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Twenty-seven preterm infants were compared to 10 full-term infants at
term equivalent age using a voxel-based analysis of diffusion tensor
imaging of the brain. Preterm infants exhibited higher fractional
anisotropy values, which may suggest accelerated maturation, in the
location of the sagittal stratum. While some earlier findings in preterm
infants have suggested developmental delays, the results of this study are
more consistent with accelerated white matter development, possibly as
a result of increased sensorimotor stimulation in the extrauterine
environment. These results are the first to suggest that the increased
intensity of stimulation associated with preterm birth may advance the
process of white matter maturation in the human brain. Questions
remain about whether these findings reflect acceleration of the process of
white matter maturation generally, or localized alterations induced
specifically by activity in affected pathways.
© 2008 Elsevier Inc. All rights reserved.

Introduction

Functional development and organization in the brain are facili-
tated by appropriate stimulation. This has been firmly established for
the visual system, both in animal models and in man (Hubel and
Wiesel, 1998). Before term, the normal physiological environment is
the uterus, where the baby is relatively well protected from external
stimuli. Instead, the premature infant is exposed to profoundly
different acoustic, visual, and somatosensory stimuli. So far, it has
not been established what effect this early stimulation might have on
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the developing human brain. It is possible that maturation is actually
accelerated by the extrauterine environment. At the same time, the
preterm infant is at risk of serious insults to the brain: from maternal
infections, high vulnerability to inflammatory mechanisms (Dam-
mann and Leviton, 1997; Dammann et al., 2002; du Plessis and
Volpe, 2002), and oxidative processes (Haynes et al., 2005), as well
as other perinatal complications (Volpe, 2001). When studying
groups of typical preterm infants, the effects of prematurity per se
may be masked by those associated with neurological risk factors.

Most previous studies of preterm infants have highlighted the
increased neurological risks associated with prematurity.MR studies
in recent years have linked premature birth to white matter (WM)
abnormalities or myelination delays (Maalouf et al., 1999; Miller
et al., 2002; Arzoumanian et al., 2003), and to abnormalities of gray
matter development (Inder et al., 2005). These effects have
sometimes been observed as early as term-equivalent age.

In vivo diffusion tensor imaging (DTI) may be used to assess the
integrity of WM tracts, as reflected by the apparent diffusion coeffi-
cient (ADC) and fractional anisotropy (FA) (Basser et al., 1994; for
recent review, seeMori and Zhang, 2006).MatureWM tracts exhibit
high anisotropy values and increasing anisotropy has been linked to
myelinization and brain maturation (Miller et al., 2002; Mukherjee
et al., 2002; Schneider et al., 2004; Berman et al., 2005; Drobyshev-
sky et al., 2005) (for reviews, see Hüppi and Dubois, 2006;
Mukherjee and McKinstry, 2006). In healthy preterm infants, FA
increase is observed in motor and sensory tracts with increasing
postnatal age (PNA, i.e., age in weeks since birth). Commissural
tracts and deep projections seem to mature earlier than subcortical
and associative pathways (Partridge et al., 2004). Comparison of FA
values is therefore useful in demonstrating differences in brain
structural development between groups.

The effect of preterm birth, per se, on the rate of WMmaturation
has not yet been studied systematically. A recent long-term study of
a group of preterm infants showed that an individualized develop-
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Table 1
Demographic and clinical data

Control infants Preterm infants

Mean (range), n=10 Mean (range), n=27

Gender (M/F) 9/1 15/12
Gestational age 39 weeks (37–42) 31 weeks (28–34)⁎⁎

Postmenstrual age at the
time of MR examination

40 weeks (38–42) 41 weeks (38–46)⁎

Postnatal age at MR time 2 days (0–4) 67 days (42–97)⁎⁎

Birth weight 3259 g (2000–4336) 1554 g (800–2160)⁎⁎

⁎ Pb0.05.
⁎⁎ Pb0.001.
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mental care and assessment program that emphasized the behavioral
individuality of each infant and provided “age appropriate stimuli”
seemed to promote brain maturation (Als et al., 2004). The authors
reported higher relative increase in diffusion anisotropy in specific
brain areas (using a region of interest [ROI] analysis) in a preterm
subgroup exposed to the program compared to preterm infants with
no individual developmental care program. Other studies have
demonstrated positive behavioral effects of sensory experiences in
the neonatal intensive care unit environment (Westrup et al., 2000;
Kleberg et al., 2002). These studies suggest that the extrauterine
environment might in some cases stimulate development in preterm
infants; however earlier authors have concluded that postnatal sti-
mulation in preterm infants is generally deleterious (Duffy et al.,
1990).

