<0.05 are given in bold.
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Figure 3.2: Mean and standard deviations of FA and 〈D〉 across different white
matter bundles in the infant (light boxes) and adult groups (dark boxes). Aster-
isk indicates when variations in the infant group could be explained by the age-
related changes using linear regressions with age (R2 > 0.46, p < 0.05). Adapted
from [315].
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Figure 3.3: Mean and standard deviations of λ‖ and λ⊥ across different white
matter bundles in the infant (light boxes) and adult groups (dark boxes). Aster-
isk indicates when variations in the infant group could be explained by the age-
related changes using linear regressions with age (R2 > 0.46, p < 0.05). Adapted
from [315].
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Figure 3.4: Mean and standard deviations of qT1 and qT2 across different white
matter bundles in the infant (light boxes) and adult groups (dark boxes). Aster-
isk indicates when variations in the infant group could be explained by the age-
related changes using linear regressions with age (R2 > 0.46, p < 0.05). Adapted
from [315].
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Figure 3.5: Changes of the normalized MRI parameters (i.e. MRI parameters
divided by corresponding mean values from the adult group) in infants with age
for different bundles.
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Figure 3.6: Bundle groups revealed by clustering analysis of the correlations coef-
ficients between infant MRI parameters.

Some of the revealed correlations were shared by all clusters (〈D〉-λ⊥,〈D〉-qT2),
certain were bundle-specific (Tab. 3.3): cluster 1 was characterized by additional
correlations 〈D〉-λ‖, FA-λ⊥, and FA-〈D〉; cluster 2 was characterized by correlations
〈D〉-λ‖, λ⊥-qT2, λ‖-qT2 and λ⊥-λ‖; cluster 3 was characterized by correlations
〈D〉-λ‖ and λ⊥-qT2; cluster 4 was characterized by correlations λ⊥-qT2, FA-λ⊥
and FA-λ‖.

Correlations Possible interpretation cluster 1 cluster 2 cluster 3 cluster4
〈D〉-λ⊥ and
〈D〉-qT2

decrease of the water content (not specific to any
maturational stage) + + + +

〈D〉-λ‖ pre-myelination processes + + +
λ⊥-qT2 increasing fiber compactness + + +
FA-λ⊥ extreme maturational stages + +
FA-λ‖ ? +

λ‖-λ⊥ and λ‖-qT2 pre-myelination changes in the longitudinal diffusivity +
FA-〈D〉 ? +

Table 3.3: Correlations between MRI parameters revealed in four bundles clusters
and their possible interpretations. "?" means that there was no obvious interpreta-
tion.

3.4 Interpretation of the results
The observed age-related changes of the normalized MRI parameters in infants
confirmed asynchronous progression of the white matter maturation. In agreement
with post-mortem studies [121, 122], projection bundles (e.g. spino-thalamic and
cortico-spinal tracts) seemed to be among the fastest maturating bundles. However,
in this representation maturation comparison between the rest of the bundles was
not evident due to the fact that age-related changes of different MRI parameters
showed different dynamics across the considered age-range.

As different MRI parameters reflect different maturational processes, different
maturational stages are likely to show different correlations between MRI parame-
ters. Indeed, correlation analysis of the infant MRI parameters revealed a number
of correlations that might be used to differentiate between bundles’ maturational
stages. Correlation between 〈D〉 and qT2, which was present in all clusters, likely
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accounts for general decrease of the water content that is not specific to any matura-
tional stage. Correlation between 〈D〉 and λ‖ may reflect pre-myelination processes
and thus, bundles from the 4th cluster, which does not show this correlation, may
be viewed as more mature than bundles from the 3 other clusters. Correlation
between λ⊥-qT2 may reflect increasing fiber compactness and thus, bundles from
the 1st cluster that does not show this correlation may be considered as less mature
than bundles from 2-4th clusters that have this correlation. Correlations λ‖-qT2
and λ⊥-λ‖ that were specific to the 2nd cluster may reflect pre-myelination changes
in the longitudinal diffusivity and suggest that bundles from this cluster are likely
to be less mature than bundles from the 3rd cluster. Finally, correlation between
FA and λ⊥, which is one of the most difficult to interpret, may be observed during
both fiber organization and myelination, and thus, reflect extreme maturational
stages of 1st and 4th clusters. Other correlations, like FA-λ‖ and FA-〈D〉, do not
have obvious interpretation.

To summarize, bundles from cluster 4 appeared as the most mature, followed
by bundles from cluster 3, then by bundles from cluster 2, and finally, by the least
mature bundles from cluster 1.

3.5 Limitations of the approach
Although the clustering results for clusters 1,3 and 4 were globally in agreement
with post-mortem studies [121, 122], this approach has several severe drawbacks.
First of all, grouping certain bundles together in cluster 2, i.e. optic radiations
(quite mature) and anterior limb of the internal capsule (relatively immature),
is not supported by the known progression of the white matter maturation and
remains difficult to explain. Furthermore, this approach does not provide any
comparison of the maturational dynamics across bundles, nor any quantitative
measure of the maturational stages. Thus, reliable quantitative description of white
matter maturation requires more sophisticated multiparametric models that will
be introduced in the two following chapters.
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Data acquisition  

• 17 healthy infants born at term (7 girls, 10 boys, maturational age between 3 and 21 weeks). 

• 13 adult subjects used as reference (6 women, 7 men, mean age: 22.4±1.6 years). 

• Data was acquired on a 3T MRI system (Tim Trio, Siemens Medical Systems, Germany), equipped with a whole 

body gradient (40mT/m, 200T/m/s) and a 32-channel head coil. 

• Brains were imaged with a 1.8mm isotropic spatial resolution (FOV=23x23cm2, matrix=128x128,  

50 / 70 slices for infants / adults) using EPI single-shot spin-echo (SE) sequences.  

• For DTI: 30 orientations of diffusion gradients, b=700s.mm-2, TE=72ms, TR=10s / 14s, parallel imaging GRAPPA factor 2, partial 

Fourier sampling factor 6/8, acquisition time 5min40s / 7min56s. 

• For qT1 mapping: an inversion recovery sequence with 8 different values of inversion time (TI=250->1500ms each step 250ms + 

TI=2000, 2500ms): TE=38ms, TR= TI+15s / 21s, partial Fourier sampling factor 5/8, acquisition time 2min11s / 3min03s.  

• For qT2 mapping: 8 different values of echo time (TE=50->260ms each step 30ms): TR= 15.5s / 21.7s, parallel imaging GRAPPA 

factor 2, partial Fourier sampling factor 6/8, acquisition time 2min51s / 4min.  

Data post-processing (Connectomist software [6]) 

• Correction of the artifacts from field inhomogeneities, eddy currents and movements. 

• Calculation of the diffusion tensor and creation of parameter maps: fractional anisotropy (FA), mean (MD), 

longitudinal (l//) and transverse (l┴) diffusivities. (Fig.1).  

• Computation of the quantitative T1 and T2 maps (Fig.1). 

• 18 white matter bundles were reconstructed using regularized 3D tractography [7] and manually delineated 

regions of interest [8]. (Fig.2). 

Data analysis 

• For all subjects and all bundles MRI parameters were quantified and averaged over the bundle length (Fig.3). 

• MRI parameters were normalized by the corresponding mean values from the adult population. Normalized MRI 

parameters in infants were plotted as a function of age for all bundles (Fig.4): 

• For correlation analysis in infants, age-related effects were eliminated by linear regressions. Correlations 

between MRI parameters were computed for each bundle in both groups and the resulting correlation coefficients 

were used for bundle clustering (Fig.5). 

S Kulikova (1)*, L Hertz-Pannier(1), G Dehaene-Lambertz(2), C Poupon(3), J  Dubois(2) 
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Introduction  

Maturation of the white matter is a complex process, which includes several stages: fiber organization into bundles, proliferation of cells and organites, and “true” axonal myelination. These processes have different impacts on 

quantitative MRI parameters, which thus show different dynamics at different maturational stages [1,2]. Maturation is also an asynchronous process [3,4,5], which occurs over different time periods and at different rates across different 

bundles. Here we describe this variability  in terms of correlations between six MRI parameters: relaxation times (qT1, qT2); fractional anisotropy (FA), mean (MD), longitudinal (l//) and perpendicular (l┴) diffusivities, computed from 

diffusion tensor imaging (DTI). 

Additional Information: 

1 - Dubois et al. (Hum Brain Mapp, 2008);     2 - Deoni et al. (Magn Reson Med, 2005);       3 - Dubois et al. (ISMRM, 2010);     4 - Yakovlev, Lecours (Blackwell Scientific Publications, 1967);      5 - Flechsig (Leipzig, G Thieme, 1920);       

6 - Duclap et al. (ESMRMB, 2012);                7 - Perrin et al. (Inf Process Med Imaging, 2005);        8 - Huang et al. (Magn Reson Med , 2004);         9 - Kulikova et al. (presentation #476, ESMRMB, 2013). 

Comparison of quantitative MRI parameters in the developing white matter bundles 

Fig.1 DTI maps (FA, MD, l//, l┴) and quantitative maps for T1 and T2 relaxation times 

for subjects of different ages: infants at  6 and 19 weeks, and a young adult. Scale for 

diffusivities: x 10-3mm2.s-1; relaxation times are in seconds. 

Fig.3 Distribution of the MRI parameters in infants and adults over different bundles. 

Fig.5 Bundle groups from clustering analysis of the correlations between the MRI parameters. 

Results 

• Distributions of all parameters across all bundles  are significantly different between infants and adults (Fig.3) 

showing lower FA  values and higher  values of other parameters in infants.  

• During maturation in infants, FA increases with age in all bundles, while other parameters decrease. The rates 

of these changes are different across the bundles and the parameters (Fig.4), suggesting that certain fibers 

(i.e. STT , CST) mature faster than the others. 

• Correlation analysis of the MRI parameters over the adult group reveals strong correlations FA - l┴, MD - l┴ 

and  MD - l// for most bundles. No consistent correlations were found between any DTI indices and qT1/qT2. 

• Similarily to adults, analysis over the infant group reveals correlations FA - l┴, MD - l┴, MD - l//. Additional 

correlations were found for MD - qT2, l//  - qT2, l ┴  - qT2, l// - l┴, FA - MD, FA - l// . 

• Clustering of the correlation coefficients of the 6 parameters across the bundles in infants separated bundles 

into 4 groups (Fig.5). Certain correlations were shared by all clusters (MD - l┴, MD - qT2), certain were 

bundle-specific (MD - l//  for clusters 1-3, l┴ - qT2 for clusters 2-4, FA - l┴  for clusters 1 and 4, FA - l// for the 4th 

cluster; l//  - qT2 and l// - l┴ for the 2nd cluster; FA - MD for the 1st cluster) and others were not consistent in any 

of the clusters.  

Discussion and Conclusions 

• Different correlations between MRI parameters may reflect different maturational changes in the white matter: 

1. MD - qT2 (all clusters) - general decrease of the water content, not specific to any maturational stage;          

2. MD - l// (clusters 1-3)  - pre-myelination processes  → cluster 4 should be more mature than the others; 

      3. l┴ - qT2 (clusters 2-4) - fiber compactness → cluster 1may be considered as the least mature;  

      4. l//  - qT2 and l// - l┴ (cluster 2) -  pre-myelination changes in l// → cluster 2 is less mature than cluster 3;  

      5. FA - l┴  - only for fiber organization and myelination,not for pre-myelination, → extreme maturational  

      stages for clusters 1 and 4. 

• Correlation analysis of the MRI parameters can be used to describe maturational processes in white matter 

and group bundles according to their maturational stages. Being in agreement with post-mortem studies [4,5], 

this approach has nevertheless several drawbacks:  

     1. certain correlations remain  difficult to interprete, i.e. FA - l// (cluster 4) and FA  - MD (cluster 1); 

     2. groupment  of  certain bundles, i.e. OR  (quite mature) and ALIC (relatively immature), remains questionable; 

     3. a priori assumption that during the considered time period all bundles don’t change their maturational stage.  

Thus, multiparametric evaluation of the white matter maturation requires more robust and reliable models [9]. 

Fig.2 Example of the reconstructed bundles:  

 

• projection bundles: cortico-spinal tract CST with three 

subdivisions (inferior, middle and superior portions) ; 

spino-thalamic tract STT; optic radiations OR; anterior 

limb of the internal capsule ALIC  

• association bundles: external capsule EC, arcuate fasciculus AF, superior SLF and inferior ILF  longitudinal fascicles, 

uncinate fasciculus UF, fronto-occipital fasciculus FOF. 

• limbic bundles: fornix FX; inferior CGinf and superior CGsup parts of the cingulum. 

• commissural bundles: genu CCg, body CCb and splenium CCs of the corpus callosum(not shown). 

Fig.4 Changes of the normalized MRI parameters in infants with age for different bundles. 
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Chapter 4

Quantitative evaluation of white
matter maturation using
Mahalanobis distance

To quantitatively evaluate the maturational stage of a given white matter bundle
in an infant at a certain age, the parameters characterizing that bundle should
be compared with their typical "mature" values from the same bundle in an adult
reference group using some "maturational distance". In this chapter, general consid-
erations on choosing the "maturational distance" are first given. Then Mahalanobis
distance is introduced. Finally, we present the application of this distance for the
quantitative evaluation of the white matter maturation. The published paper is
included [315].

4.1 Choosing "maturational distance"
A well-designed "maturational distance" should take into account both the inter-
subject variability of the parameters and their correlations in the adult population.
This is important because as soon as the difference between adult and infant values
lays within the range of the normal parameters’ variability in the adult population,
infant values can no longer be considered as immature. On the contrary, even if
infant values seem "very close" to the typical mature values but remain out of the
range of the normal parameters’ variability in the adult population, they should
be regarded as immature. Ignoring that may lead to mistakes in comparing mat-
urational stages across bundles. To illustrate this idea, let us consider a simplified
example shown on Fig. 4.1. Let a given bundle of an adult population be described
by only two parameters (Parameter 1 and Parameter 2), the mean adult parame-
ters are marked as point C and the distribution of the parameters is described by
covariation matrix Σ. Now let us compare the same bundle in two infants, having
parameters marked by points A and B, to this adult population. When using Eu-
clidean distance between these points (A and B) and the mean adult parameters
(point C), it appears that infant B is closer to the adult stage C than infant A.
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However, if we also consider the shape of the parameters distribution in the adult
group, we can note that parameters in infant A are already in the range of normal
parameters variability of the adult population, thus, they should be considered as
already mature. On the contrary, parameters in infant B are still outside the nor-
mal parameters variability of the adult population and cannot yet be considered
as mature, despite being "close" to adult mean values C.

Figure 4.1: A simplified example showing why it is important to account for inter-
subject variability of the parameters and their correlations in the adult population
when comparing infant and adult parameters. Distributions of two parameters de-
scribing adult bundles are shown as a blue oval with mean parameters correspond-
ing to point C and a covariation matrix Σ. Although according to the Euclidean
distance E infant bundle B is closer to point C than another infant bundle A, it
nevertheless cannot be considered as mature because it is outside the normal pa-
rameters variability of the adult population. On the contrary, bundle A is within
the normal variability of adult parameters and can be considered as mature.

Taking into account these considerations and the fact that MRI parameters
cannot be viewed as completely independent variables (see previous chapter), we
proposed the Mahalanobis distance as a "maturational distance" between infant
and adult bundles [315] (see article at the end of the chapter).

4.2 Mahalanobis distance
Mahalanobis distance M [318], which was initially introduced for multiparametric
comparison of human skulls, is a unitless and scale-invariant measure of the distance
between a multivariate vector ~x and a given multiparametric distribution with mean
vector ~µ and covariation matrix Σ:

M2(~x) = (~x− ~µ)T Σ−1(~x− ~µ) (4.1)

124



CHAPTER 4. EVALUATION OF WM MATURATION

When applied for comparison of infant and adult parameters, ~x corresponds to
a multivariate vector describing a given infant bundle, ~µ - to the vector with mean
parameters from the corresponding bundle in the adult group (~µ = [1, 1, ..., 1] when
all data are normalized by the corresponding mean adult values) and Σ is a covari-
ance matrix of adult parameters for the same bundle. The smaller Mahalanobis
distance is, the closer the infant bundle is to the mature stage.

Eq. 4.1 can be equally represented in the following way:

M2(~x) =
n∑
i

((~x− ~µ)~νi)2/λi (4.2)

where ~νi and λi are the n eigenvectors and eigenvalues of the covariance matrix Σ.
It should be noted here that the calculation accuracy for the Mahalanobis dis-

tance depends on the estimation accuracy of the covariance matrix Σ. When ap-
plied to small samples, Mahalanobis distance tends to be overestimated, mainly
due to non-dominant components (components corresponding to smaller eigenval-
ues). In the simpliest way, this bias can be corrected by substituting the smaller
eigenvalues with the maximal eigenvalue as suggested by Takeshita et al. [319]:

M2(~x) =
n∑
i

((~x− ~µ)~νi)2/max λi (4.3)

4.3 Applying Mahalanobis distance for evalua-
tion of the white matter maturation

In this PhD work [315], we applied the Mahalanobis distance approach to evaluate
and compare the maturation of 18 different white matter bundles in a population of
17 healthy infants, that were described in the previous chapter. The Mahalanobis
distance was computed from four MRI parameters: quantitative qT1 and qT2 relax-
ation times, longitudinal λ‖ and transverse λ⊥ diffusivities. Fractional anisotropy
and mean diffusivity 〈D〉 were not included as they are strongly correlated with λ‖
and λ⊥ (see previous chapter) and thus, may lead to singular covariance matrices.
Possible bias from non-dominant components was corrected using Eq. 4.3 and the
accuracy of Mahalanobis distance calculations was evaluated using simulated data,
showing deviations not exceeding 6±1.8% [315].

Using Mahalanobis distance confirmed complex maturational relationships be-
tween bundles and allowed revealing the known spatiotemporal progression of the
white matter maturation. As expected, bundles responsible for sensory and motor
functions were the most mature: spino-thalamic tract was the most advanced fol-
lowed by optic radiations and the cortico-spinal tract. The middle portion of the
corticospinal tract was advanced relatively to its inferior and superior parts. As
for limbic bundles, the fornix was more mature than the cingulum. The splenium
of the corpus callosum were more mature than the body. The most delayed mat-
uration was observed in the arcuate and superior longitudinal fasciculi and in the
anterior limb of the internal capsule.
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Compared to conventional univariate approaches, the Mahalanobis distance
provided a more detailed description of the maturational asynchrony across bun-
dles, revealing more maturational differences between them: Mahalanobis distance
revealed 142 out of 153 (18 ∗ (18− 1)/2) possible relationships between the consid-
ered 18 bundles, while this number did not exceed 90 for other parameters [315].
Furthermore, Mahalanobis distance approach made better predictions of the mat-
urational ages than conventional univariate approaches and did not violate a priori
known maturational relationships: spino-thalamic tract, cortico-spinal tract and
optic radiations should be found among the most fast-maturing bundles, while an-
terior limb of the internal capsule and arcuate fasciculus should be classified as the
most slowly maturing [121, 320].

Interestingly, age-related changes in the Mahalanobis distance across different
bundles could be further modeled by exponential decays, which enabled comput-
ing the relative maturational delays between the bundles, providing a quantitative
description of the bundles’ maturational asynchrony. The total delay between the
most and the least mature bundles was estimated to be 48–49 weeks, confirming
that the most dramatic maturational changes occur during the first postnatal year.

It should be noted here that the Mahalanobis distance is not directly linked
to brain myelination but is influenced by the whole ensemble of various matura-
tional processes underlying age-related changes in the MRI parameters used for
its calculation. Thus, although being relevant for in vivo evaluation of the white
matter maturation, it may not be perfectly suited for evaluation of white matter
myelination, which would require using more specific myelin-sensitive techniques,
like the one described in the next chapter.
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Abstract In vivo evaluation of the brain white matter

maturation is still a challenging task with no existing gold

standards. In this article we propose an original approach to

evaluate the early maturation of the white matter bundles,

which is based on comparison of infant and adult groups

using the Mahalanobis distance computed from four com-

plementary MRI parameters: quantitative qT1 and qT2

relaxation times, longitudinal kk and transverse k\ diffu-

sivities from diffusion tensor imaging. Such multi-para-

metric approach is expected to better describe maturational

asynchrony than conventional univariate approaches

because it takes into account complementary dependencies

of the parameters on different maturational processes,

notably the decrease in water content and the myelination.

Our approach was tested on 17 healthy infants (aged 3- to

21-week old) for 18 different bundles. It finely confirmed

maturational asynchrony across the bundles: the spino-

thalamic tract, the optic radiations, the cortico-spinal tract

and the fornix have the most advanced maturation, while

the superior longitudinal and arcuate fasciculi, the anterior

limb of the internal capsule and the external capsule have

the most delayed maturation. Furthermore, this approach

was more reliable than univariate approaches as it revealed

more maturational relationships between the bundles and

did not violate a priori assumptions on the temporal order

of the bundle maturation. Mahalanobis distances decreased

exponentially with age in all bundles, with the only dif-

ference between them explained by different onsets of

maturation. Estimation of these relative delays confirmed

that the most dramatic changes occur during the first post-

natal year.

Keywords Mahalanobis distance � White matter � Brain

development � Bundles � Infants � T1 and T2 relaxometry �
Diffusion tensor Imaging DTI

Introduction

Maturation of the brain white matter is a complex process,

which lasts from the third trimester of pregnancy until late

adolescence, and proceeds in an asynchronous manner

across cerebral regions (Yakovlev and Lecours 1967).

Early post-mortem studies have shown that different white

matter regions myelinate over different periods of time and

at different rates, from the central regions to the periphery

(Flechsig 1920). For instance, certain projection bundles

(e.g. cortico-spinal and spino-thalamic tracts) mature

before association bundles related to cognitive functions

such as language (e.g. arcuate fasciculus) (Brody et al.
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1987; Kinney et al. 1988). However, post-mortem studies

have insurmountable limitations: they do not allow making

correlations between anatomical and functional changes

during maturation and provide ‘‘region-specific’’ rather

than ‘‘bundle-specific’’ information. In vivo imaging is thus

indispensable for understanding both normal and patho-

logical brain development, but it remains a challenging

task in unsedated infants.

Conventional Magnetic Resonance Imaging (MRI)

studies, using T1- and/or T2-weighted images have con-

firmed that different white matter regions acquire ‘‘mye-

linated’’ appearance in a specific temporal order (Paus et al.

2001): first, in pons and cerebral peduncles, then in the

optic radiations, the posterior limb of the internal capsule

and the splenium of the corpus callosum, followed by the

anterior limb of the internal capsule, the genu of the corpus

callosum and finally, by the white matter of the occipital,

frontal, parietal and temporal lobes. Whereas these studies

provided only qualitative description of the white matter

maturation, alternatives have been recently proposed with

the quantitative mapping of the relaxation times qT1 and

qT2 (Deoni et al. 2005) and with diffusion tensor imaging

(DTI), which computes distinct parameters (mean \D[,

longitudinal kk and transverse k\ diffusivities, fractional

anisotropy FA (Le Bihan and Johansen-Berg 2012)) that

can be quantified along the white matter bundles recon-

structed using fiber tracking technics (Mori and van Zijl

2002).

All these parameters are known to change with age and

are thought to reflect different maturational processes

(Dubois et al. 2014a). qT1 mostly depends on the brain

water and lipid contents (Steen et al. 1997), whereas qT2

mostly depends on water content and iron accumulation

(Engelbrecht et al. 1998); both qT1 and qT2 decrease with

age but changes in qT2 (associated with ‘‘true myelina-

tion’’) are known to start later than in qT1 (associated with

‘‘pre-myelination’’) (Barkovich et al. 1988).

Changes in the DTI parameters are more complex: they

depend on the bundle maturational stage and are thought to

reflect various processes such as organization of the ner-

vous fibers into bundles, membrane proliferation in the

intra- and extra-cellular space (‘‘pre-myelination’’) and

myelination (Dubois et al. 2008, 2014a). Some fractional

anisotropy can be observed even early on in poorly mye-

linated bundles of the premature newborns because of the

tight organization of the fibers into bundles (Hüppi et al.

1998). With the decrease in water content and the increase

in membrane density, all diffusivities decrease. During

fiber myelination, fractional anisotropy increases due to a

decrease in transverse diffusivity contrasting with constant

longitudinal diffusivity.

Although it is possible to make inferences on bundles

maturation on the basis of only one MRI or DTI parameter,

the univariate approaches may not be efficient to discrim-

inate bundles that are at different maturational stages. For

example, the approach of Dubois et al. (2008), based on

DTI indices, was supported in only 8 out of 11 bundles,

facing problems in classification of the corpus callosum,

external capsule and uncinate fasciculus. Thus, taking

advantage of the complementary dependencies of the MRI

parameters on maturational processes and considering

multi-parametric maturational models should enable better

characterization of the bundles maturation.

To evaluate a maturational stage of a given infant

bundle at a certain age, one needs to compare the param-

eters characterizing that bundle with the typical values for

the same bundle in an adult group, i.e. to compute the

‘‘maturational distance’’ between current and adult stages.

Since MRI and DTI parameters are also known to vary

across different bundles in the adult brain and to have

different scales for different parameters (Dubois et al.

2008), their normalization is required before comparison.

Furthermore, a well-designed ‘‘maturational distance’’

should take into account the inter-subject variability of the

parameters in the adult population as well as their corre-

lations: the difference between adult and infant values may

be important or not, depending on whether it is or not

within the range of the parameters variability in the adult

population.

According to all these constraints, we introduce here a

novel strategy to reliably describe and efficiently compare

the bundles maturation in infants from 1 to 5 months of

age. This strategy is based on estimation of the Mahalan-

obis distance between the multi-parametric vectors of four

parameters (qT1, qT2, kk, k\) describing bundles in infant

and adult groups, and it is compared with univariate

approaches. In addition to ordering the bundles according

to their relative maturation, our approach suggests a gen-

eral description of the maturation that allows estimating the

relative maturational delays between the bundles.

Materials and methods

Subjects

This research study was performed on 17 healthy infants

born at term (7 girls, 10 boys), with a maturational age (i.e.

chronological age corrected for gestational age at birth)

between 3 and 21 weeks. Infants were compared to an

adult group of 13 healthy subjects (6 women, 7 men, mean

age: 22.4 ± 1.6 years). Additionally, a 34-week-old girl

(almost 8 months) was imaged for the model evaluation at

an older age. None of the subjects displayed any neuro-

developmental problems or any brain abnormalities

observed on MR images. The study protocol was approved
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by the regional ethical committee for biomedical research;

all parents and adult subjects gave written informed con-

sents. Infants were spontaneously asleep during MR

imaging. Particular precautions were taken to minimize

noise exposure, by using customized headphones and

covering the magnet tunnel with special noise protection

foam.

MRI acquisitions

Data acquisition was performed on a 3T MRI system (Tim

Trio, Siemens Medical Systems, Erlangen, Germany),

equipped with a whole body gradient (40 mT/m, 200 T/m/

s) and a 32-channel head coil. Interleaved axial slices

covering the whole brain were imaged with a 1.8-mm

isotropic spatial resolution (FOV = 23 9 23 cm2,

matrix = 128 9 128) using EPI single-shot spin-echo (SE)

sequences (50 slices for infants; 70 for adults). For DTI, a

DW-SE-EPI sequence was used with 30 orientations of

diffusion gradients with b = 700 s mm-2 (?b = 0 vol-

ume): TE = 72 ms, TR = 10 s (TR = 14 s for adults),

parallel imaging GRAPPA factor 2, partial Fourier sam-

pling factor 6/8, leading to an acquisition time of 5 min

40 s (7 min 56 s for adults). For qT1 mapping, an inversion

recovery (IR) SE-EPI sequence was used with eight dif-

ferent values of inversion time (TI = 250?1,500 ms each

step 250 ms ? TI = 2,000, 2,500 ms): TE = 38 ms,

TR = TI ? 15 s (TR = TI ? 21 s for adults), partial

Fourier sampling factor 5/8, leading to an acquisition time

of 2 min 11 s (3 min 03 s for adults). For qT2 mapping, an

SE-EPI sequence was used with 8 different values of echo

time (TE = 50?260 ms each step 30 ms): TR = 15.5 s

(TR = 21.7 s for adults), parallel imaging GRAPPA factor

2, partial Fourier sampling factor 6/8, leading to an

acquisition time of 2 min 51 s (4 min for adults).

Data post-processing

After correction of artifacts from motion and eddy currents

(Dubois et al. 2014b), quantitative MRI and DTI maps

were generated for all parameters (qT1, qT2, FA,\D[, k\,

kk) using Connectomist software (Fig. 1) (Duclap et al.

2012; Poupon et al. 2010). Whole brain tractography was

performed according to a 4-order analytical Q-ball model

and using regularized 3D tractography (Perrin et al. 2005).

White matter bundles were identified in each subject using

manually delineated regions of selection and exclusion

(Huang et al. 2004). We selected 18 bundles that mature at

different times and rates (Fig. 2) (Dubois et al. 2008):

• projection bundles: cortico-spinal tract CST with three

subdivisions (inferior portion below the internal cap-

sule, middle portion below the low centrum semiovale

and superior portion), spino-thalamic tract STT, optic

radiations OR, anterior limb of the internal capsule

ALIC;

• association bundles: external capsule EC, arcuate

fasciculus AF, superior SLF and inferior ILF longitu-

dinal fascicles, uncinate fasciculus UF, fronto-occipital

fasciculus FOF;

• limbic bundles: fornix FX, inferior CGinf and superior

CGsup parts of the cingulum;

• commissural bundles: genu CCg, body CCb and

splenium CCs of the corpus callosum.

