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Abstract
At near-term age the brain undergoes rapid growth and development. Abnormalities identified
during this period have been recognized as potential predictors of neurodevelopment in children
born preterm. This study used diffusion tensor imaging (DTI) to examine white matter (WM)
microstructure in very-low-birth-weight (VLBW) preterm infants to better understand regional
WM developmental trajectories at near-term age.

DTI scans were analyzed in a cross-sectional sample of 45 VLBW preterm infants (BW ≤ 1500 g,
GA ≤ 32 weeks) within a cohort of 102 neonates admitted to the NICU and recruited to participate
prior to standard-of-care MRI, from 2010 to 2011, 66/102 also had DTI. For inclusion in this
analysis, 45 infants had DTI, no evidence of brain abnormality on MRI, and were scanned at PMA
≤40 weeks (34.7–38.6). White matter microstructure was analyzed in 19 subcortical regions
defined by DiffeoMap neonatal brain atlas, using threshold values of trace b0.006 mm2 s−1 and
FA >0.15. Regional fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and
radial diffusivity (RD) were calculated and temporal–spatial trajectories of development were
examined in relation to PMA and brain region location.

Posterior regions within the corona radiata (CR), corpus callosum (CC), and internal capsule (IC)
demonstrated significantly higher mean FA values compared to anterior regions. Posterior regions
of the CR and IC demonstrated significantly lower RD values compared to anterior regions.
Centrally located projection fibers demonstrated higher mean FA and lower RD values than
peripheral regions including the posterior limb of the internal capsule (PLIC), cerebral peduncle,
retrolenticular part of the IC, posterior thalamic radiation, and sagittal stratum. Centrally located
association fibers of the external capsule had higher FA and lower RD than the more peripherally-
located superior longitudinal fasciculus (SLF). A significant relationship between PMA-at-scan
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and FA, MD, and RD was demonstrated by a majority of regions, the strongest correlations were
observed in the anterior limb of the internal capsule, a region undergoing early stages of
myelination at near-term age, in which FA increased (r = .433, p = .003) and MD (r = –.545, p = .
000) and RD (r = –.540, p = .000) decreased with PMA-at-scan. No correlation with PMA-at-scan
was observed in the CC or SLF, regions that myelinate later in infancy.

Regional patterns of higher FA and lower RD were observed at this near-term age, suggestive of
more advanced microstructural development in posterior compared to anterior regions within the
CR, CC, and IC and in central compared to peripheral WM structures. Evidence of region-specific
rates of microstructural development was observed. Temporal–spatial patterns of WM
microstructure development at near-term age have important implications for interpretation of
near-term DTI and for identification of aberrations in typical developmental trajectories that may
signal future impairment.
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Introduction
At near-term age, the brain undergoes rapid growth and microstructural development (Brody
et al., 1987; Dubois et al., 2006; Huang et al., 2006; Kinney et al., 1988; Nossin-Manor et
al., 2013; Oishi et al., 2011). Abnormalities identified during this period have been
recognized as potential predictors of neurodevelopment in children born preterm (Aeby et
al., 2013; Arzoumanian et al., 2003; Mukherjee et al., 2002; Rose et al., 2007, 2009;
Thompson et al., 2012; van Kooij et al., 2011, 2012; Woodward et al., 2012). Advances in
neonatal medicine have improved survival rates and outcome among preterm infants,
however, 40–50% of very preterm infants experience neurodevelopmental impairments,
including cerebral palsy, developmental coordination disorder, as well as cognitive and
language delays (Spittle et al., 2011; Williams et al., 2010). At term-equivalent age,
prematurity has been found to be associated with reduced cerebral volume and WM
immaturity compared to term-born neonates (Hüppi et al., 1998; Inder et al., 2005; Lee et
al., 2012; Rose et al., 2008; Thompson et al., 2006, 2013). However, little is known about
the effect of timing, location, and severity of WM injury on neurodevelopment and future
function. Near-term neuroimaging holds potential for establishing early biomarkers for
future impairment to guide early intervention at a time of optimal neuroplasticity and rapid
musculoskeletal growth.

Brain MRI is commonly assessed in very-low-birth-weight (VLBW) preterm infants prior to
discharge from the NICU and offers an opportunity for early prognosis. To date, structural
MRI has been only partially successful at detecting risk for neurodevelopmental problems
later in life (Benini et al., 2012; Kidokoro et al., 2011). Diffusion tensor imaging (DTI)
allows quantitative analysis of brain microstructure based on patterns of water diffusion
(Basser and Pierpaoli, 1996; Counsell et al., 2002; Hüppi et al., 1998; Pierpaoli et al., 1996)
and has shown promise for early prognosis of developmental outcome (Arzoumanian et al.,
2003; Rose et al., 2007, 2009). As the brain develops, brain water content decreases,
extracellular spaces diminish in size, and intra- and intercellular microstructures become
more complex and organized. New barriers to water mobility form, such as axonal cell
membranes, dendrites, and development of WM structural coherence and myelination that
restrict water diffusion (Dubois et al., 2008; Kinney et al., 1994; Nossin-Manor et al., 2013).
Scalars obtained from DTI can assess brain development and maturation and include
fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial

Rose et al. Page 2

Neuroimage. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



diffusivity (RD) (Pierpaoli et al., 1996). FA reflects the degree of diffusion anisotropy
within a voxel, and is determined by fiber diameter and density, myelination, extracellular
diffusion, inter-axonal spacing, and intravoxel fiber-tract coherence. AD, a measure of
diffusivity along the primary axis of diffusion within a voxel, is thought to reflect fiber
coherence, and structure of axonal membranes (Song et al., 2002). RD, the mean of the
diffusivities perpendicular to the primary axis of diffusion, is thought to represent degree of
myelination (Chen et al., 2011; Song et al., 2002). MD is a calculation of average diffusion
along the three main axes, relative to the primary direction of diffusion (AD). In neonates,
FA has been found to increase, while MD, AD, and RD decrease, with age in WM regions,
likely due to increased fiber organization, axonal coherence, and preliminary myelination
(Aeby et al., 2009; Dubois et al., 2008; Mukherjee et al., 2002; Partridge et al., 2004; Shim
et al., 2012).