Only one previous study compared anisotropy in premature and
full-term infants at the same post-conceptional age. In this study,
decreased anisotropy was found in the internal capsule (IC),
indicating delayed maturation in premature infants at term (Hüppi
et al., 1998). Earlier studies used a ROI approach, where anisotropy
was measured in a limited number ofWM structures, often manually
traced by one or more observers. Voxel-based morphometry (VBM)
(Ashburner and Friston, 2000) is a technique for comparison of
volumes between groups without the need to define regions of
interest. VBM has recently been applied to data in adults and older
children (Buchel et al., 2004; Leung et al., 2004; Park et al., 2004).
The present study is the first to apply VBM to DTI data from infants.
To accomplish this, we optimized the approach for normalizing
infant brains to the same stereotactic space. The aim was to detect
possible differences in FA between healthy preterm infants and
healthy full-term controls at term-equivalent age.

Subjects and methods

Subjects

The sample consisted of 37 healthy infants born at the
Copenhagen University Hospital, Hvidovre, Denmark. Twenty-
seven infants (GA range: 28 to 34 weeks) were born preterm and
10 infants (GA range: 37 to 42 weeks) were term-born controls
from the nursery. Early ultrasound measurements were used to
assess GA. All infants were MR scanned around term or term-
equivalent age, as a part of a larger preterm cohort study. Birth
weight for the preterm groups ranged between 800 and 2160 g
(mean 1554 g). All infants had an uncomplicated delivery and
neonatal period; no asphyxia was observed or resuscitation was
needed. Malformations were not detected. Apgar scores (Apgar
score 5 min ranged 7–10) and umbilical cord pHs were within
normal ranges in both groups. All preterm infants were clinically
stable throughout the neonatal period; no severe infections or other
serious events occurred. Infants had routine cerebral ultrasound
examinations without indication of major lesions. Conventional
MRI images of all infants were systematically reviewed by two
experienced pediatric neuroradiologists and a pediatrician experi-
enced in neonatal MRI. Images were scored according to the
description by Rutherford, (2002) for the following parameters:
myelination degree, ventricle size and extracerebral spaces, signal
intensity changes in WM, germinal matrix/intraventricular hemor-
rhages, and other WM lesions as hemorrhagic infarction or
periventricular leukomalacia. Agreement was reached between the
observers. With the exception of two children with minimal
germinal matrix hemorrhages and one child with a slightly
enlarged ventricle size (however, within normal limits), no other
abnormalities were detected. All infants were discharged from
hospital at the latest 36 weeks postmenstrual age (PMA). Table 1
summarizes characteristics of the groups. The local ethics
committee accepted the study and informed parental consent was
obtained in all cases.

MRI data acquisition

For the MR examination, infants were unsedated, sleeping natu-
rally after a feed, and wrapped in blankets and a deflated vacuum
pillow. Padded silicone ear cups were used for noise protection. Data
acquisition was performed on a SiemensMagnetom Trio 3 Tscanner
(see Gilmore et al., 2004, about the feasibility of using a 3T scanner
for DTI studies of unsedated neonate samples) using a DTI sequence
in transverse plane with the following parameters: scan time:
3:07 min, echo planar spin echo imaging (EPI), with 3 diffusion
weightings, b-values: 0, 500, and 1000 s/mm2, 6 diffusion
directions, 16 slices of 3.4 mm with gap distance factor 30%
interleaved, repetition time (TR): 3500 ms, echo time (TE): 92 ms,
voxel size 1.8 × 1.8 × 3.4 mm, field of view (FOV) read/
phase=230 mm/100%. To improve the signal to noise ratio, 4
acquisitions were averaged for both the diffusion-weighted and the
b=0 images. The MR protocol included the acquisition of turbo
spin-echo (TSE) T2-weighted images (T2W) to be used for
anatomical reference and for spatial normalization of each brain.
The TSE acquisition parameters were: transverse plane, scan time:
3:02 min, 20 slices, slice thickness=4 mm (distance factor=10%),
TR=4500 ms, TE (1)=15 ms, TE (2)=155 ms, flip angle=150,
voxel size=0.7×0.7×4.0 mm, FOV read/phase=180/135 mm. An
Inversion Recovery (IR) SE sequence in coronal plane (TR:
6260 ms, TE: 15 ms, TI: 1500 ms), along with the TSE images,
was used for routine anatomical study of the infants’ brain.

