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Recently, our laboratory has shown that the neural mechanisms for
encoding lexico-semantic information in adults operate functionally
by 12–18 months of age within left frontotemporal cortices (Travis
et al., 2011. Spatiotemporal neural dynamics of word understanding
in 12- to 18-month-old-infants. Cereb Cortex. 8:1832–1839).
However, there is minimal knowledge of the structural changes that
occur within these and other cortical regions important for
language development. To identify regional structural changes
taking place during this important period in infant development,
we examined age-related changes in tissue signal properties of
gray matter (GM) and white matter (WM) intensity and contrast.
T1-weighted surface-based measures were acquired from 12- to
19-month-old infants and analyzed using a general linear model.
Significant age effects were observed for GM and WM intensity
and contrast within bilateral inferior lateral and anterovental tem-
poral regions, dorsomedial frontal, and superior parietal cortices.
Region of interest (ROI) analyses revealed that GM and WM inten-
sity and contrast significantly increased with age within the same
left lateral temporal regions shown to generate lexico-semantic
activity in infants and adults. These findings suggest that neurophy-
siological processes supporting linguistic and cognitive behaviors
may develop before cellular and structural maturation is complete
within associative cortices. These results have important impli-
cations for understanding the neurobiological mechanisms relating
structural to functional brain development.
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Introduction

Many important behavioral milestones are achieved in the
second year of life. Sensorimotor, linguistic, and cognitive
skills rapidly mature in these months (Herschkowitz et al.
1999), and it is typically at these ages when the infant begins
to speak and walk. Coinciding with the emergence of these
behaviors are many notable neurobiological events, including
region-specific changes in synaptogenesis (Huttenlocher and
Dabholkar 1997), myelination (Yakovlev and Lecours 1967;
Brody et al. 1987; Kinney et al. 1988), and glucose metab-
olism (Chugani 1998). Furthermore, this can also be a period
when the behavioral symptoms of neurodevelopmental dis-
orders such as autism first become apparent (Wetherby et al.
2004; Zwaigenbaum et al. 2005; Landa and Garrett-Mayer
2006). Despite the importance of these months for healthy be-
havioral and brain development, only a few neuroimaging
studies have attempted to characterize the structural changes
that occur in the months following an infant’s first birthday
(Gao et al. 2008; Knickmeyer et al. 2008; Gilmore et al. 2011).

Most morphometric measures used to assess maturational
changes in brain structure have been acquired from 1- to
2-year-old infants as part of either cross-sectional or longitudi-
nal neuroimaging studies of brain development (Schaefer
et al. 1990; Pfefferbaum et al. 1994; Courchesne et al. 2000;
Almli et al. 2007; Gilmore et al. 2007; Knickmeyer et al. 2008;
Gilmore et al. 2011). These, and a few additional studies
which have included infants between the ages of 12–24
months, have either characterized the development of a specific
cortical or subcortical area (Pfluger et al. 1999; Utsunomiya
et al. 1999), white matter (WM) development (Gao et al.
2008) or have acquired global volumetric measures of ventri-
cular, GM and WM regions (Schaefer et al. 1990; Pfefferbaum
et al. 1994; Courchesne et al. 2000; Gilmore et al. 2007;
Knickmeyer et al. 2008; Choe et al. 2012).

Aside from knowledge of the gross neuroanatomical
changes that occur during this important period in human de-
velopment, very little is known of the structural maturation of
specific cortical regions that support emerging sensory, cogni-
tive, and linguistic behaviors. In older children and adoles-
cents, region-specific structural changes have reliably been
obtained using morphometric measures of cortical thickness
(Sowell, Thompson, Leonard, et al. 2004; Sowell, Thompson,
Toga, et al. 2004; O’Donnell et al. 2005; Lu et al. 2007; Sowell,
Peterson et al. 2007; Shaw et al. 2008; Brown et al. 2012).
More recently, tissue signal properties, including GM and WM
T1-weighted signal intensity and contrast, have also been used
to investigate structural neurodevelopment (Salat et al. 2009;
Westlye et al. 2010; Brown et al. 2012). Regional changes in
signal intensity have been shown to occur independent of
variations in cortical thickness, and so may index different
underlying neurobiological processes contributing to the
structural changes observed during brain development and
aging (Salat et al. 2009; Westlye et al. 2010). Specifically, GM
and WM tissue intensities are related to proton-relaxation
times, and so are sensitive to the degrees of tissue myelination
(Walters et al. 2003; Eickhoff et al. 2005; Westlye et al. 2010).
Both measures of cortical thickness and tissue signal intensi-
ties are likely to be more sensitive to subtle morphological
changes than gross volumetric measures (Sowell et al. 2001);
however, neither measure has been widely used to assess
regional development of cortical structures in children
younger than 3 years of age.

