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ABSTRACT

BACKGROUND AND PURPOSE: Studies on infants and children born preterm have shown that adequate gestational length is critical for
brain white matter development. Less is known regarding how variations in gestational age at birth in term infants and children affect white
matter development, which was evaluated in this study.

MATERIALS AND METHODS: Using DTI tract-based spatial statistics methods, we evaluated white matter microstructures in 2 groups of
term-born (�37 weeks of gestation) healthy subjects: 2-week-old infants (n � 44) and 8-year-old children (n � 63). DTI parameters
including fractional anisotropy, mean diffusivity, axial diffusivity, and radial diffusivity were calculated by voxelwise and ROI methods and
were correlated with gestational age at birth, with potential confounding factors such as postnatal age and sex controlled.

RESULTS: Fractional anisotropy values, which are markers for white matter microstructural integrity, positively correlated (P � .05,
corrected) with gestational age at birth in most major white matter tracts/regions for the term infants. Mean diffusivity values, which are
measures of water diffusivities in the brain, and axial and radial diffusivity values, which are markers for axonal growth and myelination,
respectively, negatively correlated (P � .05, corrected) with gestational age at birth in all major white matter tracts/regions excluding the
body and splenium of the corpus callosum for the term infants. No significant correlations with gestational age were observed for any
tracts/regions for the term-born 8-year-old children.

CONCLUSIONS: Our results indicate that longer gestation during the normal term period is associated with significantly greater infant
white matter development (as reflected by higher fractional anisotropy and lower mean diffusivity, axial diffusivity, and radial diffusivity
values); however, similar associations were not observable in later childhood.

ABBREVIATIONS: AD � axial diffusivty; FA � fractional anisotropy; MD � mean diffusivity; RD � radial diffusivity

It is well known that infants born with low gestational age (pre-

term, �37 completed weeks of gestation) are relatively more

vulnerable to brain white matter injury or abnormal white matter

development. White matter damage in extremely or very preterm

infants (�32 completed weeks of gestation) is common, and in-

creased risk is associated with lower gestational age1; white matter

microstructural differences in moderate or late preterm infants

(32–36 completed weeks of gestation) compared with term in-

fants have also been reported.2 The abnormality of white matter

development associated with low gestational age in preterm in-

fants may extend well beyond infancy, as indicated by observed

differences in adolescents born prematurely compared with

term-born controls.3-5 Furthermore, abnormal white matter

development associated with preterm birth is also linked to

adverse long-term neurodevelopmental outcomes in children

at different ages.6-8

The effects of gestational age on neurologic or neurodevelop-

ment for term-born children (�37 completed weeks of gestation)

have not been investigated until recently. Several new studies

(most of them population-based) reported positive associations

between longer gestational age (excluding postterm, which is �42

weeks of gestation) and better cognitive and/or neurodevelop-

ment in term-born children, such as higher scores on Bayley scales

of mental and motor development during the first year of life9,10;
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more school readiness and cognitive and educational ability at age

3 years11; higher intelligence quotient scores12 and less vulnera-

bility to low early developmental index at age 6 –7 years13; greater

reading, math, and achievement scores in the third grade14; and

better test scores in elementary and middle school and higher

probability of being gifted.15

Brain structural and functional development is directly related

with neurodevelopment and cognitive performance in children.