Processing and data analysis of the diffusion images

For the current study, only images with a b-value of 1000 were
used. The first step was to ascertain the quality of the raw images.
Images with reduced quality because of movement or susceptibility
artifacts were excluded from further analysis. Before calculating the
tensors, the 6 diffusion images were realigned to each other and then
registered with the non-diffusion-weighted image. The images were
corrected for eddy currents and movement (Andersson and Skare,
2002). A diffusion tensor in each voxel was fitted to the log of the
data with least squares (Anton, 2005) and from the tensor elements
FAmaps were calculated (Basser and Pierpaoli, 1996) and smoothed
with a 2 mm Gaussian filter.
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VBM procedure

The automated image processing by VBM was done through
SPM2 (http://www.fil.ion.ucl.ac.uk/spm/software/spm2), running
in Matlab 6.5 (MathWorks, Natick, MA). The VBM applied to
images was based on an optimized method (Good et al., 2001). In
order to obtain an optimal and unbiased spatial normalization, we
chose to create a study specific template, which was based on the
normalization of individual scans to an anatomical infant-brain
Fig. 1. Sections of images illustrating an increase in FAvalues mainly in the sagittal
The clusters include the inferior fronto-occipital fasciculi, the stria terminalis, the
geniculate nucleus. (a) Axial sections with representative slices at a 1-slice interva
interval. Differences are overlaid on the anatomic T2 mean of the sample. The co
voxel uncorrected P threshold of b0.001. Images are shown with the subject's lef
template (referred to as the T2W anatomical template), also created
specifically for the study.

Creation of a T2W anatomical template

Appropriate T2W brain templates from larger groups of
neonates are not available. Therefore, the first step was to create
a template from 5 preterm and 5 control infants. These infants were
imaged as a part of the whole preterm cohort, but did not have
stratum region, bilaterally, in the preterm infant group compared to controls.
fornix, the optic radiation, inferior longitudinal fasciculus, and the lateral
l. (b) Sagittal view of the right cluster with representative slices at a 2-slice
lor bar shows coding of the t-statistics. Results displayed are thresholded at
t side on the right side of the figure (radiological convention).

http://www.fil.ion.ucl.ac.uk/spm/software/spm2


Table 2
Increase in the FA values in the preterm group compared to control infants

Cluster size (mm3) t-statistics

Two-sample t-test comparison
Left cluster 760 4.94⁎

Right cluster 912 6.05⁎

Analysis of covariance (postmenstrual age as a covariate)
Left cluster 568 4.68⁎

Right cluster 640 5.41⁎

⁎ Pb0.0001 at global maxima coordinates.
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usable DTI data and could therefore not be included in the present
DTI comparisons. All had normal MR imaging and had an un-
eventful neonatal period.

The anterior and posterior commissures weremanually determined
by a single investigator (M.G.) in all 10 cases. One infant brain with
symmetrical features was selected as reference, and following a pre-
vious study (Leung et al., 2004), a 12-parameter affine transformation
was applied to spatially normalize the other 9 infant brains to this
Fig. 2. Effect-size map of the contrast: preterm infantsNcontrol infants, in the FA c
The color bar represents the variability in t-statistics. All voxels with tz0.5 are co
figure (radiological convention).
reference. All T2W files were averaged and the mean was smoothed
with a full-width at half-maximum (FWHM) isotropicGaussian kernel
of 5 mm. All 10 brains were normalized to the previous smoothed
mean. A new mean was calculated from the normalized files and a
smoothing of 5mmwas applied to form the T2Wanatomical template.

Voxel-based morphometry steps

The T2W and DTI images were adjusted to a standard orientation
after manual determination of the anterior and posterior commissures.

For each infant, the b0 images (i.e., reference scans with b≈0 s/
mm2) were co-registered to their corresponding T2W anatomical
image, and the transformation was applied to the FA images. The
T2W images were normalized to the T2Wanatomical template, by a
12-parameter normalization step.

A study-specific template was created by averaging the 37 nor-
malized T2W images, and the original b0 images were then norma-
lized to this template, creating the final set of spatial transformation
matrices. These transformations were used to reslice the correspond-
ing FA images for each subject. A final smoothing with an 8 mm
FWHM isotropic Gaussian kernel was applied to the FA maps before
statistical analysis.
omparison. Differences are overlaid on the anatomic T2 mean of the sample.
lored. Images are shown with the subject's left side in the right side of the
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Statistical procedure

A binarized brain mask, obtained by thresholding the study-
specific template, was used as an explicit mask in all analyses.

