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Diffusion tensor imaging: serial quantitation of white matter
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Magnetic resonance diffusion tensor imaging (DTI) enables the

discrimination of white matter pathways before myelination is evident

histologically or on conventional MRI. In this investigation, 14

premature neonates with no evidence of white matter abnormalities

by conventional MRI were studied with DTI. A custom MR-compatible

incubator with a novel high sensitivity neonatal head coil and improved

acquisition and processing techniques were employed to increase image

quality and spatial resolution. The technical improvements enabled

tract-specific quantitative characterization of maturing white matter,

including several association tracts and subcortical projection tracts

not previously investigated in neonates by MR. Significant differences

were identified between white matter pathways, with earlier maturing

commissural tracts of the corpus callosum, and deep projection tracts

of the cerebral peduncle and internal capsule exhibiting lower mean

diffusivity (Dav) and higher fractional anisotropy (FA) than later

maturing subcortical projection and association pathways. Matura-

tional changes in white matter tracts included reductions in Dav and

increases in FA with age due primarily to decreases in the two minor

diffusion eigenvalues (l2 and l3). This work contributes to the

understanding of normal white matter development in the preterm

neonatal brain, an important step toward the use of DTI for the

improved evaluation and treatment of white matter injury of

prematurity.
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Introduction

Noninvasive imaging of neonates born prematurely is of great

scientific interest because it offers a unique window into early

human cerebral development. The axonal connectivity between

brain regions is established during this preterm period, providing

an opportunity to study the formation of white matter pathways.

Moreover, the white matter tracts in the cerebral hemispheres of the

premature brain are unmyelinated, except for a few early-maturing

pathways such as the pyramidal tract as the baby approaches term-

equivalent age (Kinney et al., 1988, 1994). The maturational

processes associated with neuronal development and ‘‘premyeli-

nation’’ (Wimberger et al., 1995), as well as the onset of myeli-

nation can be evaluated quantitatively with magnetic resonance

diffusion tensor imaging (DTI) which is sensitive to changes in

tissue microstructure.

Understanding early human brain development is also of great

clinical importance because a multitude of neurological and

psychiatric disorders are known to have a neurodevelopmental

basis. Some of these, such as autism and attention deficit hyper-

activity disorder, are very prevalent and are diagnosed with

increasing frequency (Fombonne, 2003; Spencer et al., 2002).

Furthermore, premature birth itself is an increasingly common

public health problem. The rate of prematurity exceeded 11% of

all live births in the United States in 2000 (Martin et al., 2002), and

its incidence continues to rise. Premature infants are vulnerable to a

host of medical problems, many of which involve the central

nervous system. Associated neurologic deficits include spastic

diplegia, visual impairment, cognitive deficiencies, and behavioral

disorders (Bhutta et al., 2002; Hack et al., 2002; Wood et al.,

2000). These poor clinical outcomes are thought to be related to

injury of the white matter (Volpe, 2001). The early detection of

abnormal white matter maturation in preterm neonates may impact

their clinical care. Cranial sonography, the primary method of

screening premature newborns (Ment et al., 2002), is not nearly as

sensitive as MR imaging to white matter injury (Inder et al., 2003;

Miller et al., 2003). However, conventional T1- and T2-weighted

MR imaging sequences are also limited in the evaluation of the
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preterm brain, as they are able to detect only macroscopic injury

and do not allow visualization of specific white matter tracts before

the onset of myelination.

Diffusion-weighted MR imaging enables the visualization and

quantitative characterization of white matter pathways before

myelination is evident histologically or on conventional MRI

(Wimberger et al., 1995). Prior studies have demonstrated the

ability of diffusion tensor imaging (DTI) to identify maturational

trends reflecting microstructural changes in white matter and gray

matter of the developing brain (Boujraf et al., 2002; Huppi et al.,

1998; Miller et al., 2002; Mukherjee et al., 2001, 2002; Neil et

al., 1998). The directionally averaged magnitude of water diffu-

sion, Dav, decreases with increasing age during preterm develop-

ment. Structural and physiological changes in maturing axons,

even before myelination, cause water diffusion to become more

reduced in directions orthogonal to the long axis of the white

matter fibers than parallel to the fibers (Prayer et al., 2001;

Wimberger et al., 1995). This diffusion anisotropy is the basis for

discriminating white matter with DTI. Anisotropy increases in

white matter with increasing gestational age during preterm

development. However, in premature newborns with white matter

injury, these maturational trends in Dav and anisotropy may be

diminished or even reversed (Arzoumanian et al., 2003; Huppi et

al., 2001; Miller et al., 2002).

The very low anisotropy of premyelinating white matter and the

very small size of white matter tracts in premature newborns

present serious technical challenges for DTI due to signal-to-noise

ratio (SNR) and spatial resolution constraints. Until now, these

considerations have limited the measurement of diffusion tensor

parameters in the developing preterm brain to the large, early

maturing commissural pathways of the corpus callosum and the

projection pathways of the pyramidal tract in the internal capsule

(Huppi et al., 1998; Neil et al., 1998). Additionally, prior DTI

studies of white matter maturation in preterm neonates have

primarily relied on cross-sectional designs. This approach is

limited by uncertainty in estimates of corrected gestational age

and by large variations among preterm neonates in their gestational

age at birth (Miller et al., 2002). Both these factors may potentially

affect cross-sectional data on white matter development, the latter

because ex utero brain maturation may proceed more slowly than

in utero development (Huppi et al., 1998).

