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Brief Communications

Microstructural Correlates of Infant Functional
Development: Example of the Visual Pathways
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The development of cognitive functions during childhood relies on several neuroanatomical maturation processes. Among these pro-
cesses is myelination of the white matter pathways, which speeds up electrical conduction. Quantitative indices of such structural
processes can be obtained in vivo with diffusion tensor imaging (DTI), but their physiological significance remains uncertain. Here, we
investigated the microstructural correlates of early functional development by combining DTI and visual event-related potentials (VEPs)
in 15 one- to 4-month-old healthy infants. Interindividual variations of the apparent conduction speed, computed from the latency of the
first positive VEP wave (P1), were significantly correlated with the infants’ age and DTI indices measured in the optic radiations. This
demonstrates that fractional anisotropy and transverse diffusivity are structural markers of functionally efficient myelination. Moreover,
these indices computed along the optic radiations showed an early wave of maturation in the anterior region, with the posterior region
catching up later in development, which suggests two asynchronous fronts of myelination in both the geniculocortical and corticogenicu-
late fibers. Thus, in addition to microstructural information, DTI provides noninvasive exquisite information on the functional devel-

opment of the brain in human infants.
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Introduction

Because of development of neuroimaging, it has become possible
to study the structural changes underlying the rapid development
of the human brain in vivo. The first studies using positron emis-
sion tomographic scanning (Chugani and Phelps, 1986), single
photon emission computed tomography (Chiron et al., 1992),
and conventional magnetic resonance imaging (MRI) (Paus et
al., 2001) have confirmed postmortem observations (Yakovlev
and Lecours, 1967; Huttenlocher and Dabholkar, 1997) of sub-
stantial differences in maturation time courses across the differ-
ent brain regions. Recent progress in diffusion tensor imaging
(DTTI), which provides quantitative markers of tissue microstruc-
ture (for areview, see Le Bihan etal., 2001), now makes it possible
to go from the assessment of regional variations to precise mea-
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sures in individual white matter fascicles isolated by tractography
(for a review, see Mori and van Zijl, 2002). Previous studies have
demonstrated correlations between age and increases in frac-
tional anisotropy (FA) and decreases in mean (<D>>), transverse
(A ), and longitudinal (A,) diffusivities (for a review, see Neil et
al., 2002; Partridge et al., 2004). These indices reflect brain water
content, cell proliferation, tract organization, compactness, and
myelination (for review, see Beaulieu, 2002), but their precise
functional significance remains uncertain. Whereas A,, may re-
flect axonal organization within a tract, changes in FA and A |
may predominantly depend on myelination in the first postnatal
months (Song et al., 2003; Dubois et al., 2008). Given that myeli-
nation increases the speed of electrical conduction along fibers,
these latter structural changes should be correlated with im-
proved electrical transmission and a correspondingly decreased
latency for event-related potentials (ERPs).

To test this assumption, we examined both the structural and
functional development of the visual system between 1 and 4
months of age by recording, in the same healthy infants, whole
brain DTI images and electrophysiological responses to visual
stimuli. This developmental period is characterized by a fast in-
crease in synaptic density in the visual cortex (Huttenlocher et al.,
1982) and an intense myelination of visual pathways (Yakovlev
and Lecours, 1967). The latency of the first positive wave (P1), the
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a

Figure 1. @, Reconstruction by tractography of the optic radiations, with three segments. b,
Visual evoked response to faces: grand-average across all infants measured across six electrodes
around Oz, and P1 topographic map at 140 ms. ant, Anterior; mid, middle; post, posterior.

most consistent feature of infants’ visual evoked potentials
(VEPs), dramatically decreases from 260 ms in neonates to 110
ms by the age of 4 months (Crognale et al., 1997; McCulloch et al.,
1999). Although other developmental processes such as matura-
tion of the retina, lateral geniculate nucleus (LGN), and occipital
cortex contribute to this gain in speed, it primarily results from
myelination of the visual pathways (Kos-Pietro et al., 1997; Tsu-
neishi and Casaer, 1997). Thus, we hypothesized that if DTI
changes in FA and A | were actually structural markers of fibers’
myelination in this age range, their values in the optic radiations
should be strongly correlated with P1 latency, regardless of the
effect of age and with no such correlation in the other white
matter pathways. In addition, it should become possible to assess
the spatial progression of myelination by studying these indices
along the optic radiations across different ages. For the first time,
this approach would provide quantitative microstructural corre-
lates of functional development in human infants.

