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Elucidation of infant brain development is a critically important goal
given the enduring impact of these early processes on various
domains including later cognition and language. Although infants’
whole-brain growth rates have long been available, regional growth
rates have not been reported systematically. Accordingly, relatively
less is known about the dynamics and organization of typically
developing infant brains. Here we report global and regional volu-
metric growth of cerebrum, cerebellum, and brainstem with gender
dimorphism, in 33 cross-sectional scans, over 3 to 13 months,
using T1-weighted 3-dimensional spoiled gradient echo images and
detailed semi-automated brain segmentation. Except for the mid-
brain and lateral ventricles, all absolute volumes of brain regions
showed significant growth, with 6 different patterns of volumetric
change. When normalized to the whole brain, the regional increase
was characterized by 5 differential patterns. The putamen, cerebel-
lar hemispheres, and total cerebellum were the only regions that
showed positive growth in the normalized brain. Our results show
region-specific patterns of volumetric change and contribute to the
systematic understanding of infant brain development. This study
greatly expands our knowledge of normal development and in
future may provide a basis for identifying early deviation above and
beyond normative variation that might signal higher risk for neuro-
logical disorders.
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Introduction

The human brain grows significantly during the first few
years of life. The brain volume of neonates is 380 to 420 cm3

(Huppi et al. 1998), which is only about one-fourth to
one-third of its adult volume. Total cerebral volume at 2 to 4
weeks of age is ∼36% and that at 1 year is ∼72% of adult
volume (Knickmeyer et al. 2008). At 3 years, total cerebral
volume is approximately 80% of adult volume and reaches 90
to 92% at 9 years (range 7 to 11 years) (Caviness, Kennedy,
Richelme, et al. 1996; Caviness, Kennedy, Bates, et al. 1996;
Caviness, Meyer, et al. 1996). In fact, intracranial volume
increases by about 300 mL between 3 months and 10 years
(Pfefferbaum et al. 1994), with total cerebral volume peaking
at 10.5 years in females and at 14.5 years in males (Lenroot
et al. 2007).

High postnatal brain growth rates have been interpreted as
an extension of fetal modes of growth into early infancy
(Martin 1983). As a result of the dynamic orchestration of
neuronal connectivity and the integration of neuronal activity,
the infant, from the first days of life, begins to acquire increas-
ingly complex motor and sensory skills as well as construct
the neural substrates of cognitive function. The impact of
differences in head growth across early development on later
intelligence, using head circumference as a surrogate for
brain volume, has been demonstrated. The brain volume a
child achieves by the end of the first year is an important
determinant of later intelligence; moreover, the growth in
brain volume after the infancy period may not compensate for
poorer earlier growth (Gale et al. 2006).

Structural magnetic resonance imaging (MRI) of pediatric
brain development has been studied over the past 2 decades
(Giedd and Rapoport 2010). Volumetric determination of
brain sub-regions as well as cerebellum of myelinated brains
in older children has been carried out in various studies
based on MRI (Ostby et al. 2009; Tiemeier et al. 2010). The
estimated regional cortical gray matter growth and cerebral
asymmetry have been reported in the neonatal brain and that
in 1 and 2 year olds (Huppi et al. 1998; Gilmore et al. 2007,
2011; Knickmeyer et al. 2008; Shi et al. 2011). However, mor-
phometric analyses of brain subcortical regions during the
first year of life have not yet been reported. Obtaining infant
brain images is difficult due to technical reasons (e.g. head
and body movements) and inherent features of the develop-
ing brain (immature pattern of magnetic resonance contrast
due to incomplete myelination and dynamic changes in the
contrast with age). These features make segmentation
especially challenging for sub-cortical regions such as the
caudate, putamen, globus pallidus, thalamus, hippocampus,
and amygdala. Reliable techniques for segmenting these
small regions are under development. Consequently, differen-
tial growth patterns of cerebral deep gray matter regions
(caudate, putamen, globus pallidus, thalamus, hippocampus,
and amygdala) during the very early stages of postnatal devel-
opment have not yet been characterized.

Volumetric measures of cerebral deep gray matter
regions in relation to a number of disorders such as devel-
opmental amnesia, autism, and attention deficit hyperactiv-
ity disorder (ADHD) have shown differences in older
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children (Castellanos et al. 1996, 2002; Gadian et al. 2000;
Isaacs et al. 2003; Wellington et al. 2006). However, no
studies to date have reported predictive associations
between volumetric measures of infant brain structures and
such disorders, as no reliable method is available for ob-
taining such measures while the infant brain myelinates.
Given the plasticity of the brain early in development,
earlier detection of growth pattern abnormalities may allow
improved outcomes through early intervention. In typically
developing children, normal volumetric variability in infant
brain regions has been related to behavioral outcomes. We
recently reported significant and consistent correlations
between amygdala size and language abilities. Children
with larger right amygdalae at 6 months had lower scores
on expressive and receptive language measures at 2, 3, and
4 years (Ortiz-Mantilla et al. 2010), and lower metalinguistic
abilities and phonological awareness at 5 years (Ortiz-
Mantilla et al. in preparation). Development of a reliable
method to accurately carry out segmentation of normally
developing infant brain using 3-dimensional (3D) magnetic
resonance images may give us a more accurate understand-
ing of normal development, and help define pathology for
infants at risk.