For each subject, MRI parameters were quantified and

averaged over the bundle length, taking into account fiber

Fig. 1 Quantitative maps of MRI parameters. Maps of DTI param-

eters and relaxation times are presented for a 6-week-old infant
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density (Dubois et al. 2006). All infant and adult values

were further normalized by the corresponding means from

the adult group.

Implementation of the Mahalanobis approach

For all bundles, comparison of the normalized parameters

in the infant and adult groups was performed using

Mahalanobis distance M (Mahalanobis 1936) as it allows

taking into account the inter-subject variability and the

parameters correlations in the adult group as well as their

variability across the bundles:

M2 x~ð Þ ¼ x~� l~ð ÞT
X�1

x~� l~ð Þ; ð1Þ

where x~ is a multivariate vector describing an infant bun-

dle, l~¼ ½1; 1; . . .; 1� is the mean vector for the

Fig. 2 Quantification of the MRI parameters over the infant and adult

groups. Mean and standard deviations of the parameters are shown

across the bundles in the infant (light boxes) and adult (dark boxes)

groups. Asterisk indicates that variations in the infant group could be

attributed to the age-related changes by performing linear regressions

with age (R2 [ 0.46, p \ 0.05)
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corresponding bundle in the adult group and
P

is a

covariation matrix for parameters in adults. The smaller

this distance, the closer the infant bundle to its mature

adult stage. Mahalanobis distance can be equally calculated

using the eigen systems representation:

M2 x~ð Þ ¼
Xn

i
x~� l~ð Þvi

!� �2
=ki; ð2Þ

where vi
! and ki are the n eigenvectors and eigenvalues of

the covariation matrix
P

. In our study Mahalanobis dis-

tance was calculated using four ‘‘independent’’ parameters:

qT1, qT2, k\, kk (FA and \D[were not included as they

can be viewed as the functions of k\, kk).
Possible bias from non-dominant components that

appears in small samples was compensated by substituting

the smaller eigenvalues with the maximal eigenvalue

(Takeshita et al. 1993):

M2 x~ð Þ ¼
X4

i¼1
x~� l~ð Þvi

!� �2
=max k1; k2; k3; k4ð Þ ð3Þ

The age-related decrease in Mahalanobis distance was

assessed for each bundle using linear regressions.

Fig. 2 continued
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Estimation of the calculation errors

Using formula (3) may lead to underestimation of the

Mahalanobis distance because (1) the smaller eigenvalues

are replaced by the maximal eigenvalue and (2) in small

samples dominant components (components corresponding

to bigger eigenvalues) tend to be slightly smaller than their

true values (Takeshita et al. 1993). To take this into

account, we estimated, for each bundle independently,

average calculation errors for Mahalanobis distances

between infants and adults. This estimation was performed

using a computer simulation that compared Mahalanobis

distances, calculated using 13 multivariate vectors ran-

domly selected from the ‘‘true’’ distribution of the adult

parameters across all bundles, with the ‘‘true’’ distances.

The ‘‘true’’ distribution of the parameters was a Gaussian

mixture distribution with the mean vector l~sim ¼ ½1; 1; 1; 1�
and the covariation matrix

P
sim determined from all 13

Fig. 2 continued
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adults across all the bundles. A random sample of 13

vectors was taken from that distribution to estimate the

Mahalanobis distance using (3) in each infant and for each

bundle. These distances were compared with the ‘‘true’’

distances calculated using (1) and the ‘‘true’’ covariation

matrix
P

sim. The described procedure was repeated

1.000.000 times and the average positive r2
þ and negative

r2
�squared normalized deviations between estimated and

‘‘true’’ distances were computed for each bundle

independently.

Comparison of the bundles maturation

In the group of infants with different ages, age-related

changes of the Mahalanobis distance defined a matura-

tional trajectory Mðb; ageÞ for each bundleb, and compar-

ing the maturation of two bundles bi and bj was equivalent

to comparing the trajectories Mðbi; ageÞ and Mðbj; ageÞ
across ages. To compare these trajectories at a given age,

we considered the overlap between the two intervals

Mðbi; ageÞ � rþðbi; ageÞ; Mðbi; ageÞ þ r�ðbi; ageÞ½ � and

Mðbj; ageÞ � rþðbj; ageÞ; Mðbj; ageÞ þ r�ðbj; ageÞ
� �

. If

these intervals overlapped, then the difference between

Mðbi; ageÞ and Mðbj; ageÞ was set to zero and the two

bundles were not distinguished one from another at this

age. If the intervals did not overlap, the difference between

Mðbi; ageÞ and Mðbj; ageÞ was equal to the smallest dis-

tance between the points belonging to the intervals, taken

with a positive sign if Mðbi; ageÞ\Mðbj; ageÞ (bi was more

mature than bj at this age) and with a negative sign in the

opposite case.

To compare two bundles across the whole age range,

these differences were considered between the corre-

sponding age-points on their maturational trajectories. If

these differences were significantly different from zero

(paired t test over the infant group) then the bundles

were said to have different maturational trajectories. The

result of the pair-wise comparisons between all bundles

created a partial maturational order on the set of bundles

that was presented as a graph, showing complex matu-

rational relationships. Statistical tests were considered

with a 0.95 significance level, corrected for multiple

comparisons using FDR approach. Relationships that

failed to reach the 0.95 significance level were also

tested at the level of 0.9.

Comparison of the Mahalanobis approach

with univariate approaches

As for univariate approaches, we evaluated the variations

with age of each normalized MRI parameter, including

FA and \D[, for each of the bundles. Similarly to the

Mahalanobis distance approach, partial ordering of the

bundles was performed using each MRI parameter

independently. All partial orders (from Mahalanobis

distance and from each parameter) were compared in

terms of (1) the number of discriminated relationships

between the bundles; (2) presence of violations in five a

priori known maturational relationships: spino-thalamic

tract, cortico-spinal tract and optic radiations should be

among the most fast-maturing bundles, while anterior

limb of the internal capsule and arcuate fasciculus should

be among the most slowly maturing (Yakovlev and Le-

cours 1967; Paus et al. 1999; Zhang et al. 2007).

Additionally, we evaluated which strategy made better

predictions on the maturational age using a ‘‘leave-one-

out’’ approach. Because of the short age range, changes in

the normalized MRI parameters and in the Mahalanobis

distance with age were fitted with linear equations (where

appropriate with R2 [ 0.46 corresponding to p \ 0.05). To

make predictions for each bundle, the fitting was done

using all but one infant, and his/her age predicted by the

fitting was then compared with the real age. The described

procedure was repeated for all infants and the prediction

errors were averaged.

Implementation of a general equation of the maturation

As detailed in the results section, the derivative � dMðb;ageÞ
dage

was found to linearly depend on the average (over the age

range) Mahalanobis distance MðbÞh i, suggesting that the

‘‘general maturational equation’’ should take the expo-

nential form:

M b; ageð Þ ¼ a bð Þ � expð�c� ageÞ ð4Þ
or : M b; ageð Þ ¼ A0 � exp �c� age� age0 bð Þð Þð Þ; ð5Þ

where A0; c are constants and age0ðbÞ can be interpreted as

the age of the maturation onset for a bundle b. This

description further enabled to compute a relative matura-

tional delay between two bundles bi and bj:

age0 bið Þ � age0 bj

� �
¼ 1

c
� ln a bið Þ=a bj

� �� �
ð6Þ

When bundle groups were defined in the Mahalanobis

ordering, we indicated the minimal and maximal delays

between bundles.

To investigate whether this exponential model remains

adequate at older developmental stages, it was tested on a

34-week-old infant. For all bundles, the ‘‘true’’ Mahalan-

obis distances were calculated according to the infant’s

data and Eq. 3, and compared with the values predicted by

the exponential Eq. 4.
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Results

Changes in the normalized MRI parameters

and Mahalanobis distance with age

Despite low brain maturation in infants, we obtained high-

quality MRI maps in all subjects (Fig. 1), as well as reli-

able bundle reconstructions and parameter quantification

for all bundles (Fig. 2). In all infant bundles, fractional

anisotropy was lower than in adults, while other parameters

(relaxation times and diffusivities) were higher. Besides,

the means and the variabilities of the infant parameters

were not the same across the bundles (Fig. 2), reflecting

differences in the maturational stages and in the rates of the

maturational changes over the age range. The global pic-

ture was even more complex because of unequal mean

values and unequal variability of the parameters across the

bundles in the adult group. This confirmed the need for

normalization of the parameters by the corresponding

means over the adult group in order to reliably compare the

infant and adult groups and to highlight maturational dif-

ferences across the bundles.

Over this short developmental period, normalized

parameters changed with age (increase in fractional

anisotropy, decrease in other parameters). For each

parameter, the observed differences across the bundles

suggested that certain bundles (e.g. spino-thalamic and

cortico-spinal tracts) matured faster than the others; how-

ever, the majority of the bundles could not be differentiated

one from another.

Besides, Mahalanobis distance was computed for each

bundle in all infants: it decreased with age in all bundles,

reflecting bundles’ maturation (Fig. 3a). It seemed to pro-

vide better discrimination of the bundles than other MRI

parameters, confirming the spino-thalamic and cortico-

spinal tracts to be among the most mature bundles. Con-

trarily to univariate parameters (Fig. 2), age-related linear

regressions were significant for all bundles (Fig. 3a).

Despite the relatively small size of the adult group, simu-

lations showed that Mahalanobis distance was calculated

with an acceptable precision (Online Resource 1), with

average (over all bundles) positive and negative deviations

from the true values being equal to 1.0 ± 0.3 % and

6.0 ± 1.8 %, respectively.

Fig. 3 Bundle maturational order revealed by the Mahalanobis

distance. a Mahalanobis distances to the adult stage progressively

decreased with the infants’ age in all bundles and were modeled by

linear fitting over this short developmental period. The rate of

decrease was slower in the bundles already advanced in maturation

(smaller distances) than in those showing higher distances to the adult

bundles (see Fig. 4). b Maturational relationships between the

bundles are represented as a graph. Bundles showing advanced

maturation are close to the bottom; those with delayed maturation are

on the top. Gray lines (between CGsup and ILF; UF and EC) mark

relationships that failed to reach statistical significance

(0.05 \ p \ 0.1). Relative maturational delays (in weeks) between

the bundles or bundle groups are indicated on the right side. Delays

between the spino-thalamic tract (STT) and other bundles were not

considered (see text for explanations). See Fig. 2 for abbreviations
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Ordering the bundles maturational trajectories

with Mahalanobis approach

Pair-wise comparisons of Mahalanobis distances across the

bundles created a partial maturational order represented as

a graph (Fig. 3b). As expected, the most mature were the

bundles responsible for sensory and motor functioning:

spino-thalamic tract was the most advanced followed by

optic radiations and the cortico-spinal tract; thus, most

projection bundles (except the anterior limb of the internal

capsule) appeared more mature than limbic, commissural

and association bundles. The middle portion of the cortico-

spinal tract was advanced relatively to its inferior and

superior parts. As for limbic bundles, the fornix was more

mature than the cingulum. The splenium and genu of the

corpus callosum were more mature than the body. Con-

currently and consistently with our expectations, the most

delayed maturation was observed in the arcuate and supe-

rior longitudinal fasciculi and in the anterior limb of the

internal capsule. Some bundles were grouped together

when the comparison did not reveal any significant dif-

ferences in their maturational trajectories: for example, the

genu and splenium of the corpus callosum and the superior

portion of the cortico-spinal tract. The obtained ordering

did not violate the a priori known relationships and

revealed 142 out of 153 (17 infants 9 18 bundles divided

by 2) maximal possible relationships.

Comparison of the Mahalanobis approach

with univariate approaches

Maturational orderings were also obtained according to

each normalized MRI parameter and compared with the

Mahalanobis approach. For all univariate parameters, the

number of discriminated relationships was below 90, and

for all of them, except longitudinal diffusivity, matura-

tional orders contained violations of the a priori known

relationships (Table 1). The most common violation con-

cerned the placement of the optic radiations relatively to

other bundles in the maturational order: they were classi-

fied as relatively immature and placed at the same level as

either the arcuate fasciculus (for qT2) or the anterior limb

of the internal capsule (for qT1, \D[, FA, k\). Thus,

according to our comparison criteria, Mahalanobis distance

showed the best performance (Table 1). Note that none of

the 11 relationships unrevealed by the Mahalanobis dis-

tance was discriminated by any of the univariate

approaches.

Additionally, leave-one-out validations confirmed that

linear models based on the Mahalanobis distance provided

better predictions of the maturational age than univariate

approaches in 14 out of 18 bundles (Table 1, Online

Resource 2). Prediction errors for Mahalanobis distance

were of 17 ± 8 % on average over all bundles. These

errors were higher for all other parameters (Table 1, Online

Resource 2).

General equation of the maturation according

to the Mahalanobis distance

Considering linear approximations of the maturational

trajectories with age M b; ageð Þ ¼ a1 bð Þ � a2 bð Þ � age, we

found that for all bundles, the slope a2 bð Þ (or � dM b;ageð Þ
dage )

linearly depended on the average Mahalanobis distance

MðbÞh i (over the age range) (Fig. 4, R2 = 0.89). Thus, the

maturational trajectories were further modeled by expo-

nential decays (Eq. 4). Fitting our data with Eq. 4 resulted

in constant c = 0.03075 and the bundle-related coefficients

aðbÞ detailed in Table 2.

The relative maturational delays between the bundles

were further computed using Eq. 6 (see results in Fig. 4b).

The minimal delay was 1.5 weeks between the fronto-

occipital fasciculus and the external capsule, and the

maximal delay was 13 weeks between the fornix and the

Table 1 Comparison of the Mahalanobis distance approach (M) with

other univariate approaches

n violations Prediction

errors (%)

M 142 – 17 ± 8

FA 74 1. Spino-thalamic tract was among the

least mature bundles.

46 ± 20

2. Optic radiations and anterior limb of

the internal capsule were at the same

immature level.

\D[ 72 Optic radiations and anterior limb of the

internal capsule were placed at the

same intermediate maturational level.

45 ± 24

kk 76 – 54 ± 38

k\ 70 1. Optic radiations were less advanced in

maturation than anterior limb of the

internal capsule.

44 ± 21

2. Cortico-spinal tract and anterior limb

of the internal capsule were at the same

maturational level.

qT1 90 Optic radiations were among the least

mature bundles.

27 ± 20

qT2 89 Optic radiations and arcuate fasciculus

were placed at the same intermediate

maturational level

21 ± 10

Mahalanobis distance was able to discriminate more maturational

relationships between the bundles (n out of 153) than other univariate

approaches and it did not violate a priori known maturational rela-

tionships (violations). Additionally, prediction errors (in %) of the

maturational age in the leave-one-out validation were smaller for

Mahalanobis distance approach than for other univariate approaches

(for details see Online Resource 2)
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inferior portion of the cortico-spinal tract. Delays between

the spino-thalamic tract and other bundles were not con-

sidered because for this tract none of the individual

parameters was able to reveal any significant age-related

changes: thus, the Mahalanobis distance could not make

use of any of them, having an artificially flat slope in the

age-related changes, which resulted in overestimations of

the relative maturational delays between the spino-thalamic

tract and other bundles. The total delay between the optic

radiations and the least mature group (arcuate and superior

longitudinal fasciculi) was estimated to be 48–49 weeks.

Finally, this exponential model was tested on a

34-week-old infant to investigate its performance for older

ages. Comparison of true and predicted values suggested a

good agreement with an average prediction error of 13.5 %

(Table 3). Prediction errors tended to be smaller for

bundles with delayed maturation (e.g. 3 and 4 % for

uncinate and arcuate fasciculi, respectively) than for bun-

dles with advanced maturation (e.g. up to 33 % for spino-

thalamic tract and the middle portion of the cortico-spinal

tract), presumably because greater changes in the Maha-

lanobis distance (corresponding to bundles with delayed

maturation) could be better approximated over that age

range than smaller changes (corresponding to bundles with

advanced maturation). However, certain bundles did not

follow this rule: although optic radiations were among the

most advanced in maturation, the prediction error for them

was surprisingly low (1 %).

Discussion

In this article we have proposed an original multi-para-

metric approach for quantitative in vivo evaluation of white

matter maturation. This approach enabled demonstrating

the asynchrony in the bundles’ maturation more reliably

than conventional univariate approaches within the period

from 3 to 21 weeks of post-natal age. It further suggested a

general quantitative description of the maturation that

enabled estimating the relative maturational delays

between the bundles.

Multi-parametric vs. univariate approaches

MRI and DTI parameters provide exquisite details on white

matter maturation, and their age-related changes are known

to reflect undergoing maturational processes. However,

Fig. 4 Relationship between the speed of changes of the Mahalan-

obis distance and the maturational stage. For each bundle b, the age-

related decrease in the Mahalanobis distance was modeled by a linear

approximation: M b; ageð Þ ¼ a1 bð Þ � a2 bð Þ � age. Across the bundles,

the corresponding slopes ða2 bð ÞÞ linearly increased with the mean

Mahalanobis distances MðbÞh i (R2 = 0.89)

Table 2 Exponential fitting of the Mahalanobis distance (Eq. 4) for

different bundles

CSTinf CSTmid CSTsup STT OR ALIC

a(b) 29.2 20.4 36.4 7.3 16.6 64.4

EC AF SLF ILF UF FOF

a(b) 58.1 73.1 74.9 53.7 54.7 55.0

FX CGinf CGsup CCg CCb CCs

a(b) 19.5 44.6 50.3 35.8 48.8 36.4

Bundle-related coefficients a bð Þ are specified here: they were further

used for calculation of the relative maturational delays between the

bundles or bundle groups (Eq. 6). See Fig. 2 for abbreviations

Table 3 Evaluation of the maturational model in a 34-week-old

infant

CSTinf CSTmid CSTsup STT OR ALIC

Predicted 10.3 7.2 12.8 2.6 5.8 22.6

True 9.8 5.4 11.6 3.9 5.7 24.8

Error (%) 5 33 11 33 1 9

EC AF SLF ILF UF FOF

Predicted 20.4 25.7 26.3 18.9 19.2 19.3

True 18.3 24.6 26.4 17.4 19.8 18.7

Error (%) 12 4 0.4 8.6 3 3

FX CGinf CGsup CCg CCb CCs

Predicted 6.9 15.7 17.7 12.6 17.1 12.8

True 7.6 15.3 17.7 11.8 14.5 11.6

Error (%) 9 2 0.2 7 18 10

For each bundle, the value of the Mahalanobis distance predicted by

the maturational model (Eq. 4) and the true value calculated using

Eq. 3, are detailed. The average prediction error across the bundles

was 13.5 %. See Fig. 2 for abbreviations
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none of these parameters alone can describe the complexity

of white matter maturation because different MRI/DTI

parameters are sensitive to different tissue properties and

thus, to different stages of the maturational processes

(Dubois et al. 2008; Steen et al. 1997; Engelbrecht et al.

1998; Barkovich et al. 1988; Dubois et al. 2014a). To

overcome this difficulty, multi-parametric models that take

advantage of the complementary dependencies of the MRI

parameters on maturational processes should come on

stage (Prastawa et al. 2010; Sadeghi et al. 2013; Vardhan

et al. 2012). Such models should provide a measure of a

maturational distance between infant and adult brains.

They should also take into account variations and covari-

ations of the parameters across different bundles in the

adult group because a difference between infant and adult

parameters is relevant only if it is superior to the normal

variations within the adult group.

To our knowledge, there is only a couple of recent

studies trying to combine both MRI and DTI parameters in

a single maturational model (Sadeghi et al. 2013; Prastawa

et al. 2010). Sadeghi et al. (2013) used Gompertz functions

to model age-related changes in both FA and the intensities

of T1- and T2-weighted images. Prastawa et al. (2010)

suggested a non-linear growth model based on modified

Legendre polynomial basis, that was used to create matu-

ration maps, using five modalities: longitudinal and trans-

verse diffusivities, proton density and intensity of T1- and

T2-weighted images. Instead of quantitative T1 and T2

relaxation times, both of these studies used the intensities

of T1- and T2-weighted images, which are hardly com-

parable across brain regions and across subjects because of

signal inhomogeneities and of varying acquisition tunings.

Furthermore, none of these models took into account the

differences in the parameters and their variations at the

mature adult stage. Finally, these studies provided region-

specific rather than tract-based information possibly mix-

ing the information about different bundles passing at the

same location.

Our approach is free from these drawbacks, and to our

knowledge, it is the first study using Mahalanobis distance

to evaluate brain maturation. Mahalanobis, rather than

Euclidean distance, was chosen because MRI parameters

are correlated and cannot be viewed as completely inde-

pendent variables. Moreover, their covariation matrices

and thus, the eigensystems are different across bundles. In

our study, Mahalanobis distance was calculated using four

parameters: quantitative relaxation times (qT1, qT2),

transverse (k\) and longitudinal (kk) diffusivities. Frac-

tional anisotropy (FA) and mean diffusivity (\D[) were

not considered because they can be viewed as functions of

k\ and kk, and including them may result in a degenerate

covariation matrix.

As for the approach validation, it outperformed univar-

iate approaches in bundle discrimination at different mat-

urational stages, and its discrimination capacity was

extremely high. Our approach suggested a more reliable

ordering of the bundles according to their relative matu-

ration and showed smaller prediction errors of the matu-

rational age.

Mapping the asynchrony of the white matter maturation

Although this study presents a preliminary investigation

based on a small number of subjects, the proposed multi-

parametric approach enabled precise and reliable demon-

stration of the asynchrony in the bundles maturation in the

infant brain. The suggested maturational order was in good

agreement with post-mortem studies (Yakovlev and Le-

cours 1967; Flechsig 1920), confirming maturation of the

sensory and motor pathways before association bundles.

The spino-thalamic tract was the most advanced in matu-

ration, followed by the optic radiations, the middle portion

of the cortico-spinal tract and the fornix. Most projection

bundles (except the anterior limb of the internal capsule)

thus appeared more mature than limbic, commissural and

association bundles. As for limbic and commissural bun-

dles, the fornix was more mature than the cingulum, and

the splenium and genu of the corpus callosum were more

mature than the body. The bundles with most delayed

maturation included the arcuate and superior longitudinal

fasciculi, the anterior limb of the internal capsule and the

external capsule.

With this approach, the middle portion of the cortico-

spinal tract was more advanced in maturation relatively to

its inferior and superior parts, in agreement with previous

in vivo imaging studies showing that central regions

mature before peripheral regions (Prastawa et al. 2010; Gao

et al. 2009). Nevertheless, earlier maturation of the middle

portion in comparison with the inferior portion may seem

to contradict the known rule of the caudo-cephalic direc-

tion of the myelin progression (Yakovlev and Lecours

1967; Flechsig 1920). However, one should keep in mind

that the actual myelination sequence is very complex,

being also governed by several other rules and showing

multiple exceptions (van der Knaap et al. 1995; Kinney

et al. 1988; Flechsig 1920). Here our observations in the

cortico-spinal tract may have several explanations. First,

this tract includes both sensory (thalamo-cortical) and

motor (cortico-spinal) fibers, which are not supposed to

myelinate with the same sequence and topography since

most tracts become myelinated in the direction of the

impulse conduction (van der Knaap et al. 1995). Further-

more, it may simply reflect the fact that the posterior limb

of the internal capsule, which here corresponds to the
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delimitation between the inferior and middle portions,

already shows the presence of myelin at term and under-

goes very rapid myelination (Kinney et al. 1988; Flechsig

1920), being one of the first to get the ‘‘myelinated’’

appearance on T1- and T2-weighted images in term new-

borns (Paus et al. 2001; Rutherford 2002), probably due to

a high compactness of the fibers. Second, as remarked by

Kinney et al. (1988), early myelination onset does not

predict early myelin maturation. For example, optic radi-

ations, unlike cortico-spinal tract, do not show evidence of

myelin at term, but nevertheless get faster to the mature

stage (Kinney et al. 1988). As myelination of the cortico-

spinal tract is not restricted to the considered short devel-

opmental period (3–21 weeks) but continues up to

142 weeks (Kinney et al. 1988), it could have happened

that the most dynamic changes during this period were in

the middle portion, making our approach classify it as

relatively more advanced. Similarly, although corpus cal-

losum starts to myelinate after the cortico-spinal tract, it

gets to the mature stage much faster than the superior

portion of the cortico-spinal tract in the corona radiata

(Kinney et al. 1988). As myelination of both of these

bundles is not restricted to the first post-natal months, it is

possible that during this period these bundles were at the

same maturational stage, and thus grouped together.

Next, we should also highlight that the Mahalanobis

distance is not directly linked to the myelin content but

rather reflects the whole ensemble of various maturational

processes underlying age-related changes in the MRI/DTI

parameters used for its calculation (qT1, qT2, kk and k\).

Besides, it might also be possible that co-registration of the

different imaging modalities (qT1, qT2, DTI) in the lower

parts of the brain was not as perfect as in the central

regions (because geometric distortions related to EPI

sequences are more prominent in the brainstem) and the

relative maturational degree was slightly underestimated in

the inferior portion of the cortico-spinal tract.

On the other hand, the bundles that were grouped

together should not be considered as bundles with identical

maturation, but rather as bundles for which maturational

relationships could not be revealed using the proposed

approach and the available data. Indeed, the middle portion

of the cortico-spinal tract and the fornix were grouped

together, whereas the fornix matures somewhat later than

this projection tract (Yakovlev and Lecours 1967). Such

unrevealed relationships may stem from a high inter-sub-

ject variability relatively to the age-related changes: for

example, for the fornix, only Mahalanobis distance and

qT1 showed significant age-related changes, nevertheless

leading to high prediction errors in the leave-one-out val-

idation after regressing out the age-related effects.

Increasing the number of subjects may possibly help to

further improve the discrimination capacity of our

approach, as discussed below. Nevertheless, one should

notice that none of such unrevealed relationships between

the bundles could be discriminated by any of the univariate

approaches. Another explanation could be that neither

Mahalanobis distance nor individual MRI parameters

directly reflect brain myelination, being influenced by all

kinds of undergoing maturational processes that overlap in

time (Dubois et al. 2014a). Thus, in future studies it will be

of interest to compare our model to a novel MRI parameter,

named myelin water fraction (MWF) (Deoni et al. 2012),

which is supposed to be more directly linked to the myelin

content (see discussion below) and may help to discrimi-

nate the unrevealed relationships between the bundles

(Kulikova et al. 2014).

With all these considerations in mind, one should

remember that there is still no gold standard for the in vivo

evaluation of the white matter maturation and thus, direct

comparison of our results and other studies should be made

with caution. Post-mortem studies (Yakovlev and Lecours

1967; Flechsig 1920) provide region-specific but not bun-

dle-specific information and thus, may mix up information

about various bundles that pass at the same location. As for

in vivo studies, there were only a few attempts to give a

precise definition of a bundle maturational stage using

multi-parametric MRI data. The model of Dubois et al.

(2008) was based on the estimation of the global bundle

maturation by progression through four stages, which took

into account both the maturation state and speed of each

bundle, calculated from DTI indices (mean diffusivity and

fractional anisotropy), in comparison with the average over

all bundles and according to age. This model suggested that

the cortico-spinal tract appeared the most mature, followed

by the spino-thalamic tract and the fornix, then the optic

radiations, the arcuate and inferior longitudinal fasciculi,

and the least mature were the anterior limb of the internal

capsule and the cingulum. However, the model was not

supported in three bundles (corpus callosum, external

capsule, and uncinate fasciculus) and did not give quanti-

tative assessment of the relative maturational delays

between the bundles.

Prastawa et al. (2010) calculated an absolute matura-

tional measure from the total growth rate for a set of

multimodal observations (longitudinal and transverse dif-

fusivities, proton density and intensity of T1- and T2-

weighted images). The relative maturational measure was

calculated as the time shift required to transform a matu-

rational curve for a given bundle to a reference curve

computed from the posterior limb of the internal capsule

(because of its known early myelination). This model

confirmed the known temporal order of the white matter

maturation: (1) brain regions related to basic functions such

as sensory and motor information processing are the most

advanced in the maturation; (2) central regions of the white
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matter tracts mature before peripheral sub-cortical regions.

However, this study did not report any quantitative results

on the relative maturational delays between white matter

regions, and it was focused on different regions rather than

on different bundles.

Vardhan et al. (2012) proposed using the Hellinger

distance to measure age-related changes in the intensities

of T1- and T2-weighted images. This strategy also dem-

onstrated that maturation begins in posterior regions and

that frontal regions mature later on. The authors further

confirmed that T1 and T2 modalities are likely to reflect

different maturational properties, as revealed by a time lag

in the changes of T2-weighted contrast compared with T1-

weigthed images. However, this study was again region-

and not bundle-specific, and used weighted rather than

quantitative images.

Other studies on white matter maturation used pre-

dominantly univariate approaches, trying to classify the

bundles based on changes in a single modality: for exam-

ple, fractional anisotropy (Imperati et al. 2011), quantita-

tive qT1 (Steen et al. 1997) or qT2 (Engelbrecht et al.