However, very few studies have addressed whether length of ges-

tation at term birth is associated with differences in later brain

development in children as measured by neuroimaging, particu-

larly for white matter development (a recent study reported asso-

ciations between longer gestation and higher brain gray matter

density measured by MR imaging in term-born healthy 6 –10-

year-old children16). In addition, although white matter matura-

tion before and after term has been investigated via imaging stud-

ies,17 there is insufficient quantitative characterization of white

matter maturation during the normal term period beyond the

common perception that white matter is developing rapidly dur-

ing this time. In each week of gestation and/or week of life during

the term period, white matter continues to mature in patterns of

posterior to anterior and central to peripheral.18 A few studies

have evaluated white matter microstructures in relation to term

gestational ages19,20; nevertheless, studies including white matter

imaging data for term-born infants have mostly focused on the

comparison to preterm,20,21 but not on the trajectory of white

matter development in term-born infants during the normal term

period. Nor is it clear whether gestational lengths at birth of term-

born infants impact this trajectory and longer-term development

into childhood. In this study, DTI measures were used to examine

potential associations between gestational age at birth and brain

white matter microstructural development in 2 well-character-

ized cohorts of healthy term-born subjects (2-week old infants

and 8-year-old children).

MATERIALS AND METHODS
Study Population
All study subjects were from the existing prospective Brain Power

(ClinicalTrials.gov identifier: NCT00735423) or Glowing (Clini-

calTrials.gov identifier: NCT01131117) research cohorts at the

Arkansas Children’s Nutrition Center, and all experimental pro-

cedures were approved by the institutional review board at the

University of Arkansas for Medical Sciences with parental con-

sent. Inclusion and exclusion criteria for these 2 research cohorts

apply to this retrospective secondary analysis study. Briefly, all

infants (n � 44) were born to healthy women with uncomplicated

singleton pregnancy; had term gestation at birth (�37 completed

weeks); were born with size appropriate for gestational age; and

had no birth defects or congenital abnormalities and no medical

issues at or after birth. All 8-year-old children (n � 63) were

term-born (�37 completed weeks) with birth weight and current

body mass index between the 5th and 95th percentile for age; were

healthy with normal neurodevelopment; and had no history of

neurologic impairment or injury, psychologic or psychiatric diag-

noses, or any other serious illnesses or diseases. Reynolds Intellec-

tual Assessment Scales of intelligence quotient were measured,

and all subjects had composite intelligence quotient �80. All in-

fants included in this study had an MR imaging examination of

the brain during natural sleep at Arkansas Children’s Hospital

around age 2 weeks, which included conventional sequences to

screen for apparent abnormalities and DTI for evaluation of white

matter development, as part of the Glowing study. All 8-year-old

children included in this study were scanned with similar DTI

pulse sequences as part of the Brain Power study.

MR Imaging Data Acquisition
The MR imaging data were acquired by using a 1.5T Achieva

scanner (Philips Healthcare, Best, the Netherlands) with an

8-channel SENSE head coil (Philips Healthcare). Infants were fed

approximately 30 minutes before the scan and wrapped by a

MedVac infant immobilizer (CFI Medical Solutions, Fenton,

MI). Mini muffs were used to block the noise from the scanner, a

pulse oximeter probe was used to monitor oxygen saturation and

heart rate, and an MR imaging– compatible camera was used to

monitor the infants during the scan. Pulse sequences included

diffusion, susceptibility, 3D T1- and/or T2-weighted imaging to

exclude apparent brain abnormalities, and a single-shot spin-

echo EPI sequence with diffusion-weighting gradients in 15

uniformly distributed directions and a maximum b-value of

700 seconds/mm2 to acquire DTI data with 2 � 2 � 3 mm3

voxel size. For 8-year-old children, a headset was used to block

scanner noise and to play audio associated with a movie played

during the scan by using an MR imaging– compatible enter-

tainment system. The children were instructed to remain still

inside the scanner, but were given a panic button for emer-

gency use. DTI data were acquired by using a similar EPI se-

quence with 15 diffusion-weighting directions and a maxi-

mum b-value of 800 seconds/mm2.