Previous post-mortem and in-vivo fetal imaging studies in humans and histochemical
imaging studies in animals suggest that early brain development follows an organized
pattern (Bockhorst et al., 2008; Brody et al., 1987; Rajagopalan et al., 2012; Vasung et al.,
2010; Yakovlev and Lecours, 1967; Yoshida et al., 2013). Specifically, postmortem
anatomical study of human brain development at 12–22 weeks using 7.0 T MR identified the
germinal matrix in the periventricular zone as early as 12 weeks GA (Meng et al., 2012).
Huang et al. (2009) used DTI for post-mortem anatomical study of brain development from
13 to 22 weeks GA, and identified centrally located brainstem WM tracts, including the
lower corticospinal tract (CST) and limbic fibers in the fornix and stria terminalis, at 13
weeks. During the second trimester, commissural, projection, and some association tracts
were identified; the corpus callosum (CC) and internal capsule (IC) were visible at
approximately 15 weeks. Association fibers of the sagittal stratum (SS) and external capsule
(EC) were identified at 13–15 weeks. The cerebral peduncle (CereP) and IC developed
earlier than more peripheral regions that extended into the corona radiata (CR) at 19–20
weeks (Huang et al., 2009).

As neurogenesis and neurodevelopment proceed, recently formed neurons migrate from the
centrally-located germinal matrix to outer aspects of the cortical plate, producing the “inside
out” order of cortical layers (Rakic, 1988). Cortical thickening and deepening of sulci
continue during the second and third trimesters (Zhang et al., 2011, 2013) and the
underlying intermediate zone matures into WM that contains afferent and efferent axons
(Rakic, 1988). Proliferation and migration of oligodendrocytes, formed in centrally-located
germinal matrix, ensheath axons and form myelin (Liu et al., 2013), influencing temporal–
spatial patterns of WM development.

During the first two years of life, regional WM has been found to develop in a central-to-
peripheral direction (Gao et al., 2008). Within specific regions such as the IC and CC,
myelination has been reported to progress primarily from posterior-to-anterior direction with
fronto-cortical brain regions the last to myelinate (Deoni et al., 2011; Geng et al., 2012;
Kinney et al., 1988; Löbel et al., 2009; van der Knaap and Valk, 1990; Yoshida et al., 2013).
DTI analysis of WM in full-term infants demonstrated progressive increase in FA and
decrease in MD, AD, and RD with age (Gao et al., 2008; Geng et al., 2012; Yoshida et al.,
2013).

In this study we use DTI to examine patterns of regional WM microstructure development in
a cross-sectional sample of preterm infants with no evidence of brain injury on MRI, to
better understand temporal–spatial trajectories of WM development at near-term age. Atlas-
based DTI was used in order to quantify the developmental status of brain regions at near-
term age, including WM microstructure and relative volume, using a semi-automated
approach with potential clinical applications (Oishi et al., 2011, 2013). We hypothesized that
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posterior regions within WM structures will show evidence of earlier microstructural
development relative to anterior portions, and that centrally-located WM projection fibers
will demonstrate evidence of earlier development than peripherally-located projection and
association fibers.

Methods
Neonatal scans were obtained from 102 VLBW neonates, representing 76% of eligible
participants admitted to Lucile Packard Children's Hospital (LPCH) and scanned between
1/1/10–12/31/11. Parents of all infants with GA ≤32 weeks, BW ≤1500 g, with no evidence
of genetic disorders or congenital brain abnormalities were approached prior to scheduled
standard-of-care MRI and consent was obtained for this IRB-approved study. Infants with
no evidence of congenital brain abnormalities on MRI were included. 66 of 102 had
successful DTI scans, collected at the end of the MRI scans, which are performed as
standard-of-care at LPCH for all VLBW preterm infants at near-term age. 45 were scanned
before 40 weeks PMA and had no evidence of brain abnormalities as reported by the clinical
neuroradiologist and confirmed by a second neuroradiologist X.S.

MRI data acquisition
Brain MRI scans performed on 3T MRI (GE Discovery MR750, GE 8-Channel HD head
coil) at LPCH, included T1, T2-weighted scans and diffusion-weighted scans (b = 1000 s/
mm2). The DTI was based on diffusion-weighted, single-shot, spin-echo, echo-planar
imaging sequence of 25 directions, with slice thickness of 3 mm, matrix size of 128 × 128,
and 90° flip angle. Two repetitions (~5 min each) were collected. Diffusion-weighted
sequences were collected at the end of the ~25-minute standard-of-care MRI scan. Infants
were swaddled and fed and typically remained asleep.

DTI processing
Diffusion-weighted images were pre-processed using DTI-Studio. The best repetition was
selected to eliminate images with artifacts or evidence of motion for infants with at least two
repetitions (n = 64/66). If no full repetition was usable a composite repetition was generated
based on best image slices. An infant's DTI scan was included if at least one quality image
was obtained for each slice from either repetition. Infants were excluded if neither repetition
provided a viable image for any given slice or if it was not possible to combine the two
repetitions due to orientation differences between the two repetitions, due to head movement
between the two repetitions. Automated image registration was performed using an affine
transformation to further correct for eddy current distortions and motion.