1998) relaxation times, etc. Although these studies were

able to capture the general pattern of white matter matu-

ration, the exact placement of bundles in the maturational

order may be biased because none of the MRI parameters

alone can explain the whole ensemble of processes

underlying maturation.

Fitting the data with our model further suggested that

different white matter bundles follow a similar matura-

tional trajectory but with different developmental onsets.

This finding, being in agreement with (Prastawa et al.

2010), allowed us deriving a ‘‘general’’ maturational

equation: similarly to univariate studies during childhood

over a larger age range (Watanabe et al. 2013; Engelbrecht

et al. 1998; van Buchem et al. 2001; Lebel et al. 2012),

changes in the Mahalanobis distance with age in infants

could be described by an exponential decay. This modeling

allowed us to compute the relative maturational delays

between the bundles, confirming that the most dramatic

changes in the white matter occur during the first post-natal

year, with a total relative maturational delay of 49 weeks

between the most and the least mature bundles. That is why

we tested our model on an older infant, with fair predic-

tions for almost all bundles. The model tended to be less

accurate for bundles with advanced maturation in which

inter-subject variability was likely to become comparable

with age-related changes. Nevertheless, further studies with

larger sample sizes may enable to clarify this issue.

Technical considerations

When studying normal brain development, researchers

always face the problem of data acquisition in healthy

unsedated infants and children. To avoid devastating

motion artifacts, data are usually acquired during natural

sleep, trying to keep the acquisition sequences as short as

possible. In our study we used EPI single-shot spin-echo

sequences, which allowed us to acquire the whole multi-

modal dataset in less than 15 min. Although using these

sequences may be complicated by image distortions, dis-

tortions for qT1, qT2 and DTI images were relatively

coherent and did not pose problems for co-registration,

except maybe in the brainstem as discussed above. Because

the parameters were quantified over the bundles, our ana-

lysis was less affected than voxel-by-voxel analyses, and

distortions were most prominent in the frontal regions,

which lay apart from the majority of the bundles analyzed

in our study.

Comparison of the parameters averaged over different

bundles allowed us to capture the general picture of the

maturational asynchrony. Although voxel-by-voxel ana-

lysis may potentially reveal more details on local matura-

tional changes, it would require exact correspondence

between cerebral structures among individuals and thus,

precise co-registration between infant and adult images,

which remains hardly achievable because babies’ and

adults’ brains are not homothetic due to asynchronous

growth of cerebral regions. Furthermore, as maturation is

not homogeneous along axons and bundles (McArdle et al.

1987; McCart and Henry 1994), it would be interesting in

future studies to split all bundles into several parts (as it

was done here for the cortico-spinal tract, the cingulum and

the corpus callosum) and to analyze them separately. In the

same way, analyzing separately the left and right bundles

would highlight inter-hemispherical asymmetries that may

exist in bundles such as the arcuate fasciculus (Dubois

et al. 2008; Lebel and Beaulieu 2009).

In our study the bundles were reconstructed using

manually delineated regions of selection and exclusion. To

avoid inter-subject variability, these regions were delin-

eated according to predefined rules (Catani et al. 2002;

Dubois et al. 2006). Although in adult subjects white

matter bundles can be extracted using multiple automati-

cally placed regions-of-interest (Suarez et al. 2012) or pre-

defined bundle atlases and clustering techniques (Guevara

et al. 2010), such approaches may fail to reliably extract

the bundles in infant datasets. To our knowledge, so far

there are no approaches designed specifically for the age

ranges considered in our study. Thus, to be coherent in

terms of bundles identification between infant and adult

subjects, bundles were reconstructed in the same way in

both groups.

The number of infants (N = 17) included in this work

may seem relatively low to derive definite conclusions

about white matter maturation, particularly for the white

matter bundles showing higher prediction errors in the
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leave-one-out validation (e.g. spino-thalamic tract, fornix),

i.e. the bundles in which inter-subject variability in the

MRI/DTI parameters or in the Mahalanobis distance was

relatively high as compared to the age-related changes over

the considered age period. Nevertheless, as most of the

bundles indeed showed dramatic changes of both the Ma-

halanobis distance and the MRI/DTI parameters over this

short developmental period (3–21 weeks), we were able to

reveal a general scheme of the maturational asynchrony

across the bundles, even in a cross-sectional analysis.

However, the main goal of the present study was not to

make definite conclusions about the exact bundle matura-

tional order, but rather to introduce and explore the Ma-

halanobis distance approach and to demonstrate its

advantages over conventional univariate approaches.

Indeed, even in a small size group, Mahalanobis distance

approach showed better performance than conventional

approaches in bundle discrimination and suggested a more

reliable bundle ordering with smaller prediction errors of

the maturational age. Although the maturational order may

be considered here as preliminary, requiring further vali-

dation in studies with larger sample sizes, notably to dis-

tinguish the bundles that were grouped together (see

above), the obtained results suggest that our approach may

be a promising candidate for the evaluation of pathological

development or neuro-degeneration of the white matter

when it is not possible to acquire large datasets. Similarly,

interpolation of our model to older ages should be made

with caution, since it was only tested in a single 34-week-

old infant for demonstration purposes. Testing whether the

exponential model and the Mahalanobis approach are

indeed valid at older ages would require recruiting many

healthy infants and toddlers during the second semester of

the first post-natal year and the first semester of the second

year (when, according to our model, the Mahalanobis

distances in all bundles should decrease below the 10 % of

their initial values). This is hardly achievable because it is

exceptional to have healthy infants and toddlers sponta-

neously asleep (without sedation) during scanning at those

ages.

The precision of our approach also depends on the size

of the adult group, used to calculate covariation matrices of

the MRI/DTI parameters. The exact relationship between

the calculation errors of the Mahalanobis distance and the

group size was described by Young (1978), and a number

of strategies were introduced to compensate the bias in

small samples (Iwamura et al. 2002; Jorgensen and Roth-

rock 2010; Omachi et al. 2000; Takeshita et al. 1993). In

our study we applied the correction strategy suggested by

Takeshita et al.(1993), and our computer simulations sug-

gested that Mahalanobis distances were calculated with an

acceptable precision that enabled to discriminate the mat-

urational trajectories of different bundles.

Finally, another way to further improve the Mahalanobis

approach may be to include other MRI-derived metrics,

like myelin water fraction (MWF) (Deoni et al. 2012),

magnetization transfer ratio (MTR)(van Buchem et al.

2001) or macromolecular tissue volume (MTV) (Mezer

et al. 2013), that may yield additional information on

maturational processes. MWF relies on the multi-com-

partment modeling of T1 and T2 relaxation signals and is

thought to better correlate with the degree of bundle

myelination than other MRI parameters. However, MWF

calculation has still no gold standards and requires long

acquisition and post-processing times (Deoni et al. 2013).

MTR is another parameter sensitive to the myelin content,

based on the exchange of magnetization between free

protons and protons bounded to macromolecules, such as

the cholesterol component of myelin, cerebrosides and

phospholipids (Koenig 1991; Kucharczyk et al. 1994).

Although MTR can be used to measure myelin content, it is

also sensitive to multiple other factors (Nossin-Manor et al.

2013). Finally, MTV is a recent MRI parameter proposed

by Mezer et al. (2013), which quantifies the non-water

volume. Combining MTV with qT1 mapping may poten-

tially provide new information about variations in local

physico-chemical environments, while combining it with

DTI imaging may help to distinguish between variations in

tissue orientation and tissue density. Including these

parameters into analysis will change the covariation

matrices and likely result in different values of Mahalan-

obis distances, potentially increasing the discrimination

capacity of the approach; however, we can expect the

bundle maturational order to be preserved and the matu-

rational model to remain exponential.

Conclusion

Using Mahalanobis distance, computed from relaxation

times and DTI diffusivities, has been shown relevant for

in vivo evaluation of the white matter maturation in infants.

It confirmed the known spatio-temporal sequence of the

white matter maturation, showing the spino-thalamic tract,

the optic radiations, the cortico-spinal tract and the fornix

to be among the most fast maturating bundles, while the

superior longitudinal and arcuate fasciculi, the anterior

limb of the internal capsule and the external capsule had

the most delayed maturation. Of importance, Mahalanobis

distance could reveal more details on the maturational

differences between the bundles and enabled more precise

predictions of the maturational ages than conventional

univariate approaches. Additionally, our approach sug-

gested a maturational model that enabled calculating the

relative maturational delays between the bundles and

confirmed that the most dramatic maturational changes
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should occur during the first post-natal year. As the pro-

posed approach is based on a short acquisition protocol and

showed good performance even in a small-size group, it

may be easily adapted to clinical studies when it is not

possible to acquire large datasets (e.g. in rare diseases such

as leukodystrophies) or when the patients cannot withstand

long acquisitions (e.g. psychiatric patients).
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Hüppi PS, Maier SE, Peled S, Zientara GP, Barnes PD, Jolesz FA,

Volpe JJ (1998) Microstructural development of human newborn

cerebral white matter assessed in vivo by diffusion tensor

magnetic resonance imaging. Pediatr Res 44:584–590

Imperati D, Colcombe S, Kelly C, Di Martino A, Zhou J, Castellanos

FX, Milham MP (2011) Differential development of human

brain white matter tracts. PLoS One 6:e23437. doi:10.1371/

journal.pone.0023437

Iwamura M, Omachi S, Aso H (2002) A method to estimate the true

Mahalanobis distance from eigenvectors of sample covariance

matrix. In: Caelli T, Amin A, Duin RPW, de Ridder D, Kamel M

(eds) Structural, syntactic, and statistical pattern recognition.

Springer, Berlin, pp 498–507

Jorgensen T, Rothrock R (2010) Correcting for Bias in Mahalanobis

and log-likelihood estimates. IEEE Trans Aerosp Electron Syst

46:2078–2089

Kinney HC, Brody BA, Kloman AS, Gilles FH (1988) Sequence of

central nervous system myelination in human infancy. II Patterns

of myelination in autopsied infants. J Neuropathol Exp Neurol

47:217–234

Koenig SH (1991) Cholesterol of myelin is the determinant of gray-

white contrast in MRI of brain. Magn Reson Med 20:285–291

Kucharczyk W, Macdonald PM, Stanisz GJ, Henkelman RM (1994)

Relaxivity and magnetization transfer of white matter lipids at

MR imaging: importance of cerebrosides and pH. Radiology

192:521–529

Kulikova S, Hertz-Pannier L, Deahene-Lambertz G, Poupon C,

Dubois J (2014) What new do we learn with Myelin water

fraction in infant white matter bundles in comparison with other

MRI parameters? In: Proceedings 23rd Annual ISMRM Meeting

le Bihan D, Johansen-Berg H (2012) Diffusion MRI at 25: exploring

brain tissue structure and function. Neuroimage 61:324–341

Lebel C, Beaulieu C (2009) Lateralization of the arcuate fasciculus

from childhood to adulthood and its relation to cognitive abilities

in children. Hum Brain Mapp 30:3563–3573

Lebel C, Gee M, Camicioli R, Wieler M, Martin W, Beaulieu C

(2012) Diffusion tensor imaging of white matter tract evolution

over the lifespan. Neuroimage 60:340–352

Mahalanobis P (1936) On the generalised distance in statistics. In:

Proceedings National Institute of Science, India, Vol 2, No 1

Brain Struct Funct

123



McArdle CB, Richardson CJ, Nicholas DA, Mirfakhraee M, Hayden

CK, Amparo EG (1987) Developmental features of the neonatal

brain: MR imaging. Part I gray-white matter differentiation and

myelination. Radiology 162:223–229

McCart RJ, Henry GH (1994) Visual corticogeniculate projections in

the cat. Brain Res 653:351–356

Mezer A, Yeatman JD, Stikov N, Kay KN, Cho N-J, Dougherty RF,

Perry ML, Parvizi J, Hua LH, Butts-Pauly K, Wandell BA

(2013) Quantifying the local tissue volume and composition in

individual brains with magnetic resonance imaging. Nat Med

19:1667–1672

Mori S, van Zijl PCM (2002) Fiber tracking: principles and strategies-

a technical review. NMR Biomed 15:468–480

Nossin-Manor R, Card D, Morris D, Noormohamed S, Shroff MM,

Whyte HE, Taylor MJ, Sled JG (2013) Quantitative MRI in the

very preterm brain: assessing tissue organization and myelina-

tion using magnetization transfer, diffusion tensor and T1

imaging. Neuroimage 64:505–516

Omachi S, Sun F, Aso H (2000) A new approximation method of the

quadratic discriminant function. In: Ferri FJ, Iñesta JM, Amin A,

Pudil P (eds) Advances in pattern reco gnition. Springer, Berlin,

pp 601–610

Paus T, Zijdenbos A, Worsley K, Collins D, Blumenthal J, Giedd J,

Rapoport J, Evans A (1999) Structural maturation of neural

pathways in children and adolescents: in vivo study. Science

283:1908–1911

Paus T, Collins DL, Evans AC, Leonard G, Pike B, Zijdenbos A

(2001) Maturation of white matter in the human brain: a review

of magnetic resonance studies. Brain Res Bull 54:255–266

Perrin M, Poupon C, Cointepas Y, Rieul B, Golestani N, Pallier C,

Rivière D, Constantinesco A, le Bihan D, Mangin JF (2005)

Fiber tracking in q-ball fields using regularized particle trajec-

tories. Inf Process Med Imaging 19:52–63

Poupon C, Dubois J, Marrakchi L, Brion V, Mangin J-F, Poupon F

(2010) Real-time EPI T1, T2 and T2* mapping at 3T. In:

Proceedings 18th Annual ISMRM Meeting

Prastawa M, Sadeghi N, Gilmore JH, Lin W, Gerig G (2010) A new

framework for analyzing white matter maturation in early brain

development. In: Proceedings IEEE Int Symp Biomed Imaging,

97–100

Rutherford MA (2002) MRI of the Neonatal Brain. W. B Saunders,

Philadelphia. ISBN 9780702025341

Sadeghi N, Prastawa M, Fletcher PT, Vachet C, Wang B, Gilmore J,

Gerig G (2013) Multivariate modeling of longitudinal MRI in

early brain development with confidence measures. In: Proceed-

ings IEEE Int Symp Biomed Imaging, 1400–1403

Steen RG, Ogg RJ, Reddick WE, Kingsley PB (1997) Age-related

changes in the pediatric brain: quantitative MR evidence of

maturational changes during adolescence. AJNR 18:819–828

Suarez RO, Commowick O, Prabhu SP, Warfield SK (2012)

Automated delineation of white matter fiber tracts with a

multiple region-of-interest approach. Neuroimage 59:3690–3700

Takeshita T, Nozawa S, Kimura F (1993) On the bias of Mahalanobis

distance due to limited sample size effect. In: Proceedings of the

second international conference on document analysis and

recognition, 171–174

van Buchem MA, Steens SC, Vrooman HA, Zwinderman AH,

McGowan JC, Rassek M, Engelbrecht V (2001) Global estima-

tion of myelination in the developing brain on the basis of

magnetization transfer imaging: a preliminary study. AJNR

22:762–766

van der Knaap, Marjo S, Jacob Valk (1995) Myelin and white matter.

Magnetic resonance of myelin, myelination, and myelin disor-

ders. Springer, Berlin, pp 1–17

Vardhan A, Prastawa M, Gouttard S, Piven J, Gerig G (2012)

Quantifying regional growth patterns through longitudinal

analysis of distances between multimodal MR intensity distri-

butions. In: Proceedings IEEE Int Symp Biomed Imaging,

1156–1159

Watanabe M, Liao JH, Jara H, Sakai O (2013) Multispectral

quantitative MR imaging of the human brain: lifetime age-

related effects. Radiographics 33:1305–1319

Yakovlev P, Lecours A (1967) The myelogenetic cycles of regional

maturation of the brain. In: Minkowsky A (ed) Regional

Development of the Brain in Early Life. Blackwell Scientific

Publications, New Jersey, pp 3–70

Young I (1978) Further consideration of sample and feature size.

IEEE Trans Inf Theory 24:773–775

Zhang J, Evans A, Hermoye L, Lee S-K, Wakana S, Zhang W,

Donohue P, Miller MI, Huang H, Wang X, van Zijl PCM, Mori S

(2007) Evidence of slow maturation of the superior longitudinal

fasciculus in early childhood by diffusion tensor imaging.

Neuroimage 38:239–247

Brain Struct Funct

123



Chapter 5

Quantitative assessment of the
brain myelin content using Myelin
Water Fraction

As mentioned in Part I, Myelin Water Fraction (MWF) is believed to be particularly
relevant for quantitative in vivo evaluation of brain myelination [134, 233, 321].
By definition, it provides a more direct measure of brain myelin content than
other MRI parameters and it has shown good correlation with the myelin amount
revealed by histology [226]. However, existing MWF quantification strategies are
rather difficult to implement both in research studies of normal development in
infants and toddlers and in clinical practice due to very long acquisition and/or
post-processing times.

In this chapter, a new MWF quantification approach overcoming these limita-
tions is presented. This approach is based on a 3-compartment model of T1 and
T2 relaxation signals adapted from [233]. The model takes into account 3 tissue
compartments: myelin-related water, intra/extra-cellular water, and CSF. Each of
these compartments has its own relaxation characteristics and the model explains
the signals measured in different voxels by different relative proportions, i.e. frac-
tions, of the compartments and thus, by their different contributions to the total
measured relaxation signals. This model was chosen because it has been previously
demonstrated to be applicable to a wide range of conditions, including developing
white matter [134, 233, 321] and certain pathologies [322–326].

The proposed approach takes advantage of 1) pre-calibrated compartment T1c

and T2c relaxation characteristics and 2) of a simplified linear model fitted with
data acquired using a short acquisition protocol based on single-shot simple and
inversion-recovery spin-echo EPI (SE-EPI and IR-SE-EPI) sequences adequate for
the pediatric population. Below we will detail the main points of the proposed
approach and its full description can be found in the article submitted to Human
Brain Mapping (technical note), which is attached at the end of the chapter.
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CHAPTER 5. MYELIN WATER FRACTION

5.1 Modeling T1 and T2 relaxation signals
First, it worths explaining why unlike many other studies calculating MWF from
multicomponent analysis of T2 relaxation alone [222–226, 229], it was necessary to
consider in our experimental conditions both T1 and T2 relaxations signals.

In many conventional approaches, MWF quantification relies on calculation of
the T2-spectrum and define MWF in each voxel as the ratio between the signal with
T2 below 40-50ms and the total water signal in the T2 distribution (see also chapter
2). However, reliable spectrum estimation requires long acquisition protocols with a
large number of time-points (N>32). Furthermore, as myelin-related compartment
has rather fast relaxation characteristics (e.g. its T2 relaxation constant is ∼20ms),
robust estimation of its fraction makes it necessary to start TE sampling with small
values.

In this work, the acquisition protocol was based on single-shot SE-EPI and
IR-SE-EPI sequences in order to keep the acquisition time as short as possible.
However, with these sequences it was not possible to achieve TEs shorter than
33ms (mainly due to a long readout of the partial Fourier k-space [327]). Com-
parison of the theoretical T1/T2 relaxation signals from different compartments at
the TIs/TEs used in the acquisition protocol (Fig. 5.1) suggests that even at the
shortest TEs, T2 relaxation signal from myelin-related water is already strongly
degraded, much more than T2 relaxation signals from the two other compartments.
Thus, it is hardly possible to estimate MWF values based on T2 relaxation signals
alone with SE-EPI sequences. However, information from T2 relaxation signals is
useful to separate contributions of intra-/extracellular water and “free” water com-
partments. On the contrary, T1 relaxation signals allow revealing the contribution
of the myelin-water compartment vs. the two other compartments, suggesting that
in our experimental conditions it is necessary to consider information from both
T1 and T2 relaxation signals.
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Figure 5.1: Comparison of theoretical values of normalized T1 and T2 relaxation
signals (ST 1(TI)/S0 and ST 2(TE)/S0) computed for myelin-water (my), intra-
/extracellular water (ie) and CSF (csf) compartements at different TIs/TEs used
in the study. In A, normalized relaxation signals are shown in equal proportions
(all fractions are equal to 1); in B, compartments fractions were taken according to
their expected values within white matter and red lines show total relaxation sig-
nals measured at the voxel level. For this computation, compartments’ relaxation
characteristics were taken as identified in the calibration stage.
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5.2 Calibration strategy
Calibration of the compartment T1c and T2c relaxation characteristics was per-
formed on adult data (N=3, mean age: 23.2±2 years), acquired with a large number
(N=30-60) of inversion times (TI) for T1 relaxometry and echo times (TE) for T2
relaxometry, using an original combination of a region contraction approach [322,
328] and a non-negative least-square (NNLS) algorithm. This calibration was per-
formed to identify the T1c and T2c relaxation characteristics that provide the best
fit of the 3-compartment relaxation model. To validate the calibration stage, we
additionally verified that:

1. there was no particular spatial dependence for the compartments’ relaxation
characteristics T1c and T2c (Fig.3 on page 154);

2. we looked whether there was a possible effect of the choice of the MWF search
interval on resulting T1c and T2c relaxation characteristics and on the gen-
erated MWF maps (Sup Fig.2 on page 173);

3. each of the calibration subjects had enough data points to perform stable
calibration (Sup Fig.3 on page 174);

4. calibration could be performed in a reliable manner even in the presence of
noise (tested in simulated data for various noise levels)(Fig.4 on page 156);

It should be noted that this calibration stage should be performed once for any
given acquisition protocol (magnetic field, acquisition sequences, spatial resolution,
etc.) and that the calibration results from this work may not be optimal for studies
with other acquisition settings. However, there were no evident changes in MWF
maps when spatial resolution in one of the calibration subjects was decreased from
1.8×1.8×1.8mm3 to 2×2×2mm3.

5.3 Application to testing datasets
After T1c and T2c values were identified in the calibration stage, we fixed these
values and reduced the number of data points in the calibration dataset (similar to
the infant data acquired with a short acquisition protocol) to test that under such
conditions it was still possible to get reliable estimation of the MWF maps.

Then T1c and T2c values were fixed in a simplified linear relaxation model with
3 unknown compartments fractions to calculate MWF maps with NNLS algorithm
in the testing datasets of infants (N=18, 3-34 weeks old) and adults (N=13, mean
age: 22.4±1.6 years). The resulting MWF values were evaluated in 18 different
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white matter bundles, and infant values were compared to the corresponding adult
reference MWF values to access the bundle myelination relative to the mature
stage.

The results showed that our strategy allows robust estimation of the compart-
ments relaxation characteristics and enables fast MWF mapping in infants (acqui-
sition <6 min, post-processing <5min)(Fig.5 on page 158).

5.4 Evaluation of white matter myelination in in-
fants

The calculated infant MWFmaps demonstrated asynchronous age-related increases
in the MWF values across bundles, confirming the caudo-rostral progression of
myelination (Fig. 5.2 and 5.3).

Although comparison of our results with other studies is complicated by the fact
that MWF quantification is sensitive to acquisition and post-processing settings,
the generated MWF maps showed good correlations with available MWF maps
from another group [321]. Furthermore, comparing infant MWF values from differ-
ent white matter bundles across the age range allowed more accurate description
of the white matter myelination than approaches based on univariate MRI/DTI
parameters (Tab. 5.1).

n violations
MWF 129 no
M 142 no
qT1 90 yes
qT2 89 yes
FA 74 yes
〈D〉 72 yes
λ‖ 76 no
λ⊥ 70 yes

Table 5.1: Comparison of the bundle orderings based on normalized MWF values
and on other MRI/DTI parameters. The ordering based on MWF values provided
a more detailed description of the white matter maturation (higher number n of re-
vealed differences between the bundles) and was more accurate with the reference
to 5 a priori taken relationships: early maturation of spino-thalamic and corti-
cospinal tracts and optic radiations; delayed maturation of anterior limb of the
internal capsule and arcuate fasciculus.
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Figure 5.2: Age-related changes of the normalized infants MWF values (% of the
mean adult values) for different white matter bundles. Lines show linear regressions
(R2>0.58, p<0.015). Abbreviations: cortico-spinal tract CST (inf – inferior, mid
– middle, sup - superior portions), spino-thalamic tract STT, optic radiations OR,
anterior limb of the internal capsule ALIC, external capsule EC, arcuate fasciculus
AF, superior SLF and inferior ILF longitudinal fascicles, uncinate fasciculus UF,
fronto-occipital fasciculus FOF, fornix FX, inferior CGinf and superior CGsup parts
of the cingulum, genu CCg, body CCb and splenium CCs of the corpus callosum.

5.5 Comparison with Mahalanobis distance

Compared to Mahalanobis distance approach, MWF-based approach revealed less
differences between bundles (129 vs. 142, Tab. 5.1). However, this was not sur-
prising, since MWF is based on only two parameters (qT1 and qT2) and MWF
changes across the age range should reflect only myelination, meanwhile Maha-
lanobis distance is influenced by all possible maturational processes reflected by 4
MRI parameters (qT1, qT2, λ‖ and λ⊥). This may also explain why the bundles
orderings based on these two approaches were not identical (Fig. 5.3).

When comparing the bundle orderings based on MWF and on Mahalanobis
distance, one can notice that the most mature bundles (spino-thalamic tract and 3
subdivision of the cortico-spinal tract) were similarly ordered by both approaches
(Fig. 5.3). This observation may suggest that for these bundles at this age range
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Figure 5.3: Orderings of the infant bundles based on paire-wise comparison of the
normalized MWF values (on the left) and based on Mahalanobis distance (on the
right, adapted from [315]). For abbreviations see Figure. 5.2.

myelination was the dominant maturational process. On the contrary, less mature
bundles that were differently ordered in these approaches, may also be affected by
other maturational processes (proliferation of oligodendrocytes, increase of bundle
compactness, etc.) that do not have the same dynamics as myelination and that
were captured by Mahalanobis distance, which provides a global maturational mea-
sure, but not by MWF. In future studies, it may be interesting to further investigate
the relationship between Mahalanobis distance and MWF by applying a hybrid ap-
proach in which qT1 and qT2 are substituted by MWF for further calculation of
the Mahalanobis distance. Alternatively, Mahalanobis distance may be calculated
based only on qT1 and qT2 and compared to MWF. These approaches might help
to better understand the contribution of bundles myelination, revealed by MWF
values, to the ensemble of the maturational processes captured by Mahalanobis
distance.

Because in this work we considered only a short age range of early post-natal
development, the revealed bundles ordering based on MWF may not give adequate
description of white matter myelination over larger age ranges. Indeed, it was pre-
viously suggested that the age-related increase in MWF can be efficiently described
by a modified Gompertz function [321], which was not possible to estimate from the
data available in our study and thus, unlike Mahalanois distance, it was not possi-
ble to estimate the relative myelination delays between the bundles. Furthermore,
because within the considered age range most of the bundles still show low MWF
values, bundles comparison may be strongly influenced by inter-subject variability
of the calculated MWF values. Both of these issues should be addressed in future
studies with larger number of subjects scanned over larger age ranges.

Nevertheless, MWF approach has several important advantages over Maha-
lanobis distance approach:
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1. it has a more straightforward interpretation as it is supposed to reflect only
one maturational process, i.e. myelination;

2. it provides information on tissue microstructural properties, i.e. compart-
ments fractions and their associated relaxation characteristics;

3. unlike Mahalanobis distance, MWF can be analysed in a voxel-vise manner;

4. in studies when it is not necessary to compare MWF values in infants with
those in adults (for example, when comparing healthy and sick infant groups),
MWF does not require acquisition of a large adult reference group (though
it will be necessary to acquire data in a couple of adults to perform the cali-
bration stage);

5.6 Conclusion
The presented findings suggest that the proposed MWF quantification approach is
relevant for evaluating brain myelination. It has reasonable acquisition and post-
processing times and can be potentially used in practical application in unsedated
infants and children, and in clinical patients. The proposed approach was presented
at the Joint Annual ISMRM-ESMRMB Meeting (2014) and it is a subject of the
submitted article (see below).
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Abstract 

Myelin Water Fraction (MWF) is a promising MRI index for in vivo assessment of brain 

myelination that can be derived from multicomponent analysis of T1 and T2 relaxometry signals. 

However, existing quantification methods require rather long acquisition and/or post-processing 

times, making implementation difficult both in research studies on healthy unsedated children 

and in clinical examinations. The goal of this work was to propose a novel strategy for MWF 

quantification within acceptable acquisition and post-processing times. Our approach is based on 

a 3-component model (myelin-related water, intra/extra-cellular water and cerebro-spinal fluid), 

and uses pre-calibrated inherent 𝑇1𝑐 and 𝑇2𝑐 relaxation characteristics for each compartment 𝑐. 

Calibration was performed on adult relaxometry data (N=3) acquired with large numbers of 

inversion times (TI) and echo times (TE), using an original combination of a region contraction 

approach and a non-negative least-square (NNLS) algorithm. This strategy was compared with 

voxel-wise fitting, and showed robust estimation of 𝑇1𝑐 and 𝑇2𝑐. The accuracy of MWF 

calculations depending on multiple factors was investigated using simulated data. In the testing 

stage, our strategy enabled fast MWF mapping, based on relaxometry data acquired with reduced 

TI and TE numbers (acquisition <6 min), and NNLS algorithm (post-processing <5min). In 

adults (N=13, mean age 22.4±1.6 years), MWF maps showed variability across white matter 

regions, in agreement with previously published studies. In healthy infants (N=18, aged 3 to 34 

weeks), asynchronous changes in MWF values were demonstrated across bundles, confirming the 

well-known progression of maturation. 