DTI Data Analysis
All DTI raw data were exported to a workstation with the FMRIB

Software Library (FSL, created by the Oxford Center for Func-

tional MR Imaging of the Brain, United Kingdom [http://www.

fmrib.ox.ac.uk/fsl]) installed on a VMware Linux virtual machine

(VMware, Palo Alto, California) and with Matlab software

(MathWorks, Natick, Massachusetts). First, FSL tools were used

for eddy current and head movement correction in the raw data

and for creating a brain mask for each subject. The preprocessed

DTI data were then fed to the DTIfit tool (http://fsl.fmrib.ox.

ac.uk/fsl/fsl-4.1.9/fdt/fdt_dtifit.html) to calculate DTI parameter

maps for each subject, including fractional anisotropy (FA), mean

diffusivity (MD), axial diffusivity (AD), and radial diffusivity

(RD). The FA maps were then processed by the tract-based spatial

statistics tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS) for fur-

ther analysis.22 Specifically, FA maps were preprocessed to re-

move outliers from the DTI fitting and then aligned to each other

to identify a most representative subject with the least total imag-

ing warping. The FA maps for all subjects were then registered to

the FA maps for this representative subject by using nonlinear

transformation and were skeletonized by using the tract-based

spatial statistics tool. A threshold of FA �0.1 was chosen for the

infants’ data and a threshold of FA �0.15 was chosen for the

8-year-old children’s data to delineate the major white matter

tracts (white matter skeletons) on the FA maps for each subject,
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which were used for voxelwise statistical analysis. In addition, the

MD, AD, and RD maps were transformed and skeletonized ac-

cording to the existing template and logistics for FA maps and

were processed for voxelwise statistical analysis as well. Further-

more, major white matter tracts/regions with known anatomy

were sketched on the FA maps, and mean DTI parameter values

for each ROI for each subject were exported to Matlab for addi-

tional ROI analysis.

Statistics
Randomization with 5000 permutations was used for the voxel-

wise correlation analysis in tract-based spatial statistics. The

threshold-free cluster enhancement option23 was used to identify

voxels with significant correlation (P � .05, corrected for multiple

comparisons) between gestational age and DTI parameters. The

analysis was also adjusted for potential confounding factors in-

cluding postnatal age at MR imaging and the subject’s sex, be-

cause the brain continues to develop rapidly after birth and sex

differences in DTI measures in children have been reported.24 For

the ROI analysis, Spearman partial correlation tests were used to

calculate the coefficients and P values for the correlation between

gestational ages and mean DTI parameters in each ROI, control-

ling for postnatal age at MR imaging and sex.

RESULTS
The demographic information for the healthy term infants and

8-year-old healthy children are listed in Table 1. The standard

deviation of age at the time of MR imaging examination was rel-

atively small compared with the mean age at MR imaging for both

groups, indicating well-defined age groups with potentially low

confounding by postnatal age.

For the term infants, DTI tract-based spatial statistics analysis

revealed that FA values, a marker for white matter microstructural

integrity, positively correlated (P � .05, corrected) with gestational

age at birth in most white matter voxels in the brain (Fig 1 and Table

2). These voxels involved the frontal, parietal, temporal, and occipital

lobes and the pons as well as the cerebellum. However, the corpus

callosum (especially the splenium and the body), which develops the

fastest at the first trimester of pregnancy,25

did not show significant correlations. On

the other hand, MD, AD, and RD param-

eters negatively correlated (P � .05, cor-

rected) with gestational age at birth in

most white matter voxels in the brain

(Fig 1 and Table 2), again with the excep-

tion of the splenium and body of the cor-

pus callosum. For the 8-year-old children,

no voxels in the white matter tracts

showed significant correlation (positive or

FIG 1. Tract-based spatial statistics analysis of the correlation between gestational age at birth and DTI parameters (FA, MD, AD, and RD) in term
infants. Background images are FA maps; major white matter tracts are green; voxels in the tract with significant positive correlations (P � .05,
corrected) are red; voxels with significant negative correlations (P � .05, corrected) are blue. Widespread positive correlations between FA and
gestational age at birth and negative correlations between MD, AD, and RD and gestational age at birth were observed.