Uncovering the structural changes that occur within func-
tional brain areas during early development has important
implications for improving understandings of both the neuro-
biological underpinnings of cognitive development and the
underlying cellular processes that give rise to the structural
changes observed throughout the lifespan. Evidence from
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structural neuroimaging studies of older children (Giedd et al.
1996; Reiss et al. 1996; Thompson et al. 2000; Sowell et al.
2002; Shaw et al. 2008; Brown et al. 2012), and post-mortem
research, consistently demonstrate regional differences in
rates of cellular, structural, and functional development
(Casey et al. 2005; Toga et al. 2006). Primary sensory areas,
including visual cortices, are some of the first regions to
mature, attaining peak cortical thinness (Shaw et al. 2008),
myelination (Flechsig 1920; Conel 1955; Yakovlev and
Lecours 1967; Brody et al. 1987; Kinney et al. 1988), synaptic
density (Huttenlocher and de Courten 1987), and adult-like
dendritic morphology (Travis et al. 2005) before higher order
associative cortices. Sensory abilities appear to rapidly
develop in parallel with many of these neurobiological
changes (Zilles et al. 1986) and do so much before maturation
is observed for high-order cortices and the cognitive beha-
viors that these regions support (Casey et al. 2005; Toga et al.
2006). This temporal coincidence suggests that functional ma-
turity may depend on the structural and cellular maturation of
a given functional area. However, we have recently demon-
strated that the neurophysiological processes thought to index
semantic processing in adults (Kutas and Federmeier 2011)
appear to operate functionally by 12–18 months of age
(Travis et al. 2011). These new findings imply that the func-
tional development of the neurophysiological processes
important for word understanding occur before cellular and
structural maturation is complete within associative cortices.

To explore this possibility further, we examined age-related
changes in tissue signal properties of GM and WM intensity
and tissue contrast within a population of 12- to 19-month-old
infants. We specifically selected GM and WM intensity and
gray–white contrast to index changes in brain structure since
these measures are likely to be sensitive to alterations in the
myelin composition that is known to occur within this
age-range (Yakovlev and Lecours 1967; Brody et al. 1987;
Kinney et al. 1988). Using these measures, we were able to
examine whether age-related changes in tissue structure occur
within the same left lateral temporal areas that have been de-
monstrated to generate lexico-semantic activity in both infants
and adults (Travis et al. 2011).

Materials and Methods

Participants
Data from 17 typically developing infants aged 12–19 months (mean
age = 15.4 months ± 2.3, 8M) are presented here. Infant subjects were
initially recruited to participate in a magnetoencephalography (MEG)
study of typical language development and structural T1-weighted MR
images were acquired as part of participation in the MEG study. All
infants were born full-term (>39 weeks), and had no known neuro-
logical or developmental impairments. Written parental consent was
obtained for all infant subjects. This study was approved by the UCSD
Institutional Review Board (Project #070254).