Keywords: Myelin Water Fraction (MWF); relaxometry; brain myelination; infant; calibration; 

white matter bundles; Magnetic Resonance Imaging (MRI)  
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Introduction 

Myelination is a crucial process of the white matter maturation. Although there is a 

critical need for in vivo quantitative assessment of myelination in many clinical conditions that 

encompass most neurodevelopmental disorders, there is still no gold-standard for its evaluation. 

Whereas myelination can be assessed using conventional Magnetic Resonance Imaging (MRI) 

and Diffusion Tensor Imaging (DTI) parameters [Bird et al., 1989; Bosnell et al., 2008; Staudt et 

al., 1994], these methods provide only indirect and non-specific measures of the myelin content 

as they also reflect other tissue properties [Beaulieu, 2002; Dubois et al., 2014a]. Recent 

advances in relaxometry MRI have proposed a novel index, named Myelin Water Fraction 

(MWF), that has shown good correlation with the myelin amount [Laule et al., 2008] and seems 

relevant for quantifying the progression of white matter myelination [Deoni et al., 2011; Deoni et 

al., 2012; Lancaster et al., 2003]. 

MWF corresponds to the fraction of water volume trapped by the myelin sheaths relative 

to the total water volume within an imaging voxel, and can be derived from a multicomponent 

analysis of relaxometry signals [MacKay et al., 1994; Whittall et al., 1997]. The number of 

compartments, corresponding to different pools of water within a voxel, usually varies from 2 to 

4 and includes myelin-related compartment, intra/extra-cellular water and free water of the 

cerebro-spinal fluid (CSF).  

The most conventional approaches for MWF quantification rely on the calculation of T2 

spectrum, and define MWF in each voxel as the ratio between the signal with T2 below 40-50ms, 

and the total water signal [Kolind et al., 2009; Laule et al., 2004; Laule et al., 2008; Levesque et 

al., 2010; Mädler et al., 2008; Oh et al., 2006; Whittall et al., 1997]. Similar strategies have been 

proposed for T2* [Hwang and Du, 2009] and T1 spectra [Labadie et al., 2013]. However, reliable 

estimation of a spectrum requires the acquisition of relaxometry signals for a large sampling 

number (N>32 for echo times TE or inversion times TI) [MacKay et al., 1994; Whittall et al., 

1997], making the acquisition protocol impractically long for unsedated infants and children.  

An alternative approach is based on a multicomponent model of MRI relaxometry signals 

that takes into account the relative contributions of different compartments: fitting this model 

with acquired data enables to estimate the compartment fractions [Deoni et al., 2008; Deoni et al., 

2013; Lancaster et al., 2003]. In such models, differences in relaxometry signals across voxels 

may be explained either by different compartment fractions, or by variations in their relaxation 
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characteristics due to variations in their biophysical properties (axonal diameters, myelin 

thickness, myelin compactness, spacing between axons, etc.). Unless some a priori assumptions 

are made on the compartment relaxation characteristics[Lancaster et al., 2003], such models are 

described by non-linear equations, and their robustness relies on the sampling strategy and the 

number of measurements. In such approach, using mcDESPOT sequences allows to reduce the 

acquisition time: for instance, in infants aged between 3 and 9 months old, the total imaging time 

(including sequences for B0 and B1 corrections [Deoni, 2011]) is about 18min on a 3T scanner 

[Deoni et al., 2012], which is nevertheless rather long for unsedated pediatric subjects. In 

addition, long post-processing times (~14 hours per subject on an 8-core Intel I7 machine [Deoni 

et al., 2013]) are inevitable due to the sophisticated stochastic model fitting.  

Thus, the goal of this study was to design and validate a novel strategy for fast MWF 

quantification in infants, with reasonable acquisition and post-processing times, and little 

assumptions on the compartment relaxation characteristics.  

Description of the strategy for fast MWF quantification 

A 3-component model 

Our approach for MWF quantification is based on a 3-component model adapted from 

Lancaster et al. [Lancaster et al., 2003] (see below for the equations description). It considers 3 

compartments with inherent relaxation characteristics: myelin-related water, intra/extra-cellular 

water, and CSF. Such a model can explain the variability in relaxometry signals across brain 

tissues and regions by differences in the compartment relative proportions, and thus by their 

different contributions to the total measured signal [Andrews et al., 2005; Deoni et al., 2013; 

Hwang et al., 2010; Kwon et al., 2013]. It further enables to efficiently describe changes in 

relaxometry signals related to brain maturation [Dean et al., 2014; Deoni et al., 2012; Lancaster et 

al., 2003]. 
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This 3-component model (Eq. 1-4) links the compartment volume fractions (𝑓𝑐) and their 

inherent relaxation times (𝑇1𝑐 and  𝑇2𝑐), with the T1 relaxometry signals ( ST1) measured for NTI 

inversion times (TIm) and the T2 relaxometry signals (ST2) measured for  𝑁𝑇𝐸  echo times (𝑇𝐸𝑘).  

The first equation of this model merely states that there are only 3 compartments (my - 

myelin-related water, ie - intra/extra-cellular water, and CSF), and that MWF may vary from 0 to 

40% (see below for justification), while fractions for intra/extra-cellular water and CSF may vary 

from 0 to 100% [Akhondi-Asl et al., 2014; Deoni et al., 2013; Lancaster et al., 2003; Stikov et al., 

2011; Warntjes et al., 2011]. Eq.2 describes the classical relationship between T1 relaxometry 

signal, inversion and relaxation times. Eq.3 comes from “fast exchange” modeling of T1 

relaxometry signal: between-compartment water mixing times are assumed to be short compared 

with within-compartment T1 relaxation times. Eq.4 comes from “slow exchange” modeling of T2 

relaxometry signal: T2 relaxation times are assumed to be short compared with the time it takes 

water molecules to exchange between compartments. The validity of this model assumptions was 

verified in [Lancaster et al., 2003]. 

Fitting such a non-linear model with a limited number of measurements is an ill-posed 

problem. However, if we pre-calculate 𝑇1 using Eq.2, and pre-calibrate and fix 𝑇1𝑐 and  𝑇2𝑐 

values in Eq.3, the model becomes linear with respect to the 3 compartment fractions (Eq.5), and 

can be easily fitted using standard non-negative least-square (NNLS) algorithms [Lawson and 

Hanson, 1987]: 

{
 
 
 
 
 
 

 
 
 
 
 
 ∑𝑓𝑐 = 1,  𝑓𝑚𝑦 ∈ [0,0.4],   𝑓𝑖𝑒,𝑐𝑠𝑓 ∈ [0,1]

3

𝑐=1

 (1);

𝑆𝑇1(𝑇𝐼𝑚) = 𝑆0 (1 − 2𝑒𝑥𝑝 (
−𝑇𝐼𝑚

𝑇1⁄ )) ,𝑚 = 1. . 𝑁𝑇𝐼 (2);

1
𝑇1⁄ =∑

𝑓𝑐
𝑇1𝑐
⁄

3

𝑐=1

 (3);

𝑆𝑇2(𝑇𝐸𝑘) = 𝑆0∑𝑓𝑐𝑒𝑥𝑝 (
−𝑇𝐸𝑘

𝑇2𝑐
⁄ ) , 𝑘 = 1. . 𝑁𝑇𝐸  (4);  

3

𝑐=1
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 ∑𝑓𝑐 = 1,    𝑓𝑚𝑦 ∈ [0,0.4],   𝑓𝑖𝑒,𝑐𝑠𝑓 ∈ [0,1]

3

𝑐=1

;

1
𝑇1⁄ =∑

𝑓𝑐
𝑇1𝑐
⁄

3

𝑐=1

 ;

𝑆𝑇2(𝑇𝐸𝑘) = 𝑆0∑𝑓𝑐𝑒𝑥𝑝(
−𝑇𝐸𝑘

𝑇2𝑐
⁄ ) , 𝑘 = 1. . 𝑁𝑇𝐸 ;  

3

𝑐=1

      (5) 

 

A 2-step strategy 

In this study, we implemented the following 2-step fitting strategy.  First, calibration 

datasets, acquired in adults with a large number of measurements, were used to compute the most 

appropriate (providing the best fit of the model) inherent T1 and T2 characteristics for each 

compartment 𝑐, namely, 𝑇1𝑐 and 𝑇2𝑐. Second, the model complexity was reduced by fixing these 

𝑇1𝑐 and T2c characteristics: MWF maps were then computed for testing datasets of infants and 

adults, acquired with reduced number of measurements to preserve a short acquisition time. As 

detailed in the next sections, the calibration strategy was compared with voxel-wise model fitting, 

and we investigated the effects of 𝑓𝑚𝑦 upper boundary and TI/TE numbers on the estimation of 

𝑇1𝑐 and T2c characteristics and MWF values. The accuracy of MWF calculation using this 

procedure was further evaluated on simulated data, and the impact of multiple factors was 

investigated (noise level, number of voxels simultaneously used to perform 𝑇1𝑐 and 𝑇2𝑐 

calibration, MWF values). 

Materials and Methods 

Subjects  

Calibration datasets were acquired on 3 healthy adult volunteers (1 female, 2 males, mean 

age: 23.2±2 years). Testing datasets included 2 groups. The first group consisted of 18 healthy 

infants born at term (8 girls, 10 boys), with a maturational age (i.e. chronological age corrected 

for gestational age at birth) between 3 and 21 weeks for 17 infants, and one infant of 34 weeks 

old. Infants were non-sedated and spontaneously asleep during MR imaging. The infant group 

was studied with respect to an adult group of 13 healthy subjects (6 females, 7 males, mean age: 
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22.4±1.6 years). The study protocol was approved by the regional ethical committee for 

biomedical research, all parents and adult subjects gave written informed consents. Particular 

precautions were taken to minimize noise exposure in infants, by using customized headphones 

and covering the magnet tunnel with special noise protection foam. 

MRI acquisition 

Data acquisition of both calibration and testing datasets was performed on a 3T MRI 

system (Tim Trio, Siemens Healthcare, Erlangen, Germany), equipped with a whole body 

gradient (40mT/m, 175T/m/s) and a 32-channel receive-only head coil. Interleaved axial slices 

covering the whole brain were acquired using single-shot spin-echo (SE) echo-planar-imaging 

(EPI) sequences, with a 1.8 mm isotropic spatial resolution. For T1 relaxometry signal, an 

inversion recovery (IR) SE-EPI sequence was used with different TI values and a partial Fourier 

sampling factor of 5/8. For T2 relaxometry signal, a SE-EPI sequence was used with different TE 

values, parallel imaging (GRAPPA factor 2), and a partial Fourier sampling factor of 6/8.  Over 

the white matter, signal-to-noise ratio (SNR, estimated as the averaged local SNR over 2x2x2 

sliding areas) was around 10% for T1 relaxometry data (from 5% at the shortest TI to 24% at the 

longest TI), and around 7% for T2 relaxometry data (from 3% at the shortest TE to 21% at the 

longest TE). These noise levels allowed us to consider the non-centered chi-noise present in 

GRAPPA-reconstructed images as a Gaussian noise, and thus to use NNLS estimators.   

Adult calibration datasets 

Seventy slices were acquired with a large number (N=30-60) of TI (sampled between 

100ms and 3100ms) and TE (sampled between 30ms and 340ms) (for details see Tab.1). The TI 

and TE samplings were denser at the beginning of the sampling range to ensure good estimation 

of the parameters for the fast-relaxing myelin-related compartment. Acquisition parameters were: 

for T1 relaxometry signals - TE=38ms, TR=TI+21s; for T2 relaxometry signals - TR=21.7s. 

Additionally, anatomical T1-weighted (T1w) images were acquired with a 1mm isotropic spatial 

resolution using a 3D fast gradient inversion recovery sequence (MPRage). 
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Table 1  TI and TE sampling in the calibration datasets.  

For each calibration subject, the sampling schemes of TI and TE points (values and numbers) are 

detailed, as well as the total acquisition time. For example, for Subject 1 acquisition time was 

41min 30s with 3 sets of TI values and 3 sets of TE values, e.g., in the first TI set the values were 

distributed from 100ms to 1000ms with a step of 50ms, making in total 19 points for the first TI 

set and 30 points for all 3 sets.  TE values should be read in the same way. Note that the number 

of sets may differ between TE and TI and across the subjects. Note also that in subject 3 the 

values in the 2 first sequences are distributed within overlapping ranges but with different steps. 

Subject 

(acq. time) 

TI values TE values 

low 

border 

(ms) 

upper 

border 

(ms) 

step 

(ms) 

 Number 

of points 

low 

border 

(ms) 

upper 

border 

(ms) 

step 

(ms) 

Number 

of points 

Subject 1 

(41min 30s ) 

100 1000 50 19 

 30 

33 71 2 20 

 60 1100 1500 100 5 65 160 5 20 

1750 3000 250 6 150 340 10 20 

Subject 2 

(34min 54s) 

100 1000 50 19 

 30 

33 51 2 10 

 47 1000 3000 200 11 50 160 5 23 

 170 300 10 14 

Subject 3 

(47min 11s) 

100 1500 50 29 

 60 

33 52 1 20 

 60 
130 980 50 18 55 131 4 20 

1630 3130 250 7 140 311 9 20 

1750 3000 250 6     

 

Infant and adult testing datasets 

Fifty/seventy slices were acquired in infants/adults respectively. For T1 relaxometry 

signals, 8 TI values were used (TI=250 to 1500ms, each step 250ms, + TI=2000 and 2500ms) and 

acquisition parameters were: TE=38ms, TR= TI+15s/21s (infants/adults), leading to an 

acquisition time of 2min11s/3min03s. For T2 relaxometry signals, 8 TE values were used 
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(TE=50 to 260ms, each step 30ms) and TR=15.5s/21.7s, leading to an acquisition time of 

2min51s/4min. In order to identify different white matter bundles used as regions-of-interest for 

MWF quantification, diffusion-weighted (DW) images were also acquired with a DW-SE-EPI 

sequence with the following acquisition parameters: 30 orientations of diffusion gradients with 

b=700s/mm
2
 (+b=0 volume), TE=72ms, TR=10s/14s, parallel imaging GRAPPA factor 2, partial 

Fourier sampling factor 6/8, leading to an acquisition time of 5min40s/7min56s. For anatomical 

image co-registration and comparison with MWF maps from other studies, T2-weighted (T2w) 

images were additionally acquired in infants using a 2D turbo spin echo sequence with spatial 

resolution of 1x1x1.1mm
3
. 

Data post-processing  

In each subject, T1 and T2 relaxometry images (and DW images in the testing group) were 

co-registered with anatomical images (T1w for adults, T2w for infants) using affine 

transformations maximizing their mutual information. Quantitative T1 and T2 maps were then 

calculated for all subjects.  

DW images in the testing datasets were corrected for motion and eddy current artifacts 

[Dubois et al., 2014b]. 18 projection, association, commissural and limbic bundles that mature at 

different times and rates were reconstructed in each subject according to a 4-order analytical Q-

ball model [Descoteaux et al., 2007], regularized 3D tractography [Perrin et al., 2005], and 

manually delineated regions of interest [Kulikova et al., 2014].  

All data were pre- and post-processed using PTK toolkit and Connectomist software both 

developed in-house at NeuroSpin [Duclap et al., 2012; Poupon et al., 2010]. 

MWF fitting strategy and validation 

Calibration stage 

In calibration datasets, the model was fitted using an original combination of a region contraction 

approach [Berger and Silverman, 1991; Deoni et al., 2013] and a standard NNLS algorithm 

[Lawson and Hanson, 1987] (Fig. 1). This procedure was programmed in Python 

using NumPy and SciPy libraries. The initial search intervals for the individual compartment 𝑇1𝑐 

and  𝑇2𝑐 characteristics were set based on literature evidence [Deoni et al., 2013; Guo et al., 

2012; Lancaster et al., 2003; MacKay et al., 2006] and to ensure the intervals contiguity:  
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- for myelin-related compartment:  𝑇1𝑚𝑦 ∈ [300; 570]ms, 𝑇2𝑚𝑦 ∈ [1; 40]ms 

- for intra/extra-cellular water compartment: 𝑇1𝑖𝑒 ∈ [570; 1600]ms, 𝑇2𝑖𝑒 ∈ [40; 200]ms 

- for CSF compartment: 𝑇1𝑐𝑠𝑓 ∈ [1600; 4000]ms, 𝑇2𝑐𝑠𝑓 ∈ [200; 2000]ms.  

In each subject, we considered the 10 central slices (covering the ventricles, corpus callosum and 

basal ganglia) as they contain portions of all three compartments, and the following fitting 

procedure was applied for each slice independently. For each compartment, random 𝑇1𝑐 and  𝑇2𝑐 

values were first selected within the corresponding search intervals, and the simplified model 

(Eq.5) was fitted in each voxel using a NNLS algorithm. Second, the total fitting error was 

calculated over all brain voxels of the slice (averaged number of voxels within a slice: 5718±406 

across the 10 slices of the 3 calibration subjects). Similarly to [Deoni et al., 2013], these steps 

were repeated 10000 times for each slice, and the best 100 selections of 𝑇1𝑐 and  𝑇2𝑐 values (i.e. 

providing the smallest total fitting error) were used to contract the search intervals. After 

contraction, the whole procedure was re-started: 90% of random 𝑇1𝑐 and  𝑇2𝑐 values were 

chosen from the new search intervals, while the remaining 10% were selected from the initial 

intervals to avoid falling into a local minimum. This fitting procedure was executed until both the 

fitting errors and the difference between the interval boundaries became less than 1%.  

Figure 1. Schematic representation of the calibration algorithm.  

The depicted fitting procedure was performed independently in each slice from all calibration 

subjects. The initial search intervals were selected based on the literature evidence. The fitting 
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steps were repeated until both the fitting error and the differences between the upper and lower 

borders of the search intervals became less than 1%. 

Once the calibration was performed for each slice, 𝑇1𝑐 and 𝑇2𝑐 characteristics were set to 

the weighted averages (with inversed fitting errors) over all slices of all calibration subjects (10 

slices x 3 subjects). These compartment relaxation characteristics were further used for MWF 

calculation in the testing datasets (see below). 

Validation of the calibration strategy 

First, we performed a voxel-wise model fitting in the 3 calibration datasets to assure that 

there was no particular regional dependence of 𝑇1𝑐 and 𝑇2𝑐 characteristics, and that calibrated 

values were adequate over whole brain volumes. The generated voxel-wise MWF maps were 

compared with MWF maps obtained at the calibration stage. 

Second we explored the effect of 𝑓𝑚𝑦 upper boundary at the calibration stage, since it was 

shown to have a considerable impact on MWF values derived from the relaxometry model based 

on mcDESPOT protocol [Zhang et al., 2014]. Because the quality of model fitting (sum-of-

square of residuals) using stochastic region contraction approach is the best when the upper 

boundary is between 0.3 and 0.5 and is insensitive to changes within this range[Zhang et al., 2014], 

the search interval for 𝑓𝑚𝑦 was initially set to [0;0.4]. We also considered two other upper 

boundaries (0.3 and 0.5), and compared 𝑇1𝑐 and 𝑇2𝑐 characteristics generated at the calibration 

stage, as well as MWF maps. Results (detailed below) suggested that fixing the upper boundary 

to 0.4 was a valid approach, so this value was considered in the following tests. 

Third, we investigated the impact of TI and TE numbers on the resulting 𝑇1𝑐 and  𝑇2𝑐 

characteristics, to make sure that each calibration dataset had enough sampling points for reliable 

calibration. To do so, we performed independent calibrations for the “largest” dataset (subject #3, 

Tab.1), after removing data points in a regular manner (from 60 down to 10 points). 

 Fourth, we checked using simulated data that the proposed calibration strategy applied to 

the 3 adult datasets provided reliable computation of MWF values. T1 and T2 relaxometry 

signals were simulated using Eq. 2-4 at all TI and TE sampling points (Tab.1), and fixing 𝑇1𝑐 

and  𝑇2𝑐 values either equal to those identified at the calibration stage (see results) or as in 

previous studies [Deoni et al., 2013; Does and Gore, 2002; Lancaster et al., 2003; MacKay et al., 
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2006]: 𝑇1𝑚𝑦=465ms, 𝑇1𝑖𝑒=965ms, 𝑇1𝑐𝑠𝑓=3500ms, 𝑇2𝑚𝑦=12ms, 𝑇2𝑖𝑒=90ms, 𝑇2𝑐𝑠𝑓=250ms. 

Relaxometry signals were simulated for different compartment fractions possibly observed in the 

white matter: 𝑓𝑚𝑦 = [5,10,15,20,25,30,40]%, 𝑓𝑐𝑠𝑓 = [0,1,2,3,4,5]% and 𝑓𝑖𝑒 = (100 − 𝑓𝑚𝑦 −

𝑓𝑐𝑠𝑓)%. Simulated signals were additionally corrupted with a Gaussian noise with a dispersion 

varying from 0 to 20% relative to signal values. Then our calibration procedure was applied to 

simulated datasets in order to identify the compartment fractions and relaxation characteristics 

𝑇1𝑐 and 𝑇2𝑐. The error in MWF calculation was estimated as the averaged absolute percent 

difference between identified and simulated values. We also investigated how the number of 

voxels used for the model fitting impacted MWF errors. In theory, calculation errors are 

proportional to the inversed square root of the voxel number 

(𝑀𝑊𝐹 𝑒𝑟𝑟𝑜𝑟 ~ 1 √𝑛𝑢𝑚𝑏𝑒𝑟_𝑜𝑓_𝑣𝑜𝑥𝑒𝑙𝑠⁄ ) [Smith, 1997]. Thus, simulations were performed for 

voxel numbers equal to [1
2
, 2

2
,…,75

2
=5625], and errors were fitted with the inverse square root 

function. Finally, we compared MWF calculation errors obtained in simulations using both T1 

and T2 relaxometry signals together, vs. only T2 relaxometry signal. 

Testing stage 

  Before considering the testing datasets, we applied the testing strategy to the calibration 

datasets in order to compare MWF maps: the simplified model was fitted according to Eq.5 and 

using a standard NNLS algorithm implemented in SciPy [Lawson and Hanson, 1987] and the 

compartment relaxation characteristics 𝑇1𝑐 and  𝑇2𝑐 computed during the calibration stage. We 

also checked that down-sampling the calibration datasets (to match TI and TE numbers and 

values of the testing datasets) had no significant impact on the generated MWF maps. 

MWF maps were then calculated in the testing datasets of adults and infants. In adults, 

similarity between MWF distributions from calibration and testing maps was assessed by ad-hoc 

χ
2 

test [Gagunashvili, 2006]. The infant MWF maps were compared with age-matched maps 

computed by another group using mcDESPOT sequences [Dean et al., 2014] 

(http://www.babyimaginglab.com/Research_files/meanMWFMaps.zip). For that, infants’ 

anatomical T2w images were co-registered using affine transformations to the 3D Pediatric T1w 

template corresponding to age-matched MWF maps 

(http://www.babyimaginglab.com/Research_files/referenceMaps.zip). The resulting 



12 
 

  
 

transformations were applied to both infants’ T2w images and MWF maps, and registered images 

were correlated voxel-wise with the aged-matched MWF maps.  

For each adult and infant subject, MWF was further quantified and averaged over the 18 

different white matter bundles. In the adult group, MWF values were compared with T1 and T2 

relaxation times (computed at the voxel level). In the infant group, MWF age-related changes 

were assessed. Infant values were further normalized by the corresponding average from the adult 

group to address the degree of bundles myelination relatively to the adult mature stage [Dubois et 

al., 2008]. 

Results  

Validation of the calibration strategy 

Fitting the model with the adult calibration datasets resulted in the following 𝑇1𝑐 and 𝑇2𝑐 

values (mean±SD over the 10 slices of the 3 subjects):  

- for myelin-related compartment:  𝑇1𝑚𝑦 = 357 ± 21ms, 𝑇2𝑚𝑦 = 18 ± 5ms 

- for intra/extra-cellular water compartment: 𝑇1𝑖𝑒 = 1483 ± 17ms, 𝑇2𝑖𝑒 = 52 ± 6ms 

- for CSF compartment: 𝑇1𝑐𝑠𝑓 = 3441 ± 36ms, 𝑇2𝑐𝑠𝑓 = 858 ± 47ms.  

The resulting MWF maps had similar visual appearances across the 3 subjects (Fig. 2I) 

and similar distributions of values as verified by ad-hoc χ
2 

test (p>0.95). This calibration step 

took around 24 hours on Intel I3 machine without parallel computations. 

Voxel-wise model fitting in the same calibration datasets suggested that 𝑇1𝑐 and 𝑇2𝑐 

characteristics could be considered the same across brain regions (Fig. 3). Furthermore, the 

overall mean voxel-wise values (±SD) were very close to those obtained from the calibration 

stage: 

- for myelin-related compartment:   𝑇1𝑚𝑦=360±39ms, 𝑇2𝑚𝑦=18±8ms 

- for intra/extra-cellular water compartment: 𝑇1𝑖𝑒=1482±29ms, 𝑇2𝑖𝑒=53±12ms 

- for CSF compartment: 𝑇1𝑐𝑠𝑓=3431±78ms, 𝑇2𝑐𝑠𝑓=852±79ms. 
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Figure 2. MWF maps in the 3 calibration adult subjects.  

Maps were obtained using (I.) complete datasets, (II.) complete datasets and fixed T1c and  T2c 

values, (III.) datasets with a reduced number of measurements and fixed T1c and  T2c values. For 

each subject, histograms show the distribution of differences between the I
st
 and the II

nd
/III

rd
 

datasets correspondingly. Maps are displayed in radiological convention (left and right 

hemispheres are inversed). 
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Figure 3. Variations of the compartment relaxation characteristics across voxels.  

In the first three rows, histograms show distributions of 𝑇1𝑐 and 𝑇2𝑐 characteristics (for myelin-related 

water, intra/extra-cellular water, and CSF compartments) obtained from voxel-wise fitting within the 

search intervals, across all voxels in the 3 calibration adult subjects. The distribution peaks are close to 

𝑇1𝑐 and 𝑇2𝑐 values identified at the calibration stage, although the distributions presented variances over 

the whole search intervals.  𝑇1𝑐 and 𝑇2𝑐 maps (presented for subject #3) did not reveal any regional 

dependence. In the bottom row, distributions of T1 and T2 values obtained from mono-exponential fittings 

at the voxel-level are shown, as well as quantitative T1 and T2 maps (subject #3). 
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Despite the high number of TI and TE sampling points, voxel-wise MWF maps had 

naturally noisier appearance. Nevertheless they were similar to MWF maps obtained at the 

calibration stage, with differences smaller than 3% (Sup. Fig. 1). These results suggested that our 

calibration strategy was reasonable in comparison with a voxel-wise strategy. 

Besides, we investigated how the initial search interval for 𝑓𝑚𝑦 (i.e. the upper boundary) 

impacted MWF values and the computation of 𝑇1𝑐 and 𝑇2𝑐 characteristics in the calibration 

stage. With a [0, 0.4] interval, quite high MWF values were observed in the adult white matter 

(Fig. 2I), in comparison with previous studies [Deoni et al., 2011; Lancaster et al., 2003]. When 

changing the upper boundary to 0.3 and 0.5 for the 3 calibration datasets, we observed a strong 

impact on MWF maps (Sup. Fig. 2): higher upper boundary resulted in higher values in all 3 

subjects. However, the compartment relaxation characteristics were very close (Sup. Table 1). Of 

interest, when the upper boundary was set to 0.4, distributions of MWF values across the 3 

subjects were the most similar (i.e. they had the biggest overlap, Sup. Fig. 2), and standard 

deviations for T1c and T2c estimations were globally the lowest (Sup. Table 1). These results 

suggested that fixing the upper boundary for 𝑓𝑚𝑦 to 0.4 was valid despite it might provide high 

MWF values. 

Sensitivity of the calibration strategy 

We further assessed whether our calibration strategy was sensitive to different acquisition 

parameters (sampling points, noise level). First, reducing the number of calibration TI and TE 

points until N=25 for both T1 and T2 relaxometry signals, had no significant effect on 𝑇1𝑐 and  

𝑇2𝑐 calibration in subject #3 (ad-hoc paired t-test between 𝑇1𝑐 or  𝑇2𝑐 values from individual 

slices: p>0.06, Sup Fig. 3). This suggested that our calibration stage was performed in a stable 

manner across all 3 subjects with different numbers of TI and TE points. 

Application of the calibration strategy to simulated data showed that as the noise level 

increased, reliable calculation of MWF values required increasing the number of voxels used to 

estimate the compartment characteristics (Fig. 4a). In agreement with previously conducted 

simulations (19), even for a noise level of 20% of the signal values, the average estimation errors 

were less than 10% when using more than 2000 voxels (Fig. 4a). In simulations with a 20% noise 

level, with a number of voxels higher than 5000, and with 𝑇1𝑐 and  𝑇2𝑐 values fixed either 

according to the calibration stage or to values from previous studies [Deoni et al., 2013; Does and 

Gore, 2002; Lancaster et al., 2003; MacKay et al., 2006], we observed that estimation errors 
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decreased with increasing MWF values, and that maximal errors did not exceed 15% for MWF 

values of 5% (Fig. 4b). This suggested that the number of voxels considered in our calibration 

stage (~5718±406 voxels for each slice) was sufficient for reliable MWF estimation.  