Each brain image was skull-stripped with ROI Editor using B0 and trace images to
distinguish brain matter from intracranial CSF and skull, and manually rotated to align with
the JHU neonatal template image. DTI images were processed with DiffeoMap
(www.mristudio.org) using FA and trace maps to perform a large deformation
diffeomorphic metric mapping (LDDMM) transformation (Oishi et al., 2011). Each brain
was normalized to map onto the neonatal atlas (http://cmrm.med.jhmi.edu/) and segmented
into 126 regions. Based on the trace map, regions >0.006 mm2/s corresponding to CSF were
excluded from the segmented regions (Oishi et al., 2011). A threshold of FA >0.15 was then
applied (Vassar et al., 2013). Use of higher thresholds such as 0.25 FA used in adults may
restrict measurements primarily to myelinated, highly ordered regions of WM. The 0.15 FA
threshold was selected to balance the inclusion of less mature WM regions, which may
better represent progression of development during the neonatal period, while minimizing
inclusion of GM and partial volume effects. A threshold of 0.15 FA has been previously
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utilized in studies of full-term and preterm infants scanned from 1 to 35 months corrected
age (de Bruïne et al., 2011; Lee et al., 2012).

We examined subcortical WM defined by the JHU parcellation atlas that was well-
visualized with near-term MRI and DTI, and thought to mediate motor, cognitive, or
language function, illustrated in Fig. 1. We measured FA, MD, AD, and RD in projection
fibers of anterior (ACR), superior (SCR), and posterior corona radiata (PCR), commissural
fibers of anterior (genu) and posterior CC (splenium), projection fibers of anterior (ALIC)
and posterior (PLIC) internal capsule, cerebral peduncle (CereP), retrolenticular part of the
internal capsule (RLC), posterior thalamic radiation (PTR) and sagittal stratum (SS).
Association fibers, including the external capsule (EC) and superior longitudinal fasciculus
(SLF), as well as limbic WM structures of the fornix and stria terminalis (StriaT), were
analyzed.

Relative volumes were calculated for each region to determine percent volume above the FA
>0.15 threshold, relative to original volumes identified by the neonatal atlas. Regions
selected with the FA >0.15 threshold were then mapped onto the FA, trace, AD, and RD
images, and regional values were obtained. Mean diffusivity (MD), an average of the three
directions of diffusion (λ1 + λ2 + λ3) / 3 was calculated from the trace image.

Statistical analysis
To assess anterior versus posterior differences in microstructural development, FA, MD,
AD, and RD values were compared between anterior, superior, and posterior regions of the
CR, and between anterior and posterior regions of the CC and IC, using paired t-tests.
Differences in DTI values were compared between adjacent regions in the central-to-
peripheral spatial orientation, in projection fibers of the PLIC, RLC, PTR, and SS, and in
association fibers of the EC and SLF, using paired t-tests. Left and right values for each
region were averaged to perform the paired t-tests, with Bonferroni correction for multiple
comparisons within regions.

Regional rates of microstructural development were assessed by calculating partial
correlations between DTI and PMA-at-scan, controlling GA-at-birth. The influence of GA-
at-birth was also examined by calculating partial correlations between DTI and GA-at-birth,
controlling PMA-at-scan. Left and right values for each region were averaged to perform
Partial correlations. Significance was reported with alpha 0.0125 to adjust for multiple
comparisons within regions.

Consistency of evidence on regional brain development was assessed by comparison of DTI
data from the current study with previously reported data in full-term neonates, using non-
parametric Spearman's correlation. Statistical calculations were performed with SPSS 21.0
(SPSS, Chicago, IL).

Results
Table 1 lists demographic characteristics of all participants with MRI, DTI, and the subset
population in this analysis, scanned at PMA of 34.7–38.6 weeks. Fig. 1 shows spatial
orientation of regions defined by the neonatal atlas and FA >0.15 threshold.

Mean DTI values are reported for each region (Fig. 2, Table 2). Posterior aspects of the CR
and IC had significantly higher FA, and lower MD and RD compared to anterior aspects.
Posterior aspects of the CC (splenium) had higher FA compared to anterior aspects (genu).
Genu and splenium RD values were not significantly different. In the posterior CR, AD
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values were lower compared to anterior regions of the CR; however, in the posterior CC and
IC, AD values were higher compared to anterior regions.

Centrally-located WM tracts demonstrated higher FA and lower RD values than tracts
located more peripherally. Among projection fibers of PLIC, RLC, PTR, and SS, FA
progressively decreased and RD values increased, corresponding to relative spatial
orientation of these tracts from central to peripheral regions of the brain (Fig. 2 and Table 2).
Centrally-located association fibers of the EC had significantly higher FA, and lower MD,
AD, and RD than the SLF. Centrally-located projection fibers of the PLIC and CereP and
commissural fibers of the genu and splenium demonstrated higher FA compared to
peripherally-located association fibers, the EC and SLF (Fig. 2). The central-to-peripheral
pattern was most evident based on FA and, to a lesser extent, evident in MD, AD and RD
values. The PLIC consistently demonstrated diffusion measurements suggestive of the most
advanced level of development and organization at this age based on FA, MD, AD, and RD
(Table 2).

Comparison of consistency of the relative order of FA and MD values in 18 brain regions
indicated strong, significant correlations between the current study and a study of full-term
infants by Oishi et al. (2011) also using the JHU neonatal atlas. The Spearman's correlation
based on FA was r = .889 (R2 = 0.790); for MD it was r = .908 (R2 = 0.824).

Fig. 3 shows the atlas-based selection of brain region volumes with application of FA >0.15
threshold within each region, reported as percentage of total regional volume. The PLIC,
CereP, RLC, splenium, fornix, and StriaT had the highest percent volumes selected (>90%
total volume) using the threshold of FA >0.15.