MRI acquisition
Imaging was performed during the evening hours around infants’
typical bedtime. All scans were performed at the UCSD Radiology
Imaging Laboratory on a General Electric 1.5T EXCITE HD scanner
with an 8-channel phased-array head coil (General Electric, Wauke-
sha, WI, USA). Image acquisitions included a conventional 3-plane
localizer, GE calibration scan, and a T1-weighted volume acquisition
pulse sequence (TE = 2.8 ms, TR = 6.5 ms, TI = 600 ms, flip angle = 12
deg, bandwidth = 31.25 Hz/pixel, FOV = 25.6 cm, matrix = 256 × 162,

slice thickness = 1.2 mm). Acquisition parameters were optimized for
increased GM/WM image contrast. In some cases, infants moved sig-
nificantly during the acquisition or were woken by scanner noises
and so only 1 T1-image could be acquired (n = 2). Scanning began
once the child fell naturally to sleep in the scanner. Noise-cancelling
headphones (INNOMED, Germany) were used to minimize and
protect infants from scanner sounds.

MRI Processing
Raw data sets in DICOM format were transferred to Linux worksta-
tions for image processing and analyses located at the Multimodal
Imaging Laboratory, University of California, San Diego. Images were
corrected for nonlinear warping and intensity non-uniformities using
methods developed through the Morphometry Biomedical Infor-
matics Research Network (mBIRN). To obtain measures of tissue
signal intensities, cortical surface reconstructions were performed
using the open-source FreeSurfer software package (http://surfer.nmr.
mgh.harvard.edu) version 4.05. Reconstruction of the cortical surface
requires a series of steps which include: 1) segmentation of the WM,
2) tessellation of the GM/WM boundary, 3) inflation of the folded
surface tessellation, and 4) automatic correction of topological defects.
These steps are described in greater technical detail elsewhere (Dale
et al. 1999; Fischl et al. 1999; Fischl and Dale 2000). Following initial
surface cortical reconstruction steps, data were additionally processed
using an automated-labeling system that subdivides the cerebral
cortex on volumetric MRI into 32 neuroanatomical regions per hemi-
sphere [4 medial temporal, 5 lateral temporal, 10 frontal, 5 parietal, 4
occipital, and 4 cingulate; Desikan et al. (2006)] and is available as
part of the FreeSurfer package. The parcellation atlases derived from
this processing step were inspected for each individual infant in order
to visually assess the overall accuracy of the surface-based reconstruc-
tions (Fig. 1B). Cortical reconstructions were also manually inspected
by trained technicians who assessed the accuracy of pial and WM
boundary estimation. In most cases, significant manual editing was re-
quired in order to properly estimate GM/WM boundaries (Supplemen-
tary Fig. S1). Editing was done blind to subject age. The addition of
control points were used to improve both pial and GM/WM bound-
aries (5933.47 ± 2224.36 points per subject). Post-hoc analysis con-
firmed that there was no relationship between age and number of
control points (R2 = 0.0004, P < 0.93). Visual inspection revealed
general improvement in GM/WM boundaries following the addition of
control points (Supplementary Fig. S1).

GM tissue intensities were sampled 0.2 mm from the GM/WM
boundary in the direction of the pial surface and WM intensities were
sampled 0.2 mm in the opposing direction (Fig. 1A). GM and WM in-
tensity were expected to primarily reflect T1 and proton density (PD),
as effects of T2 on GM/WM intensity were expected to be minimal
given the short TE (∼3 ms; Deoni 2011). Signal intensity contrast,
measured as the GM to WM ratio (GWR), was computed as the ratio
of the difference of WM to GM to the average GM and WM intensity
((W−G)/(W +G/2)). Based on this notation, the ratio values closer to
0 signify poorer cortical contrast between tissue compartments
whereas values closer to 1 indicate improved contrast. Between-
subject intensity variations due to radio frequency (RF) coil sensi-
tivities were considered to be negligible considering the current <1
mm scale of GWR. In general, between-subject variations in signal in-
tensities were not expected to influence GWR which was computed
as a within-subject ratio.

Statistical Analyses
The relationship amongst age and tissue signal properties was exam-
ined with a vertex-by-vertex general linear model (GLM). The results
of these analyses can be displayed on the cortical surface as statistical
parametric maps. These maps can be thresholded to show the distri-
bution of P-values for pairwise comparisons between age and each of
the 3 tissue intensity measures. The minimum P-value threshold for
each map was set at (Fig. 2C) or below (Fig. 2A,B) the 5% criterion-
level commonly used false discovery rate (FDR; Genovese et al. 2002).
It is important to note that this FDR will determine different P-value
thresholds for each comparison and hemisphere. Regional effects
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between age and all 3 tissue signal measures were also assessed using
a Pearson’s correlation from values derived from both specific lateral
temporal ROIs (Fig. 3A–C) that were shown in a recent study (Travis
et al. 2011) to exhibit lexico-semantic activity in 12- to 18-month-old
infants and adults.