A recently developed MR-compatible incubator with a special-

ized high-sensitivity neonatal head coil (Dumoulin et al., 2002) and

improved acquisition and processing techniques now allow us to

perform DTI at higher spatial resolution and higher SNR than in

previous studies. In this investigation, serial DTI examinations in

premature newborns were employed to quantitatively characterize

development in smaller white matter pathways than had previously

been possible, including several cortical association tracts. The

serial examinations permit the longitudinal assessment of brain

development in individual infants, and are not subject to the

potentially confounding effects of estimating gestational age and

of variation in gestational age at birth. New analysis software was

also developed for directional color encoding of fiber orientation in

white matter tracts, to facilitate identification of specific axonal

pathways for quantitation. In addition to the Dav and anisotropy

information provided in previous DTI studies of the premature

brain (Huppi et al., 1998, 2001; Miller et al., 2002; Neil et al.,

1998), the three eigenvalues of the diffusion tensor were measured

in this study to provide a more direct assessment of the directional

diffusion changes associated with white matter development.
Materials and methods

Subjects

The patients eligible for this study were neonates born at

gestational ages of 24 to 36 weeks with no evidence of white

matter injury on conventional MR imaging. Gestational age (GA)

was calculated based on the mother’s last menstrual period or

estimates from early sonography (<24 weeks). Infants were ex-

cluded from the study if there was evidence of greater than Grade 1

hemorrhage (i.e., small intraventricular bleed confined to the

subependymal region), congenital infection, brain malformation,

or a multiple congenital anomaly syndrome. Clinical data such as

birth weight, sex, gestational age at birth, and gestational age at the

time of imaging were recorded. An institutional review board

approved the study protocol, and informed parental consent was

obtained for each subject.

Over the 28-month duration of the study (between November 8,

2001 and March 5, 2003), 50 premature neonates were imaged

with MRI at our institution and 15 of them met the inclusion

criteria. Of 24 MRI exams acquired in these 15 patients, two exams

were excluded due to motion artifacts that substantially degraded

the DTI acquisition. As a result, 14 preterm newborns were

included in the study. Gestational ages at birth were between 25

and 34 weeks (median, 29 weeks), and birth weights ranged from

635 to 2145 g (mean, 1277 g). The infants were first imaged

between 28 and 39 weeks GA (median, 33 weeks), and eight of the

infants were studied serially and received their second MR exam at

or near term age or just before discharge from the hospital. The

median time between serial MR exams was 5 weeks (range, 2–7

weeks), and the ages of the infants at their second scans were

between 35 and 43 weeks (median, 37.5 weeks).

MR acquisition

Technical requirements for optimal DTI data acquisition in the

neonatal brains included full brain coverage with no gap between

slices, high spatial resolution, and minimizing motion artifact.

These requirements were primarily met by newly developed

imaging hardware. The custom MR-compatible incubator with a

specialized neonatal head coil (Dumoulin et al., 2002) was used for

all image acquisition in this study. The incubator provides a warm,

quiet, and well-monitored environment, which allows imaging to

be performed earlier after birth. The babies were transferred and

acclimated to the MR-compatible incubator in the neonatal inten-

sive care unit and positioned in the center of the neonatal head coil

using custom padding. The use of cotton ear muffs, comfortable

contoured padding, warm environment, double-walled construc-

tion, and acoustic and vibration damping all tend to facilitate

undisturbed sleep and/or calm resting during the MR scans,

permitting non-sedated studies with negligible motion artifacts.

The system design also includes a custom-built birdcage radio-

frequency coil with increased performance over standard head coils

for imaging the small neonates. The coil incorporates a recessed

ring design for improved accessibility with a much narrower

diameter around the neonatal head, providing higher signal-to-

noise (SNR) images than conventional head coils. In a limited

number of comparisons conducted previously for similarly sized

neonates of similar gestational ages, improvements in SNR of the

specialized coil were found to range from 40% to 70% over a

standard head coil, depending on the subject.
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All imaging was performed on a 1.5-T GE EchoSpeed scanner

(GE Medical Systems, Milwaukee, WI) using the new MR-

compatible incubator and neonatal head coil. The diffusion tensor

imaging data were acquired in 4.8 min using a multi-repetition,

single-shot echo planar sequence with six gradient directions, b = 0

and 600 s/mm2, TR = 7 s, TE = 99.5 ms, three repetitions, FOV =

36 � 18 cm, matrix = 256 � 128, slice thickness = 3 mm with no

gap, 167 kHz readout band width, and no ramp sampling. The

resulting in-plane resolution was 1.4 mm. The number of slices

acquired in each exam varied with infant head size, but typically 22

interleaved axial slices were required for full brain coverage.

Diffusion tensor post-processing

Diffusion-weighted images were transferred off-line for pro-

cessing, and were first aligned using a 2D 10th order nonlinear

(858 parameter) spatial transformation algorithm (AIR 5.1, Woods

et al., 1998a,b). The 2D warping registration was used to correct

for inter-slice patient motion and variations in EPI image distortion

due to eddy currents induced by the diffusion gradients. The T2-

weighted (b = 0 s/mm2) EPI images were used as reference for

registration of the corresponding b = 600 s/mm2 DTI images.

Using software developed in-house, parametric maps were then

generated for the six rotationally invariant DTI parameters: the

directionally averaged diffusion coefficient (Dav), fractional anisot-

ropy (FA), relative anisotropy (RA), and the maximum, interme-

diate, and minimum eigenvalues (k1, k2, and k3, respectively), and
their associated eigenvectors, based on the methods proposed by

Basser and Pierpaoli (1996). The eigenvalues (or principal diffu-

sivities) of the diffusion tensor characterize the magnitude or rate

of water diffusion along each of the three principal axes of the

diffusion tensor ellipsoid, given in mm2/s. The direction of each of

these three principal axes in 3D space is given by the eigenvectors.