Table 1: Demographic information for the healthy term infants and 8-year-old term-born
children

Demographics Infants Children
No. of patients 44 63
Gestational age at birth, wks

(mean � SD �min, max�)
39.3 � 1.0 �37.3, 40.7� 39.4 � 1.2 �37.0, 42.1�

Age at MRI (mean � SD �min, max�)a 14.3 � 1.6 �11, 19� 7.90 � 0.25 �7.52, 8.51�
Gender (M, F) 23, 21 28, 35
RIAS IQ (mean � SD �min, max�) N/A 110.8 � 12.5 �82, 147�

Note:—IQ indicates intelligence quotient; max, maximum; min, minimum; RIAS, Reynolds Intellectual Assessment
Scales.
a Unit for infant ages is weeks; for children, years.
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negative) between gestational age at birth and any of the DTI param-

eters (Table 2). Sex effects on DTI parameter values were observed in

several white matter tracts for the 8-year-old children (data presented

in the On-line Figure), but were not observed for the term infants.

ROI analysis of brain white matter regions/tracts showed re-

sults similar to those observed for the tract-based spatial statistics

analyses (Fig 2). Correlation coefficients and P values for all ROIs

for the 2 study groups are listed in Table 3. For the term infants, of

the 14 regions/tracts included, mean FA values positively corre-

lated (P � .05) with gestational age at birth in 6 regions, and mean

MD, AD, and RD values negatively correlated (P � .05) with

gestational age at birth in 11 regions. The genu, splenium, and

body of the corpus callosum did not show any significant corre-

lations. For the 8-year-old children, no ROI showed a significant

correlation (P � .05) between gestational age at birth and any DTI

parameter (Fig 2 and Table 3).

DISCUSSION
Our DTI study shows that gestational age at birth is associated

with significant differences in white matter microstructural devel-

opment in term infants, but not in term-born children at age 8

FIG 2. Scatterplots for correlation analyses between gestational age at birth and DTI parameters in white matter ROIs of term infants and
children. Data for term infants are in red, and data for 8-year-old children are in blue. Least-square fit lines are also shown. Units for DTI
parameters are: FA (no unit); MD, AD, and RD (�m2/ms). Positive correlations (P � .05) between gestational age and FA were observed in many
ROIs (marked with an asterisk) for the term infants, but not in any ROI for the 8-year-old children. Likewise, negative correlations (P � .05)
between gestational age and MD, AD, and RD were observed for most ROIs (marked with an asterisk) for the term infants, but none were
observed for any ROI for the 8-year-old children. (Details of correlation statistics are provided in Table 3.)

Table 2: Percentage of imaging voxels in major white matter
tracts that showed significant correlation (P < .05, corrected)
between DTI parameters (FA, MD, AD, and RD) and gestational
age at birth

Infantsa Childrena

FA 80, all positive 0
MD 91, all negative 0
AD 87, all negative 0
RD 91, all negative 0

a Information presented as percentage of voxels, correlation type.
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years. Specifically, for term infants, significant positive correla-

tions between gestational age at birth and FA values and negative

correlations between gestational age at birth and MD, AD, and

RD values were observed in most white matter tracts, indicating

that increased myelination (reflected by lower RD) and axonal

growth (reflected by lower AD) as well as overall higher white

matter integrity (reflected by higher FA and lower MD) are asso-

ciated with longer gestational age during the normal term period

before birth. One major white matter region not displaying these

significant gestation-related associations was the corpus callo-

sum, which typically starts development at the first trimester of

pregnancy with a faster growth rate than at other trimesters.25 It is

possible that the development of the corpus callosum is less vul-

nerable to gestational influences at the end of the normal term

period, in which case relatively small differences in gestational age

within the normal term period may not result in measurable

changes in its myelination and growth. For the DTI parameters, it

appears that diffusivity measures (MD, AD, and RD) were more

sensitive than anisotropy (FA) to white matter microstructural

changes during the normal term period. For example, tract-based

spatial statistics analyses revealed a higher percentage of white

matter voxels with significant correlations related to gestational

age at birth (Table 2) for MD, AD, and RD than for FA, and ROI

analyses showed significant correlations with gestational age at

birth for more regions for MD, AD, and RD than for FA (Table 3).