Results

Effects of Age on Tissue Signal Properties: GLM Analyses
Results of GLM analysis were first evaluated to examine
age-related changes in tissue signal properties. Results of
GLM analyses were displayed on the cortical surface and re-
vealed significant regional effects of age for all 3 tissue signal
properties (GM and WM intensity, GWR; Fig. 2A–C). Both GM
and WM signal intensities appeared to show similar patterns
of significant increases with age within lateral and anteroven-
tral temporal regions bilaterally (Fig. 2A,B). In both hemi-
spheres, significant age effects also obtained for both GM and
WM intensity within dorsal aspects of superior frontal and
superior parietal cortices (Fig. 2A,B). Consistent with these
patterns, tissue contrast, measured as the GWR, also exhibited
similar but more focal effects of age in left lateral and antero-
ventral temporal cortices and also superior frontal areas. No
regions within the right hemisphere demonstrated significant
effects of age for contrast measures. Clear effects of age were
not apparent within occipital and cingulate cortices for any
tissue intensity measure (Fig. 2A–C).

Effects of Age on Tissue Signal Properties: ROI Analyses
We also performed Pearson’s correlations between age and
tissue intensity values extracted from the exact same left
lateral inferior and superior temporal ROIs (Fig. 3A–C) found
to exhibit lexico-semantic activity in 12- to 18-month-old
infants (Travis et al. 2011). It was decided a priori to exclude
right hemisphere ROIs since these areas did not reliably de-
monstrate lexico-semantic activity in both infants and adults
(Travis et al. 2011). The results of these correlations are sum-
marized in Table 1. Significant effects of age were observed
for both GM intensity and WM intensity in all 3 lateral tem-
poral ROIs (Table 1, Fig. 3A,B). These results are consistent
with age-related increases in GM and WM signal intensity that
were observed with GLM analyses (Fig. 2A,B). In addition,
GWR was observed to significantly increase with age within
left anterior inferior temporal regions. Increases in contrast

were observed to trend with age within left superior and pos-
terior inferior temporal ROIs but did not reach significance.
To rule out the possibility that these effects were driven by an
outlying subject, post-hoc ROI analyses were repeated by re-
moving this subject as well as the subject with the highest
average GM/ WM intensity and GWR. Removing these 2 sub-
jects from ROI analyses maintained significant effects of age for
GWR within the anterior inferior temporal sulcus (R2 = 0.30,
P < 0.031). Significant effects of age were maintained for WM
intensity within both anterior (R2 = 0.27, P < 0.045) and pos-
terior inferior temporal sulcus (R2 = 0.27, P < 0.048), and a trend
of age remained in the superior temporal sulcus (R2 = 0.25,
P < 0.057). Effects of age for GM intensity were no longer found
to be significant after removing these 2 subjects; however, all
regions continued to demonstrate trends with age for all ROIs
[anterior (R2 = 0.23, P < 0.070) and posterior inferior temporal
sulcus (R2 = 0.24, P < 0.066), and superior temporal sulcus
(R2 = 0.22, P < 0.079)].

Discussion

The present study examined age-related changes in cortical
tissue signal properties, including those of GM and WM inten-
sity and gray–white contrast. Until now, these measures have
not been used to study cortical maturation in 12- to
19-month-old infants. GM/WM intensity and contrast signifi-
cantly correlated with age within bilateral anteroventral and
lateral temporal areas, dorsomedial superior frontal, and also
superior parietal cortices (Fig. 2A–C). However, no significant
changes were observed within bilateral inferior parietal, occi-
pital, or cingulate regions. These measures were additionally
employed to assess evidence for structural development
within areas functionally associated with word understanding.
Indeed, age effects were localized within precisely the same
left lateral temporal regions previously found to generate
lexico-semantic N400m activity in 12- to 18-month-old infants
and adults (Fig. 3A–C; Travis et al. 2011). Taken together, the
present findings have important implications for understand-
ing the neurobiological mechanisms relating structural to
functional brain development.