The one associated with the maximum eigenvalue, the principal

eigenvector, corresponds to the fiber tract orientation in coherently

organized white matter fiber bundles. Dav, the mean diffusivity (in

mm2/s), was calculated using the formula

Dav ¼
k1 þ k2 þ k3

3
: ð1Þ

Fractional anisotropy (FA), a dimensionless measure of anisot-

ropy, expresses the fraction of the magnitude of the diffusion tensor

attributable to anisotropic diffusion and was calculated by

FA ¼
ffiffiffi
3

2

r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX3
i¼1

ðki � DavÞ2
s
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For isotropic diffusion (k1 = k2 = k3), FA is zero, and in the case

where there is a strongly preferred direction of diffusion (k1 >> k2 =
k3), FA approaches one.

Prior diffusion tensor imaging studies have used other indices

to describe the degree of preferred direction of water diffusion,

such as relative anisotropy (RA). RA expresses the ratio of

anisotropic to isotropic diffusion, and is defined as the standard
deviation of the eigenvalues of the diffusion tensor divided by the

mean, Dav, given by

RA ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX3
i¼1

ðki � DavÞ2
s

ffiffiffi
3

p
Dav

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk1 � k2Þ2 þ ðk2 � k3Þ2 þ ðk3 � k1Þ2

q
k1 þ k2 þ k3

ð3Þ

RA, also a dimensionless measure, is zero for isotropic diffu-

sion and approaches M2 in the case of high anisotropy. Simulations

assuming cylindrical symmetry have shown that RA is linear over

the complete range of fiber anisotropy values, whereas FA is

nonlinear, with higher sensitivity at lower anisotropy values (Ulug

and van Zijl, 1999). For this reason, it was felt that the expansive

nonlinearity in FA at low anisotropy values would better distin-

guish between regions of low anisotropy in the neonatal brain.

Nevertheless, RA was also calculated and included in the analysis

for comparison.

Color directional anisotropy maps

Color overlay representation of the principal eigenvector data

on the anisotropy maps was performed to facilitate identification

of specific tracts by indicating fiber direction by color. The

principal eigenvector was mapped to an orthogonal coordinate

system and represented by color encoding of the anisotropy maps

(Pajevic and Pierpaoli, 1999). In this study, color representation

was achieved by overlaying three directional anisotropy maps,

each weighted by the component of the principal eigenvector in a

particular orthogonal direction, and using the alpha channel of the

24-bit graphics display to blend the images. The brightness of the

color overlay image was scaled by the FA to avoid representation

of voxels with low anisotropy, where the principal eigenvector is

not correlated with fiber direction. The color representation of

fiber orientation was based on the assumption of both mirror and

rotational symmetry, using the absolute value of the principal

eigenvector components. The color convention used was based

on the absolute value scheme reported by Pajevic and Pierpaoli

(1999), with red representing right– left (R/L), green representing

anteroposterior (A/P), and blue representing superoinferior (S/I)

anatomical directions.

The translucency of each overlay image was a function of the

component of the principal eigenvector in each of the three

orthogonal directions. Using the alpha channel, voxels in the

foreground image with a value of zero were set to totally trans-

parent and did not contribute to the displayed image, while non-

zero voxels were semi-transparent with translucency proportional

to their values. The highest valued voxels were set to totally

opaque on the display. In this way, when displaying the green A/

P directional map, for example, voxels with principal eigenvectors

fully in the A/P direction (zero components in the R/L or S/I

directions) were opaque green, and those with small components in

the A/P direction were mostly transparent and contributed little

green to the color of the voxels in the resulting image (with color

instead coming from the red R/L and/or blue S/I maps). Slider bars

were incorporated to allow the user to change the maximum

opacity weighting for each color interactively to allow the back-

ground image to show through, useful for displaying color maps



Fig. 1. Representative ROI placement for white matter tracts measured in the study, shown on both grayscale FA maps (a) and directionally encoded anisotropy

color maps (b) from a premature newborn scanned at 35 weeks gestational age. The 12 white matter structures measured in the study were the (1) splenium, (2)

genu, and (3) body of the corpus callosum, (4) posterior limb of the internal capsule, (5) cerebral peduncle, (6) anterior limb of the internal capsule, (7) optic

radiation, (8) low centrum semiovale (at the level of the body of the corpus callosum), (9) high centrum semiovale (above the lateral ventricles), (10) cingulum,

(11) inferior longitudinal fasciculus, and (12) external/extreme capsule.
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overlaid on a grayscale anatomic image for instance. In addition,

slider bars allowed the user to threshold color overlays based on

the magnitude of underlying anisotropy to represent color direc-

tional information only on voxels above a particular anisotropy

threshold. This enabled quick graphic comparison of anisotropy

values in different structures in a more straightforward way than

interpretations based on perceived differences in brightness, and

was especially useful for comparing structures contained in differ-

ent slice locations.

White matter DTI measurements

As premature newborns are at risk for motor, visual, and

cognitive defects, we focused on multiple tracts involved in these

processes. The tracts selected for quantitation in the study included

commissural tracts of the corpus callosum at its (1) splenium, (2)

genu, and (3) body; projection tracts measured at the (4) posterior

limb of the internal capsule, (5) cerebral peduncle, (6) anterior limb

of the internal capsule, (7) optic radiation, (8) low centrum semi-

ovale (below the roof of the lateral ventricles, at the level of the

body of the corpus callosum) and (9) high centrum semiovale

(above the lateral ventricles); and association tracts of the (10)

cingulum, (11) inferior longitudinal fasciculus (ILF), and (12)

external/extreme capsule. The motor fibers of the pyramidal tract

are known to run through the cerebral peduncle, posterior limb of

the internal capsule, and centrum semiovale. The optic radiation

and inferior longitudinal fasciculus are involved with vision and

visual associative functions, respectively. Other white matter

structures contain association tracts involved in cognitive tasks

such as conflict monitoring (cingulum) or language function

(external/extreme capsules), while the commissural fibers of the

corpus callosum mediate the interhemispheric transfer of cognitive

information.