To our knowledge, there is only 1 other published study focused

on white matter microstructural development in term infants at

young postnatal ages similar to those in our study.20 In that study,

a positive correlation with gestational age was found in several

white matter regions for FA values. Analyses on diffusivities were

not available. Another study investigated white matter micro-

structural development in term infants at a larger postnatal age

range by using DTI tractography methods, but the evaluation was

limited to only a few white matter regions.19 Their results showed

increased FA and decreased MD with gestational age at MR im-

aging (gestational age at birth plus postnatal age at MR imaging)

in corticospinal tracts, but not in the splenium of the corpus cal-

losum, consistent with our findings. Overall, our DTI results for

FIG 2. Continued.
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term infants agree with the general consensus that the normal

term period (37– 41 weeks of gestation) is a critical timeframe for

the developing brain. Furthermore, the results in the current

study can provide additional normative data for DTI parameter

changes in white matter during this period.

For 8-year-old term-born children, significant correlations

between gestational age at birth and DTI parameters at age 8 years

were not observed. This may be a reflection of a “catch-up” effect

(ie, the deficits presumably related to less in utero development

because of shorter gestational length within the normal term pe-

riod were compensated for during 8 years of postnatal develop-

ment, with the white matter microstructures in term-born chil-

dren with all gestational ages eventually reaching the same level).

However, extensive exposure to potential confounding factors

(such as diet, lifestyle, and family environment) during the 8 years

of postnatal brain development could also be a mediating factor

and cannot be ruled out as a contributing factor underlying the

observed absence of gestational age-associated white matter dif-

ferences. Although there was no significant correlation between

gestational age and intelligence quotient for the 8-year-old chil-

dren (r � 	0.09, P � .49) in our study, population-based studies

have shown that white matter development is associated with cog-

nitive functioning in 6 –10-year-old healthy children,18 and re-

cent large-scale studies have revealed associations between cogni-

tive development and length of gestation in school-age children

born at term.12-15 Our results indicate that white matter changes are

not likely the driving force for reported relationships between gesta-

tional age and cognitive performance in term-born children. It is

noteworthy that reported white matter changes in older children/

adolescents associated with preterm birth were mostly for those born

very preterm or with very low birth weight,3-5,8,26 and a study of

9-year-old children with low risk preterm birth (30–34 weeks of ges-

tation) showed more changes in gray matter than white matter com-

pared with term controls.27 In addition, 1 study showed increased

regional gray matter attenuation associated with gestational age at

birth in 6–10-year-old children for both the preterm and term sub-

groups.16 Therefore, the development of gray matter, the other major

structural component of the brain, may need to be the future focus

for exploring potential relationships between gestational age and

brain development in term-born children. This may be achieved by

either global/regional volume or cortical thickness measurements of

gray matter or fMRI measurements of stimulated brain activation or

connectivity at resting state in gray matter.

One limitation for this study is that the gestational age for the

8-year-old children was parent reported. Medical records con-

taining relevant information were not available for some subjects.

Parents were asked to provide the due date (and/or the exact ges-

tational length at birth of their children) as part of the Brain

Table 3: Correlation coefficients (r values) and correlation statistics (P values) between gestational age at birth and DTI parameters in
white matter ROIs for the term infants and children

FA Correlation MD Correlation AD Correlation RD Correlation

r Value P Value r Value P Value r Value P Value r Value P Value
Infants

GN 0.28 .07 	0.24 .13 	0.06 .72 	0.29 .06
SP 	0.02 .90 0.06 .73 	0.05 .78 0.06 .69
BCC 	0.06 .70 	0.15 .34 	0.25 .10 	0.08 .60
PLIC 0.29 .06 	0.67 �.001a 	0.54 �.001a 	0.59 �.001a