 

Figure 4. MWF calculation accuracy of the calibration strategy assessed in numerical 

simulations.  

(a) The MWF calculation errors were calculated for 𝑓𝑚𝑦 = [5,10,15,20,25,30,40]% and 

𝑓𝑐𝑠𝑓 = [0,1,2,3,4,5]%, and the resulting average values were represented as a function of the 

number of voxels used for the model fitting [1
2
, 2

2
,…,75

2
=5625], for different noise levels (from 

0 to 20%). As expected, relationship between the MWF calculation errors and the number of 

voxels could be described by inverse square root relationship (R
2
>0.75).  

(b) For a noise level of 20%, calculation errors for different simulated MWF values were 

averaged for voxel numbers higher than 5000 [71
2
,.., 75

2
] and 𝑓𝑐𝑠𝑓 = [0,1,2,3,4,5]%, considering 

𝑇1𝑐 and 𝑇2𝑐 characteristics fixed according to our calibration stage (set1) or to values of 

previous studies (set2). 

 

Besides, in identical conditions (same noise level, number of voxels, compartment 

fractions and relaxation characteristics), removing T1 relaxation from the model (i.e. removing 

Eq.3) significantly reduced the accuracy of MWF calculations as compared to the full model (ad-

hoc paired t-test, p<10
-6

). This demonstrated that modelling T1 and T2 relaxometry signals 

together was more appropriate than considering T2 relaxation alone, probably because we could 



17 
 

  
 

not sample T2 signals for very short TE as compared with the very low 𝑇2𝑚𝑦 value (see 

Discussion below). 

Validation of the testing strategy 

Fitting MWF model in calibration datasets as in the testing stage, by fixing the identified 

𝑇1𝑐 and 𝑇2𝑐 characteristics, had little effect on MWF maps, whether the number of data points 

was kept complete (Fig. 2II) or reduced to 8 TI and 8 TE values matching those of testing 

datasets (Fig. 2III): the average absolute differences between calibration maps and maps 

computed with fixed 𝑇1𝑐 and 𝑇2𝑐 characteristics were very low (e.g. 0.8±0.1%; Fig. 2). 

Furthermore, this stage took less than 5 min, suggesting that the testing strategy can be applied 

for fast and reliable computation of MWF maps in testing datasets.  

MWF maps in testing datasets 

In adults, MWF maps from testing datasets were very similar to maps from calibration 

datasets, in terms of visual appearance (Fig. 2 and 5) and distribution of MWF values (ad-hoc χ
2
 

test: p>0.95). In infants, MWF maps showed the myelination progression described by post-

mortem studies [Flechsig, 1920]. Within white matter, the youngest infants had high MWF values 

only in the posterior limb of the internal capsule, and MWF values progressively increased with 

age in a caudo-rostral direction, from the center of the brain to the periphery (Fig. 5).  

Moreover, age-matched MWF maps available from another group (36) were strongly 

correlated with our maps (R
2
>0.77), significantly more (p<0.001, ad-hoc paired t-test) than with 

infants’ anatomical T2w images (R
2
>0.67), suggesting that correlations between MWF maps did 

not simply reflect the similarity in underlying anatomical structures. 

 

 

 

 

 

 

 

 

 



18 
 

  
 

 

Figure 5. Infant MWF maps. Maps are presented in representative infants at different ages and 

in an adult subject, with corresponding anatomical images (T2w for infants / T1w for the adult). 

Axial slices are displayed in radiological convention. 

MWF quantification in white matter bundles 

In adults, MWF values were highly variable across bundles (Fig. 6a,b): from 0.14 in the 

spino-thalamic tract up to 0.36 in the optic radiations. In the spino-thalamic tract, surprisingly 

low values and high inter-individual variability were probably due to subtle misalignment 

between MWF and DW images in the brainstem of some adults. High variability in MWF values 

was also observed in the genu of corpus callosum, possibly due to partial volume effects with the 

ventricle CSF. In all bundles, MWF values were strongly correlated with T1 values across adult 

subjects (R
2
>0.95), but not with T2 values. 

In infants, MWF values were smaller than in adults and below 0.05 for most bundles (on 

average over the group) (Fig. 6b). Higher MWF values were observed in the cortico-spinal and 

spino-thalamic tracts and in the optic radiations, which are known to myelinate early on. By 

construction of the 3-component model, age-related changes, over the infant group, in T1 and T2 

relaxation times (measured at the voxel level) were could explained by age-related changes in the 

compartment fractions, notably by changes in MWF values. For instance, in the middle cortico-

spinal tract, we observed that MWF changed from 5% at 3w to 17% at 21w, in relation with 

changes in fie from 89% to 80%, and in fCSF from 6% to 3%. According to Eq.3 and pre-calibrated 

𝑇1𝑐 and 𝑇2𝑐 characteristics, T1 was expected to change from 1321 to 979, in agreement with 

experimental observations (the measured T1 changed from 1322 to 978 on average over the 

tract). These results were coherent with our initial hypothesis that age-related changes in 
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relaxometry signals and T1 / T2 relaxation times (measured at the voxel level), can be modeled 

by age-related changes in the compartment fractions, and do not require that 𝑇1𝑐 and 𝑇2𝑐 

characteristics evolved with the tissues maturation. 

In infants, MWF normalized by the mean values from the adult group, increased with age 

(from 3 to 21 weeks) in all bundles but in an asynchronous manner (Fig. 6c): in certain bundles 

(e.g. spino-thalamic tract, cortico-spinal tract, external capsule, fornix, optic radiations), 

normalized MWF values increased earlier than in other bundles (e.g. arcuate and uncinate 

fasciculi, anterior limb of the internal capsule, corpus callosum). In all bundles except the spino-

thalamic tract, linear regressions could describe these age-related increases over this short 

developmental period. However, since certain bundles had zero MWF values in the youngest 

infants, non-linear fitting may be more pertinent for describing the earliest subtle changes in 

bundle myelination [Dean et al., 2014]. 
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Figure 6. MWF quantification across white matter bundles in infants and adults.  

(a): White matter bundles reconstructed with tractography.  

(b): MWF values across bundles in infants (light) and adults (dark).  

(c): Age-related changes in infants’ normalized MWF values (in % of the mean adult values) for 

the same bundles. Lines show significant linear regressions with age (R
2
>0.58, p<0.015), for all 

bundles except the spino-thalamic tract. 

Abbreviations: Projection bundles: cortico-spinal tract CST (inf – inferior, mid – middle, sup - superior portions), 

spino-thalamic tract STT, optic radiations OR, anterior limb of the internal capsule ALIC; Association bundles: 

external capsule EC, arcuate fasciculus AF, superior SLF and inferior ILF  longitudinal fascicles, uncinate fasciculus 

UF, fronto-occipital fasciculus FOF; Limbic and Commissural bundles: fornix FX, inferior CGinf and superior 

CGsup parts of the cingulum; corpus callosum: genu CCg, body CCb and splenium CCs. 
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Discussion 

In this work we proposed an original 2-step approach for fast MWF quantification, based 

on a 3-component model (myelin-related water, intra/extra-cellular water, CSF) of T1 and T2 

relaxometry signals. The first step consisted in the calibration of the compartment 𝑇1𝑐 and  𝑇2𝑐 

relaxation characteristics using a long acquisition protocol, obtained in adult subjects, while the 

second step used a simplified linear model usable with a short acquisition protocol more adequate 

for the pediatric population. 

Is this 2-step strategy valid for MWF quantification in the adult brain? 

Validation of the calibration and 2-step strategy 

One may first wonder whether our main hypothesis (i.e. fixing the compartment 

relaxation characteristics to identical values across all brain regions and tissues) is valid in the 

adult brain. Indeed, when we applied a voxel-wise fitting to calibrating datasets, 𝑇1𝑐 and 𝑇2𝑐 did 

not reveal any regional dependence across voxels, and their distributions showed mean values 

close to those identified with calibration. Furthermore differences in MWF values across methods 

were rather low (<3%). Thus local variations in 𝑇1𝑐 and 𝑇2𝑐 were not expected to dramatically 

vitiate our results in adults. 

At the calibration stage, the initial search intervals for  𝑇1𝑐 and  𝑇2𝑐 were selected based 

on literature evidence [Deoni et al., 2013; Guo et al., 2012; Lancaster et al., 2003; MacKay et al., 

2006], and identified values were in agreement with reported values [Does and Gore, 2002; Guo 

et al., 2012; Lancaster et al., 2003; Laule et al., 2008]. Before applying 𝑇1𝑐 and  𝑇2𝑐 

characteristics to testing datasets, we checked that their calibration was stable by 1) showing that 

all calibration datasets had enough sampling points for robust estimation of the compartment 

characteristics; 2) verifying in simulations that the proposed calibration procedure resulted in 

reliable estimations of MWF values even in the presence of noise in relaxometry signals; 3) 

proving that fixing these characteristics and down-sampling the calibration datasets did not 

change the generated MWF maps. Experiments with simulated data further suggested that in the 

presence of noise, reliable calculation of MWF values was not possible on a voxel-wise level and 

required increased number of voxels used together to calibrate the compartment characteristics. 
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Comparison with other methods 

With our approach, the calibration stage naturally required long acquisition (>35min) and 

post-processing times (up to 24 hours, without parallel computing). However, it should be 

performed only once for a given acquisition protocol (magnetic field, acquisition sequences, 

spatial resolution, etc.), and could be drastically accelerated using parallel computing. The main 

advantage of our approach is that, once the calibration is performed, MWF values can be 

computed over the whole brain within much shorter acquisition (~5 and 7min for fifty/seventy 

1.8 mm slices in infants/adults correspondingly) and post-processing times (<5min) than in 

previous studies. Indeed, in conventional multicomponent relaxometry imaging studies [Whittall 

et al., 1997], acquisition time takes up to 15 min for 8–12 contiguous slices because estimation of 

the T2 spectrum requires acquisition of the relaxometry data with a large number of TE. 

Although alternative approaches using mcDESPOT protocol [Deoni et al., 2012] enable much 

shorter acquisition time (between 18 and 25 min for the age range between 3 and 67 postnatal 

months with a 1.8mm isotropic whole brain coverage on a 3T scanner, including B0 and B1 

corrections [Deoni, 2011], or around 10-12 min without these corrections [Deoni et al., 2011]), 

these times remain longer than in our protocol and require rather long post-processing times (i.e. 

~14 hours per subject [Deoni et al., 2013]).  

Despite some exceptions [Akhondi-Asl et al., 2014;, Warntjes et al., 2011], our computed 

MWF values were generally higher than in previous studies of infants [Deoni et al., 2011; 

Lancaster et al., 2003] and adults [De Santis et al., 2014]. Simulations suggested that our strategy 

was reliable even in the presence of noise in relaxometry signals. Nevertheless, local variations in 

the biophysical tissue properties and hence, in 𝑇1𝑐 and 𝑇2𝑐 across voxels might have introduced 

some additional “physiological” noise, leading to slight overestimation of MWF values (indeed, 

MWF values from the calibration stage were slightly higher than voxel-wise MWF values). It 

should be noted that our model did not directly take into account the exchange between the 

different compartments: it only assumed that this exchange was fast relatively to T1 relaxation 

and slow relatively to T2 relaxation but it did not explicitly use exchange rate constants. 

Although these assumptions are generally true [Lancaster et al., 2003], ignoring exchange 

between compartments may also result in systematic bias [Deoni et al., 2013; Zhang et al., 2014]. 

However, including exchange through additional free parameters (exchange rate constants), 

would prevent the model to be linear, and our post-processing strategy would lose in reliability 
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and speed. B0 and B1 field inhomogeneities were also shown to lead to errors in MWF 

calculations when using mcDESPOT protocols [Deoni, 2011]. Here their effects were believed to 

be negligible [Zhang et al., 2014] since we used EPI sequences.  

Besides, our potential bias in MWF values may arise from the stochastic fitting strategy 

that we used during calibration. Actually, in white matter structures, voxel-wise region 

contraction approach tend to assign MWF values to the upper part of the initial search interval, 

and the corresponding 𝑇2𝑚𝑦  values to the lower part of the initial search interval [Zhang et al., 

2014]. Thus the initially selected search interval for 𝑓𝑚𝑦  may have a considerable impact on 

MWF values derived from the relaxometry model based on mcDESPOT protocol. In our strategy, 

the upper boundary for 𝑓𝑚𝑦 was set to 0.4, and we also observed a strong impact on MWF maps 

when this boundary was changed to 0.3 or 0.5: higher upper boundaries resulted in higher MWF 

values, and the 0.4 boundary provided the highest similarity in MWF distributions across the 3 

subjects while the compartment relaxation characteristics were stable. These observations pointed 

out the main limitation of the present approach and possibly of other approaches using stochastic 

model fitting, meaning that MWF values are highly dependent on model fitting parameters. As a 

consequence, quantitative comparisons across studies remain difficult: MWF quantification 

strategies are very sensitive to acquisition and fitting settings, including field strength, phase 

rewinding, sampling schemes of the inversion- and echo-times, voxel size, repetition time of the 

acquisition protocol, regularization constants, etc. [Alonso-Ortiz et al., 2014; Guo et al., 2012; 

Kolind et al., 2009; Levesque et al., 2010]. 

Modeling both T1 and T2 relaxometry signals to measure MWF 

As myelin-related compartment has rather fast relaxation characteristics (e.g. T2my ~ 

20ms), robust estimation of its fraction from T2 spectrum requires to start TE sampling with 

small values [Kolind et al., 2009; MacKay et al., 1994; Whittall et al., 1997]. In this study, single-

shot EPI sequences were used to keep the acquisition time as short as possible; then such short 

TE could not be achieved, mainly due to a long readout of the partial Fourier k-space (19). This 

means that even at the shortest TE, T2 relaxometry signal from myelin-related water was already 

strongly degraded. Consequently, estimating MWF values from T2 spectral analysis was not 

possible, and reliably fitting the 3-component model required to add information on T1 relaxation 

in order to reveal the contribution of myelin-water compartment. However, information from T2 



24 
 

  
 

relaxometry signal did help to separate intra-/extracellular water from CSF compartments. Thus 

in such experimental conditions, considering both T1 and T2 relaxometry signals was necessary. 

This may explain why MWF and T1 values were strongly correlated in all adult bundles, as in 

previous studies using mcDESPOT strategy [De Santis et al., 2014]. Note that this correlation 

may also be explained by the dramatic influence on T1 values of water compartmentalization and 

of macromolecules (large lipids and proteins) in the myelin sheath. 

Is this approach valid for quantifying MWF in the developing or pathological brain? 

Estimation of MWF in the infant brain through 𝑇1𝑐 and  𝑇2𝑐 calibration in the adult brain 

In addition to hypothesis on T1c and  T2c stability across brain tissues and regions, our 

testing stage in infants is based on the assumption that relaxation characteristics of the 3 

compartments remain stable across different ages and that only compartment fractions are 

changing. Then compartment characteristics calibrated in adults can be applied to calculate MWF 

maps in infants and children. This assumption is implicitly used in MWF studies [Lancaster et al., 

2003] as well as in multicomponent diffusion imaging studies [Kunz et al., 2014], but may not be 

strictly true as compartments may change their biophysical properties during development, thus 

probably affecting their relaxation characteristics. For example, increase in myelin compactness 

with maturation may shorten myelin-water relaxation characteristics; similarly,  𝑇1𝑖𝑒 and  𝑇2𝑖𝑒 

values of the intra-/extra-cellular compartment may change with the development of intra-cellular 

cytoskeleton and microtubules.  

However, investigating such age-related changes of the component relaxation 

characteristics in infants was beyond the scope of this study for several reasons. First, healthy 

infants cannot withstand long acquisition protocols without sedation, making voxel-wise MWF 

mapping and/or T1c and  T2c calibration hardly achievable in infants. Second, even if calibration 

of these characteristics per age range was possible, it would not have much sense since 

maturation is not homogeneous across brain regions, i.e. certain regions will have more mature 

characteristics, while other regions will be less mature. Thus, such calibration will have the same 

drawbacks as calibration performed on adult subjects at the mature stage. The best approach 

would be to estimate  T1c and  T2c characteristics depending on the maturational stage. However, 

it’s not achievable in practice as it would require defining maturational stages and making 

assumptions on region maturation, creating a vicious circle.  
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With our approach, we observed strong correlation between the infant MWF maps and 

those generated using an alternative approach based on age-range optimized mcDESPOT 

protocols [Dean et al., 2014; Deoni et al., 2012]. Nevertheless, differences in MWF values may 

come from the use of adult 𝑇1𝑐 and  𝑇2𝑐 characteristics to fit the model equations in infants. This 

limitation makes it difficult to compare our study with these previous studies that fit relaxometry 

signals voxel-wise to a 3-component model across all ages [Deoni et al., 2012]. Furthermore, the 

authors did not indicate whether 𝑇1𝑐 and  𝑇2𝑐 characteristics were stable across the life span. 

Finally, some correlations between MWF values, T1 and T2 (computed at the voxel level) were 

observed in infants. As both relaxation times do not exclusively reflect white matter myelination 

and change during different maturational processes [Dubois et al., 2014a], their correlations with 

MWF values are likely to be age-dependent [Deoni et al., 2012].  

Modeling 3 compartments to measure MWF 

In our model, the number of compartments was set to 3 because 3-component models 

were shown to be adequate under a wide range of different conditions, including developing 

white matter [Dean et al., 2014; Deoni et al., 2013; Deoni et al., 2015; Lancaster et al., 2003; 

Lancaster et al., 2005]. Although it is possible to quantify MWF using a 2-component model, 3-

component models are thought to be more reliable, especially in regions of partial volume [Deoni 

et al., 2013]. Furthermore, consistent with a 3-pool model, T2 spectrum in both in vitro and in 

vivo experiments shows three major peaks [Andrews et al., 2005; Does and Gore, 2002; Menon 

and Allen, 1991; Vavasour, 1998; Wachowicz and Snyder, 2002]. If necessary, our model can be 

easily extended to a larger number of compartments at the expense of increased model fitting 

complexity due to additional free-parameters describing additional compartments. However, 

theoretical considerations suggest that there is no scope for deriving more than 2 or 3 components 

[Bertero et al., 1982] in healthy tissues.  

The most reliable approach to estimate MWF without assumptions on the number of pools 

and their characteristics, is to calculate T2 spectrum [MacKay et al., 1994; Whittall et al., 1997]. 

However we could not apply this approach as reliable estimation requires acquisition of 

relaxometry signals for a large number of TE (making acquisition time unacceptably long for 

infants), including very short TE, which was not achievable with EPI sequences (see above). 

Simulations further suggested that in the presence of noise, using a 3-component model with 



26 
 

  
 

fixed 𝑇1𝑐 and  𝑇2𝑐 can significantly improve accuracy and reproducibility in determining the 

pool fractions as compared to T2 spectrum  [Andrews et al., 2005]. 

Potential applications under pathological conditions 

Although 3-component models have been previously applied to investigate pathologies 

[Deoni et al., 2013; Deoni et al., 2015; Du et al., 2007; Kwon et al., 2013; Lancaster et al., 2005; 

Raj et al., 2014], such as multiple sclerosis [Raj et al., 2014], autism [Deoni et al., 2015] and 

partial deletions of chromosome 18q [Lancaster et al., 2005], one should be careful when trying 

to apply the suggested approach to diseases. Indeed it may require including additional 

compartments (e.g., microvascular, tumor, inflammatory cells, gliosis, etc.) to account for 

pathological tissues [Guo et al., 2012]. Otherwise the results interpretation should be done 

cautiously. For example, in demyelinating diseases, gliotic tissue (tissue matrix that replaces 

myelin, being filled with water and macromolecules,) may be modeled as a separate 

compartment; if not it will likely contribute to the intra-/extracellular compartment which has the 

most similar properties to gliotic tissue among the 3 compartments. Consequently, applying the 

suggested approach to pathological conditions would require taking into account possible 

additional compartments specific to the pathology, and re-calibrating the model and the 

compartment relaxation characteristics in a few patients.  

In conclusion, our MWF quantification strategy overcomes existing difficulties (long 

acquisition/post-processing times) that may limit its practical application in infants, children, and 

in clinical patients. Although reliable comparison with previous studies [Deoni et al., 2011; 

Deoni et al., 2012] is not achievable, our infant MWF maps were able to capture myelin-related 

changes across early development, suggesting that the proposed approach is relevant at least for 

evaluation of normal maturation. 
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Supplementary Figure 1. Comparison of MWF maps generated at the calibration stage and 

with voxel-wise model fitting.  

For the 3 calibration subjects, MWF maps generated using voxel-wise model fitting (II) were 

quite noisier than MWF maps generated at the calibration stage (I), despite the high number of TI 

and TE sampling points. MWF values from the calibration tended to be higher (see difference 

between these maps in III). Nevertheless, differences did not exceed 3% (histogram), and few 

regional dependence was observed on the difference maps (III).  
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Supplementary Figure 2.  Impact of the upper search boundary for 𝒇𝒎𝒚 on MWF values.  

With the calibration strategy and for the 3 subjects, MWF maps were compared for independent 

calibrations performed with different upper boundary for 𝑓𝑚𝑦 (0.3, 0.4 and 0.5). Although the 

compartment relaxation characteristics were similar (Supplementary Table 1), higher boundary 

for 𝑓𝑚𝑦 led to higher MWF values, confirming a considerable impact on resulting MWF maps. In 

the bottom row, histograms show MWF distributions across all voxels for the 3 subjects. The 

percentages of common histogram area across the 3 subjects (82%, 85%, 79% for 𝑓𝑚𝑦 equal to 

0.3, 0.4 and 0.5 respectively) suggested that the upper boundary of 0.4 enabled the biggest 

overlap, and thus the highest reproducibility across subjects. 
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Supplementary Figure 3. Impact of the number of calibration data points on the resulting 

𝑻𝟏𝒄 and  𝑻𝟐𝒄 characteristics. 

 

For subject #3, 𝑇1𝑐 and  𝑇2𝑐 values of the 3-component model were calculated with the 

calibration strategy using various numbers N of TI and TE sampling points (mean ± std over the 

10 central slices). When this number was higher than 25, 𝑇1𝑐 and 𝑇2𝑐 values did not 

significantly differ from those calculated with N=60 (ad-hoc paired t-test between the values 

from individual slices, * indicates significant difference where p<0.05).  
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Supplementary Table 1 

𝑻𝟏𝒄 and  𝑻𝟐𝒄 compartment relaxation characteristics obtained with the calibration strategy 

for different upper search boundary for 𝒇𝒎𝒚. 

Mean and standard deviations are computed over the 10 slices of the 3 subjects. Note that T1c 

and T2c values are roughly the same, while standard deviations tend to be the lowest for the 0.4 

upper boundary. 

 𝑓𝑚𝑦 < 0.3 𝑓𝑚𝑦 < 0.4 𝑓𝑚𝑦 < 0.5 

𝑇2𝑚𝑦(ms) 21±10 18±5 18±4 

𝑇2𝑖𝑒(ms) 59±9 52±6 48±6 

𝑇2𝑐𝑠𝑓(ms) 885±49 858±47 848±62 

𝑇1𝑚𝑦(ms) 359±16 357±21 321±21 

𝑇1𝑖𝑒(ms) 1325±150 1481±17 1426±46 

𝑇1𝑐𝑠𝑓(ms) 3203±210 3441±36 3403±75 

 



A NOVEL APPROACH FOR FAST MWF QUANTIFICATION 
Kulikova S1, Hertz-Pannier L1, Dehaene-Lambertz G2, Poupon C3, Dubois J2. 

1. INSERM UMR663, CEA/Neurospin/UNIACT; 2. INSERM UMR992, CEA/Neurospin/UNICOG; 3. CEA/Neurospin/UNIRS. 

INTRODUCTION & OBJECTIVES 

Myelin Water Fraction (MWF) is a new promising candidate for in vivo evaluation of the brain myelin content: it shows strong correlation with the myelin amount1-2 and is a more direct measure 

than conventional MRI indices. MWF is defined as the fraction of water trapped by myelin sheaths and is derived from multicomponent analysis of the relaxation signals3-5. However, existing 

strategies for its  calculation require long acquisition and/or post-processing times3-5, limiting their practical applications especially in pediatric patients.  

Thus, the goal of our work was to design a novel strategy for MWF quantification with reasonable acquisition and post-processing times. 

References: 1. Laule et al. (Mult.Scler, 2006); 2 Webb et al. (Magn Reson Med, 2003); 3. Mackay et al. (Magn Reson Med, 1994); 4 Whittal et al (Magn Reson Med, 1997); 5. Deoni et al. (Magn Reson Med, 2012); 6. Lancaster 

et al. (JMRI, 2003); 6. Guo et al. (Magn Reson Med, 2012); 7. Kulikova et al. (ISMRM 2014, # 1743); 8. Deoni et al. (J Neurosci, 2011); 9. Deoni et al. (NeuroImage, 2012); 10. Levesque et al. (JMRI, 2010). 

RESULTS & CONCLUSIONS  

1) Fixing the calibrated 𝑻𝟏𝒄 and 𝑻𝟐𝒄 values and reducing the number of data points in the calibration datasets (TEs and TIs as in testing datasets) did not significantly change (average difference = 

0.8 ± 0.2%) the corresponding MWF maps (Fig.2), showing that these values can be applied in testing datasets. 

2) In infants, MWF maps showed progressive myelination of the white matter across early development (Fig.3)7 and were in qualitative agreement with previous studies8-9. Quantitative comparison 

remains difficult because MWF quantification is very sensitive to acquisition and fitting parameters10. 

The suggested approach allows fast MWF mapping in datasets with a limited number of measurements, for instance in infants within 5 min acquisition  and 6 min  post-processing times.  

Calculation of the MWF maps using a 2-step approach:  

1. Calibration of the 𝑻𝟏𝒄 and  𝑻𝟐𝒄 values for each model component (~24 h) was done using an original 

combination of a region contraction approach and a non-negative least-square (NNLS) algorithm (Fig.1).  

2. Calculation of the MWF maps in testing datasets (<5 min) was done after fixing the calibrated 𝑻𝟏𝒄 and 

𝑻𝟐𝒄 values (thus, reducing the task to solving a set of linear equations) by fitting the model using a 

standard NNLS algorithm. 
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METHODS & MATERIALS 

Model (adapted from Lancaster et al. 6): 

3 components: myelin-related water, intra/extra-cellular water, cerebro-spinal fluid 

• 𝒇𝒄 - component fractions; 

• 𝑻𝟏𝒄  and 𝑻𝟐𝒄  - relaxation times 

associated with each component; 

• 𝑺𝑻𝟏 - T1 relaxation signal measured 

for 𝑵𝑻𝑰 inversion times 𝑻𝑰𝒎; 

• 𝑺𝑻𝟐 - T2 relaxation signal measured 

for 𝑵𝑻𝑬 echo times 𝑻𝑬𝒌. 

# 3147 

Subjects and Data Acquisition:  

 

3T MRI system , Siemens Trio 

T1 and T2 relaxation signals:   

EPI single-shot spin-echo sequences  

1.8mm isotropic resolution 

Fig.2 a) Calibration MWF 

maps b) MWF maps in the 

same subjects after fixing 

𝑻𝟏𝒄  and 𝑻𝟐𝒄 values and 

reducing the number of 

data points. Histograms 

showing the difference 

between MWF maps in (a) 
and (b)  

Fig.3 MWF maps and the corresponding anatomical images (T2w for infants; 
T1w for adult) in infants at different ages and in an adult.  

Datasets 

Calibration Testing 

Subjects 
3 healthy  adults 18 healthy infants 

23.2 ± 2 years 3 - 34 weeks 

T1 
30-60 TI values  

100 - 3100 ms 

8 TI values  

250 - 2500ms 

T2 
30-60 TE values 

30 - 350 ms 

8 TE values  

50 - 260ms 

Acq. Time ~ 1h < 6 min 

Fig.1 Calibration algorithm: 

1. Initial 𝑻𝟏𝒄 and 𝑻𝟐𝒄 search intervals were fixed based on literature6,8.  10000 random pairs of 𝑻𝟏𝒄 
and 𝑻𝟐𝒄 values were selected  and fixed for each component from these intervals.  

2. The model was  fitted using an NNLS algorithm .  100 best solutions (with the smallest fitting 

errors) were used to define new search intervals (contraction). 

3. Steps 1 and 2 were repeated until the search intervals and the fitting errors were not less than  1%. 

4. Resulting values were weighted averages (with inversed fitting errors) from  calibration datasets.  

a) subject 1 

b) 

subject 2 subject 3 

40% 

0 
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WHAT NEW DO WE LEARN WITH MYELIN WATER FRACTION IN INFANT WHITE MATTER 

BUNDLES IN COMPARISON WITH OTHER MRI PARAMETERS? 
Kulikova S1, Hertz-Pannier L1, Dehaene-Lambertz G2, Poupon C3, Dubois J2. 

1. INSERM UMR663, CEA/Neurospin/UNIACT; 2. INSERM UMR992, CEA/Neurospin/UNICOG; 3. CEA/Neurospin/UNIRS. 

References: 1. Yakovlev, Lecours (1967); 2. Dubois et al. (HBM, 2008) ; 3. Deoni et 

al. (NeuroImage, 2013);      4. Nossin-Manor et al. (NeuroImage, 2012); 5. Dubois et 

al. (Neurosci, 2014); 6. Duclap et al. (ESMRMB 2012, #842); 7.  Kulikova et al. 