The majority of WM regions had significant correlations with PMA-at-scan, demonstrating
higher FA, and lower MD, AD, and RD, with increased PMA-at-scan, when correcting for
GA-at-birth (Table 3), and without correcting for GA-at-birth (Fig. 4).

Diffusion measures within the ALIC had the highest correlations with PMA-at-scan, as
ALIC MD (r = –.545, p = .000) and RD (r = –.540, p = .000) decreased most with PMA-at-
scan, controlling for GA-at-birth. The ALIC, RLC, and EC demonstrated significant
negative correlations between RD and PMA-at-scan (p ≤ .001) (Table 3).

A weak trend was observed between GA-at-birth and PMA-at-scan (r = –.284, p = .058),
indicating that neonates with higher GA-at-birth were generally scanned slightly earlier than
neonates with lower GA-at-birth. There was no relationship between GA-at-birth and FA
values in any brain regions. However, MD and AD values in the EC and putamen, and AD
values in the ALIC and RLC, demonstrated significant, positive correlations with GA-at-
birth (p < .0125), controlling for PMA-at-scan (Table 4).

Discussion
Knowledge of temporal–spatial trajectories of regional brain development at near-term age
is an essential first step to identifying regional microstructure that may have prognostic
value at this age. In this paper we investigated brain development in VLBW preterm infants
using DTI, an imaging method which has been previously found to be a sensitive tool for
examining brain development (Dubois et al., 2006, 2008; Hüppi and Dubois, 2006; Lee et
al., 2012; Oishi et al., 2011). We observed regional patterns of higher FA and lower RD,
suggestive of more advanced microstructural development, in posterior compared to anterior
regions of subcortical WM structures, and in central compared to peripheral WM regions.
Relationships between diffusion measures in WM structures and PMA-at-scan were found,
suggestive of region-specific rates of microstructural development. This paper is one of the
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first to use semi-automated atlas-based analysis of DTI to assess regional microstructure in
developing WM tracts at near-term age.

The majority of current knowledge about WM development and timing of myelination in the
infant brain has been obtained from post-mortem anatomical studies (Brody et al., 1987;
Huang et al., 2009; Meng et al., 2012; Yakovlev and Lecours, 1967) animal models
(Bockhorst et al., 2008), and more recent, in vivo fetal DTI morphometric studies
(Rajagopalan et al., 2012; Yoshida et al., 2013; Zanin et al., 2011). In preterm infants
between 27 and 42 weeks GA, FA has been demonstrated to increase, and MD to decrease,
with development (Aeby et al., 2009; Berman et al., 2009; Partridge et al., 2004). Our results
corroborate and build on these past studies, in a larger neonatal population and reporting
relative development in 19 subcortical WM regions, using an atlas-based semi-automated
approach.

Histological studies of the brain at term-equivalent age have documented initial myelination
primarily within the brain stem, cerebellar WM, PLIC, and some WM tracts extending into
the thalamus and basal ganglia (Brody et al., 1987; van der Knaap and Valk, 1990;
Yakovlev and Lecours, 1967). Although the majority of WM structures have not begun
myelination, early stages of myelination cellular growth, including oligodendrocyte
proliferation, may generate quantifiable change on DTI during the fetal period (Huang et al.,
2006, 2009).

Rapid growth and neurogenesis occur during the third trimester of fetal brain development
(Brody et al., 1987; Dobbing and Sands, 1973; Dubois et al., 2008; Huang et al., 2006;
Kinney et al., 1988; Nossin-Manor et al., 2013), but may be altered as a result of preterm
birth (Malik et al., 2013). Previous studies have demonstrated that, at term-equivalent age,
preterm infant brain volumes differ from term-born neonates, in reduced cerebral volumes,
cortical volumes (Inder et al., 2005; Thompson et al., 2006, 2013) and WM maturity (Hüppi
et al., 1998; Lee et al., 2012; Rose et al., 2008). Furthermore, brain regions undergoing pre-
myelination oligodendritic proliferation and formation of axonal–glial synapses may be
particularly vulnerable to hypoxic ischemia and diffuse cerebral WM injury (Liu et al.,
2013). Despite these differences, preterm and full-term brain developmental trajectories
during the first year of life are similar in terms of a progressive decrease in water diffusion
due to proliferation of oligodendrocytes and general WM maturation (Dubois et al., 2008;
Lee et al., 2012; Serag et al., 2012).

Evidence of posterior-to-anterior development
During the first year of life, WM development within a given structure was observed to
progress from a posterior to anterior direction in full-term infants, using myelin-specific
MRI, a multicomponent relaxation analysis (Deoni et al., 2011). Our DTI data is consistent
with these findings and suggests a posterior to anterior direction of WM maturation within
the CR, IC, and in the CC to a lesser degree, as demonstrated by higher FA and lower MD
and RD values in more posterior regions (Fig. 2, Table 2).

The SCR and PCR demonstrated higher FA and lower MD and RD values relative to the
ACR. The PCR also had the highest percent volume of fibers with FA >0.15 (77% on the L,
79% on the R), compared to the ACR (27% on the L, 23% on the R) (Fig. 3) Similarly,
posterior regions of the CC and IC demonstrated higher percent volumes compared to
anterior regions, likely reflecting earlier maturation in posterior regions.

The splenium has been found to myelinate earlier and more rapidly than the genu during the
first year of life. Splenium myelination was estimated to start at 3 months of age and
progress to the genu by 7–9 months of age (Provenzale et al., 2012). Our data, collected at
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35–39 week PMA are consistent with previous findings of higher FA and AD within the
splenium compared to the genu in preterm infants scanned at 40–62 weeks and in healthy
full-term infants scanned during the first months of life (de Bruïne et al., 2011; Gilmore et
al., 2007). RD was similar within the genu and splenium, which may be expected as RD is
thought to reflect myelination, which has likely not yet begun in the CC.