Materials and Methods

Subjects. Fifteen healthy full-term infants were tested between 5.6 and
17.1 weeks (mean age, 11.2 = 3.3 weeks) after their parents gave written
informed consent. Two additional infants were excluded because of in-
sufficient quality of the VEP recordings for one and drowsiness, a factor
known to affect P1 latency (Benavente et al., 2005), for the other. This
study was approved by the regional ethical committee for biomedical
research.

DTIimaging. DTI data have been reported, in part, in a previous study
(Dubois et al., 2008).

Data acquisition. The acquisition was performed on a 1.5 T MRI sys-
tem (Signa LX; GEMS, Milwaukee, WI). No sedation was used, and
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particular precautions were taken to reduce exposure to the MRI scanner
noise. A diffusion-weighted, spin echo, echo-planar imaging technique
was used, with a 700 s.mm ~2 b factor and 14-30 diffusion gradient
encoding orientations (echo time/repetition time, 89.6 ms/13.8 s; spatial
resolution, 0.94 X 0.94 X 2.5 mm?). T2-weighted images were acquired
using a fast spin echo sequence to provide anatomical landmarks.

Data postprocessing and analysis. After estimation of the diffusion ten-
sor, maps of FA, <D>, A, and A,, were calculated with BrainVISA
software (Cointepas et al., 2003) (http://brainvisa.info). Individual optic
radiations were reconstructed by three-dimensional (3D) tractography
(Dubois et al., 2008) between two regions positioned at the level of the
LGN and the occipital pole (Catani et al., 2002) using a nonlinear algo-
rithm (Perrin et al., 2005), excluding voxels with low FA (<0.15) or high
<D> (>2.10 >mm?s~"). Quantification of these indices was per-
formed on average over the entirety of the tracked radiations (Dubois et
al., 2006) for FA, A |, and A,,.

VEP recording. The VEP examination was conducted in the same in-
fants a few days after the MRI acquisition, as part of a face perception
study (Gliga and Dehaene-Lambertz, 2007).

Data acquisition. Infants passively viewed black and white face images
projected on a large screen for 1500 ms, whereas EEG was recorded using
a high-density system (65 electrodes; Electrical Geodesics, Eugene, OR)
referenced to the vertex and with a 250 Hz sampling frequency.

Data postprocessing and analysis. The EEG signal was segmented into
epochs (—200 to 1200 ms), and both channels and epochs contaminated
by motion artifacts were automatically rejected (Gliga and Dehaene-
Lambertz, 2007). The remaining trials (mean, 75 per subject) were digi-
tally filtered between 0.5 and 20 Hz, baseline corrected, averaged, and
transformed into reference-independent values using the average refer-
ence method. The resulting potential was averaged across a group of
posterior electrodes surrounding Oz, and the latency between the image
onset and the maximum of the first positive wave (P1) was measured.

Relationships between DTI and VEP measurements. We designed a lin-
ear model to quantitatively link DTT indices in the optic radiations and
P1 latency during this developmental period. To account for the fact that
P1 latency increases with head growth and the distance that signals must
travel in the visual pathways, we calculated an “apparent conduction
speed” as the ratio between the length of optic pathways (estimated by the
distance between the eyes and the occipital poles on T2 images) and P1
latency. In this small age range, the conduction speed was assumed to
depend linearly on age and myelination: speed = distance/p, = aage +
B-myelination + v, where «, 3, and 1y are adjustable coefficients. The
“myelination” term was successively substituted by each DTI index mea-
sured in the 3D reconstructed optic radiations (FA, A |, and X)) to test
which of these indices significantly affected speed, regardless the effect of
age.

To verify that significant correlations between conduction speed and
DTI indices were specifically related to maturation of the optic radiations
rather than to global maturation processes, we also tested this model in
all white matter bundles that can be reliably reconstructed by tractogra-
phy in infants (corpus callosum, spinothalamic and corticospinal tracts,
anterior limb of the internal capsule, external capsule, arcuate, inferior
longitudinal and uncinate fascicles, cingulum, and fornix) (Dubois et al.,
2008). We computed this analysis for FA and A | only, because A/, in the
optic radiations did not show any correlation with speed (see Results)
and is not generally thought to be related to myelination.