DTI measurements were taken from multiple regions of interest

(ROIs) positioned bilaterally within individual white matter tracts

defined on the color directional anisotropy maps by an experienced

neuroradiologist. ROI placement was further validated against

corresponding Dav maps and T2-weighted (b = 0 s/mm2) images

to exclude any adjacent ventricular cerebrospinal fluid from the

measurements. Fig. 1 illustrates typical ROIs for the 12 structures,

overlaid on both the grayscale FA maps (Fig 1a) and directionally

encoded color FA maps (Fig. 1b).

Statistical analysis

For each subject, median ROI values were measured for all

12 regions in each hemisphere. Statistical differences between

right and left ROIs were assessed with a two-tailed paired

Student’s t test.

Differences in DTI values between structures (independent of age)

Mixed random-effects models (Laird and Ware, 1982) were

employed to assess the differences in diffusion parameters be-

tween different tracts. The analyses were performed controlling

for age at time of scan. All 14 infants were included in the

analysis, and repeated measures from the same infant at different

ages across serial examinations were also controlled for in the

mixed random-effects model. Significance of the difference

between structures was calculated based on analysis of ranks of

the diffusion parameters.
Age-dependent maturational changes

Maturational changes in white matter DTI parameters were

quantified in the eight infants studied serially, and the percent

change per week of gestational age was used to compare

maturation rates between different DTI parameters and between

different white matter tracts. This investigation required two

different types of statistical analyses. First, it was necessary to

determine whether there were significant developmental changes

in diffusion parameters between two serial scans in the same

individual. This analysis was restricted to each individual tract.

The median changes of diffusion parameters and the cor-

responding P values for differences from zero based on the

Wilcoxon signed rank test (Maritz, 1985) were determined for

each structure for robust estimation of the changes. Next, mixed

random-effects models were employed to assess the differences in

maturational rates between different tracts. The analyses were

performed controlling for the fixed effect of age at scan and

structure of interest. In the mixed effects model analyses, it was

first determined if there existed statistically significant differences

in change of DTI parameters with subject age between different

structures of interest, at a significance level of P < 0.05. If there

was a significant difference between structures, the least squares

means of the changes as well as the pairwise differences between

structures were calculated. P values were calculated based on

analysis of ranks of the diffusion parameters, and P values for

pairwise differences were corrected for multiple comparisons

using Tukey–Kramer adjustment (Hochberg and Tamhane,

1987). If no overall significant difference was found in the mixed

random-effects model analyses, it was inferred that there were no

significant differences in change of parameters between different

tracts.
Results

The new hardware and software techniques substantially im-

proved DTI SNR by 40% to 70% over prior exams of premature

infants employing a standard adult head coil (Miller et al., 2002).

The improvement in spatial resolution afforded by this increase in

SNR allowed better visualization of small, unmyelinated axonal

tracts. Fig. 2a illustrates DTI parameter maps from serial exams of

an infant born at 33 weeks gestational age. Many white matter

tracts were measurable at the earlier gestational ages, and notable

increases in subcortical tract development were visible at term-

equivalent age, as also shown in the directionally encoded color FA

images of Fig. 2b.

Comparison of DTI values between the left and right hemi-

spheres in each subject demonstrated no statistically significant

differences based on a two-tailed paired Student’s t test (at a

significance level of P < 0.05). Therefore, the values obtained

from the left and right hemispheres were averaged to obtain the

mean Dav, FA, RA, k1, k2, and k3 values for each structure.

Differences in DTI values between structures

In the 14 premature neonates, statistically significant (P < 0.05)

variation in DTI values was observed between white matter

structures. Least squares means and standard errors of DTI values

for each structure are given in Table 1. FA was highest in the

commissural tracts of the corpus callosum, especially the splenium



Fig. 2. Images obtained from an infant born at 33 weeks and studied serially at 34 weeks and 40 weeks gestational age. Shown are representative DTI

parametric maps (a) for (left to right) FA, Dav, k1, k2, and k3 at a single slice location, and directionally encoded anisotropy color maps from four slice locations

(b). For both illustrations (a) and (b), the top row shows images acquired at 34 weeks and the bottom row shows images at 40 weeks gestational age. Image

scaling and window/levels are proportional for the two ages. Notable increases in subcortical tract development were visible between the earlier and later scans,

particularly evident in the directionally encoded color FA images at multiple slice locations (b).
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and the genu, followed by the deep projection tracts of the internal

capsule and cerebral peduncle. FA was lowest in the association

tracts and in the subcortical projection tracts of the centrum

semiovale. The commissural tracts of the corpus callosum had

the highest values of the major eigenvalue k1, with the splenium,

genu, and body being the only white matter pathways with median

k1 values exceeding 2.0 � 10�3 mm2/s. In contrast, Dav was lowest

in the deep projection tracts of the cerebral peduncle and the

internal capsule, with values less than 1.1 � 10�3 mm2/s, whereas

higher Dav values were identified in commissural, subcortical

projection (centrum semiovale), and association pathways. The

minor eigenvalues, k2 and k3, showed the same general pattern as
Dav, with the lowest values in the cerebral peduncle and the

posterior limb of the internal capsule.