Previous neuroimaging studies of early brain development
have identified some of the important volumetric changes that
occur within cortical and subcortical areas functionally associ-
ated with infants’ developing sensorimotor and cognitive

Figure 1. Tissue sampling method and cortical surface parcellations. (A) Tissue signal intensity values were selected 0.2 mm in either direction of the GM/WM surface,
indicated by yellow line and arrow. Pial surface is represented as the red line and is indicated by a red arrow. (B) Surface parcellations derived from an automated labeling system
(Desikan et al. 2006) and displayed on the reconstructed pial surface of an individual infant subject. Individual ROIs are displayed on the left lateral and medial surface as
separate colors.
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abilities (Knickmeyer et al. 2008; Ortiz-Mantilla et al. 2010;
Gilmore et al. 2011). However, to our knowledge, the present
study is the first to observe direct evidence for structural
changes within cortical areas specifically demonstrated to
support functional activity (i.e. N400m) associated with word
understanding in similarly aged infants (Travis et al. 2011).
Evidence for structural changes in these specific brain areas
suggests that the neural processes indexed by the N400m
emerge and operate functionally despite incomplete structural
maturation. This itself is a rather remarkable finding

considering that the protracted structural development of
associative cortices has, in part, been thought to account for
the gradual emergence of language and other cognitive abil-
ities (Casey et al. 2005; Toga et al. 2006). Taken together,
these findings provide reasonable evidence to suggest that
there may be sufficient structural maturation within lateral
temporal areas for supporting higher order abilities like word
understanding very early during early infant development.

Here, evidence for rapid structural changes within lateral
temporal areas during infancy is consistent with previous neu-
rodevelopmental studies demonstrating rapid increases in the
amounts of synaptogenesis–spinogenesis (Huttenlocher and
Dabholkar 1997; Petanjek et al. 2012), dendritic arborization
(Petanjek et al. 2008), and cytoarchitectural maturation
(Moore and Guan 2001; Zilles et al. 1986) within frontal and
temporal associative cortices within the first 2 years after
birth. It is possible that these rapid maturational changes
reflect some of the neurobiological mechanisms important for
supporting infants’ developing cognitive and language skills
(Tau and Peterson 2010; Bates et al. 1992) as well as the func-
tional maturation of N400 activity. However, such relation-
ships cannot be assumed without further evidence directly
relating such neurodevelopmental processes to the maturation
of cognitive and linguistic behaviors. In future neuroimaging
studies, it will be interesting to examine whether measures of
GM/WM intensity may be related to the maturation of the
N400 response, as well as the vocabulary skills that emerge
during the second year (Fenson et al. 1994). Establishing evi-
dence in support of such relationships may improve under-
standings of how both structural and functional brain
development contribute to language abilities at these ages
and throughout the lifespan. Unfortunately, it was not poss-
ible to directly examine these questions in the present study
because measures of functional brain activity and language
abilities could not be acquired for all infant subjects. In
general, the present findings help to increase knowledge of
the structural changes taking place amongst cortical areas
between 12 and 19 months of age. Consistent with our initial
predictions, age-related increases in GM/WM intensity were
spatially distributed amongst cortical areas showing evidence
for myelination between the first and second year (Flechsig
1920; Conel 1955; Yakovlev and Lecours 1967; Brody et al.
1987; Kinney et al. 1988; Gao et al. 2008). Specifically,
age-effects were most apparent within superior frontal, parie-
tal, and later temporal associative cortices, but were not ob-
served within primary motor or primary somatosensory,
visual, and auditory regions (Fig. 2). Rapid myelination of
these cortices within the first year of life may possibly account
for the lack of significant effects within these regions (Gao
et al. 2008). However, the cellular processes contributing to
the observed changes may develop more gradually and in dif-
fering proportions within these regions (Brody et al. 1987;
Kinney et al. 1988), and were thus not possible to detect with
the limited size and age distribution of the present subject
population. These same factors may also account for the lack
of significant changes in GM/WM intensity and contrast
within other associative cortices also implicated in semantic
processing, particularly inferior aspects of the frontal and
parietal cortex (Binder et al. 2009).