The ALIC and PLIC demonstrated a high degree of differential development. Histological
studies found visible myelination in the PLIC at 36–38 weeks (Brody et al., 1987; Cowan
and de Vries, 2005), estimated to begin at 32 week PMA and reach full myelination by 46
week PMA (Cowan and de Vries, 2005). In contrast, the ALIC did not show evidence of
myelination until around 46 week PMA and did not appear fully myelinated until 4–5 month
post-term (Cowan and de Vries, 2005). The current study found higher FA, and lower MD
and RD, in the PLIC compared to the ALIC, consistent with a posterior-to-anterior
progression of maturation within the IC.

The FA values of subcortical nuclei WM were relatively low (Fig. 2). The more anterior
located caudate head demonstrated substantially higher MD, AD, and RD values and has
been found to myelinate around 35–36 weeks compared to the more posterior located
thalamus, which is known to myelinate earlier around 24–25 weeks and noted to be more
vulnerable to injury in the preterm population (Huang and Castillo, 2008).

Evidence of central-to-peripheral development
DTI measures suggestive of earlier microstructural development were observed in more
inferior and central projection fibers (CereP and PLIC), compared to peripherally-located
projection fibers (CR) and association fibers (SLF and EC). Among projection fibers,
progressively higher FA was observed in central compared to peripheral regions of the
PLIC, RLC, PTR, and SS (Figs. 2 and 5). Furthermore, among association fibers, the more
centrally-located EC had higher FA, and lower MD, AD, and RD compared to the SLF (Fig.
2, Table 2). The SLF has been reported to be one of the slowest developing WM tracts (Paus
et al., 1999; Thompson et al., 2000) and at term-equivalent age, has not yet started to
myelinate (Huang et al., 2006; Kinney et al., 1988; Oishi et al., 2011). Based on relative FA,
MD, and RD values, our findings suggest that the PLIC, RLC, and CereP have the earliest
microstructural development at near-term age, and that the least mature structures are the
ACR and SLF. These findings may relate to the central location of the germinal matrix (Liu
et al., 2013). The temporal–spatial pattern is consistent with debated theory that “ontogeny
recapitulates phylogeny”. In the case of brain development, this pattern appears to occur,
given the earlier development of inferior and centrally-located primitive evolutionary
structures, such as the brain stem, mid-brain, and lower CST, followed by development of
more advanced, peripherally-located brain structures.

Other possible explanations for this observed trend include the lower signal-to-noise ratio
generally observed in more cortical regions, or the difficulty in accurately segmenting and
analyzing small WM regions with low FA, where partial volume effects likely occur.
Crossing fibers may also contribute to variation in diffusion measurements in regions such
as the CR, a region known to have a substantial number of crossing fibers in the adult brain
(Dubois et al., 2008; Oishi et al., 2011). Thus, FA measures must be interpreted based on
both microscopic (e.g., axonal development and myelination) as well as macroscopic factors
(e.g., crossing fibers) (Oishi et al., 2011). The high MD and RD values of the ACR,
compared to values in the SCR and PCR, however, suggests a lower degree of maturation of
ACR in relation to more posterior regions of the CR.
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Regional volumes
Segmentation of WM within the neonatal brain commonly involves application of FA
thresholds (Vassar et al., 2013). Fig. 3 shows the PLIC, Cere P, and RLC had the highest
percent volumes with FA >0.15, consistent with previous anatomical studies that found
myelination of the CST during the third trimester. Limbic fibers (fornix and StriaT), the CC,
and projection fibers of the PTR and SS also had volumes in which >80% was above the FA
>0.15 threshold. These findings indicate that these tracts have high degree of anisotropic
diffusion, suggestive of organization and increased density of developing WM fibers. These
tracts are all known to be dense WM fibers in the adult brain, and the relatively high
anisotropy is consistent with previous anatomical findings in adults.

Regions with lowest percent volume were the ACR and SLF, regions of future WM tracts
that are likely undeveloped at near-term age. Analysis of WM within subcortical nuclei also
demonstrated low percent volume. These regions contain both WM and GM, and likely the
FA >0.15 threshold eliminated most GM and included only WM thalamocortical and other
projection fibers developing during this near-term period (Counsell et al., 2002; van der
Knaap and Valk, 1990). Interpretation of DTI in regions with relatively low percent volumes
must be done cautiously (Vassar et al., 2013). Conversely, identification of regions with
relatively high degree of anisotropy at near-term age may be helpful in determining tracts
that are relatively well-developed, more likely to be accurately selected with a semi-
automated atlas, and thus may hold prognostic value for future function.

Consistent regional patterns of WM development
Consistency was assessed between regional patterns of development found in our population
of near-term infants and data from a study of 22 full-term infants scanned at 37–53 week
PMA by Oishi et al. (2011), analyzed with DiffeoMap neonatal atlas (Table 5). As expected,
in our near-term population, FA values were lower and MD values were higher compared to
the full-term population, however, the relative order of regions from highest-to-lowest FA
and lowest-to-highest MD showed a very high degree of agreement between studies (Oishi
et al., 2011), suggesting consistent evidence on the pattern of regional WM development.

Region specific rates of development
Regional rates of development were estimated by investigating the influence of PMA-at-
scan, controlling for GA-at-birth (Table 3, Fig. 5). Our cross-sectional observations from
near-term infants 35–39 week PMA are consistent with findings of several studies that
examined DTI from birth to 2 years and found a progressive increase in FA and decrease in
AD and MD with age in WM pathways (Gao et al., 2008; Geng et al., 2012; Yoshida et al.,
2013). Increasing FA at near-term age may indicate regions with increasing WM fiber
diameter, density, tract coherence, or myelination (Basser, 1995; Basser and Pierpaoli,
1996). Decreasing MD during this period can likely be attributed to an overall decrease in
brain water content, and also to proliferation of cells, intercellular compartments, and
membranes during myelination stages of tract development (Dubois et al., 2008; Hüppi et
al., 1998). Myelination was found to be best represented by RD (Song et al., 2002) as
diffusion perpendicular to the axons becomes more restricted by myelin.