Table 2 gives the results of pairwise comparisons between the

different tracts and illustrates the significant differences in DTI

parameters between regions for the age range investigated. As

can be observed in the table, the sensitivity for differentiating

between structures varied for the different DTI parameters. FA

was the most sensitive, and significantly discriminated between

52 pairs of structures. RA discriminated 50 pairs, followed by k2
(47 pairs), k1 and k3 (46 pairs each), and lastly Dav, which was

the least sensitive parameter and discriminated between 45 pairs

of structures.



Table 1

DTI Parameters for 12 white matter structures (least squares means, standard errors)

Commissural tracts Projection tracts Association tracts

CC Splen CC Genu CC Body Post L IC Cereb Ped Ant L IC Optic Rad Low CSem High CSem Cingulum ILF Ext Cap

FA 0.47 0.43 0.34 0.41 0.35 0.29 0.28 0.24 0.20 0.25 0.24 0.22

0.010 0.010 0.010 0.010 0.011 0.010 0.010 0.010 0.010 0.010 0.011 0.010

RA 0.41 0.38 0.29 0.35 0.30 0.24 0.24 0.20 0.17 0.21 0.20 0.18

0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010

Dav 1.33 1.40 1.52 1.17 1.19 1.30 1.47 1.48 1.57 1.41 1.54 1.36

0.022 0.022 0.022 0.022 0.023 0.022 0.022 0.022 0.022 0.022 0.024 0.022

k1 2.11 2.10 2.11 1.75 1.69 1.72 1.92 1.85 1.88 1.77 1.93 1.66

0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.026 0.025

k2 1.12 1.24 1.39 1.00 1.10 1.17 1.39 1.40 1.56 1.35 1.49 1.34

0.026 0.026 0.026 0.026 0.027 0.026 0.026 0.026 0.026 0.026 0.028 0.026

k3 0.84 0.91 1.10 0.81 0.83 1.01 1.11 1.20 1.28 1.10 1.22 1.09

0.026 0.026 0.026 0.026 0.027 0.026 0.026 0.026 0.026 0.026 0.028 0.026

Dav, k1, k2, k3 in units (� 10�3 mm2/s). Abbreviations: CC = corpus callosum, Splen = splenium, IC = internal capsule, Post L = posterior limb, Ant L =

anterior limb, Cereb Ped = cerebral peduncle, CSem = centrum semiovale, Rad = radiation, ILF = inferior longitudinal fasciculus, Ext Cap = external/extreme

capsule.

Table 2

Significant DTI differences between structures (P < 0.05)

Commissural tracts Projection tracts Association tracts

CC

Splenium

CC

Genu

CC

Body

Post

Limb IC

Cereb

Peduncle

Ant

Limb IC

Optic

Radiation

Low

CSemi

High

CS

Cingulum Inferior

LF

Ext

Cap

CC

splenium

k2 Dav

FA, RA

k2,3

Dav

FA, RA

k1,2

Dav

FA, RA

k1

FA, RA
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Significant difference defined as P < 0.05, determined by mixed random-effects modeling and signed rank analysis. Bold indicates column variable is higher

valued than row variable. Abbreviations: Dav = mean diffusivity, FA = fractional anisotropy, CC = corpus callosum, IC = internal capsule, Cereb = cerebral,

CSemi = centrum semiovale, LF = longitudinal fasciculus. Ext = external/extreme.
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Fig. 3. Comparison of changes in FA (a) and Dav (b) with gestational age for the low centrum semiovale and other structures. Dav values and variations with age

in the splenium were not significantly different from those measured in the anterior limb of the internal capsule (Tables 1 and 2) and therefore Dav values in the

splenium are not represented on the plot (b) for visual clarity.
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Maturational changes

Significant temporal changes were observed in white matter

DTI values, and the majority of the structures exhibited similar

trends with age (#Dav, zFA, #k2, #k3). The major eigenvalue

(k1) did not change substantially in most structures, but several

tracts (of the centrum semiovale, external/extreme capsule, and

internal capsule) showed modest negative correlations with age

(#k1). Fig. 3 illustrates the decrease in Dav and increase in FA

observed with increasing gestational age for all 14 infants.

These changes in both Dav and FA reflect the changes in the

major and minor eigenvalues. For the subjects in this study,

large maturational decreases were observed in the two minor

eigenvalues (k2, k3), while the major eigenvalue (k1) showed

less change with age, especially in those white matter structures

with the highest anisotropy. The age dependence of the three

eigenvalues is illustrated in Fig. 4 for four representative white

matter structures.

Calculations of maturational rates were made within the eight

subjects studied serially, and the changes in DTI parameters with

increasing age are given in Table 3. While most of the white matter

structures exhibited significant weekly increases in FA, the weekly

Dav decreases were smaller and were statistically significant in only

six of the regions measured. The maturational rates observed were

greatest for FA (ranging from + 2.6% to + 9.13% per week GA),

followed by the minor eigenvalues k3 (�2.0% to �4.57% per

week) and k2 (�1.57% to �3.54% per week). Significant matura-

tional rates in Dav ranged from �1.06% to �2.88% per week GA.

Changes in the maximum eigenvalue, k1, were minimal and were

statistically significant in only two of the association tracts (ILF

and external/extreme capsule) and the subcortical projection path-

way of the high centrum semiovale.

Although our sample size was small, we found significant

differences in maturation rate (based on increasing FA) between
the low centrum semiovale and most other structures (except for

the high centrum semiovale and anterior limb of the internal

capsule). This particular structure exhibited some of the lowest

anisotropy values at younger gestational ages and was found to

experience the greatest change with increasing age, with a median

rate of increase in FA of 9.13% per week GA.