This paper is the first report to demonstrate developmental
volumetric changes and differential growth in the infant
brain, including global and local volumes across 3 to 13
months using a mostly cross-sectional design (33 brain scans
of 3 to 4 month olds (n = 5, males 2, females 3), 6 to 7 month
olds (n = 19, males 11, females 8), and 12 to 13 month olds
(n = 9, males 5, females 4)). We describe in detail our method
for segmenting the sub-cortical brain structures in infants.
Furthermore, we propose that during the first year of age,
individual brain structures exhibit different volumetric
changes and sexual dimorphism in the normally developing
brain. To illustrate this differential growth, we have character-
ized the patterns of volumetric change for individual regions
and modeled their growth across age as infants mature. We
show that many structures demonstrate measurable differ-
ences in growth across time, as well as gender dimorphism.

Methods

Participants
Participants in this sample were part of a large, longitudinal study
that aimed to establish developmental landmarks, including norma-
tive anatomic baselines and variation in brain development on MRI
across the first 2 years of life. Twenty-seven full-term normally devel-
oping children were included in this study. The group consisted of 14
males and 13 females with 6 subjects measured at 2 time points. Five

children were successfully scanned at both 6 and 12 months and 1
child at both 3 and 12 months, for a total of 33 brain scans (Table 1).
The 33 brain scans include 3 to 4 month olds (12 to 17 week
olds, n = 5, males 2, females 3), 6 to 7 month olds (26 to 30 week
olds, n = 19, males 11, females 8), and 12 to 13 month olds (48 to 55
week olds, n = 9, males 5, females 4), median 7 months, 28 weeks. All
children were born healthy, full-term (39 to 42 weeks of gestation;
mean = 40.42, median = 41 weeks) and ranged in weight from 2971 to
4649 g (mean = 3585.89 g, SD = 412.7). Most of the children were
recruited between 2002 and 2005, from urban and suburban commu-
nities in New Jersey, through parenting group presentations, website
advertising, and mailing lists for researchers at the Center for Molecu-
lar & Behavioral Neuroscience, at Rutgers University. An informed
consent (approved by the Rutgers Human Subjects Board) that
allowed the child to participate was signed by all parents prior to the
child’s inclusion in the study.

All infants included in this study had uneventful pre- and perinatal
courses and were born into English monolingual families. There was
no history of hearing dysfunction or recurrent episodes of otitis
media. Participants were screened for first-degree and/or second-
degree family history of language disorders, autism, autoimmune
disease, seizures, and other neurological disorders as well as for aller-
gies and asthma. This information was reviewed with the parent and
additional information or clarification was obtained if needed. Socio-
demographic data, as well as information about infant and maternal
health, and obstetrical history were collected at the 6-month visit via
parental questionnaire. Further follow-up questionnaires solicited
additional infant health data at each subsequent visit. The parent’s
socioeconomic status (SES) was assessed by the Hollingshead Four-
factor index (Hollingshead 1975). Infants came from families classi-
fied as middle-to–upper middle class (SES ranging from 32 to 66,
mean = 55.81, SD = 8.9). Parents were compensated for their time and
babies received a toy after their visit. Children visited the laboratory
for testing at 3, 6, 12, 24, 36, 48, and 60 months. A supplemental
questionnaire was used at each subsequent visit to make sure no
“new” issues had arisen—for example with an older sibling. At each
age a comprehensive battery of age-appropriate perceptual, cognitive,
and language tests were administered over the course of 3 to 4 visits.
Assessments were conducted by psychologists, speech language path-
ologists, and highly trained research assistants. In the study detailed
here, we had strict exclusion criteria so we could obtain a normal
sample. All study children scored within the normal range on this
extensive neuropsychological battery.