(ISMRM 2014, #3147); 8. Perrin et al. (Inf. Process Med Imaging ProcConf, 2005); 9. 

Huang et al. (MagnReson Med, 2004); 10. Paus et al. (Science, 1999); 11. Zhang et 

al. (NeuroImage, 2007); 12. De Santis et al. (NeuroImage,  2014). 

RESULTS & CONCLUSIONS  

1) In adults, MWF values were highly variable across the bundles (Fig.1b) and negatively correlated with qT1 (R2 > 

0.94) coherently with the  literature12.  

2) In infants, normalized MWF increased with age in all bundles in an asynchronous manner (Fig.1c): certain bundles 

(STT, CST, EC, FX, OR) showed higher ratios and faster increase than others (ALIC, AF, UF, CC).  

3) Bundle ordering was more accurate for MWF than for other parameters, revealing more maturational relationships 

and not violating a priori relationships (Fig.2, Tab.1). 

MWF seems to be more accurate than conventional MRI/DTI parameters for describing maturation of the white matter 

bundles in infants. Further comparisons with multiparametric models still need to be done. 

 

  

METHODS & MATERIALS 

Subjects and Data Acquisition: 

 17 healthy infants (age: 3 - 21 weeks) 

 13 adults (mean age: 22.4 ± 1.6 years) 

 3T MRI system , Siemens Trio 

 EPI single-shot spin-echo (SE) sequences (1.8mm isotropic resolution):  

qT1: 6 TI values = 250→1500ms, each step 250ms  + TI=2000; 2500ms,  

qT2: 8 TE values = 50 → 260ms, each step 30ms , 

DTI: 30 orientations of diffusion gradients, b=700s/mm 2.  

Post-treatment of the data:  

 Quantitative maps for qT1, qT2 and DTI parameters (FA, <D>, 𝝀∥ and 𝝀⊥) 

were generated using Connectomist software6.  

 MWF maps were computed using multicomponent analysis of T1 and T2 

relaxation signals adapted for infants7.  

 18 different white matter bundles were reconstructed in each subject 

using 3D tractography8 and manually delineated regions of interest9. 

 All parameters were quantified, averaged over the bundle length and 

normalized by the corresponding mean values from the adult group.  

Comparison of the bundle maturation:  

For each normalized parameter, bundles were pairwise compared over the 

infants group using paired t-test (significance level 0.95) and ordered 

according to their relative degree of maturation. The resulting orders were 

compared across the parameters in terms of: 

1) number of discriminated relationships between the bundles; 

2) agreement with 5 a priori known relationships1,10-11 : 

 early maturation of STT, CST and OR;  

 delayed maturation of ALIC and AF.  

# 1743 

Tab.1 Bundle ordering for 

different parameters:  

n - number of revealed 

relationships (out of 153), 

yes/no - violations of the 

known relationships. 

Fig.2 Bundle ordering based 

on pairwise comparisons  of 

normalized MWF values. 

Fig.1  

Abbreviations:  

Projection bundles: cortico-spinal tract CST (inf – inferior, mid – middle, sup - 

superior portions), spino-thalamic tract STT, optic radiations OR, anterior limb of 

the internal capsule ALIC; 

Association bundles: external capsule EC, arcuate fasciculus AF, superior SLF and 

inferior ILF  longitudinal fascicles, uncinate fasciculus UF, fronto-occipital 

fasciculus FOF;  

Limbic and Commissural bundles: fornix FX, inferior CGinf and superior CGsup 

parts of the cingulum;bundles: genu CCg, body CCb and splenium CCs of the 

corpus callosum. 

INTRODUCTION & OBJECTIVES 

Myelination is a crucial process for maturation and maintenance of the brain white matter. It starts late in the fetal development and continues until adolescence in an asynchronous manner across 

different cerebral regions1. In vivo myelination can be accessed using conventional MRI and DTI parameters2-5; however, they provide only indirect measures of the myelin content and are  

influenced by other tissue properties. The goal of this study was to describe myelination asynchrony in infants across different white matter bundles using Myelin Water Fraction (MWF), a novel MRI 

parameter for quantifying brain myelin content,  and compare it with other MRI parameters (quantitative relaxation times and DTI parameters).  

Projection bundles Association  bundles Limbic and Commissural  bundles 

a) Reconstructed white 
matter bundles 

b) Distribution of the 

MWF values across the 

bundles in infants 
(light) and adults (dark)  

c) Age-related changes 

of the infant MWF 

values for different 

bundles (in % of the 

mean adult values). 

Lines show significant 

linear regressions with 

age (R2>0.58, p<0.015). 

age (weeks) age (weeks) age (weeks) 
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Chapter 6

Investigating cerebral connectivity

In previous chapters, investigation of white matter regional maturation was per-
formed in bundles reconstructed by tractography based on regions of interest (ROI)
to select or to exclude certain fibers. However, as it was mentioned in chapter 2
of the part I, this approach is very time-consuming, imposes a priori assump-
tions on bundle locations and depends on the expert experience. Furthermore,
this approach cannot be applied when it is not possible to perform reliable trac-
tography, for example, in case of a severe demyelination, like the one observed in
metachromatic leukodystrophy (see chapter 8). In such cases, analysis of tissue
microstructure can be performed by projecting atlases of white matter bundles
constructed from non-pathological brains to the subject data. However it is not
adequate to project atlases generated from adult data to pediatric subjects due to
non-homothetic brain growth and changes in fiber shapes and lengths during de-
velopment. Thus, such analysis in pediatric patients should benefit from creation
of dedicated bundle atlases from age-matched control groups.

In this chapter, we describe a preliminary age-specific bundle atlas for chil-
dren aged 1 to 6 years, which was created in the frame of the study of children
with metachromatic leukodystrophy (chapter 8), using a previously validated strat-
egy [277]. This atlas was tested in children to demonstrate its potential for iden-
tifying bundles and studying white matter regional maturation. The chapter is
organized as follows. First, description of the subjects and data acquisition will
be given. Then, each step of the atlas creation will be described. Finally, the
resulting atlas and evaluation age-related changes in MRI parameters across the
reconstructed bundles will be presented. The results of this chapter were accepted
for the ISMRM 23rd Annual Meeting (2015) [329] and the abstract is attached at
the end of the chapter.

6.1 Subjects
Seventeen children (aged 47±20 months, min 17 months, max 81 months) with
well-characterized focal epilepsy and fair psychomotor development have been con-
sidered for atlas creation (see Tab. 6.1 for details). These subjects were recruited
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by french neuropediatricians (Hôpital Necker, Hôpital Robert-Debré Paris, CHU
de Rennes, Lorient) as a control group for the study of children suffering from
metachromatic leukodystrophy (promoted by Assistance Publique - Hôpitaux de
Paris, protocol HCIT-MLD-P071232-IDRCB-2009-A00094-5, see chapter 8). In
this study, it was not possible to include healthy children as it is exceptional to
have them spontaneously asleep (without sedation) at the considered age range
during a long MRI examination. Among considered subjects, 9 children were clas-
sified by a clinical expert (Lucie Hertz-Pannier) as having cryptogenic epilepsy.
Eight other subjects had only tiny focal epileptogenic lesions at different locations
(Tab. 6.1 and Fig. 6.1). Thus, under hypothesis that there are no (or only very
subtle) pathological changes in the contra-lesional hemispheres, MRI parameters
measured in these hemispheres may be viewed as "normal".

subject ID age (months) onset (months) clinical EEG indications MRI observations
ml130473 17 14 Right frontal Right frontal, subcortical hypersignal on FLAIR image
mj110195* 18 1 Right temporal Right superior temporal, visible on a T2w image
hm110219 25 15 Right temporal Normal
lb110346 29 3 Left frontal Left inferior frontal and insular (abnormal focal gyration)
kf110345 32 5 Right parieto-occipital Normal
js110041 33 3 Right temporo-occipital Right temporo-occipital, FCD, submitted to surgery
eg120436* 34 5 Right frontal Right frontal, FCD, blurring on FLAIR image
tf140269 38 NA Left temporo-occipital Normal
am120196 47 Birth Right fronto-central Normal
cj140072* 48 NA Left fronto-temporal Left frontal opercular, abnormal focal gyration
lg130529 50 6 Left Occipital Normal
em130462 64 30 Right frontal Right frontal medial, FCD visible on FLAIR
nh140021 65 24 Right temporal Normal
np140050 68 6 Right tempo-parietal Normal
mh140270 70 9 Right frontal Normal
eh120378 72 7 Left frontal Left inferior frontal, focal abnormal gyration
am130535* 81 12 Right tempo-parietal Normal appearance

Table 6.1: Subject details. FCD - focal cortical dysplasia. * - delay in language
acquisition.

Figure 6.1: Examples of focal epileptogenic lesions (red arrows) localized on T1w
images. For subject js110041 a post-surgery image is also given.
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6.2 Data acquisition
MRI data was acquired on a 3T system (Tim Trio, Siemens Medical Systems,
Erlangen, Germany), equipped with a whole body gradient (40mT/m, 175T/m/s)
and a 32-channel head coil. During 1 hour scanning, all children were sedated with
chloral hydrate. The whole study acquisition protocol included:

• anatomical T1-weighted image, acquired using a 3-D fast gradient recov-
ery sequence (MPRage, TE/TI/TR = 4.18/900/2300 ms, parallel imaging
GRAPPA reduction factor 2, partial Fourier sampling factor 7/8). Sagittal
slices were acquired with a 1mm isotropic resolution (FOV = 256 mm; acqui-
sition matrix = 256×256, no interpolation at reconstruction; 176 slices). For
lesion localization, conventional anatomical images were also acquired using
TIR and FLAIR sequences.

• diffusion-weighted images, acquired with a 2mm isotropic resolution using a
single shot DW-SE-EPI sequence: 60 orientations of diffusion gradients, b
= 1500s/mm2 (+3b = 0), TE = 92ms, TR = 11s, parallel imaging GRAPPA
reduction factor 2, partial Fourier sampling factor 6/8.

• T1 relaxometry data, acquired using an inversion recovery (IR) SE-EPI se-
quence at 8 different inversion times (TI=250->1500ms, each step=250ms,
+TI=2000,2500ms): TE=35ms, TR=16s, 2mm isotropic resolution.

• T2 relaxometry data, acquired using a SE-EPI sequence at 8 different echo
times (TE=35->280ms, each step=35ms): TR=19s, parallel factor 2, 2mm
isotropic resolution.

• spectroscopy data, acquired with CSI-SE sequence: 16x16 voxels, TE =
100ms (analyzed as a part of another work).

The study protocol was approved by the regional ethical committee for biomed-
ical research and all parents gave written informed consents.

6.3 Data post-processing
DW images were corrected for motion and eddy currents artifacts [310] and co-
registered with the anatomical T1w images using affine transformations. In each
subject, a regularized 3D tractography [294] was performed according to a 6-order
analytical Q-ball model [260]. All data pre- and post-processings were done using
in-house developed PTK toolkit and Connectomist software [145, 316].
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6.4 Atlas creation
Bundle atlas was created using a strategy similar to the one suggested by Guevara
et al. [277]. This strategy includes several steps:

1. Creation of an age-specific anatomical T1-weighted template for subsequent
image co-registration.

2. Hierarchical intra-subject fiber clustering in each individual subject.

3. Inter-subject clustering of the clusters obtained in all individual subjects at
the previous stage.

4. Manual selection and labelling of the inter-subject clusters.

5. Adapting classification thresholds for automatic bundle labeling when the at-
las is applied to new subjects.

Each of these steps is detailed below.

6.4.1 Age-specific anatomical template
As both inter-subject clustering during bundle creation and bundle labeling in
new subjects should be performed in a common space, all tractography datasets
should be transformed to a common reference frame. In the work of Guevara et
al. [277] tractography datasets were transformed to the Talairach space using affine
transformations estimated from the T1-weighted (T1w) images with anterior and
posterior commissures landmarks. This step assumes that the distance between the
commissures is proportional to the brain size and thus, such transformation would
provide sufficient image co-registration across adult brains. However, in the devel-
oping brain, this hypothesis cannot stand due to non-homothetic growth of different
brain regions. Thus, to ensure good co-registration of the DTI datasets from all
subjects, we created a dedicated age-specific T1w anatomical template (Fig. 6.2)
to base co-registration across subjects on information from the whole brain image.
To create such an anatomical template, we took the 9 T1w anatomical images
from the children classified as "cryptogenic epilepsy" and non-linearly normalized
them using SPM8 to the T1-weighted template for 48-months children available
from another group [321]. This template was selected because it was the closest to
our population (mean age 47 months). After normalization, the T1w images were
averaged to create the final template, which was later used as a reference.
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6.4.2 Intra-subject fiber clustering
At this step, a robust hierarchical intra-subject fiber clustering was performed [276].
This clustering allows reducing the complexity of the tractography dataset from
more than a million of fibers to a few thousands of fascicles composed of fibers
having similar shapes and lengths. This procedure allows performing further pro-
cessing steps that are not possible over the complete tractography datasets. Each
of the generated fascicles is represented by a single fiber, called the centroid, which
reflects the global geometry of the fascicle: each centroid is located in the cen-
ter of the fascicle and minimizes the sum of the symmetrized mean closest point
distances [277, 280, 330] to the fibers of that fascicle.

6.4.3 Inter-subject clustering
For this step, all clusters from all subjects were transformed to the template space
using the affine transformations calculated between the T1w images of the individ-
ual subjects and the T1w age-specific anatomical template. Then, all centroids,
generated at the previous step, from all 17 subjects, were pairwise compared using
the maximum of the Euclidean distances between the corresponding points and
were further hierarchically clustered [277]. Among the resulting clusters only those
were kept that contained centroids from at least half of the subjects (9 subjects out
of 17). Taking this into consideration and the fact that 9 children in our database
had normal-appearing MRI images, while the others 8 children showed only tiny
lesions differently spatially distributed across subjects, it seems rather unlikely that
spurious or lesion-affected fibers were to be included in the atlas.
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Figure 6.2: Creation of an age-specific anatomical template for children. T1-
weighted template for non-linear normalization (*) was taken from [321] for 48-
months children.
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6.4.4 Clusters selection and labeling
Clusters generated at the previous stage were selected and labeled using manually
delineated regions of selection and exclusion in the template space [269]. Alterna-
tively, one can analyze each resulting cluster individually and assign it a particular
label, but considering manually several thousands of clusters would be extremely
time-consuming.

As a first step, we labeled the following 9 white matter bundles (Fig. 6.3):

• projection bundles: cortico-spinal tract CST;

• association bundles: arcuate fasciculus AF, superior SLF and inferior ILF
longitudinal fascicles, uncinate fasciculus UF, fronto-occipital fasciculus FOF;

• limbic bundles: fornix FX, inferior CGinf and superior CGsup parts of the
cingulum.

After clusters’ selection was done, the extracted bundles were symmetrized, i.e.
left and right parts of the bundles were flipped with respect to the brain midsagital
plane and added to the atlas.

6.4.5 Adapting classification thresholds
The goal of the atlas is to be applied to analyze white matter microstructural
properties within distinct bundles in various individuals. This can be done either
by projecting the atlas to the subjects data when it is not possible to perform
reliable tractography (see chapter 8) or by automatic bundle labeling based on
tractography datasets. In a new subject, bundle labeling is performed following
several steps:

1. intra-subject fiber clustering (see section 6.4.2);

2. calculation of cluster centroids and their transformation to the template space
using affine transformations;

3. calculation of pairwise distances between each centroid from the new subject
and each centroid of the atlas;

4. labelling each centroid of the new subject using a supervised classification
based on the atlas labels, i.e. each centroid is labeled by the closest atlas
centroid, assuming that the distance between them does not exceed a given
threshold.
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The thresholds, used at the last step, should be adapted for each bundle label
independently because the variabilities of the bundles locations and compactness
differ across different bundles. If for a given bundle this threshold is too small, that
bundle will appear thinner than it should be or, in an extreme case, it will not be
detected at all. On the contrary, if the threshold is too big, spurious fibers will be
included.

Similar to Guevara et al. [277], these thresholds were adapted for each of the
9 bundles using a leave-5-out strategy. For that we considered 10 selections of 5
subjects and 10 corresponding atlases from the remaining 12 subjects, generated
in the same manner as the atlas from all 17 subjects. These selections were made
so that the mean age of the 12 subjects used for atlas creation was equal to the
mean age of the complete dataset (47±20 months) (Tab. 6.4.5).

atlas 1 atlas 2 atlas 3 atlas 4 atlas 5 atlas 6 atlas 7 atlas 8 atlas 9 atlas 10
am120196 + + + + + + +
am130535 + + + + + + +
cj140072 + + + + + +
eg120436 + + + + + + + +
eh120378 + + + + + + +
em130462 + + + + + + + +
hm110219 + + + + + + + +
js110041 + + + + + + +
kf110345 + + + + +
lb110346 + + + +
lg130529 + + + + + + + +
mh140270 + + + + + + +
mj110195 + + + + + + + +
ml130473 + + + + + +
nh140021 + + + + + + +
np140050 + + + + + + + +
tf140269 + + + + + + + + +

Table 6.2: Ten selections of 12 subjects that were used to create 10 testing atlases
for adapting classification thresholds using a leave-5-out strategy.

Each of the 10 created testing atlases was used to perform bundles labeling
in the corresponding 5 excluded subjects, using different classification thresholds.
These thresholds were tested between 4mm (no clusters selected for any of the
bundles) and 30mm (all bundles strongly contaminated by spurious fibers) with
1mm steps. For each threshold level and each bundle, we calculated the total
number of correctly selected clusters in all 50 subjects (5 testing subjects x 10
selections) and the total number of false positives. For each of the 9 bundles, the
final threshold was selected as the threshold maximizing the ratio between the total
number of correctly selected clusters for that bundle and the corresponding total
number of false positives (Tab. 6.3).
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6.5 Resulting atlas and demonstration of its ap-
plication for bundles identification

The generated atlas included 9 white matter bundles as shown in Fig. 6.3.

Figure 6.3: Comparison of white matter bundles (3 views) from the children atlas
created in this study (left) and from the adult atlas taken from [277] (right).

Although looking similar, bundles in the children atlas appeared thinner than
those of the adult atlas, probably due to higher variability of the bundle shapes in
the children group resulting in fewer clusters consistent across the subjects. Thus,
in cases when it is not possible to perform reliable tractography, projecting adult
atlas to children data may include areas outside the bundles and thus, lead to bias
in the analysis of bundles microstructural properties.

In half of the bundles, classification thresholds were close to those reported in
the adult atlas [277] (Tab. 6.3). Identified thresholds higher than in the adult atlas,
(e.g. for fronto-occipital fasciculus and inferior longitudinal fasciculus) may point
to higher variability of the bundles’ shapes in the children group (consequently,
higher thresholds are required to detect bundles in all subjects during labelling),
while smaller identified thresholds, (e.g. fornix) may be due to thinner bundles in
children, which did not require the high thresholds necessary in adults.

bundle CST AF SLF ILF UF FOF FX CGsup CGinf
current children atlas 15 19 16 23 17 23 15 21 16

adult atlas 14 18 17 18 17 20 20 17 14

Table 6.3: Classification thresholds (mm) identified for each bundle. For compar-
ison, corresponding classification thresholds are given from the adult atlas [277].
Thresholds that were higher in children atlas are shown in bold.

Once this preliminary children atlas was created, it was applied to the 17 chil-
dren for individual automatic labeling of the white matter bundles. In all subjects,
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it allowed identification of all considered white matter bundles (Fig. 6.4 and 6.5),
except for cingulum (inferior part missing in a subject of 50 months, superior part
missing in a subject of 65 months), and fronto-occipital fasciculus (not detected
in a subject of 48 months). The shapes of the reconstructed bundles were highly
variable across the subjects, without any obvious relationship between shape and
age. Nevertheless some artefacts were observed in individual reconstructions: re-
constructed cortico-spinal tract also included fibers from spino-thalamic tract and
reconstructed arcuate fasciculus included fibers from the extreme capsule. This
suggests that using more shape-sensitive distance measures for fiber clustering may
further improve the quality of bundle reconstruction.
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Figure 6.4: Bundles identified in all 17 children using the created atlas (bottom
right). Numbers indicate children age in months.
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Figure 6.5: Bundles identified in all 17 children using the created atlas (bottom
right). Numbers indicate children age in months.
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6.6 Atlas application for evaluation of white mat-
ter maturation

At the current stage, this preliminary generated atlas could be already tested in
children to investigate age-related changes in MRI parameters. This can be done
either by projecting bundles of the atlas directly to the subjects data or by analyzing
MRI parameters over the reconstructed bundles. It should be noted here that
these two approaches are not identical. Results obtained using atlas projection
will depend on normalization quality and if projected bundles pass outside the
regions of subject bundles, the results will be biased: FA and MWF values will be
underestimated, while diffusivities and relaxation times will be overestimated.

Here I used the reconstructed bundles from non-affected hemispheres to evaluate
age-related changes in 6 MRI parameters described in previous chapters: quanti-
tative qT1 and qT2 relaxation times; fractional anisotropy FA, mean 〈D〉, longitu-
dinal λ‖ and transverse λ⊥ diffusivities computed from DTI.

Distributions of these parameters across the reconstructed bundles were in the
range of previously reported values (Fig. 6.6) [127, 129, 135, 193].

Figure 6.6: Distributions of MRI/DTI parameters across the reconstructed bundles.

As in this age range, MRI parameters show rapid exponential age-related changes [131,
193], they were further plotted as a function of age and fitted with exponents
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(Fig. 6.7). Although the revealed changes showed rapid dynamics, none of the fits
reached significance probably due to high intersubject variability.

To further test whether the parameters were increasing or decreasing with age,
we considered the differences between children having the closest ages and tested
(t-test) whether these differences were consistently positive or negative. With this
strategy it was possible to confirm the following changes:

• qT2: decrease in arcuate and cingulum superior;

• qT1: decrease in arcuate, cingulum superior and superior longitudinal fasci-
culus;

• 〈D〉: decrease in arcuate and cingulum superior;

• λ‖: decrease in arcuate and inferior longitudinal fasciculus;

• λ⊥: decrease in all bundles.

Similar results could be obtained by comparing parameters from children younger
than 47 months (the mean children age) with older children:

• qT2: lower in older children in arcuate and cingulum superior;

• qT1: lower in older children in cingulum superior;

• 〈D〉: lower in older children in arcuate and cingulum superior;

• λ‖: lower in older children in arcuate and inferior longitudinal fasciculus;

• λ⊥: lower in older children in arcuate, cingulum, cortico-spinal tract, and
inferior longitudinal fasciculus.

These observations may point to late maturation of the arcuate fasciculus and
superior cingulum.

Additionally, Myelin Water Fraction (MWF) was computed according to chap-
ter 5 and evaluated in the reconstructed bundles. In agreement with previous
studies [233, 321], MWF values increased non-linearly with age, reaching a plateau
at the age of 3-5 years (Fig. 6.8). Between 3 and 60 months, the increase in MWF
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could be modeled by the Gompertz function [321], which at high ages, near its
plateau behaves as a ∗ (1− b ∗ e−c∗age) (a,b,c are constants). Thus, the age-related
changes in MWF values were further fitted with this function, which unlike con-
ventional MRI parameters, provided very good fittings (p<0.001), suggesting that
in this age range MWF was a more reliable measure of white matter maturation
than diffusion and relaxometry MRI parameters.
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Figure 6.7: Age-related changes in MRI parameters across the identified bundles.
Lines show exponential fits. FA increased with age, while other parameters de-
creased.
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Figure 6.8: Non-linear age-related increases in MWF across the identified bundles:
asymptotes are reached between 50 and 70 months. Lines show data fits (p<0.001)
with the function a ∗ (1− b ∗ e−c∗age), a,b,c - constants.
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6.7 Conclusions and Future Work
In conclusion, the created atlas, even at its preliminary stage, demonstrated its
potential for automatic bundles identification in preschool children and relevance
for analyzing white matter microstructural properties. Thus, it opens a way to
further studies of both normal and pathological brain regional development.

In the future, this atlas should be improved in several ways:

• it should be completed with other bundles, including at least the spino-
thalamic tract, the optic radiations, the anterior limb of the internal capsule,
the external capsule, and the corpus callosum. In order to have good cluster-
ing and labelling results for bundles connecting thalamus and the cortex, it
will be also necessary to add a mask of the thalamus to cut the fibers passing
through it before clustering and labelling steps and avoid later extracting
spurious fibers [277]. Alternatively, one may try to remove spurious fibers
during labelling step by extracting only subparts of fibers that match bun-
dles of the atlas.

• to better understand the developmental changes in bundles shapes, bundles
identified using the created atlas should be compared with those that would
be obtained by application of the adult atlas to the same data.

• the created atlas should be also tested for other age ranges (for example, in
the infant population described in chapters 3-5) to understand the age limits
within which the created atlas can provide reliable bundle labelling. Outside
these limits, other age-specific atlases should be created.

• finally, it would be also interesting to test other distance measures for bundles
comparison, for example, that would allow high variability at the bundles ex-
tremities but require high similarity in the central regions. Such distances
may further improve the quality of bundles identification.
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Target audience: This work would be of interest to neuroscientists and clinicians interested in brain development, for example in studies of normal or pathological 
maturation of the brain white matter within distinct bundles. 
Introduction: Diffusion imaging offers a unique tool for in vivo visualization of the white matter bundles using 3D tractography techniques. Normal and abnormal 
brain regional maturation can be studied in reconstructed bundles using different MRI parameters that quantitatively reflect various maturation processes1. However, 
tractography datasets are extremely complex and extracting individual bundles from such datasets is still a challenging task. To reliably extract bundles and overcome 
drawbacks of using regions of interest (ROI), either defined manually in individual subjects or based on atlases, fiber-clustering techniques, that take into account fiber 
shape and localization variabilities, have been recently proposed for automatic bundles identification2, based on an atlas of main bundles. However, this atlas was 
generated for adults hindering its application to children as fiber shapes and lengths change during development. 
Purpose: Because reliable bundle identification in children requires dedicated atlases, we describe here the creation of the first atlas of this kind in preschool children.  
Methods: Subjects and Data Acquisition: Seventeen children (47±20 months, 17 to 81 months) with unilateral focal epilepsy were considered: 9 subjects with normal 
MRI (cryptogenic epilepsy) and 8 with tiny focal lesions at different locations. It was not possible to include healthy children, as it is exceptional to have them 
spontaneously asleep for the whole acquisition time (50min) at the considered age range.  Diffusion data was acquired under sedation on a 3T system with a 32-channel 
head coil using a DW-SE-EPI sequence: 2mm isotropic resolution, 60 orientations of diffusion gradients, b = 1500s/mm2 (+ 3b = 0), TE = 92ms, TR = 11s, GRAPPA 
reduction factor 2. Anatomical T1w images were acquired using a 3-D MP RAGE sequence with 1mm isotropic resolution. Post-treatment of the data: Diffusion-
weighted images were corrected for motion and eddy currents artifacts3 and co-registered with the T1w images using affine transformations. Streamline-based 
regularized 3D tractography4 was performed according to a 6-order analytical Q-ball model5. All data was pre- and post-processed using Connectomist software6. Atlas 
creation: Atlas was created using a strategy similar to Guevara et al.2, with the following steps: a) creation of an age-specific anatomical T1 template (Fig.1). T1w 
images from the cryptogenic children were non-linearly registered to a T1w template for 48-month children7 and averaged; b) hierarchical intra-subject fiber clustering 
in each individual subject8. Each cluster centroid minimizes the sum of the symmetrized mean closest point distances2,8 to the fibers within that cluster; c) inter-subject 
clustering of the clusters obtained in all subjects. Among the resulting clusters only those were kept that included centroids from at least half of the subjects; d) manual 
selection and labeling of the inter-subject clusters (Fig.2); e) adapting classification thresholds for bundle labeling in new subjects using a leave-5-out strategy. The 
thresholds were selected as the values giving the maximum ratio between correctly selected clusters and false positives. Atlas application: Bundle identification in a new 
subject starts with an intra-subject fiber clustering and the calculated cluster centroids are transformed to the template space using affine transformations. Each centroid 
of the new subject is then labeled by the closest centroid of the atlas, assuming that the distance between them does not exceed the classification threshold. 
Results and Discussion: The generated atlas included 8 white matter bundles, each containing several cluster centroids, as shown in Fig.2. As 9 out of 17 children 
(53%) had normal-appearing MRI images, and the rest 8 subjects had only tiny lesions differently distributed over the brain, it is unlikely that lesion-affected clusters 
were included in the atlas. Classification thresholds identified for these bundles were close to those reported in the adult atlas2; however, applying adult atlas to the same 
children data failed to detect any of the bundles, stressing out that it was important to create atlas and its anatomical template from children data. Indeed, our children 
atlas allowed automatic identification of all considered white matter bundles in all subjects (Fig.3A), except for arcuate fasciculus (missing in one subject), and fronto-
occipital fasciculus (not detected in 2 subjects). The shapes of the reconstructed bundles were highly variable across the subjects, but not depending on age. 
Nevertheless artefacts were observed in some individual reconstructions: in certain subjects, reconstructed cortico-spinal tract also included fibers from spino-thalamic 
tract and reconstructed arcuate fasciculus included fibers from the extreme capsule. This suggests that using more shape-sensitive distance measures for fiber clustering 
may further improve the quality of bundle reconstruction. Nevertheless, even at the current stage evaluation of the fractional anisotropy (FA) across the reconstructed 
bundles was able to capture age-related increases with different slopes across the bundles (Fig.3B), showing the relevance of this approach for studies on white matter 
regional maturation. 
Conclusions: Although still in progress, this atlas demonstrated its potentials for automatic bundles identification in preschool children. It thus opens the way to studies 
of normal and abnormal brain regional development. Furthermore, it may be also used to analyze white matter microstructural properties when it is not possible to 
perform reliable tractography (e.g. in case of white matter diseases, like demyelination) by projecting the atlas to the subject data. 
References: 1. Kulikova et al. (Brain Struct Funct, 2014); 2. Guevara et al. (NeuroImage, 2012); 3. Dubois et al. (Magn Reson Imaging, 2014); 4. Perrin et al. (Inf 
Process Med Imaging Proc Conf, 2005); 5. Descoteaux et al. (Magn Reson Med, 2007); 6. Duclap et al. (ESMRMB 2012, #842); 7. Dean et al. (NeuroImage, 2014); 8. 
Guevara et al. (NeuroImage, 2011).   