The processed FA images were analyzed using the t-test group
comparison in SPM2. Specifically, we performed two one-sided
comparisons to detect anisotropy differences between groups
(contrasts: control infantsNpreterm infants; preterm infantsNcontrol
infants). The principal test for the presence of significant differences
in FA between the groups employed the family-wise error-correction
(Pb0.05) (Nichols and Hayasaka 2003). Because this is a very
conservative test, an effect-size map is also presented to provide
further information about the likely anatomical distribution of the
effects detected (Jernigan et al., 2003).

As the PMAwas slightly higher in the preterm group (see Table 1),
we also performed an ANCOVA, including the PMA as a covariate in
the group comparison.

Moreover, as the gender distribution differed between groups
(see Table 1), FA maps in males and females in the preterm group
were compared.

Results

Voxel-based morphometry approach

After application of family-wise error-correction at Pb0.05, a
significant increase in tissue anisotropy in the preterm group was
observed in the right (cluster size=200 mm3) and left (cluster size=
16 mm3) sagittal stratum region. The clusters were significant at
corrected cluster level, P=0.010 and P=0.037, respectively. They
appeared to be within the sagittal stratum, as illustrated in the atlas of
Mori et al. (2005). The main constituent of this structure is the inferior
fronto-occipital fasciculus (IFOF). Structures situated in close pro-
ximity include the stria terminalis, the fornix, the optic radiation, a part
of the inferior longitudinal fasciculus (ILF), and the adjacent lateral
geniculate nucleus (LGN) within the posterior thalamus.

The results obtained using an uncorrected voxel threshold of
Pb0.001 are shown in Fig. 1. Table 2 provides cluster sizes and
statistics obtained using this statistical criterion.

After correction for PMA (i.e., GA plus the time elapsed after
birth) in the analysis of covariance (ANCOVA), the group differences
remained significant at uncorrectedvoxel levelPb0.001 (seeTable 2);
however, after application of family-wise error-correction at Pb0.05,
only the right cluster survived the threshold (cluster size: 48 mm3;
t=5.41; corrected cluster P=0.027).

No significant clusters were found to show an increase in aniso-
tropy in the contrast controls N preterms.

In addition, we obtained themean FAvalue of each of the clusters
described in Table 2 for each group: preterm infants: left cluster=
0.2182; right cluster=0.2102; control infants: left cluster=0.1836;
right cluster=0.1701.

Comparison of male with female preterm infants yielded no
significant differences in the FA maps. Hence it is unlikely that the
group effects are due to uneven gender distribution.

Effect size map

We display the effect-size map of the t-values for illustrative
purposes (Fig. 2). The map suggests bilateral effects in the sagittal
stratum area that are likely to extend beyond the significant clusters
but are relatively circumscribed.
Discussion

The present study used a mapping approach to detect differences
on DTI between preterm and full-term infants at term equivalent age.
Quantitative analysis of the FAmaps using VBM provided evidence
supporting the hypothesis that the healthy preterm infants showed
accelerated cerebral WM development in some regions. Significant
brain FA increases were found in the preterm group in two clusters in
the region of the left and right sagittal stratum and in a position
adjacent to the LGN of the posterior thalamus. These differences
persisted when PMAwas included in a covariance analysis. Several
fiber tracts traverse this region within sagittal stratum, including the
IFOF and ILF (Kier et al., 2004; Wakana et al., 2004; Mori et al.,
2005). Precise localization of the effects is not possible from the
present results; however, they would appear to involve important
components of the visual system (specifically the LGN and optic
radiations). Also, fibers from the medial geniculate nucleus and
portions of the IC carrying somatosensory fibers lie near the
identified cluster, so the affected tracts could include fibers from
multiple sensory and motor systems. Prominent alterations of FA in
this region have also been observed in normally developing full-term
infants during the first 3 months of life (Schneider et al., 2004);
however, the full regional extent of the changes was difficult to
determine in this study. The present observations are important
because they suggest that maturation of brain tissues may be
accelerated by factors associated with preterm birth, perhaps directly
by the effects of the extrauterine environment.

It is not known whether the timing and sequence of maturational
changes that occur in the infant brain are under strong genetic control
or whether, and to what extent, they depend on ongoing stimulation
and activity in the brain. An important question is therefore whether
the effects observed here reflect a more general stimulus to the
progression of maturational events, or whether they arise more
specifically as a result of increased activity in particular pathways.
Although it is not possible to address the functional consequences of
these changes with the present study, future studies may also define
the behavioral correlates of increased FA in preterm infants.