Spatial analysis of DTI indices changes within the optic radiations. We
further investigated changes in FA and A along the optic radiations
across the infant group. To take into account geometry-based effects, we
calculated normalized indices (indicated as nFA and nA | ) by compari-
son with an adult group (in which FA is high and A | is low): nFA and
nA , become close to 1 with maturation through an increase in nFA and
a decrease in nA | (Dubois et al., 2008). These normalized indices were
then studied by three different methods. First, their averages were com-
puted over three arbitrary segments of the optic radiations (anterior,
middle, and posterior) (see Fig. 1a), which were compared two by two
over the infant group using two-tailed paired ¢ tests. Second, we evalu-
ated age-related changes in the different segments using linear regression.
Finally, to avoid the bias of arbitrary segmentation of the tract, the spatial
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The comparison of the normalized FA and
A, indices computed in the anterior, mid-
dle, and posterior segments of the optic
radiations revealed that myelination was
asynchronous over the bundle. First, the
anterior segment matured earliest (Fig.
3a), with the highest nFA (anterior vs mid-
dle, t = 6.2, p < 0.001; anterior vs poste-
rior, t = 3.4, p = 0.005) and lowest nA |
(anterior vs middle, t = —11.8, p < 0.001;
12 anterior vs posterior, t = —3.0, p = 0.009),
whereas the middle segment was the least
mature, with the highest nA, (middle vs
posterior, t = 5.2, p < 0.001). Second,
their changes with age varied across seg-
ments (Fig. 3b): significant linear de-
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Figure 2.

not for A, ns, Not significant.

variations of maturation along the tract were confirmed by precisely
evaluating the indices from the LGN to the occipital pole using an inter-
polated curvilinear abscissa (Gong et al., 2005).

Results

FA and A | reflect VEP functional maturation and

fiber myelination

Despite incomplete myelination, the optic radiations and all
white matter bundles were reliably reconstructed in infants with
DTI-based tractography according to anatomical landmarks
(Fig. 1a) (Dubois et al., 2008). P1 latency was identified from the
VEP signal (Fig. 1b) (median, 140 ms; range, 120240 ms).

In the optic radiations, the percentage of variance (R?) of the
conduction speed explained by the models with age and DTT indices
as covariates were highly significant (Fig. 2, Table 1). As expected, age
contributed significantly to all models, but DTI indices showed vari-
able contributions, with major contributions of FA and A |, but not
A,,. This showed that, in addition to the effect of age, the functional
improvement in the efficiency of electrical conduction strongly cor-
related with changes in FA and A | .

This correlation between speed and DTT indices was specific
to the optic radiations and not an effect of global brain matura-
tion, as demonstrated by the models for all other white matter

18
A, (10°m2.s™)

Changes in conduction speed across the infant group with age and DTl indices in the optic radiations. a— ¢, For the
models detailed in Table 1, with age and DTl index covariates (FA, A |, A, the plots represent the variations of residual speed,
asa function of age after correction for the DTl index effect (left column, speed — 3DTlindex) and as a function of DTl index after
correction for the age effect (right column, speed — cage). The contribution of the DTl index was significant for FAand A |, but

19 20 in nFA was only detected in the posterior
segment (posterior, R* = 0.48, F = 12.2,
p = 0.004). Thus, during the first weeks of
life, myelination occurs across the whole
of the optic radiations but is more ad-
vanced in the anterior segment, closest to
the LGN, with the highest nFA and lowest
nA,, and more intense in the posterior seg-
ment, closest to the cortex, with greatest
increase of nFA with age.

Finally, these observations were confirmed by the quantifica-
tion of nFA and nA, along the optic radiations (Fig. 3c). To
interpret the graphs, note that nFA values are <1 and nA | values
are >1 in immature tracts, with both indices approaching 1 as the
tracts approach the mature state. Beyond the global progression
of maturation with age, the mean curve over infants showed the
anterior portion matured earlier relative to other regions. With
age, the shape of the curve changed mostly in the posterior por-
tion and revealed a “humped” pattern because of the lower nFA
and higher nA | of the less mature middle portion. This pattern
was particularly evident in the oldest infants (Fig. 3¢, compare the
curves of three infants of different ages) and suggested that the
posterior region had the fastest progression of maturation during
this developmental period, catching up with the anterior region
by 4 months of age.