Regions that demonstrated the strongest correlations with PMA-at-scan were the ALIC,
RLC, EC, ACR, and PLIC. At near-term age, these regions are likely undergoing rapid
development, quantifiable by changes in diffusion. Changes in diffusion may be primarily
driven by decreases in water concentration in the neonatal brain, and may also be influenced
by microstructure development during stages of myelination. During early myelination
stages of fiber development or myelination gliosis (Zanin et al., 2011) there is proliferation
in precursor oligodendrocytes and a decrease in water content that occurs isotropically
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(Aeby et al., 2009; Dubois et al., 2008; Gilmore et al., 2007; Liu et al., 2013). Further fiber
development and myelination involve ensheathment of axons by oligodendrocytes and
decreased cell membrane permeability and cell spacing.

Whether an initial high rate of change in diffusion or a specific profile of diffusion values
may signify the onset of myelination, warrants further study. Dubois et al. (2008) and Zanin
et al. (2011), who examined in vivo fetal brain development on DTI, found that the CC
demonstrated no change in FA, with decreases in MD, RD, and AD, with PMA. This profile
of DTI values has been interpreted to indicate developing WM that has not started to
myelinate. Early myelination processes, or myelination gliosis (Zanin et al., 2011), involve
proliferation of precursor oligodendrocytes associated with isotropic production of glial
matter in the extracellular space and initial axonal ensheathment by pioneer processes (Back
et al., 2002). This is followed by regression of cytoplasmic arborization and progressive
ensheathment of axons, compaction of myelin sheaths, and incorporation of myelin binding
protein (Back et al., 2002). Interpretation of DTI profiles that may correspond to specific
phases of WM microstructural development has been proposed and has considered relative
values and rate of change of DTI measures (Dubois et al., 2008; Zanin et al., 2011).
Identification of different stages of WM development based on DTI will provide valuable
clinical insight into brain development and selective vulnerability to WM injury.

We found that DTI values in the CC demonstrated no significant correlation with PMA-at-
scan at near-term age. While the basic structure of the CC is visible at approximately 18–20
week GA (Malinger and Zakut, 1993), myelination is estimated to start at 3 months of age
and progress to the genu by 7–9 months of age (Provenzale et al., 2012). Growth and
myelination of the CC continue for at least the first two years of post-natal life (Keshavan et
al., 2002). Provenzale et al. (2012) found substantial increases in FA, and decreases in MD,
AD, and RD in the CC during the 3–9 month postnatal period. The lack of correlations
between PMA-at-scan and CC DTI values in our cohort likely reflects the later onset of
myelination. It could also suggest that CC growth and development are highly variable, as
observed in Partridge et al. (2004). However, variability of CC DTI values at near-term age
within our cohort was relatively low and comparable to other regions (Table 2, Fig. 4).
Dubois et al. (2008) also found no significant change in FA measured in the CC among a
cohort of healthy, term-born infants at approximately 50 week PMA, but found a significant
decrease in MD with PMA attributed to particularly tight bundling of fibers within the CC
that may mask changes in anisotropy. Though the CC demonstrates relatively high FA (Fig.
2), suggestive of dense and organized structure, microstructural changes may be subtle
during this near-term period, before the onset of CC myelination. Further analysis with
longitudinal imaging would allow for more detailed understanding of CC development, a
region that may correlate with later neurodevelopmental function (Counsell et al., 2008; van
Kooij et al., 2012).

Oishi et al. (2011) suggested that in infants, fibers located further from the brainstem (such
as the CR, PTR, and SS) have MD values that decrease more rapidly than tracts such as the
PLIC, RLC, and CereP located closer to the brainstem. In our study, ALIC MD and RD
values demonstrated the most significant, negative correlation with PMA-at-scan. PLIC,
RLC, EC, ACR and thalamus MD and RD were also negatively correlated with PMA-at-
scan (p ≤ .0125). These correlations are consistent with findings in full-term infants (Oishi et
al., 2011) and previous anatomical studies that suggest that at near-term age, myelination is
occurring in inferior portions of the CST, compared to more superior regions of the CR, CC
and SLF which may not begin myelination for several months.
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Influence of GA-at-birth
The effect of GA on near-term DTI measures of WM was assessed, given the association
between degree of prematurity and reduced WM volume, WM immaturity, and adverse
neurodevelopmental outcomes (Aarnoudse-Moens et al., 2009; Anderson and Doyle, 2003;
Constantinou et al., 2005). Most regions did not exhibit a significant relation between GA
and DTI values, when controlling for PMA-at-scan (Table 4). No relation between GA and
FA was found in any region. Few studies have investigated the role of prematurity on WM
maturation, independent of other variables, and isolating the role of GA is diffi-cult due to
multiple co-morbidities that may influence brain maturation. However, Bonifacio et al.
(2010) and Shim et al. (2012) found that WM maturity is generally independent of GA after
controlling for other clinical variables. We observed in the EC and putamen significant
positive correlations between GA and MD and AD that suggest relatively slower
development of these regions in infants with higher GA. If this finding is corroborated, one
possible explanation may be accelerated growth after birth in these regions. Another
explanation may be that certain treatments are administered more aggressively to neonates
with lower GA and may have protective influence on development.