ALIC 0.18 .25 	0.72 �.001a 	0.59 �.001a 	0.61 �.001a

EC 0.45 .003a 	0.71 �.001a 	0.65 �.001a 	0.69 �.001a

CG 0.32 .04a 	0.63 �.001a 	0.51 �.001a 	0.62 �.001a

SCR 0.48 .001a 	0.63 �.001a 	0.54 �.001a 	0.63 �.001a

SLF 0.59 �.001a 	0.65 �.001a 	0.63 �.001a 	0.66 �.001a

AWM 0.60 �.001a 	0.69 �.001a 	0.66 �.001a 	0.67 �.001a

PWM 0.23 .13 	0.59 �.001a 	0.61 �.001a 	0.52 �.001a

OR 0.28 .07 	0.52 �.011a 	0.49 .001a 	0.47 .001a

IFO 0.66 �.001a 	0.72 �.001a 	0.70 �.001a 	0.70 �.001a

ILF 0.24 .13 	0.71 �.001a 	0.69 �.001a 	0.68 �.001a

Children
GN 	0.25 .05 0.16 .21 	0.15 .25 0.22 .08
SP 	0.05 .68 0.04 .78 	0.03 .79 0.04 .78
BCC 	0.13 .33 0.03 .81 0.00 .99 0.06 .63
PLIC 	0.03 .81 	0.02 .88 	0.04 .73 0.01 .93
ALIC 0.08 .54 	0.05 .68 0.09 .51 	0.10 .46
EC 	0.05 .69 	0.00 .95 	0.07 .61 0.01 .93
CG 	0.08 .53 	0.19 .14 	0.02 .10 	0.16 .21
SCR 	0.17 .18 	0.02 .91 	0.24 .06 0.04 .77
SLF 0.01 .95 	0.01 .94 	0.02 .84 	0.02 .89
AWM 	0.01 .91 	0.10 .44 	0.06 .64 	0.09 .49
PWM 	0.19 .14 	0.00 .97 	0.18 .17 0.08 .52
OR 	0.04 .76 	0.05 .72 	0.00 .99 	0.04 .77
IFO 	0.21 .10 	0.04 .77 	0.22 .09 0.05 .71
ILF 	0.21 .10 0.00 .98 	0.24 .06 0.10 .43

Note:—ALIC indicates anterior limb of internal capsule; AWM, anterior white matter; BCC, body of corpus callosum; CG, cingulum; EC, external capsule; GN, genu of corpus
callosum; IFO, inferior frontal occipital fasciculus; ILF, inferior longitudinal fasciculus; OR, optic radiation; PLIC, posterior limb of internal capsule; PWM, posterior white matter;
SCR, superior corona radiata; SLF, superior longitudinal fasciculus; SP, splenium of corpus callosum.
a Indicates P values for significant correlations.
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Power study (those unable to provide this information were ex-

cluded from this study), and gestational age at birth was then

calculated by comparing the due date (assume 40 weeks of gesta-

tion) and the actual date of birth. Although potential inaccuracy

(likely on the order of days, if any) is possible, the distribution and

mean/standard deviation (Table 1) of gestational age at birth were

comparable with that for the infant cohort, and therefore did not

suggest apparent issues. Furthermore, additional analyses were

performed to test the effects of gestational age at term birth on

DTI parameters in these 8-year-old children, such as group com-

parisons of those with reported gestational age 37–38 completed

weeks versus 39 – 41 or 40 – 41 completed weeks; 37 or 38 com-

pleted weeks versus 39, 40, or 41 completed weeks; and so forth.

None of those comparisons showed any effect of gestational age at

birth on DTI parameters for the 8-year-old children.

CONCLUSIONS
Our DTI findings indicate that longer gestational length is asso-

ciated with greater white matter microstructural development in

term healthy infants, but not in term-born 8-year-old healthy

children.
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