While the genu and splenium of the corpus callosum were

highly anisotropic (the highest FA values of all structures mea-

sured) and easily visualized on the anisotropy maps, the measure-

ments with age were also highly variable. In particular for the

genu, the FA values appeared to be increasing in some infants and

decreasing in others with age. Consequently, no statistically

significant maturational trends of the genu of the corpus callosum

were identified for any of the DTI parameters.
Discussion

This study utilizing a specialized MR compatible incubator and

coil illustrates that even small association pathways and subcor-

tical projection tracts can be successfully visualized and quantita-

tively characterized in premature neonatal brains using DTI before

any detectable myelination on conventional MR imaging or

histology. Previous studies of neurologic MR imaging of preterm

neonates were performed using standard commercial RF receiver

coils (Arzoumanian et al., 2003; Huppi et al., 1998; Miller et al.,

2002; Neil et al., 1998) and were hindered by the low sensitivity

of these large coils with respect to small infant head sizes,

resulting in relatively low SNR and spatial resolution. As a result,

prior DTI studies of premature neonates have reported only

regional measurements in subcortical white matter (e.g., frontal

and parietal regions), with tract-specific measurements limited to

only a few large deep projection and commissural pathways,

including the internal capsule and corpus callosum (Arzoumanian



Fig. 4. Comparison of changes in the three diffusion tensor eigenvalues in the posterior limb (a) and anterior limb (b) of the internal capsule, low centrum

semiovale (c), external capsule (d), and splenium of the corpus callosum (e). More dramatic maturational changes were observed in the minor eigenvalues, k2
and k3, than the major eigenvalue, k1, especially in high anisotropy commissural white matter (splenium of corpus callosum) and deep projection white matter

(internal capsule) compared to low anisotropy association white matter (external capsule) and subcortical projection white matter (low centrum semiovale).
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et al., 2003; Huppi et al., 1998; Miller et al., 2002; Neil et al.,

1998).

Improvements in DTI imaging and processing

To improve the SNR and spatial resolution for imaging tiny

infants, a novel imaging system incorporating both an MR-com-

patible incubator and specialized high-sensitivity neonatal head

coil was developed (Dumoulin et al., 2002). In addition to

improvements in the overall image quality obtained, the new

system facilitates the imaging of sick or very premature infants
by improving the logistics of the transportation and scanning

processes and providing a well-monitored, quiet, and tempera-

ture-controlled environment during imaging.

Further imaging improvements were obtained by utilizing a

single-shot, multi-repetition EPI acquisition, and incorporating a

warping image registration algorithm in post-processing to mini-

mize artifacts. Use of the directionally encoded color anisotropy

maps greatly facilitated identification of the small white matter

tracts. Primary eigenvector maps can provide the same directional

information, but must be scaled up substantially for interpretation

(Huppi et al., 1998; McKinstry et al., 2002) and can be tedious to



Table 3

Change in DTI parameters (change in value and percent change) per week increase in gestational age

Structure Diffusion parameter

FA RA Dav k1 k2 k3

D D (%) D D (%) D D (%) D D (%) D D (%) D D (%)

P P P P P P

CC splenium 0.012 2.76 0.012 3.25 �0.026 �1.84 �0.011 �0.50 �0.040 �3.06 �0.033 �3.33

0.01 0.01 0.02 0.31 0.01 0.02

CC genu 0.008 1.98 0.008 2.22 �0.010 �0.70 0.002 0.09 �0.005 �0.39 �0.017 �1.84

0.46 0.38 0.55 1.00 0.74 0.95

CC body 0.010 3.37 0.009 3.71 �0.025 �1.58 �0.009 �0.44 �0.041 �2.83 �0.022 �1.84

0.02 0.02 0.20 0.55 0.15 0.06

Posterior limb of IC 0.010 2.60 0.010 2.97 �0.012 �1.06 �0.001 �0.06 �0.024 �2.40 �0.021 �2.71

0.01 0.01 0.01 0.74 0.01 0.01

Cerebral peduncle 0.010 3.05 0.009 3.30 0.025 0.02 0.021 1.24 �0.011 �1.01 �0.014 �1.87

0.02 0.02 0.58 1.00 0.69 0.11

Anterior limb of IC 0.011 4.03 0.010 4.38 �0.015 �1.16 �0.004 �0.26 �0.019 �1.62 �0.016 �1.61

0.01 0.01 0.02 0.55 0.02 0.06

Optic radiation 0.007 3.24 0.006 3.40 �0.016 �1.16 0.002 0.10 �0.011 �0.78 �0.023 �1.89

0.01 0.01 0.11 0.84 0.15 0.08

Low cent semiovale 0.018 9.13 0.016 9.57 �0.046 �2.88 �0.022 �1.17 �0.054 �3.54 �0.056 �4.57

0.01 0.01 0.02 0.31 0.02 0.01

High cent semiovale 0.007 4.36 0.006 4.48 �0.033 �1.98 �0.019 �0.94 �0.034 �2.05 �0.043 �2.98

0.02 0.02 0.02 0.02 0.01 0.02

Cingulum 0.006 2.48 0.005 2.61 �0.007 �0.51 0.006 0.29 �0.011 �0.73 �0.020 �1.80

0.03 0.03 0.30 0.47 0.47 0.03

Inferior LF 0.001 0.51 0.001 0.67 �0.014 �1.17 �0.016 �0.92 �0.016 �1.20 �0.011 �1.04

0.47 0.47 0.08 0.03 0.30 0.16

External capsule 0.006 2.90 0.006 3.03 �0.022 �1.60 �0.017 �1.04 �0.021 �1.57 �0.023 �2.00

0.01 0.01 0.02 0.04 0.01 0.02

Data are presented as median change in value, D, and percent change per week gestational age, with corresponding P values from Wilcoxon signed rank test in

italics. Change (D) in Dav, k1, k2, k3 in units (� 10�3 mm2/s) per week. Bold represents significant weekly change ( P < 0.05) based on the signed rank test.