Discussion

In this study, we evaluated the microstructural and functional
maturation of the visual system using DTI and ERPs during the
first postnatal weeks of healthy infancy. In addition to the effect of
age, the interindividual differences in P1-based conduction speed
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Table 1. Conduction speed models as function of age and DTl indices in the different bundles

Fractional anisotropy Transverse diffusivity
Bundles spatial location Model fit Covariate: age Covariate: FA Model fit Covariate: age Covariate: A L
Optic radiations’ R*=0.85 F=149 F=82 R =0.86 F=63 F=97
p=10.002 p=0014 p=0.028 p =0.009
Corpus callosum R*=0.75 F=238 F=103 R =075 F=128 F=0.1
p < 0.001 NS p =0.004 NS
Spinothalamic tract R*=0.75 F=169 F=0.1 R =075 F=188 F=100
p =0.001 NS p=10.001 NS
Corticospinal tract R*=0.75 F=114 F=02 R*=10.76 F=125 F=10
p = 0.005 NS p = 0.004 NS
Anterior limb of the internal capsule R*=0.84 F=25.1 F=171 R =077 F=1717 F=11
p < 0.001 p =002 p=10.001 NS
External capsule R*=0.82 F=465 F=54 R =075 F=205 F=04
p < 0.001 p=0038 p=10.001 NS
Arcuate fasciculus R*=0.75 F=356 F=0.2 R =075 F=33.0 F=04
p<0.001 NS p < 0.001 NS
Inferior longitudinal fasciculus R*=0.77 F=1389 F=10 R*=10.76 F=373 F=08
p <0.001 NS p < 0.001 NS
Uncinate fasciculus R*=0.78 F=1256 F=22 R* =076 F=150 F=07
p < 0.001 NS p =0.002 NS
Cingulum R*=0.75 F=1265 F=02 R*=10.76 F=232 F=106
p<0.001 NS p < 0.001 NS
Fornix R*=0.77 F=16.2 F=15 R*=10.76 F=142 F=09
p = 0.002 NS p =0.003 NS

The bundle spatial location for DTI quantification, the percentage of variance explained by the model (R2), and the statistical significance (F and p values; NS, not significant at the level of p << 0.05) for both covariates (age and DTl index,

FA/X | ) are outlined. The highest R values were measured for the models with FA and A , in the optic radiations.

“For the model of speed as a function of age and longitudinal diffusivity in the optic radiations: R2 = 0.77; age, F = 10.6;p = 0.007; A, F = 1.;\S.

were strongly correlated with DTT indices in the optic radiations
only, demonstrating that FA and A |, but not A, are structural
markers of myelination, with A, being a stronger marker than
FA, and that changes in FA and A | are closely related to a func-
tional improvement in the efficiency of electrical conduction.
Using fiber tractography and an original quantitative analysis of
normalized FA and A | , we revealed an asynchronous progression
of two fronts of myelination along the optic radiations.

The latency of P1 wave is the classical parameter used to eval-
uate visual perception development in human infants, because it
is robustly present from birth on, unlike the shorter negative
component (Kraemer et al., 1999; Lippe et al., 2007). Although
we used face stimuli instead of the more classical checkerboards
or flashes, the age-related variations in P1 latency that were mea-
sured were consistent with previous results (McCulloch et al.,
1999), implying that our functional measure was a good marker
of the first stages of visual processing [see the study by Gliga and
Dehaene-Lambertz (2005) showing similar P1 latencies for faces
and scrambled images]. Although the observed shortening in P1
latency with age could be caused by several factors (such as retinal
development, myelination of the retinotectal pathway, neuronal
maturation, or synaptogenesis in the LGN and visual cortex), the
myelination of optic radiations has a major role in the speeding
up of this electrophysiological component.

With DTI-based tractography, the optic radiations could be
reliably segmented in the immature infant brain (Dubois et al.,
2008) by using a nonlinear algorithm particularly robust to low
FA in the place of fiber crossings (Perrin et al., 2005). Although
DTI indices can be affected by partial volume effects, crossing
fibers or increases in the compactness of the bundles, these inci-
dental factors do not influence electrical transmission. The sig-
nificant correlations between visual conduction speed and DTI
indices in the optic radiations regardless the effect of age demon-
strated that FA and, even more strongly, A | changes can charac-
terize the functional improvement in electrical conduction and
represent structural markers of myelination. Furthermore, the

models with DTI indices in the other white matter bundles ruled
out an effect of global brain maturation on the increased speed of
P1 component, demonstrated its specificity to the geniculo-
occipital pathway, and indicated that A | isa more reliable marker
of myelination than FA.