Microstructural development and selective vulnerability at near-term age
Myelination may be selectively vulnerable to injury (Hüppi et al., 1998; Liu et al., 2013;
Miller and Ferriero, 2009; Neil et al., 2002; Volpe, 2003). Periventricular WM has been
found to be particularly vulnerable to injury at the end of the second trimester, associated
with spastic CP (Johnston and Hoon, 2000). In contrast, injury to subcortical nuclei
identified at term-age may be associated with quadriplegic and dyskinetic CP, suggesting
that different regions may be more vulnerable at different developmental time points
(Johnston and Hoon, 2000; Miller and Ferriero, 2009). The influence of severity of injury,
development of vascularization, and stage of WM myelination on selective vulnerability
requires further investigation.

Early stages of myelination involve proliferation of precursor oligodendrocytes, which may
be particularly vulnerable to injury. The dynamic role of oligodendrocytes in modulation of
axonal transmission and activity-dependent growth involves more complex physiology than
previously recognized (Fields, 2008). In addition to proliferation of precursor
oligodendrocytes, myelination involves development of ion channels, neurotransmitter
receptors, and signaling processes and requires high metabolic activity that may be
particularly vulnerable to hypoxic events. These myelination processes may also generate
rapid rates of change in diffusion. Further research is needed to investigate if rate of change
or profile of DTI measures may provide biomarkers of selectively vulnerable WM at near-
term age.

Conclusion
This research reports on semi-automated atlas-based analysis of DTI that examines regional
microstructure in developing WM tracts at near-term age. We observed regional patterns of
higher FA and lower RD, suggestive of more advanced microstructural development, in
posterior compared to anterior WM regions and in central compared to peripheral WM
regions. Evidence of region-specific rates of microstructural development in relation to
PMA-at-scan was observed. Most regions did not exhibit a significant correlation between
DTI values, and GA-at-birth with the exception of the EC and putamen, suggesting
differential effects of GA on regional development. Developmental patterns observed in this
preterm population are similar to those previously reported in full-term infants, indicating a
consistent pattern of regional WM development. Quantifying regional patterns of brain
microstructure development in the preterm population at near-term age may clarify brain
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developmental trajectories and selective vulnerability to injury. Limitations of this study
include the cross-sectional design. Sequential neuroimaging during the near-term period
would reveal individual temporal–spatial trajectories of development. Interpretation of
relative regional DTI values must be done cautiously, as these may reflect both
microstructural architecture and/or development, and may be influenced by imaging
parameters. Future studies may determine whether regional patterns of microstructural
development could provide early prognostic bio-markers that may ultimately guide early
intervention aimed at reducing neurodevelopmental disabilities.
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Abbreviations

VLBW very-low-birth-weight

GA gestational age

PMA postmenstrual age

FA fractional anisotropy

MD mean diffusivity

AD axial diffusivity

RD radial diffusivity

CR corona radiata

ACR anterior corona radiata

SCR superior corona radiata

PCR posterior corona radiata

CC corpus callosum

IC internal capsule

ALIC anterior limb of the internal capsule

PLIC posterior limb of the internal capsule

CereP cerebral Peduncle

RLC retrolenticular part of internal capsule

PTR posterior thalamic radiation

SS sagittal stratum

EC external capsule

SLF superior longitudinal fasciculus

StriaT stria terminalis
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Fig. 1.
Brain regions selected on a representative infant DTI at near-term age using JHU DiffeoMap
neonatal atlas for measurement of FA, MD, AD, and RD. (A = anterior, P = posterior).
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Fig. 2.
Brain regions assessed at near-term age with DTI measures of fractional anisotropy (FA),
mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD) at near-term age
(n = 45), mean (±95% CI).
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Fig. 3.
Near-term brain regional volumes selected using the threshold FA >0.15, reported as percent
of total volume (mean ± 95%CI) of subcortical brain regions defined by the JHU neonatal
atlas.
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Fig. 4.
Near-term brain DTI values of fractional anisotropy (FA), mean diffusivity (MD), axial
diffusivity (AD), and radial diffusivity (RD) in relation to PMA-at-scan (n = 45). Best-fit
line and R2 value noted for correlations with p ≤ 0.0125.
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Fig. 5.
Near-term brain white matter regions selected on a representative infant DTI using JHU
DiffeoMap neonatal atlas suggestive of central-to-peripheral temporal–spatial trajectories of
WM microstructural development showing anterior corona radiata (ACR), superior corona
radiata (SCR), posterior corona radiata (PCR), posterior limb of the internal capsule (PLIC),
retrolenticular part of the internal capsule (RLC), posterior thalamic radiation (PTR), sagittal
stratum (SS), external capsule (EC), and stria terminalis (StriaT).
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Table 1

Participant demographics.

All neonates Neonates with DTI Neonates with DTI, and normal MRI scanned at ≤40 weeks
PMA

Total n= 102 66 45

Males/females, (%) 42/60 (41/59%) 25/41 (38/62%) 17/28 (38/62%)

Birth weight (g), mean (SD) 1087 (279) 1090 (266) 1092 (261)

GA-at-birth (weeks), mean (SD) 28.7 (2.4) 28.9 (2.3) 28.9 (2.3)

PMA-at-scan (weeks), mean (SD) 36.6 (l.8) 36.5 (1.3) 36.3 (1.0)

Maternal age (years), mean (SD) 31.6 (6.0) 31.9 (6.l) 32.3 (5.3)

Apgar at 5 min, mean (SD) 7.4 (1.8) 7.4 (1.7) 7.4 (1.7)

Bronchopulmonary dysplasia (%) 38 (37%) 25 (38%) 18 (40%)

Sepsis
b
, (%)

19 (19%) 10 (15%) 7 (16%)

Necrotizing enterocolitis (%) 12 (12%) 8 (12%) 6 (13%)

Retinopathy of prematurity (%) 71 (70%) 46 (70%) 29 (64%)