At present, the neurobiological mechanisms mediating
changes in T1-weighted signal properties are not well estab-
lished. However, there is considerable evidence to suggest

Figure 2. Effects of age of on GM and WM signal intensity, and contrast GWR.
Results of GLM analysis displayed on the lateral, medial, and ventral surfaces of the
brain. Heated colors (red to yellow) indicate regions where cortical GM and WM
intensity and contrast were observed to significantly increase with age. (A,B)
Significant effects of age in GM and WM signal intensity are observed bilaterally
within lateral and anteroventral temporal regions, as well as dorsal and medial
portions of superior frontal cortices and also lateral superior parietal cortices.
(C) Contrast is observed to significantly increase with age in anteroventral temporal
and dorsal prefrontal regions. Minimal to no changes in contrast are observed within
regions of occipital and cingulate cortices. Images are thresholded using at or below
5% FDR criterion.
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Figure 3. Tissue intensity and contrast significantly change with age within regions shown to generate lexico-semantic activity in infants and adults. (A–C) Results of
correlations performed between age and all 3 tissue signal intensity measures for 3 left lateral temporal ROIs. (A,B) WM and GM signal intensity significantly increases with age
for all 3 ROIs. (C) Contrast significantly increases with age within left anterior inferior temporal sulcus, with trends observed in the superior temporal sulcus and posterior inferior
temporal areas. STS, superior temporal sulcus; aITS, anterior inferior temporal sulcus; p, posterior. GLM maps from Figure 2 are reproduced for convenience.
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that greater amounts of proton–lipid interactions within mye-
linated tissues contribute to the intensity and contrast changes
seen both here and in other neurodevelopmental imaging
studies (Barkovich et al. 1988; Barkovich 2000). Alternatively,
T1-weighted proton-relaxation rates (i.e. longitudinal relax-
ation R1 = 1/T1) are also observed to correspond to tissue con-
centrations of both water and non-heme iron (Vymazal, Hajek
et al. 1995; Vymazal, Brooks et al. 1996; Ogg and Steen 1998;
Gelman et al. 2001). Since both GM/WM intensity measures
sampled here are positively correlated to these rates (Westlye
et al. 2010), these measures may instead reflect regional in-
creases in cortical non-heme iron (Hallgren and Sourander
1958) and the loss of unbound water during the second year
(Dobbing and Sands 1973). However, neuroimaging evidence
in support of these possibilities has been inconsistent (Ogg
and Steen 1998; Steen et al. 2000) and has yet to be directly
examined in this age range. It is also unlikely that both water
loss and iron deposition occur entirely independent of myeli-
nation (Barkovich et al. 1988; Connor and Menzies 1996).
Thus, it appears reasonable to presume that present intensity
measures primarily reflect developmental changes in tissue
properties directly related to cortical myelination (Glasser and
Van Essen 2011). However, it is important that further re-
search establish the contribution of these various tissue prop-
erties to the MRI signal both at these ages and throughout
development. This will likely be best achieved by acquiring
measures of tissue properties from T1-, T2-, and diffusion-
weighted imaging.

Taken together, the present study demonstrates the poten-
tial for GM/WM intensities to serve as an additional structural
marker of the regional structural changes taking place during
the infant and toddler years. Between 12 and 19 months of
age, the tissue properties affecting GM and WM intensity
appear to change most significantly within lateral and ventral
temporal areas bilaterally. Finally, evidence that intensity and
contrast measures significantly increase with age within the
same left lateral temporal areas previously demonstrated to
support lexico-semantic activity indicates that neurophysiolo-
gical activity supporting higher order abilities may develop
before structural maturation is achieved in associative cortices.

Supplementary Material
Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/.
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