 

Fig.1 Creation of an age-specific anatomical template 

Fig.3 A) Identified bundles in selected subjects. B) Age-related changes in FA across the identified bundles. Fig.2 White matter bundles of the atlas 
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Part III

Possible future clinical
applications
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The last part of this manuscript presents future clinical research applications
of the tools described in the previous part. Indeed, those tools were developed
on a population of healthy infants, with the intention of translating them to older
children for specific questions on white matter pathology.

Specifically, in focal epilepsy, the main issue here concerns the integrity of epilep-
tic networks, i.e. whether advanced techniques of fiber tracking and quantitative
evaluation of MRI parameters in bundles can unravel microstructural changes in
networks supporting propagation of the epileptic discharges.

The focus on metachromatic leukodystrophy (MLD) is also major in this work
(my PhD was fully supported by ELA foundation and a PHRC funding to a project
on MLD) with the aim of finding new subtle biomarkers of disease progression to
assess future innovative therapies, such a gene therapy currently developed by Pr.P
Aubourg, Hôpital Bicêtre (Le Kremlin-Bicêtre).

Each pathology is described in a separate chapter, which starts with a general
biological background, followed by a summary of previous findings in imaging stud-
ies using different MRI modalities and finally, by our preliminary observations in
a small group of pediatric patients.
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Chapter 7

Focal Epilepsy

7.1 Definitions
Epilepsy is the most common neurological disorder, affecting∼1% of the world pop-
ulation. Epilepsy does not correspond to one specific disease entity and according
to the International League Against Epilepsy (ILAE) 6 etiological categories are
distinguished: genetic, structural, metabolic, immune, infectious and unknown.
From an electro-clinical point of view, epilepsies can be divided into generalized
and focal. Focal epilepsies are defined as repeated seizures originating within net-
works limited to one hemisphere, which may be discretely localized or more widely
distributed [331]. For each type of seizure, ictal onset is consistent from one seizure
to another with preferential propagation patterns, which may involve the contrale-
sional hemisphere [331]. When lesion is visible, epilepsy is called "symptomatic";
when it is nonvisible, epilepsy is called "cryptogenic". Almost 30% of focal epilepsies
are drug-resistant, meaning that patients are likely to undergo surgical treatment,
when epilepsy is due to the underlying lesion.

7.2 Epileptogenic lesions

7.2.1 Focal Cortical Dysplasia (FCD)
7.2.1.1 Pathology description

Malformations of cortical development (MCD) are largely associated with drug-
resistant focal epilepsies and are thought to account for 25-40% of drug-resistant
epilepsies in children. Among all MCD, focal cortical dysplasia (FCD) constitutes
∼75% of the cases. FCD are localized areas of malformed cerebral cortex with
variable sizes and locations. Since its first description by Taylor et al. in 1971 [332],
a large spectrum of FCD have been documented [333], which can be divided in 3
types:

• FCD Type I is characterized by abnormal radial and/or tangential cortical
lamination.
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• FCD Type II in addition to disrupted cortical lamination has specific cyto-
logical hallmarks: dysmorphic neurons (Fig. 7.1) without balloon cells for
FCD Type IIa, and dysmorphic neurons with eosinophilic balloon cells for
FCD Type IIb (Fig. 7.2) [334].

• FCD Type III refers to cortical lamination abnormalities associated with an-
other principal lesion.

FCD Type I is more often located in the temporal lobe, while FCD Type II has
a predisposition for the frontal lobe [335]. FCD is often accompanied by excessive
heterotopic neurons within subcortical white matter leading to the blurring of the
grey-white matter border. This blurring may also arrive from the reduction of the
myelin content within subcortical white matter, however, the possible origin of this
reduction still remains unclear.

Figure 7.1: Histopathological findings in FCD Type IIa reveal severe cortical dys-
lamination (A) and abundant dysmorphic neurons (B and C) in the absence of the
balloon cells. Adapted from [333].

Patients with FCD do not commonly have severe neurological deficits and the
main clinical manifestation is epilepsy with seizure semiology depending on lesion
location. In FCD patients, scalp EEG is characterized by rythmic, focal epilep-
tiform discharges that are correlated with the lesion location [336]. Both electro-
corticography (ECoG) and intracerebral recordings demonstrate intrinsic epilepto-
genicity of the affected tissues with a particular interictal activity [337, 338].

FCD patients may be relieved from seizures by focal cortical resections, and
the extent of the dysplastic cortex removal is a crucial factor for a favourable
outcome [338–343]. However, it remains often difficult to define the borders of the
FCD.
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Figure 7.2: Histopathological findings in FCD Type IIb reveal severe cortical dys-
lamination without clear border between the neocortex (NCx) and white matter
(WM)(A), dysmorphic neurons (B) and balloon cells detected by antivimentin im-
munohistochemistry (C). Adapted from [333].

7.2.1.2 Developmental origins

Although it is commonly accepted that FCD results from abnormal cortical devel-
opment [344], the probable timing of its pathogenesis and its relation to seizures
generation remain unclear. Histological findings suggest that excessive subcortical
heterotopic neurons may result from abnormal neuronal migration and the presence
of dysmorphic neurons and balloon cells may be explained by deficits in periventric-
ular neuroglial differentiation [342, 345, 346]. Thus, FCD pathogenesis may stem
from abnormalities happening during the early phases of cortical development [347].

On the contrary, a recent "dysmature cerebral developmental hypothesis" sug-
gests that FCD pathogenesis may result from partial failure in the later phases of
corticogenesis, and the timing of this failure may explain different forms and sever-
ity of the cortical dysplasia [348]: abnormalities occuring during the late second or
early third gestational trimester are likely to be responsible for severe forms of cor-
tical dysplasia, like hemimegalencephaly, while abnormalities happening later on
would account for milder forms of cortical dysplasia. According to this hypothesis,
FCD tissues contain neurons with immature cellular and synaptic properties [349,
350] and seizures may be evoked by local interactions of normal neurons with dys-
mature cells.

7.2.1.3 Imaging findings

MRI examination of patients with intractable focal epilepsy of structural origin is
indispensable in surgical planning to identify exact lesion size and location and the
extent of possible surgical resection. While favorable outcome is strongly correlated
with successful lesion identification using MRI [351], imaging findings in FCD are
not fully consistent, thus further improvement of MRI sensitivity for FCD identi-
fication is necessary. Below are summarized previous findings in FCD.

T1w and T2w images:

• Hyperintensity of adjacent subcortical white matter on T2-weighted images
and hypointensity on T1-weighted images [332, 352–354], which is hypothe-
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sized to be due to increased cellularity, the presence of balloon cells, prolif-
eration of glial cell or insufficient myelination [354, 355].

• In FCD Type II, increased cortical thickness and blurring of the grey-white
matter boundary [353] (Fig.7.3A,D)

• Abnormal cortical gyrification and focal enlargements of the subarachnoid
space [333, 353]

• Radially-oriented linear or conical transmantle stripe (Fig.7.3E and F) in
FCD Type IIb, indicating involvement of radial glio-neuronal units [356, 357].

Figure 7.3: Common imaging findings in FCD include increased cortical thickness
(A), T2 hyperintensity of the subcortical white matter (B), blurring of the grey-
white matter boundary (C and D) and "transmantle sign" (E and F). C and F show
two cases from this work. Adapted from [358].

Positron emission tomography (PET):

• On PET images, FCD areas usually appear hypometabolic inter-ictally, how-
ever (Fig. 7.4), sometimes they have normal or even hypermetabolic appear-
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ance, especially during seizures [353].

Figure 7.4: PET images superimposed on T1-weighted scans reveal hy-
pometabolism associated with FCD in areas that are slightly larger than abnor-
malities detected on T2-weighted images. Adapted from [358].

Diffusion MRI:

• Reduced fractional anisotropy FA and increased mean 〈D〉 and transverse λ⊥
diffusivities in the subcortical white matter underlying FCD regions [359–
362]. Reduced FA is thought to result from abnormally located grey matter,
presence of ectopic neurons, or abnormal myelination of the white matter,
while increased 〈D〉 may result from increased extracellular space due to de-
myelination (in the white matter) or deficits during neurogenesis and cell loss
(in the grey matter) [363].

• NODDI (neurite orientation dispersion and density imaging) in adult patients
shows local reductions in neurite density within FCD areas identified on T1-
weighted images (Fig. 7.5) [364].

Figure 7.5: NODDI can help in FCD localization (E, red circle showing decreased
neurite density) even when the dysplastic region is almost invisible on conventional
MRI (A - T1-weigthed, B - T2-weigthed) and DTI images (C - FA, D - 〈D〉).
Adapted from [364].
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7.2.2 Other focal epileptogenic lesions
Other focal epileptogenic lesions may arise from several origins [365], including:

• ischemic-hypoxic injuries (global hypoxia due to perinatal asphyxia or large
middle cerebral artery infarcts), characterized by variable degrees of en-
cephalomalacia and gliosis;

• head trauma (penetrating brain injuries, focal contusions, hemorrhages, etc.)

• infections (meningitis, encephalitis)

In our population (see Tab. 6.1 and Fig. 6.1):

• 7 children had evidence of FCD, either with typical MRI imaging or proven
later after surgery;

• 2 children had non-specific MRI abnormalities such as T2 and FLAIR hy-
perintensities likely corresponding to gliosis, thus ischemic lesions cannot be
ruled out at this stage;

• 9 children had normal MRI, which may corrspond to either subtle MCD or
to faint gliosis of various origin.

7.3 Diffusion imaging of epileptic white matter
networks

Epileptogenic areas likely show both abnormal organization and microstructural
properties of the white matter fibers passing through them [353] and through epilep-
tic networks that sustain seizure propagation. Diffusion imaging may help to un-
ravel these abnormalities within individual white matter bundles using tract-based
analysis [366].

Previously, tract-based analysis in benign childhood epilepsy with centrotem-
poral spikes (BECTS) revealed higher λ‖ and 〈D〉 compared to healthy subjects
in the left superior longitudinal fasciculus, the retrolenticular part of the internal
capsule, posterior thalamic radiation, sagittal stratum and the body of the corpus
callosum [366]. Increased λ‖ might result from changes of microtubules and neuro-
filaments or reduced axonal diameter. In the left superior longitudinal fasciculus,
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it was correlated with low verbal IQ scores, being in agreement with hypothe-
sis that BECTS predominantly affects the left hemisphere, related with language
dysfunction [366–369].

In adults, evaluation of FA in temporal lobe epilepsy suggested decreased FA
in a widespread white matter network, including limbic bundles (fornix), associa-
tion bundles (uncinate, arcuate and inferior longitudinal fasciculi), motor projec-
tion tracts, and cerebellar white matter. Within the temporal lobe, the observed
changes were correlated with memory performance [370].

It is believed that white matter tracts on the ipsilesional side are more affected
than those from the contralesional side [371, 372]. However, evaluation of FA
in different white matter tracts has shown that pathological changes may spread
diffusely to white matter tracts in both hemispheres [372–374] and bilateral FA
reductions may be observed outside epileptogenic zones [363, 370, 372–375]. In
a group of pediatric patients (4-18 years), ROI analysis in white matter tracts
revealed bilaterally lower FA as compared to healthy age-paired subjects in the
genu and splenium of corpus callosum, in the fronto-occipital fasciculus, and in the
inferior longitudinal fasciculus [372]. In adult patients, both ROI and tract-based
analysis also showed bilaterally decreased FA values in forceps minor, anterior
thalamic radiation, corticospinal tract, and uncinate fasciculus [373, 374]. Such
widespread anormalities may be related to frequent seizures, hidden FCD areas
unrevealed by conventional MRI examinations or more complex epileptogenesis
processes [376–378].

7.4 Preliminary experimental observations

7.4.1 Objectives and Methods
As white matter bundles in the ipsilesional hemisphere are expected to be more
affected than those from the contralesional hemisphere [371, 372] and as our young
patients had relatively short epilesy duration (Tab. 6.1), we explored whether there
were any global differences in the microstructural properties of the bundles from
"affected" and "non-affected" hemispheres.

For that, we compared 7 MRI parameters (qT1 and qT2; FA, 〈D〉, λ‖ and
λ⊥ from DTI, and MWF) across ipsilesional and contralesional bundles in the
group of epileptic children previously described in chapter 6. The bundles were
automatically extracted from the corresponding whole-brain tractography datasets
using the approach and the white matter connectivity atlas described in chapter 6.

7.4.2 Results
We were able to detect differences between ipsilesional and contralesional parts in
some of the bundles (Fig. 7.6). In agreement with previous findings [372], both
the inferior longitudinal fasciculus and the fronto-occipital fasciculus showed re-
duced FA in the ipsilesional parts across the age range (paired t-test, p<0.01)
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(Fig. 7.6). This supports the idea that contralesional hemispheres in our sample
can be considered close or comparable to a normal population. The ipsilesional
inferior longitudinal fasciculus also had reduced 〈D〉 values (paired t-test, p<0.01).
Surprisingly, we found slightly increased MWF values in the inferior longitudinal
fasciculus, the fronto-occipital fasciculus and the superior longitudinal fasciculus
(paired t-test, p<0.01). For all other MRI parameters no global differences between
ipsilesional and contralesional bundles were found.

Among all considered parameters, MWF revealed differences in 3 bundles (the
inferior longitudinal fasciculus, the fronto-occipital fasciculus and the superior lon-
gitudinal fasciculus), followed by FA, which was assymetric in 2 bundles (the infe-
rior longitudinal fasciculus and the fronto-occipital fasciculus), and finally, 〈D〉 in
only in the inferior longitudinal fasciculus.

7.4.3 Discussion and perspectives
These preliminary findings are difficult to interprete: although FA decreased in the
inferior longitudinal fasciculus and the fronto-occipital fasciculus, it could not be
interpeted simply by demyelination as these changes were accompanied by elevated
MWF values.

To elucidate these controversial observations, further investigation of the white
matter microstructure should be improved in the several ways. First, the whole-
tract approach applied here may have missed focal abnormalities, occuring in small
fractions of the bundles. Thus, in future analysis bundles should be segmented and
analyzed along the tracts taking into account the distance between their segments
and lesion location. Such analysis should also take into account duration of the
epilepsy, age of onset, lesion localization and asymmetry between hemispheres. Fi-
nally, comparing ipsilesional and contralesional sides may fail to detect pathological
changes due to widespead white matter abnormalities, requiring acquisition of a
healthy control group, whenever possible.
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Figure 7.6: Differences in MRI parameters between ipsilesional (red dots) and con-
tralesional (blue dots) bundles. MWF: non-linearly increased with age in both ip-
silesional and contralesional parts of the inferior longitudinal fasciculus (ILF), the
fronto-occipital fasciculus (FOF) and the superior longitudinal fasciculus (SLF).
Similar to chapter 6, age-related increase in MWF values was fitted with the func-
tion a ∗ (1 − b ∗ e−c∗age), p<0.001. Across the age range, MWF values on the
ipsilesional side were consistently higher than on the contralesional side (paired
t-test, p<0.001). FA: increased with age in both ipsilesional and contralesional
parts of both the inferior longitudinal fasciculus and the fronto-occipital fasciculus,
however FA values were consistently lower in the ipsilesional side across the age
range (paired t-test, p<0.05). Mean diffusivity 〈D〉: decreased with age in both
ipsilesional and contralesional parts of the inferior longitudinal fasciculus, however
across the age range, it was consistently lower on the ipsilesional side (paired t-
test, p<0.05). According to literature [131, 193], age-related changes in FA and
〈D〉 are exponential; however, in our case exponential fittings (not shown) were
not significant probably due to a large inter-subject variability.
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Chapter 8

Metachromatic leukodystrophy

8.1 Introduction
Metachromatic leukodystrophy (MLD) is a rare recessive autosomal disease, with
an estimated prevalence of 1 per 100,000 live births [379–382]. MLD is caused by
the deficiency of the lysosomal catabolic enzyme arylsulfatase-A (ARSA) (more
rarely, of its activator protein saposin-B) [383–385], which results in accumulation
of the 3-O-sulfogalactosylceramide (sulfatide) in the central and peripheral nervous
systems [382, 386–389], leading to progressive demyelination and consequent neuro-
logical deterioration. Another substance reported to accumulate in MLD patients
is lysosulfatide (the deacylated form of sulfatide) [390, 391], which was shown to
be cytotoxic and is thought to be also involved in MLD pathology.

8.2 Clinical presentation
Three major clinical forms (a late-infantile, a juvenile and an adult form) of MLD
are distinguished by the age of onset [379]. The most frequent (∼80% of cases) and
fatal form is the late-infantile form, which starts by the ages of 1.5 − 2 years. It
manifests with gait abnormalities with hypotonic diplegia and ataxia, accompanied
by speech disturbances and cognitive impairment at the later stages [382, 392]. The
disease rapidly progresses within 6 months to 4 years following the onset of symp-
toms [382] and death usually occurs by the age of 5 years. The juvenile form usually
has an onset between 4 and 16 years, when a previously well-developing child starts
to manifest a spastic gait, ataxia, and intellectual deterioration. MLD in the juve-
nile form progresses more slowly than the late infantile MLD [389, 393–395]. The
adult form of MLD usually manifests between the third and the fourth decades
of life. It is characterized by disturbed visual-spatial discrimination, memory loss,
disorganized thinking, and decreased mental alertness. The survival period after
the onset of symptoms is usually within 5 to 10 years.

So far, no causal therapy for MLD is available. However, as new therapeutic
approaches are currently emerging, it is important to deepen our understanding
of the natural course of MLD and develop quantitative tools for evaluating of the
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therapeutic options such as enzyme replacement therapy, hematopoietic stem cell
transplantation and gene therapy [379, 396–399].

8.3 Imaging findings in the late-infantile MLD

8.3.1 Proton density, T1w and T2w images
MRI studies in MLD commonly report bilateral symmetric abnormal hyperinten-
sities in the periventricular white matter, with extensive frontal, parietal, occipital
and semiovale center involvement [382, 400–403]. A thin layer (1 to 3 mm) of
the periventricular white matter wrapping around the lateral ventricles seems to
be spared from demyelination [404]. The subcortical white matter is initially pre-
served; however, at later stages, the subcortical U-fibers may be affected [181, 400–
402, 405].

Demyelination is thought to progress in the occipito-frontal direction [181, 401,
402, 406]. The first changes can be seen in the parieto-occipital central white
matter, followed by changes in the fronto-central regions, in the commissural fi-
bres of the corpus callosum (first splenium, then genu) and in the periventricular
white matter (first parieto-occipital, then frontal and then temporal regions) [406].
Within the corpus callosum a particular pattern of disease progression is observed:
first, the lesions appear centrally, then they become "diffuse" and later "curvilin-
ear" [402]. As the disease progresses, demyelination spreads from the lobar and com-
missural white matter towards subcortical areas (U-fibers) with a parieto-occipital
predominance.

At the advanced stages of the disease cerebral atrophy begins, first seen as
enlargement of the inner ventricles and later as dilated outer CSF space [402, 406].
It seems that this atrophy is mainly due to the shrinkage of the white matter
volume and only at the later stages slightly smaller cortical bands can be detected
[406]. At this stage, demyelination of the projection fibers and of the cerebellar
white matter, as well as cerebellar atrophy can also be observed [402, 404, 406].

Additionally, decreased signal intensity in the basal ganglia and the thalamus
can be frequently seen on T2-weighted images in patients with advanced stages of
MLD [402, 404], probably as the result of abnormal accumulation of breakdown
products.

The common MRI manifestation of MLD include so-called tigroid or leopard-
skin patterns (Fig. 8.1) [400–402]. The tigroid pattern is observed as numerous
radiating linear structures in the periventricular region that have normal white
matter signal intensity on the background of demyelinated white matter. The
leopard-skin pattern is seen as numerous punctuate areas of normal-appearing
white matter interspersed with demyelinated areas at the level of the centrum
semiovale. Similar patterns were also described in other neurodegenerative pro-
cesses, such as Pelizaeus-Merzbacher disease [392, 403, 404, 407, 408]. The areas
(∼1 mm thickness) of normal white matter signal intensities seen in the tigroid and
leopard-skin patterns were shown to be residual islets of spared myelin, especially
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around blood vessels [408, 409].

Figure 8.1: "Tigroid" and "leopard-skin" patterns in demyelinated centrum semio-
vale of a 2-year-old girl (A,B) and of a 5-year-old boy (C,D). Adapted from [400].

8.3.2 Diffusion imaging

Diffusion imaging studies in MLD are scarce and generally show cytotoxic edema-
like patterns in the presumed zones of the disease progression [410–412]. Such
patterns are likely to reflect restricted water diffusion within the affected white
matter. The so-called "myelin edema" is thought to be due to small, fluid containing
vacuoles developing within or under myelin layers, because of the loss of the myelin
integrity. It is assumed that within such vacuoles water diffusion is restricted.
However, this may not be the only explanation of what is referred to as "myelin
edema". On the contrary, at the late stages of the disease, strongly demyelinated
lesion areas show increased 〈D〉 values [411].

8.3.3 MRI spectroscopy

Within abnormal peri-ventricular white matter, MRI spectroscopy in MLD reveals
elevated myoinositol(My)/creatine(Cr) and lactate(Lac)/creatine(Cr) ratios [402,
413–415]. Increased level of myoinositol, which is produced by astrocytes, is at-
tributed to astrocytic gliosis, while the elevated level of lactate may be due to
several reasons: 1) increased production due to astrocytic gliosis as a result of in-
creased cell mass; 2) decreased lactate transport into axons due to oligodendrocyte
injury; 3) decreased lactate uptake due to neuronal loss. A decreased N-acetyl as-
partate(NAA)/creatine(Cr) ratio was also documented in MLD [402, 413, 414, 416].
This decrease is related to diffuse neuronal loss and was strongly correlated with
motor function [416]. Additionally, elevated levels of choline (Cho)/creatine(Cr)
ratio were observed in MLD patients compared to controls [402, 413], reflecting
high myelin turnover.
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8.4 Preliminary experimental work

8.4.1 Background and Objectives
The scoring method of Eichler et al. [404] provides a severity score (0–34) based on
visual inspection of the location and extent of white matter involvement and the
presence of global atrophy. This method allows defining 3 stages of the disease:
mild (scores 1-6), moderate (scores 7-15) and severe disease (scores 16-34), with
the severity scores highly correlated with gross motor deterioration assessed using
the Gross Motor Function Classification system for MLD (GMFC-MLD) [417].

However application of this method for evaluation of mild and/or early-onset
forms of MLD in infants is limited, probably because the terminal myelination
zones seen in normal development overlap with early faint pathologic lesions. In-
deed, several MRI features evaluated in this scoring system are associated with
moderate and advanced, but not mild stages of the disease. The tigroid pattern
is believed to be not just a diagnostic sign but an indication of advanced disease,
associated with a severity score of ≥ 13 [402, 404]. The T2 hyperintensity of the
corticospinal tract is also associated with an advanced disease [402]. Central hy-
perintensity in the genu of the corpus callosum and/or diffuse hyperintensity in the
splenium are associated with moderate disease stages (mean score 13), while dif-
fuse genu involvement and curvilinear splenium involvement may indicate advanced
stages (mean score 17) [402]. The atrophy of the corpus callosum and cerebellar
involvement (atrophy and T2 hyperintensity) are also characteristic to advanced
disease (mean score > 18), while thalamic atrophy is associated with moderate
disease (score > 14).

Another strong limitation of the scoring system is related to the longitudinal
evaluation of the disease progression [404]. Although with a follow-up interval of
1 year it is possible to see the changes in the severity scores, this system may not
be sensitive enough to reveal disease progression over shorter periods [404].

The preliminary work described below was performed as a part of a project ini-
tiated by Assistance Publique – Hôpitaux de Paris (project HCIT-MLD - P071232
- IDRCB 2009-A00094-5) with the goal of identifying new MRI biomarkers to
evaluate the disease progression in relation to motor and cognitive functioning in
children suffering from the late-infantile MLD and of estimating the efficacy of
clinical treatments to come. Here, we describe preliminary results on microstruc-
tural changes within white matter bundles, assessed with MRI/DTI parameters in
5 LI-MLD patients.

8.4.2 Subjects and Data acquisition
Five pediatric patients (ages: 29-79 months) diagnosed with the late infantile form
of MLD were recruited by neuropediatricians of Hôpital Bicêtre (Fig. 8.2 and
Tab. 8.4.2). Three of these subjects were scanned twice at a ∼5 month inter-
val. The diagnosis was confirmed by decreased activity of ARSA enzyme activity
in leukocytes and abnormal urinary excretion of sulfatides.
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Figure 8.2: Clinical T2w images of the recruited MLD patients. Note pronounced
T2 hyperintensity within white matter regions and a tigroid pattern in sub-
ject mg100537. Also note less pronounced white matter involvement in patient
po110303.

Subject ID Age at 1st acq. Eichler score are 1st acq. Age at 2nd acq. Eichler score are 2nd acq.
po110303 2 years 4 months 12 2 years 9 months 15
mb130249 3 years 4 months 15
ij110324 4 years 3 months 21 4 years 8 months 22
cm130230 4 years 7 months 23
mg100537 6 years 1 month 17 6 years 6 months 20

Table 8.1: Details of MLD patients: ages and Eichler scores of disease severity at
the 1st and 2nd (if applicable) acquisitions.

The severity of Eichler scores ranged from 12 to 23. All subjects showed in-
volvement of periventricular and central regions of frontal, parieto-occipital and
temporal white matter, while U-fibers were preserved (Tab. 8.2). The corpus cal-
losum (both splenium and genu) was also affected in all subjects. Projection fibers
were involved in subjects with scores >20 and in the 2nd acquisition for subject
po110303 (score 15). Thalamus involvement was observed in subjects with scores
≥17 and cerebellum was involved in 2 subjects: po110303 (2nd acq., score 15) and
ij110324 (1st acq., score 21).

Control group consisted of the 17 age-matched children with unilateral focal
epilepsy described in previous chapters 6-7. This pseudo-control group was selected
because at this age range it is almost impossible to acquire data in healthy unse-
dated children. Only unaffected hemispheres, which are expected to show normal
or nearly normal values of MRI/DTI parameters, were considered for comparison
with MLD children.

The acquisition protocol was described previously in chapter 6.

8.4.3 Data analysis
Quantitative MRI/DTI maps were generated for 7 parameters: qT1 and qT2; FA,
〈D〉, λ‖ and λ⊥ from DTI and MWF, computed as proposed in chapter 5.

Because motor deficits are among the first signs usually detected in MLD, these
parameters were further quantified in each subject along the cortico-spinal tract
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Brain region po110303 po110303 mb130249 ij110324 ij110324 cm130230 mg100537 mg100537
(1st acq.) (2nd acq.) (1st acq.) (2nd acq.) (1st acq.) (2nd acq.)

Frontal WM
Periventricular 1 1 2 2 2 2 2 2

Central 1 2 2 2 2 2 2 2
U-fibers 0 0 0 0 0 0 0 0

Parieto-occipital WM
Periventricular 2 2 2 2 2 2 2 2

Central 2 2 2 2 2 2 2 2
U-fibers 0 0 0 0 0 0 0 0

Temporal WM
Periventricular 1 1 1 2 2 2 2 2

Central 1 1 2 2 2 2 2 2
U-fibers 0 0 0 0 0 0 0 0

Corpus callosum
Genu 1 1 2 2 2 2 1 1

Splenium 2 2 2 2 2 2 1 1
Projection fibers

Internal capsule posterior limb 0 1 0 1 2 2 0 1
Internal capsule anterior limb 0 0 0 0 0 1 0 1

Midline pons 0 0 0 2 2 2 0 1
Cerebral atrophy 1 1 0 0 0 1 1 1

Thalamus 0 0 0 1 1 1 1 1
Basal ganglia 0 0 0 0 0 0 1 1
Cerebellum

WM 0 1 0 1 2 0 0 0
Atrophy 0 0 0 0 0 0 0 0
Total 12 15 15 21 22 23 17 20

Table 8.2: Details of the Eichler scores in MLD children.

(CST) and compared at each point along the tract to the corresponding mean
values from the control group. For that, CST was reconstructed in each subject
independently with regularized streamline tractography using Connectomist soft-
ware [316] and manually placed regions of interest. Because in MLD patients it
was not possible to perform reliable fiber tracking in highly demyelinated areas of
the images coming from the 2nd acquisition (Fig. 8.3), CST reconstructed from the
1st acquisition was used for analysis in both acquisitions, after realignement.