Peak total bilirubin (mg/dL)
a
 (SD)

7.9 (1.9) 7.8 (1.8) 7.6 (1.5)

Infants on mechanical vent (%) 64 (65%) 45 (68%) 30 (67%)

a
Highest total serum bilirubin measurement during first two weeks of life.

b
Sepsis with positive blood sample, as defined by the Neonatal Research Network
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Table 3

Partial correlations (r) between near-term DTI values of fractional anisotropy (FA), mean diffusivity (MD),
axial diffusivity (AD), and radial diffusivity (RD) with PMA-at-scan, controlling for GA-at-birth for brain
regions: anterior (ACR), superior (SCR), and posterior (PCR) corona radiata, genu and splenium of the corpus
callosum, anterior (ALIC) and posterior (PLIC) internal capsule, retrolenticular part of the internal capsule
(RLC), posterior thalamic radiation (PTR), sagittal striatum (SS), external capsule (EC), superior longitudinal
fasciculus (SLF), fornix, stria terminalis (StriaT), and subcortical nuclei

FA Pearson's r MD Pearson's r AD Pearson's r RD Pearson's r

ACR
.392, p = .009

*
–.387, p = .009

* –.318, p = .035
–.418, p = .005

*

SCR .348, p = .021 –.182, p = .237 –.118, p = .444 –.220, p = .151

PCR .320, p = .034 –.177, p = .251 –.089, p = .565 –.248, p = .105

Genu .247, p = .106 –.041, p = .789 115, p = .456 –.121, p = .435

Splenium .099, p = .522 .073, p = .636 .108, p = .484 .000, p = .999

ALIC
.433, p = .003

*
–.545, p = .000

**
–.411, p = .006

*
–.540, p = .000

**

PLIC .352, p = .019
–.421, p = .004

* –.003, p = .986
–.436, p = .003

*

CereP .350, p = .020 –.164, p = .288 .030, p = .844 –.091, p = .556

RLC
.404, p = .007

*
–.418, p = .005

* –.234, p = .127
–.485, p = .001

**

PTR
390, p = .009

* –.175, p = .256 –.104, p = .503 –.217, p = .157

SS
.390, p = .009

* –.172, p = .265 –.072, p = .644 –.227, p = .139

EC
.477, p = .001

**
–.424, p = .004

* –.327, p = .030
–.472, p = .001

**

SLF 128, p = .407 –.203, p = .185 –.180, p = .241 –.222, p = .148

Fornix 230, p = .133 –.145, p = .348 .034, p = .826 –.234, p = .126

StriaT .393, p = .008 –.237, p = .121 –.047, p = .764 –.285, p = .061

Caudate –.160, p = .300 .108, p = .487 .112, p = .469 .151, p = .328

Thalamus .170, p = .269
–.431, p = .003

*
–.405, p = .006

*
–.383, p = .010

*

Putamen .186, p = .226 –.361, p = .016 –.295, p = .052
–.395, p = .008

*

Globus pallidus .237, p = .122 –.210, p = .172 –.089, p = .564 –.274, p = .071

*
p ≤ .0125, corrected for multiple comparisons.

**
p ≤ .001.
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Table 4

Partial correlations between near-term DTI values of fractional anisotropy (FA), mean diffusivity (MD), axial
diffusivity (AD), and radial diffusivity (RD) with GA-at-birth, controlling for PMA-at-scan for brain regions:
anterior (ACR), superior (SCR), and posterior (PCR) corona radiata, genu and splenium of the corpus
callosum, anterior (ALIC) and posterior (PLIC) internal capsule, retrolenticular part of the internal capsule
(RLC), posterior thalamic radiation (PTR), sagittal striatum (SS), external capsule (EC), superior longitudinal
fasciculus (SLF), fornix, stria terminalis (StriaT), and subcortical nuclei.

FA Pearson's r MD Pearson's r AD Pearson's r RD Pearson's r

ACR –.049, p = .754 .181, p = .239 .180, p = .243 .171, p = .266

SCR –.033, p = .830 .221, p = .150 .220, p = .151 .208, p = .174

PCR –.087, p = .576 .029, p = .852 .046, p = .766 –.001, p = .994

Genu .267, p = .079 .155, p = .316 .343, p = .023 –.056, p = .718

Splenium .235, p = .124 –.172, p = .264 .125, p = .420 –.280, p = .065

ALIC .263, p = .085 .290, p = .056
.392, p = .008

* .167, p = .280

PLIC .144, p = .351 .149, p = .335 .251, p = .101 –.020, p = .898

CereP .015, p = .923 –.165, p = .285 –.122, p = .429 –.159, p = .302

RLC .124, p = .423 .350, p = .020
.444, p = .003

* .256, p = .094

PTR –.109, p = .480 –.032, p = .838 –.023, p = .882 –.018, p = .908

SS –.031, p = .844 –.005, p = .976 .037, p = .814 –.031, p = .840

EC –.062, p = .689
.443, p = .003

*
.454, p = .002

*
.415, p = .005

*

SLF –.009, p = .956 .005, p = .972 –.045, p = .770 .035, p = .823

Fornix .123, p = .426 –.152, p = .324 –.060, p = .698 –.185, p = .229

StriaT .083, p = .593 –.278, p = .067 –.213, p = .166 –.256, p = .094

Caudate –.226, p = .140 .087, p = .575 .028, p = .855 .117, p = .451

Thalamus –.009, p = .952 –.329, p = .029 –.334, p = .027 –.286, p = .060

Putamen .166, p = .281
.374, p = .012

*
.409, p = .006

* .315, p = .037

Globus pallidus .240, p = .117 .127, p = .411 .185, p = .229 .057, p = .711

*
p ≤ .0125, corrected for multiple comparisons.
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