Abbreviations: CC = corpus callosum, IC = internal capsule, LF = longitudinal fasciculus.
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use for visualization and measurements. Also, white matter fibers

having a strong through-plane directional component are poorly

represented by primary eigenvector maps. The new DTI acquisi-

tion and visualization methods in this study enabled us to image

smaller tracts than previously possible and allowed measurements

to be made within several association tracts and subcortical

projection tracts not previously reported in neonates by MR,

including the cingulum, external capsule, centrum semiovale, optic

radiations, and inferior longitudinal fasciculus.

Our white matter measurements show systematically lower Dav

and higher anisotropy values than prior studies of premature

newborns (Huppi et al., 1998; Neil et al., 1998). This is due to

the superior spatial resolution and more targeted ROI placement

within tracts of interest in this investigation, which greatly reduces

partial volume averaging with surrounding regions of the brain.

The imaging voxel volume for this study was 5.9 mm3, in

comparison with voxel sizes for earlier DTI studies of 11.3 mm3

(Neil et al., 1998) and 27.6 mm3 (Huppi et al., 1998). Through

these reductions in partial volume averaging, it is predictable that

our tract-specific Dav values should be lower and our anisotropy

measurements higher than prior studies, by minimizing contribu-

tions from surrounding less mature and less compact white matter,

as well as CSF, both of which have higher Dav and lower

anisotropy values. Partial volume effects may additionally reduce

anisotropy values by including adjacent pathways with different

fiber orientations than the tract of interest.
Maturational differences and rates

Significant differences in DTI parameters were observed

between white matter pathways. In general, FA was highest in

commissural tracts, followed by deep projection tracts, and

lowest in subcortical projection and association tracts. This is

the same hierarchy of anisotropy found in the fully myelinated

white matter tracts of adult volunteers (Shimony et al., 1999),

indicating that this hierarchy is already established in the

unmyelinated white matter of the preterm brain. Commissural

and deep projection white matter tracts are compact bundles of

mostly parallel fibers. The high k1 values found in the corpus

callosum, exceeding 2.0 � 10�3 mm2/s (Tables 1 and 2, Fig. 4),

indicate that fibers in this commissural tract have a high degree

of coherent parallel organization, with few barriers to diffusion

along the fiber orientation. This explains the high FA of these

commissural pathways, despite that fact that the corpus callosum

is completely unmyelinated in the preterm newborn (Barkovich,

2000; Kinney et al., 1988, 1994). However, in the more

subcortical portions of projection pathways, and along associa-

tion pathways, there may be divergence of fibers as well as

intersections with crossing fibers from other white matter tracts.

Moreover, subcortical projection and association tracts mature

and myelinate later and more slowly than commissural and deep

projection pathways (Barkovich, 2000; Kinney et al., 1988,

1994). These are all factors that can account for the lower
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anisotropy of subcortical projection and association pathways in

the developing human brain, relative to commissural and deep

projection tracts.

The most sensitive DTI measure for detecting differences

between tracts was diffusion anisotropy, primarily because the

maturational changes in white matter anisotropy were larger than

those in any individual eigenvalue, or in the mean of the three

eigenvalues, Dav, which was the least sensitive measure. Further-

more, it was proposed that the expansive nonlinearity at low

anisotropy values provided by the FA index may better distin-

guish small differences in anisotropy in the neonatal brain than

would the more linear RA index (Ulug and van Zijl, 1999).

Indeed, this was true for our study of premature newborns where

FA values ranged from 0.14 to 0.61 (mean, 0.31). FA performed

as well or better than RA for all pairwise comparisons of

structures, distinguishing between all the same pairs of regions

as RA plus two additional pairs. As expected, the white matter

structures that were separable only by FA, and not RA, were on

the lower end of the anisotropy scale (anterior limb of internal

capsule versus cingulum and high centrum semiovale versus

inferior longitudinal fasciculus), with mean FA values ranging

from 0.20 to 0.29. The higher sensitivity of FA for low anisot-

ropy structures suggests that FA is preferable to RA for the

quantitative characterization of white matter tracts in premature

neonates. In addition, a recent study validated that FA has

superior noise characteristics relative to RA, and that FA images

have higher SNR than RA for anisotropic regions, further

supporting the use of FA over RA (Hasan et al., 2004).

The lowest Dav values were found in the pyramidal tract at the

posterior limb of the internal capsule and at the cerebral peduncle

(Tables 1 and 2). Of the 12 white matter structures in this study,

these are the only two that begin to myelinate during preterm

gestation; the remaining 10 structures remain unmyelinated in the

premature brain (Barkovich, 2000; Kinney et al., 1988, 1994).

During childhood brain maturation, myelination has been shown

to preferentially reduce the minor eigenvalues k2 and k3, by

hindering diffusion in the plane orthogonal to the fiber orientation

(Mukherjee et al., 2002). We extend this finding to the preterm

human brain, by showing that the myelinating tracts of the

cerebral peduncle and posterior limb of the internal capsule have

lower k2 and k3 values than the other 10 unmyelinated white

matter structures. Dav, the mean of the three eigenvalues, is

therefore also lower in these two myelinating structures. The

preferential reduction of the two minor eigenvalues compared to

the major eigenvalue in these two structures also results in

relatively high FA, consistent with the known increases in

anisotropy associated with myelination in neonates (Huppi et

al., 1998; Miller et al., 2002; Neil et al., 1998) and children

(McGraw et al., 2002; Mukherjee et al., 2001, 2002). Although

unmyelinated, the highly collimated commissural white matter of

the genu and splenium of the corpus callosum still demonstrated

higher FA than the myelinating deep projection tracts at the

cerebral peduncle and the posterior limb of the internal capsule,

largely due to greater values of the major eigenvalue k1 (Fig. 4).