Figure 8.3: CST reconstructed in a typical MLD child of 29 months, and in the
same child 5 months later (same child as in Fig. 8.4). On the right are CST
reconstructed in age-matched control subjects.

Because of difficulties in bundle reconstruction in MLD patients, further com-
parison of the MRI/DTI parameters across other bundles was performed by pro-
jecting bundles from the connectivity atlas (see chapter 6) to the subjects data.
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8.4.4 Results
Quantitative MRI maps showed dramatic differences of white matter characteristics
between MLD subjects and their age-matched controls: global decrease in FA and
MWF values and increase of other parameters (Fig. 8.4). As disease progressed,
the maps also revealed the aggravation of these differences, with the most dramatic
changes seen in the center of the parieto-occipital region: strong decrease on FA
and MWF maps and increase on qT1, qT2 and λ⊥ maps, while sub-cortical white
matter was relatively preserved.

Analysis of the MRI parameters along the cortico-spinal tract demonstrated
decreases of the anisotropy (down to -65%) and MWF (down to -70%), increases
of the transverse diffusivity (up to +60%), qT1 and qT2 (up to +45% and +40%
correspondingly) (Fig. 8.5).

Similarly to the observations in the cortico-spinal tract, comparison of the MRI
parameters across other bundles projected from the connectivity atlas also revealed
dramatic differences between MLD and control subjects (Fig. 8.6), with the most
pronounced observed in the FA(decrease), MWF (decrease), qT1 (increase) and
qT2 (increase). However, none of these changes, except in the fornix, showed cor-
relation with disease severity as estimated by Eichler scores. In fornix, correlations
with Eichler score were observed for FA (R=-0.81, p<0.05), λ⊥ (R=0.74, p<0.05)
and qT1 (R=0.75, p<0.05).
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Figure 8.4: Quantitative MRI maps for a typical MLD child (MLD1, 29 months),
same child 5 months later (MLD2) and an age-matched control child. qT1 and
qT2 values are expressed in seconds, diffusivities (〈D〉, λ‖ and λ⊥) are given in
10−3mm2/s.
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Figure 8.5: Quantitative comparison of the MRI parameters along the CST between
2 groups. The ratio between the MLD and control values is plotted at each point
along the CST. Thick line presents group mean values, thin lines - values from
MLD individuals.
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Figure 8.6: Ratios between MRI parameters in MLD patients and the correspond-
ing normal control values in different white matter bundles vs. Eichler scores in
MLD patients. In all MLD bundles FA and MWF values were lower than in control
condition, while qT1 and qT2 values were higher. Diffusivities were generally higher
in MLD children, but these differences were less consistent across the bundles. No
correlation with Eichler scores were found, except in the fornix.
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8.5 Discussion and Perspectives
In this preliminary work, the changes in MRI parameters of MLD patients reflect
complex pathological changes that are not restricted to the white matter demyeli-
nation suggested by decreased MWF values in all bundles. In fact, almost none
of these changes was correlated with disease severity as assessed by Eichler scores,
maybe due to a small sample size, which is the main limitation of this work. Fur-
thermore, according to Eichler scores, all subjects already showed moderate and
advanced disease stages (scores >12), meaning that with this sample it may be
difficult to reveal the first subtle signes of MLD. It should be noted that it was also
hard to get longitudinal data because of a rapid disease progression and none of
the subjects could be admitted to more than 2 examinations.

Thus, understanding of the relations between MRI changes and the demyelina-
tion process requires further investigation on more numerous cases. In the future,
the spatio-temporal progression of MLD should be investigated by evaluating MRI
parameters along different white matter bundles that can be projected to the sub-
jects data from the connectivity atlas. The revealed changes should then be used
to create a multi-parametric model of the disease progression, taking into account
the age of onset, disease duration, degrees of functional and cognitive impairments,
etc. This model could eventually be helpful to finely monitor new therapeutic ap-
proaches, such as enzyme replacement therapy or gene therapy that are currently
being developed in phase I-II trials.

The results described in this chapter were partially presented as posters at the
23rd and 24th SFNP meetings (Nancy, 2013 and Reims, 2014), and at the 30ths
ESMRMB meeting (Toulouse, 2013). The posters are included at the following
pages.
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IRM Multimodale quantitative à 3T dans la leucodystrophie métachromatique:   

données préliminaires.  
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* contributions équivalentes 

Introduction et objectifs  

La leucodystrophie métachromatique (MLD) est une maladie génétique entraînant une 

démyélinisation progressive de la substance blanche. L’imagerie conventionnelle à 1.5T 

est un mauvais prédicteur de l’évolution de la maladie. 

L'objectif de cette étude en IRM 3T est de quantifier les changements microstructurels et 

métaboliques intervenant pendant la progression de la maladie.  

Méthodes 

Acquisition des données:  

• 3 enfants avec  forme infantile tardive de MLD (de 29 à 66 mois) ont été imagés deux fois à 5 

mois d’intervalle 

• comparés à 10 enfants contrôles (de 18 à 60 mois) avec épilepsie unilatérale et un bon 

développement fonctionnel (seul l’hémisphère contralésionnel a été considéré).  

• À 3T, sous sédation  

• imagerie du tenseur de diffusion (DTI)  

• DW-SE-EPI, 55 coupes axiales 2 x 2 x 2 mm3, 60 orientations, b = 1500 

s.mm-2 (+ b = 0): TE = 92ms, TR = 11s, imagerie parallèle facteur 2. 

• cartographie quantitative des temps de relaxation T1 et T2 

• EPI single-shot spin-écho SE, 55 coupes axiales 2 x 2 x 2 mm3  

• T2: 8 TE = 35 -> 280ms, chaque étape = 35ms, TR = 19s, imagerie parallèle 

facteur 2. 

• T1: SE-EPI avec inversion-récupération (IR) et 8 TI (TI = 250 -> 1500 ms, 

chaque étape = 250 ms, + TI = 2000, 2500ms): TE = 35 ms, TR = 16 s. 

• Imagerie spectroscopique, CSI 

•  séquence CSI_SE (TE / TR = 30/1600ms) avec 6 OVS. 

Post-traitement des données 

• Correction des artéfacts (inhomogénéités de champ, courants de Foucault et mouvements (Fig.1). 

• Calcul du tenseur de diffusion et création des cartes paramétriques: T1, T2, anisotropie 

fractionnelle (FA), diffusivités moyenne (MD), longitudinale (Lpara) et transversale (Lperp) (Fig.2). 

• Reconstruction du Faisceau Cortico-Spinal (FCS) par tractographie déterministe avec 

régularisation, en utilisant le masque du cerveau généré à partir d'images T1 (Fig.3). Les  faisceaux 

sont sélectionnés en définissant manuellement des régions d'intérêt.  

Analyses des données 

• Comparaison quantitative des paramètres IRM sur les FCSs entre les groupes contrôle et MLD 

(Fig.4, analyse le long du faisceau pour l'évaluation des différences spatiales). Compte tenu des 

difficulté de tractographie en cas de forte démyélinisation, l'analyse des 2èmes examens a été faite 

sur les FSCs reconstruits à partir des 1ères acquisitions. 

•  En CSI, comparaison quantitative des concentrations des principaux métabolites (NAA, choline, 

glutamate, myoInositol et lactate) entre les deux groupes (t-tests) dans une région d'intérêt 

englobant le FCS à la hauteur du centre semi-ovale (créatine en référence). (Fig.5)  

Fig.2 Cartes des paramètres IRM pour un enfant typique avec MLD (MLD1, 29 mois), 

pour le même enfant 5 mois plus tard (MLD2) et d'un enfant contrôle d'âge correspondant. 

Fig.3  Le FCS identifié est superposé 

à la carte de FA codée en couleurs 

Fig.1 Correction des artéfacts de mouvements 

 sur l'image pondérée en diffusion 

Fig.5 Concentrations des principaux métabolites: NAA, choline (Cho), glutamate (Glu), 
myoInositol (myo-Ins) et lactate (Lac), entre les contrôles (E) et MLD (t-tests p<0.05).  

Résultats et conclusions préliminaires 

DTI et Quantification T1 et T2 (Fig 4) 

Des changements massifs de tous les paramètres sont observés dans le FCS chez les enfants 

MLD par rapport aux contrôles:  

• baisse significative de l’anisotropie (-68% en moyenne)  

• hausse de la diffusivité transverse (jusqu’à +60%), et des temps T1 et T2 (jusqu’à +67% et 

+57%).  

• Ces changements, fortement corrélés le long du faisceau, reflèteraient le processus de 

démyélinisation.  

 

Spectroscopie 

La spectroscopie confirme  

• la perte neuronale (baisse de la concentration du NAA et du glutamate),  

• la démyélinisation et l’astrogliose (élévation de la concentration de la choline et du myo-Inositol), 

• et le stress métabolique (élévation de la concentration de lactate)(Fig.5).  

Fig.4 Le ratio entre les valeurs MLD et contrôles est évalué  

en chaque point le long du FCS. 

La caractérisation de ces changements en longitudinal devrait permettre de mieux 

comprendre la dynamique de la démyélinisation, et de fournir des biomarqueurs 

sensibles pour tester l'efficacité de nouvelles thérapies. 

Lectures supplémentaires 

•    Martin et al. (2012). Toward a better understanding of brain lesions during metachromatic leukodystrophy evolution. 

•    Groeschel et al. (2012). Cerebral gray and white matter changes and clinical course in  metachromatic leukodystrophy. 

•    Groeschel et al. (2011). Metachromatic leukodystrophy: natural course of cerebral MRI changes in relation to clinical course. 
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La fraction d’eau liée à la myéline :  

Un nouveau biomarqueur en imagerie de la myélinisation et de la démyélinisation ?  

Fig. 1 Dans chaque voxel, les signaux 

de relaxation T1 et T2 peuvent être 

décomposés selon différents 

compartiments. Un modèle complexe 

relie les fractions f de ces composants 

(par rapport au volume d'eau total), et 

leurs valeurs respectives de T1 et T2. 

Les stratégies existantes pour la quantification de la MWF nécessitent des temps 

d’acquisition et / ou de post-traitement longs, ce qui limite son application pratique, en 

particulier chez les patients pédiatriques [2-3]. Notre objectif est de mettre en place une 

nouvelle stratégie compatible avec sa utilisation en clinique. 

STRATÉGIE PROPOSÉE , MATÉRIELS ET MÉTHODES 

Notre stratégie est basée sur un modèle qui s’appuie sur peu d'hypothèses a priori sur 

les différents composants, et comprend les deux étapes suivantes:  

1) Calibration du modèle chez l’adulte à partir d’un protocole d’acquisition long 

• 3 jeunes adultes sains  

• IRM 3T TRIO Siemens, Neurospin, CEA 

• Séquences EPI de relaxométrie: T1 séquence d'écho de spin avec inversion récupération 

et T2 séquence d'écho de spin avec un grand nombre (N = 30-60) de temps d'inversion 

TIs (entre 100 - 3100ms) pour la calibration des T1 de chaque compartiment, et de temps 

d’écho TEs (entre 30-310 ms) pour la calibration des T2.  

• Une approche originale4 de calcul a permis de caractériser chaque compartiment (Fig.2) : 

T1my= 357±21ms; T1ie= 1483±17ms; T1lcr= 3441±36ms;  

T2my= 18±5ms; T2ie= 52±6ms; T2lcr= 858±47ms.  

2) Application chez les bébés ou patients avec un protocole court 

Populations 

• Nourrissons sains âgés de 1 à 5 mois (n=17),  

• Enfants âgés de 18 à 66 mois 

 leucodystrophie métachromatique (MLD) à forme infantile tardive  

(n=5 dont 3 ont été vus 2 fois à 5 mois d’intervalle);  

 enfants avec épilepsie partielle unilatérale et un bon développement fonctionnel (n=10),  

• Jeunes adultes (n=16).  

Acquisition des données (<6 min par sujet) 

• Pour T1: 8 valeurs de TI = 250 -> 1500 ms, chaque étape = 250 ms, + TI = 2000, 2500ms; 

• Pour T2: 8 valeurs de TE= 35 -> 280ms, chaque étape = 35ms.   

Cartographie quantitative de MWF 

Après la calibration, les cartes MWF ont été calculées rapidement (<10min par sujet) en fixant 

les caractéristiques de chaque compartiment et en utilisant des algorithmes standards. 

Fig. 2 Cartes MWF obtenues chez les 3 sujets adultes utilisés pour la calibration 

Fig. 4 Cartes MWF 

obtenues en 

longitudinal à 29 et 34 

mois chez un enfant 

atteint de MLD, en 

comparaison d’un 

enfant contrôle de 

même âge. 

Fig. 3 Cartes MWF obtenues chez des nourrissons sains de différents âges. 

CONCLUSIONS 

 L’imagerie MWF permet de quantifier les processus de myélinisation normale et de 

démyélinisation. 

 Notre approche permet la  quantification rapide et facile de la MWF, même chez des 

bébés et enfants. 

 Elle sera prochainement implémentée dans le logiciel Relaxometrist de BrainVisa 

(http://brainvisa.info). 

 Des études de comparaison et de corrélation avec les méthodes d’imagerie 

conventionnelle et d'histologie restent à mener. 

1) MacKay et al. (Magn Reson Med,1994); 2) Whittall et al. (Magn Reson Med, 1997);  3) Deoni et al.(NeuroImage, 2012); 4) Kulikova et al. (ISMRM 2014, soumis); 5) Deoni et al (Magn Reson Med, 2012) 

eau  
liée à la myéline 

eau  
intra-/extra-cellulaire 

liquide  

céphalo-rachidien 

  𝑻𝟏𝒍𝒄𝒓, 𝑻𝟐𝒍𝒄𝒓, 𝒇𝒍𝒄𝒓 𝑻𝟏𝒎𝒚, 𝑻𝟐𝒎𝒚, 𝒇𝒎𝒚 

𝑻𝟏𝒊𝒆,  𝑻𝟐𝒊𝒆 , 𝒇𝒊𝒆 

𝒇𝒎𝒚 + 𝒇𝒊𝒆 + 𝒇𝒍𝒄𝒓 = 𝟏;

𝟏
𝑻𝟏 =

𝒇𝒎𝒚
𝑻𝟏𝒎𝒚
 +

𝒇𝒊𝒆
𝑻𝟏𝒊𝒆
 +

𝒇𝒍𝒄𝒓
𝑻𝟏𝒍𝒄𝒓
 ;

𝑺 𝑻𝟐 = 𝒇𝒎𝒚𝑺 𝑻𝟐𝒎𝒚 + 𝒇𝒊𝒆𝑺 𝑻𝟐𝒊𝒆 + 𝒇𝒍𝒄𝒓𝑺 𝑻𝟐𝒍𝒄𝒓 .

 

RESULTATS 

Les cartes MWF montrent la progression précoce de la myélinisation chez les 

nourrissons, en accord avec les études précédentes (Fig.3) [3,5].  

Dans la MLD, la diminution de la MWF est spectaculaire sur l'ensemble du cerveau 

(Fig.4). Des différences majeures sont observées dans les régions centrales, tandis que la 

substance blanche sous-corticale semble relativement préservée. L'évaluation longitudinale 

confirme la progression de la maladie sur une courte période de 5 mois. 

Sujet 1  Sujet 2  Sujet 3  
40%  

0
  

40%  

0
  

6 semaines 19 semaines 34 semaines adulte 

MLD  
29 mois 

MLD  
34 mois 

Contrôle 
33 mois 

45%  

0
  

INTRODUCTION et OBJECTIFS 

La fraction d’eau liée à la myéline, i.e. « Myelin Water Fraction » (MWF), est un nouveau 

paramètre IRM permettant de quantifier le contenu en myéline dans le cerveau in vivo. 

Elle est dérivée d'une analyse à plusieurs composants basée sur les signaux de relaxation T1 

et T2 (Fig. 1) [1-2].  
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Data analysis 

•Quantitative comparison of the MRI parameters along the CST between 2 groups. The ratio 

between the MLD and control values is evaluated at each point along the CST  (Fig.4). 

 

 

 

 

 

 

 

 

 

 

 

•Evaluation of the Myelin Water Fraction (MWF) in control and MLD infants using 

multicomponent analysis of the T1 and T2 relaxation times (Fig.5). 

 

 

 

 

 

 

 

•Quantitative comparison of the concentrations of the principal metabolites (NAA, choline 

(Cho), glutamate (Glu), myoInositol (myo-Ins) et lactate(Lac)) between control (E) and MLD 

groups (t-tests, p<0.05) in the region around the CST  (creatine as a reference). (Fig.6)  

 

 

 

 

 

 

 

 

 

Methods 

Data acquisition:  

• 5 infants with the late infantile form of MLD (29 - 66 months), 3 of whom were scanned twice with 

a 5 month interval.  

• 10 control infants (18 - 60 months) with unilateral epilepsy showing good cognitive development 

(only unaffected hemisphere is considered). One child was scanned twice. 

• At 3T, under sedation  

• diffusion tensor imaging (DTI)  

• DW-SE-EPI, 55 axial slices 2 x 2 x 2 mm3, 60 orientations, b = 1500 s.mm-2 

(+ b = 0): TE = 92ms, TR = 11s, parallel factor 2. 

• quantitative mapping of the relaxation times T1 et T2 

• EPI single-shot spin-echo SE, 55 axial slices 2 x 2 x 2 mm3  

• T2: 8 TE = 35 -> 280ms, each step = 35ms, TR = 19s, parallel factor 2 

• T1: SE-EPI with inversion-recovery (IR) et 8 TI (TI = 250 -> 1500 ms , each 

step = 250 ms, + TI = 2000, 2500ms): TE = 35 ms, TR = 16 s. 

• spectroscopy 

•  CSI_SE sequence (TE / TR = 30/1600ms) with 6 OVS. 

Post-treatment of the data 

• Correction  of the artifacts (field inhomogeneities, Eddy currents and movements (Fig.1). 

• Calculation of the diffusion tensor and creation of the quantitative maps for T1, T2, fractional 

anisotropy (FA), mean (MD), longitudinal (Lpara) and transverse (Lperp) diffusivities (Fig.2).  

• Reconstruction of the CST with regularized streamline algorithm using Connectomist software [4] 

and regions of interest (ROIs) (Fig.3).  
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Introduction and Objectives 

Metachromatic leukodystrophy (MLD) is a rare devastating genetic disease accompanied by 

progressive demyelination of the brain white matter [1-3]. Conventional 1.5T MRI poorly predicts 

disease progression. 

The objective of this longitudinal 3T MRI study is to quantify the microstructural et metabolic 

changes during the disease progression with the aim of finding sensitive and quantitative 

neuroimaging biomarkers to establish relevant criteria and endpoints for a gene therapy trial. In this 

preliminary presentation the developed methodologies were tested on the corticospinal tract (CST). 

Results and preliminary conclusions  

DTI , quantitative T1 and T2 times, MWF (Fig 4,5) 

Dramatic changes of all the parameters were observed along the CST in MLD infants in 

comparison with controls:  

• decrease of the anisotropy (up to -65%)  

• increase of the transverse diffusivity (up to +60%), T1 and  T2  (up to +45% and +40%).  

• these changes, strongly correlated, but inhomogeneous, along the CST, likely reflected the 

demyelination process.  

• MWF maps further detailed the spatial pattern of demyelination in MLD infants. 

Spectroscopy confirms 

• neuronal loss (decrease of the NAA and glutamate concentrations),  

• demyelination and astrogliosis (increase of the choline and myo-Inositol concentrations), 

• metabolic stress (increase of the lactate concentration)(Fig.6).  
Fig.2 Quantitative MRI maps for a typical MLD infant (MLD1, 29 months), 

same infant 5 months later (MLD2) and an age-matched control infant. 

Fig.3  Identified CST is  superimposed  

with  the color-coded FA map. 
Fig.1 Correction of the motion artifacts on the DWI image 

Further characterization of these changes longitudinally should allow better 

understanding of the demyelination dynamics and provide sensitive 

biomarkers for testing the efficacy  of novel therapies. 

Refs 

1) Martin et al, AJNR 33:1731-1739.                          3)Groeschel et al, J Inherit Metab Dis 2011,  

      34:1095-1102.  

2) Groeschel et al, Neurology 2012, 79:1662-1670   4)Duclap et al, ESMRMB 2012, #842.. 

 

Fig.5 MWF maps for a typical MLD infant 

(MLD1, 29 months), same infant 5 months 

later (MLD2) and an age-matched control 

infant. Note the difference in the palette for 
MLD and control infants 
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Conclusion

Investigating both normal and pathological white matter maturation in infants
and children benefits from specially-adapted multiparametric approaches. In this
work, we have demonstrated how such approaches can help to address specific
neuroscience questions, namely:

1. evaluating of global maturational degree relative to the adult mature stage,
using the Mahalanobis distance approach (chapter 4);

2. quantifying white matter myelination, using Myelin Water Fraction (MWF)
(chapter 5);

3. investigating regional maturation across bundles, using a preliminary atlas
of white matter structural connectivity in children (chapter 6).

Both Mahalanobis distance and MWF approaches were shown to be more ad-
vantageous for describing normal white matter maturation than conventional uni-
variate MRI strategies thanks to complementary information from different MRI
parameters. In the future, these approaches may be combined in one hybrid strat-
egy: for example, by substituting qT1 and qT2 in the Mahalanobis distance ap-
proach by MWF, which might help to further understand the contribution of the
white matter myelination assessed with MWF to the global ensemble of the mat-
urational processes evaluated with the Mahalanobis distance.

Of importance, Mahalanobis distance approach suggested a general quantita-
tive description of bundles global maturation and allowed estimating the relative
maturational delays between bundles. In the future, this model might serve as a
reference for evaluating pathological states in neurodevelopmental disorders, e.g.
mental retardation. However, relationships between global white matter matura-
tion, measured with Mahalanobis distance, and psychomotor development merits
further studies. For example, one may question whether changes in Mahalanobis
distance in language-related networks correlate with language acquisition. Simi-
larly, Mahalanobis distance may be used to evaluate white matter changes in eldery
people and investigate its relations to cognitive decline.

MWF may further highlight changes due to abnormal myelination and might
present an important biomarker in demyelination pathologies. However, it should
be kept in mind that MWF quantification relies on tissue modeling and only its
future comparison with histological findings in post-mortem studies may reveal to
which extent MWF calculated using the proposed strategy correlates with true
myelin load.

In the future, application of these approaches to investigating regional white
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matter maturation across bundles will further benefit from using age-specific at-
lases of white matter connectivity, like the preliminary atlas described in our work.
Such connectivity atlases can speed up data analysis by automatic bundle extrac-
tion from tractography datasets and increase reproducibility across the studies.
Furthermore, these atlases enable investigating white matter properties even when
it is not possible to perform reliable tractography by projecting atlas bundles to
the subject data.

The main limitation of the described approaches is that they are very sensitive to
acquisition and post-processing settings, making it difficult to compare the obtained
results with other studies, unless similar settings are used.

Despite this limitation, we believe that these approaches present powerful tools
for further investigating white matter regional maturation in both normal and
pathological white matter.

In this work, we have shown some preliminary observations obtained with
multimodal MRI in two different pathologies: focal epilepsy and metachromatic
leukodystrophy. Although we detected some changes in MRI parameters possibly
reflecting pathological processes, our results remain insufficient to make any defi-
nite conclusions mainly due to small sizes of patients populations. It was also not
possible to apply Mahalanobis distance approach to these populations because of
the absence of an adult group acquired with the same acquisition protocol. Thus,
our results need to be confirmed in further studies with larger samples that will
also take into account multiple factors not included here into analysis: lesion lo-
calization (for focal epilepsy), disease onset, clinical scores, etc.
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Title: Integration of multimodal imaging data for the investigation of brain development. 

Discipline: Neuroscience 

Abstract: Magnetic Resonance Imaging (MRI) is a fundamental tool for in vivo investigation of 

brain development in newborns, infants and children. It provides several quantitative parameters 

that reflect changes in tissue properties during development depending on different undergoing 

maturational processes. However, reliable evaluation of the white matter maturation is still an 

open question: on the one side, none of these parameters can describe the whole complexity of 

the undergoing changes; on the other side, neither of them is specific of any particular 

developmental process or tissue property.  

Developing multiparametric approaches combining complementary information from different 

MRI parameters is expected to improve our understanding of brain development. In this PhD 

work, I present two examples of such approaches and demonstrate their relevance for 

investigating maturation across different white matter bundles. The first approach provides a 

global measure of maturation based on the Mahalanobis distance calculated from different MRI 

parameters (relaxation times T1 and T2, longitudinal and transverse diffusivities from Diffusion 

Tensor Imaging, DTI) in infants (3-21 weeks) and adults. This approach provides a better 

description of the asynchronous maturation across the bundles than univariate approaches. 

Furthermore, it allows estimating the relative maturational delays between bundles. The second 

approach aims at quantifying myelination of brain tissues by calculating Myelin Water Fraction 

(MWF) in each image voxel. This approach is based on a 3-component tissue model, with each 

model component having specific relaxation characteristics that were pre-calibrated in three 

healthy adult subjects. This approach allows fast computing of the MWF maps from infant data 

and could reveal progression of the brain myelination. The robustness of this approach was 

further investigated using computer simulations.  

Another important issue for studying white matter development in children is bundles 

identification. In the last part of this work I describe creation of a preliminary atlas of white 

matter structural connectivity in children aged 17-81 months. This atlas allows automatic 

extraction of the bundles from tractography datasets. This approach demonstrated its relevance 

for evaluation of regional maturation of normal white matter in children. Finally, in the last part 

of the manuscript I describe potential future applications of the previously developed methods to 

investigate the white matter in cases of two specific pathologies: focal epilepsy and 

metachromatic leukodystrophy. 

Key-words: White Matter, Development, Magnetic Resonance Imaging (MRI), Diffusion 

Tensor Imaging (DTI), Modeling, Mahalanobis Distance, Myelin, Structural Connectivity, 

Anatomical Atlas. 

Laboratory: INSERM U1129, CEA/Neurospin/UNIACT, Gif-sur-Yvette, France 



Titre: Intégration des données d’imagerie multimodale pour l’étude de développement cérébral. 

Discipline: Neurosciences 

Résumé: L’Imagerie par résonance magnétique (IRM) est un outil fondamental pour l’exploration in vivo 

du développement du cerveau chez le fœtus, le bébé et l’enfant. Elle fournit plusieurs paramètres 

quantitatifs qui reflètent les changements des propriétés tissulaires au cours du développement en fonction 

de différents processus de maturation. Cependant, l’évaluation fiable de la maturation de la substance 

blanche est encore une question ouverte: d'une part, aucun de ces paramètres ne peut décrire toute la 

complexité des changements sous-jacents; d'autre part, aucun d'eux n’est spécifique d’un processus de 

développement ou d’une propriété tissulaire particulière.  

L’implémentation d’approches multiparamétriques combinant les informations complémentaires issues 

des différents paramètres IRM devrait permettre d’améliorer notre compréhension du développement du 

cerveau. Dans ce travail de thèse, je présente deux exemples de telles approches et montre leur pertinence 

pour l'étude de la maturation des faisceaux de substance blanche. La première approche fournit une 

mesure globale de la maturation basée sur la distance de Mahalanobis calculée à partir des différents 

paramètres IRM (temps de relaxation T1 et T2, diffusivités longitudinale et transverse du tenseur de 

diffusion DTI) chez des nourrissons (âgés de 3 à 21 semaines) et des adultes. Cette approche offre une 

meilleure description de l’asynchronisme de maturation à travers les différents faisceaux que les 

approches uniparamétriques. De plus, elle permet d'estimer les délais relatifs de maturation entre 

faisceaux. La seconde approche vise à  quantifier la myélinisation des tissus cérébraux, en calculant la 

fraction de molécules d’eau liées à la myéline (MWF) en chaque voxel des images. Cette approche est 

basée sur un modèle tissulaire avec trois composantes ayant des caractéristiques de relaxation spécifiques, 

lesquelles ont été pré-calibrées sur trois jeunes adultes sains. Elle permet le calcul rapide des cartes MWF 

chez les nourrissons et semble bien révéler la progression de la myélinisation à l’échelle cérébrale. La 

robustesse de cette approche a également été étudiée en simulations.  

Une autre question cruciale pour l'étude du développement de la substance blanche est l'identification des 

faisceaux dans le cerveau des enfants. Dans ce travail de thèse, je décris également la création d'un atlas 

préliminaire de connectivité structurelle chez des enfants âgés de 17 à 81 mois, permettant l'extraction 

automatique des faisceaux à partir des données de tractographie. Cette approche a démontré sa pertinence 

pour l'évaluation régionale de la maturation  de la substance blanche normale chez l’enfant. Pour finir, 

j’envisage dans la dernière partie du manuscrit les applications potentielles des différentes méthodes 

précédemment décrites pour l’étude fine des réseaux de substance blanche dans le cadre de deux exemples 

spécifiques de pathologies : les épilepsies focales et la leucodystrophie métachromatique. 

Mots-clés: substance blanche, développement, imagerie par résonance magnétique IRM, imagerie 

du tenseur de diffusion DTI, modélisation, distance de Mahalanobis, myéline,  connectivité 

structurelle, atlas anatomique. 
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