Recently, associations between white matter maturation eval-
uated by DTI and the development of cognitive functions have
been observed during childhood (Nagy et al., 2004), and varia-
tions in FA have been associated with behavioral performance on
measures such as reading scores or short-term verbal memory
capacities (Niogi and McCandliss, 2006), underscoring the im-
portance of brain connectivity for efficient cognitive processes.
However, to our knowledge, this is the first time that a direct
relationship between quantitative structural indices (FA and A | )
and a functional parameter (P1 latency) has been demonstrated
in living infants. Our observation of a close correlation between
changes in FA and A | and conduction speed demonstrates that
these indices can provide a faithful approximation of white mat-
ter functional maturation and might be used to test functions that
are not easily testable in young infants (e.g., motor functions) or
that are not fully developed (e.g., long-range connectivity).

The quantification of normalized FA and A | revealed the het-
erogeneous and asynchronous maturation of the optic radia-
tions, with progression in the anterior, then posterior, and finally
middle regions. Maturation of the anterior segment was relatively
advanced and stable across the entire age range (5.6—17.1 weeks
of age), whereas major changes occurred in the posterior seg-
ment, which catches up with the anterior segment over this de-
velopmental period, revealing a “humped” pattern in the oldest
infants. Whereas crossing fibers or partial volume effects with
surrounding tissue and corticospinal fluid at the level of the ven-
tricles may affect DT indices, their heterogeneity along the optic
radiations may hardly be attributed to such factors, because we
compared indices normalized for adult values after adjustment
for image spatial resolution (Dubois et al., 2008), and we checked
that the bundles were precisely isolated in the infant brain as in
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and A |, respectively. a, Group mean indices, with quantification on average over the three segments (with SDs in plot bars).
Advanced maturation was observed in the anterior segment, with indices closest to 1, followed by the posterior segment, with
lower nA | compared with the middle segment. ant, Anterior; mid, middle; post, posterior. b, Age-related changes of indices,
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demonstrate a direct quantitative relation-
ship between the microstructural matura-
tion of the optic radiations and the func-
tional development of visual perception
during early infancy. With DTT and trac-
tography, we were able to dissect the optic
radiations into three segments with asyn-
chronous time courses, suggesting two
fronts of myelination in both the cortico-
geniculate and the geniculocortical fibers.
DTI thus appears to be a new functional
tool to estimate electrical conduction
along white matter tracts, to explore early
developmental impairments, and to un-
derstand mechanisms of plasticity that
support functional reorganization.

showingan increase in nFA in the posterior segment and decreasesinnA | inall segments. ¢, Quantification of normalized indices

along the tracts, from the LGN (abscissa, 0) to the occipital pole (abscissa, 1): mean over the infant group and results for subjects
of different ages (5.6, 9.7, and 17.1 weeks of age). The topographical patterns were relatively similar across infants (normalized
indices approach T with age and maturation), except at the level of the posterior segment where the interindividual variability was

high (arrows), with a strong increase of nFA and decrease of nA | with age.

the adult brain. This DTT pattern rather suggests heterogeneity in
maturation, as reported previously for the corticospinal tract
(McArdle et al., 1987), with progression along both fronts of the
optic radiations. According to the hypothesis that myelination
proceeds from the neuron body to the periphery (McCart and
Henry, 1994), it may result from the myelination of both
geniculocortical-bound (projection) and corticogeniculate-
bound (feedback) fibers within the optic radiations. In the
youngest infants, the delay of the corticogeniculate fibers com-
pared with the geniculocortical fibers would reflect the delayed
maturation of the cortical retrocontrol to the thalamus relative to
bottom-up fibers. Indeed, the development of an efficient feed-
back transmission might contribute to the rapid changes ob-
served in face recognition capacities, notably after 2 months of
age (de Haan, 2001).

With our approach, it would be interesting to study older
infants as P1 latency reaches its asymptotic adult value by 20
weeks of age. Beyond that point, the ongoing myelination should
compensate for the continuous brain growth. Recently, such a
process has been demonstrated in the adult mouse (Salami et al.,
2003): the differential myelination enables the modulation of the
electrical conduction speed and keeps the conduction time be-
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