This disparity persists throughout childhood (Mukherjee et al.,

2002) and into adulthood (Shimony et al., 1999), when all of

these fiber tracts are fully myelinated.

Decreasing Dav and increasing anisotropy with increasing ges-

tational age was identified in the developing white matter of

premature neonates, similar to previous findings (Huppi et al.,

1998; Miller et al., 2002). We extend these prior observations to
show that, across serial measurements, these reductions in Dav and

increases in FA are due primarily to decreases in the two minor

eigenvalues, k2 and k3 (Table 3, Fig. 4). This trend of preferential

reduction of the two minor eigenvalues with progressive white

matter maturation has been shown to continue during childhood

brain maturation (Mukherjee et al., 2002). Interestingly, we found no

discontinuity in the maturational trends of the DTI parameters

coincident with the transition from premyelination to myelination,

which occurs at approximately 36 weeks GA in the posterior limb of

the internal capsule and even earlier in the cerebral peduncle

(Barkovich, 2000; Kinney et al., 1988, 1994). The onset of myeli-

nation, easily visible on conventional T1-weighted and T2-weighted

imaging (Barkovich et al., 1988), was therefore not readily distin-

guished based on the DTI parameters, which depicted a smoother,

more continuous maturational process.We do not yet have sufficient

serial data covering the appropriate age ranges for this particular

stage of development, so further investigation is necessary to more

sensitively assess whether distinct stages of the premyelination and

myelination process can be discerned from the quantitative trends of

DTI parameters.

In the serially followed preterm neonates, we found matura-

tional changes over the age range of 28–43 weeks GA to be more

dramatic in the subcortical projection pathways of the centrum

semiovale, with steeper declines in Dav and increases in FA, than in

the deep portions of these same projection tracts at the internal

capsule and cerebral peduncle (Table 3). Continued faster growth

of anisotropy in more peripheral subcortical white matter compared

to deep central white matter has been documented by McGraw et

al. (2002) in infants and children during the first six years of life.

Greater variation in DTI values was observed in the corpus

callosum than in other white matter tracts. In serial studies, the

genu of the corpus callosum in particular exhibited highly variable

age-related changes across different individuals for both Dav and

FA. Variability in corpus callosum measures has been reported by

others as well, and the cause is thought to be due to increased noise

from CSF pulsatile motion artifacts in regions bordering the

ventricles (Mukherjee et al., 2001, 2002; Pfefferbaum et al.,

2000). Moreover, there may be less maturational change during

preterm development in the genu of the corpus callosum than in

other white matter structures, since the frontal lobes are known to

mature later and more slowly than other brain regions (Barkovich,

2000; Kinney et al., 1988, 1994).

The fact that the water content of the brain decreases with

increasing age in neonates should be considered when interpreting

brain diffusion changes with age. This topic has been explored in

detail in prior DTI studies of newborns, infants, and children

(Mukherjee et al., 2002; Neil et al., 1998). Our results are

consistent with these prior investigations in that some of the

decrease in Dav can be attributed to decreasing brain water content,

but the percent decrease in Dav is much greater than the percent

decline in brain water content over the same age range (Dobbing

and Sands, 1973). This indicates that decreases in Dav reflect more

than just tissue water loss. Also, one would expect that a decrease

in brain water content would cause reduced water motion propor-

tional along all axes, which should not produce a change in

diffusion anisotropy. The increases in anisotropy we measured

with age primarily reflected decreases in the minor eigenvalues (k2
and k3), and little change in the major eigenvalue (k1). This

suggests that the changes in anisotropy are not simply explained

by changes in brain water content, and more likely reflect micro-

structural changes of premyelination and myelination, causing
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increased hindrance to water diffusion perpendicular to the direc-

tion of axonal fibers.
Conclusions

Our new DTI acquisition and analysis methods improved

detection and quantitation of unmyelinated white matter tracts in

preterm newborns over prior studies. These improvements en-

abled tract-specific characterization of maturing white matter,

including several association tracts and subcortical projection

tracts not previously investigated in neonates by MR imaging.

Significant differences in DTI parameters were observed be-

tween white matter pathways, with earlier maturing commissural

tracts of the corpus callosum and deep projection tracts of the

cerebral peduncle and internal capsule exhibiting lower Dav and

higher FA than later maturing subcortical projection and asso-

ciation pathways. The same hierarchy of anisotropy has been

shown in fully myelinated white matter tracts of adult volunteers

(Shimony et al., 1999), indicating that this hierarchy is already

established in the unmyelinated white matter of the preterm

brain. The maturational changes observed in serial measurements

of the same infants included reductions in Dav and increases in

FA with age, which resulted primarily from decreases in the two

minor diffusion eigenvalues, k2 and k3. These maturational

changes were more pronounced in the subcortical projection

pathways of the centrum semiovale than in the deep portions of

these same projection tracts at the internal capsule and cerebral

peduncle.

The advent of 3D diffusion tensor fiber tractography (Basser et

al., 2000; Conturo et al., 1999; Mori et al., 1999; Poupon et al.,

2000) may further improve tract-specific quantitation of white

matter maturation by enabling the measurement of DTI parameters

along the entire 3D trajectory of an axonal pathway, rather than at

only discrete locations within the tract. Improved quantitative

evaluation of white matter development in premature newborns

should enable earlier, more sensitive detection of white matter

injury of prematurity and provide a better understanding as to how

white matter injury of prematurity affects subsequent brain devel-

opment. This prognostic information may affect clinical decisions

regarding aggressiveness of care, including enrollment in experi-

mental trials of neuroprotective agents or initiation of rehabilitation

therapy.
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