In a previous study (Als et al., 2004), an attempt to modify the
sensorimotor experiences of newborn preterm infants appeared to
produce increased anisotropy in the IC and was associated with
higher neurobehavioral outcome scores. Since the treatment
administered in that study (NIDCAP) was described as reducing
stimulation and calming the infant, it might seem as though the
previously reported effects are inconsistent with acceleration of fiber
tract maturation (presumably due to exposure to the extrauterine
environment) in the present study. However, the findings of the two
studies, while not directly comparable, are not inconsistent. First, it
should be emphasized that although the care provided to the infants
in the present studywas not precisely the NIDCAP approach used by
Als et al., it was a similar program with individualized conditions
that involved family members, attempted to reduce stress, and
provided a calming environment for the infants. Thus, the results of
both studies are consistent with the notion that, under these
conditions, and in the absence of significant complications, FA
increases occur in sensorimotor fiber tracts in preterm infants. Since
there were no full-term controls in the Als et al. study, it is not
possible to say whether FA had increased in these infants at term to
higher levels than are present in full-term infants, but the results of
our study suggest that this may have been the case. The methods
applied in the two studies make it difficult to compare the regional
patterns of the reported effects. In the Als et al. study, significantly
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increased FAwas observed in ROIs in the IC and to a lesser extent, in
ROIs in frontal areas. They did not examine ROIs in the posterior
regions where maximum group effects were observed in the present
study, though they did see effects in the adjacent IC. However, since
Als et al. compared 2 subgroups of preterm infants, while in the
present study preterm infants were compared to full term infants, it is
not clear that similar patterns would be expected in any event.

The present findings differ more significantly from those of some
previous studies. Evidence for WM damage or delayed WM matu-
ration has been reported in preterm infants (Hüppi et al., 1998, 2001;
Arzoumanian et al., 2003). Several factors may account for the
discrepancies. In previous studies, specific brain regions were
examined with ROI analyses, and thus the sensitivity and specificity
of the WM measures in these studies differed from those in the
present study, which used a mapping approach. Furthermore, the
infants included in the present study had somewhat higher GAs (not
less than 28weeks) andmay have beenmore stringently screened for
perinatal complications than those in previous studies. Thus the
results of previous studies may have been more strongly influenced
by the effects of risk factors associated with preterm birth, but the
results of the present study may provide more information about the
effects of earlier extrauterine life, per se.

There were several limitations of the present study that should be
considered. In spite of attempts to image the infants in the two
groups at comparable PMA, the preterm infants had somewhat
higher PMAs than did the full-term infants. The effects of this
variable have been controlled in the statistical analysis, and the
results do not appear to be attributable to it; however, such effects
cannot be entirely ruled out. Another issue relates to the necessity of
applying spatial normalization to the images in order to perform
group analyses. It is possible that subtle differences in brain
morphology between the two groups of infants could give rise to
apparent differences in FA that actually represent misregistration of
homologous structures. Every attempt has beenmade to optimize the
spatial normalization process in the present study. A T2-weighted
anatomical template was specifically constructed for the present
study using brains from normally developing preterm and term born
infants. Using this template, a study-specific template was then
constructed to reduce bias in the spatial normalization process. Thus,
it is unlikely that the effects are mediated by misregistration errors;
however, such effects cannot be entirely dismissed. It should be
noted that results from ROI approaches to the analysis of DTI data
are also subject to such doubts, given that strict anatomical definition
of the boundaries of WM structures is not possible with MRI.

It should be noted that head shape distortion is not uncommon in
newborn infants, and previous authors have reported that preterm
infants kept in incubators can exhibit flattening of the skull
(Schwirian et al., 1986; Cartlidge and Rutter, 1988). Thus,
systematic differences in head shape and/or in the positions of
sinuses known to produce MR signal distortion should be
considered as sources of spurious effects in this population.
Subjectively, we observed no evidence for systematic head shape
differences in our preterm relative to our full-term newborn infants.
The preterm newborns of the current sample were moved into
different positions inside the incubator to prevent skull or head shape
deformations. While we think that any effects of systematic
differences in head shape are likely to be very modest in our study,
we cannot rule out the possibility that such differences could have
exaggerated or partly obscured the group effects. Head shape
variability in newborn infants is an issue that merits further scrutiny
in future studies.
Finally, despite our attempts to include infants of both genders,
the groups differed in gender distribution. This was in part because
the DTI data were technically unacceptable in several female infants
in the full-term group. Though we found no evidence that gender
mediated the group differences reported here, this imbalance in the
groups is a weakness of the study.

In conclusion, the present results provide evidence that earlier
extrauterine life, or other factors associated with preterm birth, can
result in acceleration of maturational changes in at least some brain
regions in preterm infants. Future studies may reveal which
environmental factors mediate these effects and what the functional
correlates may be.
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