MR Image Acquisition
At 3, 6, or 12 months, one of the study visits was scheduled for late
afternoon/early evening so that a nonsedated, naturally sleeping MRI
could be more easily acquired. In the imaging suite, an attempt was
made to replicate normal bedtime routines for the child by including
soft lullaby music, a rocking chair, a crib, and any other objects or
materials that might encourage sleep (for a detailed explanations of
the scanning procedures, see Paterson et al. 2004; Liu et al. 2008;
Raschle et al. 2012). All children were scanned with a 1.5 Tesla mag-
netic resonance system (General Electric Signa 5.X: GE 1.5 T Echos-
peed) during natural sleep without sedation. T1-weighted, 3D spoiled
gradient echo (SPGR) images were obtained using a quadrature adult
head coil. The imaging parameters were as follows: TR/TE = 24/10
ms, flip angle = 30°, matrix = 256 × 256, bandwidth = 122, slice thick-
ness = 1.2 to 1.5 mm, FOV = 250 mm, NEX = 1. Six of the children in
this sample (4 males, 2 females) had successful MRIs at 2 age points
for a total of 33 MRI scans.

Morphometric Analysis
For the anatomic segmentation, the images were first positionally nor-
malized and bias field corrected. After repositioning, a tri-linear
interpolation method was used to resample the MR image dataset to a
resolution of 1.0 mm in the newly defined, ‘‘normalized’’ coronal
plane and 0.98 mm in the sagittal and axial planes for optimal visual-
ization and subsequent segmentation (Filipek et al. 1991; Nishida
et al. 2006). Images where then segmented in CardViews, a semi-

Table 1
Scan age and gender distribution

Age: months, weeks N: male, female

3, 12 to 15 4: 2, 2
4, 17 1: 0, 1
6, 26 to 27 9: 5, 4
7, 28 to 30 10: 6, 4
12, 48 to 51 6: 4, 2
13, 52 to 55 3: 1, 2
Median: 7, 28 Total: 33: 18, 15

Note: Thirty-three scans of infant brain were obtained from 27 participants. Two repeated scans
at 2 time points were obtained from 6 of the participants.
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automated brain segmentation tool, using previously described highly
reliable and reproducible segmentation methods and labeled to
extract volumetric data (Nishida et al. 2006). These segmentations
were performed according to the anatomic boundaries of Filipek
et al. (1994) with minor modifications in our infant subjects. The
investigator defines anatomical regions using the techniques
explained below. The accuracy was confirmed by an expert neurora-
diologist’s (P.E.G.) review of every segmented image. These detailed
computer-assisted semi-automated techniques of mature, fully myeli-
nated brains have been developed at the Center for Morphometric
Analysis (CMA), the Massachusetts General Hospital, since 1989 and
extensively published (Rademacher and Galaburda 1992; Kennedy
and Meyer 1994; Caviness, Kennedy, Richelme, et al. 1996; Caviness,
Kennedy, Bates, et al. 1996; Caviness, Meyer, et al. 1996; Makris et al.
1999; Meyer et al. 1999). Nishida et al. at CMA extended this tech-
nique for the neonatal brain and developed a knowledge-based,
reliable, and reproducible segmentation process for minimally myeli-
nated brains, such as normative neonates (Nishida et al. 2006). In this
paper, we further extend this technique to the infant brain as the mye-
lination process unfolds (3 to 13 months).

The brains were segmented into the following regions: Cerebrum,
brainstem, and cerebellum. The cerebrum was further segmented into
cerebral cortex, cerebral white matter, and cerebral deep gray matter
structures such as caudate nuclei, lentiform nuclei (putamen and
globus pallidum), hippocampi, amygdalae, thalami, and ventral dien-
cephalon (VDC: The VDC was defined as a group of structures below
the thalamus that generally cannot be distinguished from each other
with standard MR images). This area includes the hypothalamus,
mammillary body, subthalamic nuclei, substantia nigra, red nucleus,
lateral geniculate nucleus, and medial geniculate nucleus. White
matter areas such as the zona incerta, cerebral peduncle (crus
cerebri), and the lenticular fasciculus are also included in this area
(Filipek et al. 1989; Herbert et al. 2003; CMA 2004). The brainstem
was then further segmented into midbrain, pons, and medulla and
the cerebellum into cerebellar vermis and cerebellar hemispheres.
Neuroanatomic segmentation was performed using the techniques of
semi-automated intensity contour algorithms, signal intensity histo-
gram distributions, and manual editing. Semi-automated intensity
contour algorithms and signal intensity histogram distribution allows

for border definition as it defines the mid-point between the peaks of
the bimodal distribution for any given region and its surrounding
tissue (Worth, Makris, Caviness, et al. 1997; Worth, Makris, Meyer,
1997). Manual editing, as anatomically necessary, was made to com-
plete the anatomic border. These manually guided boundaries were
created in the coronal plane with placement guided by detailed
knowledge of the regional anatomy (Fig. 1), reformations, and bound-
aries drawn on the sagittal and axial plane projected into the coronal
plane.

Manual drawing is the most time-consuming process in segmenta-
tion; however, it is the most accurate technique to define anatomical
boundaries in infant brain provided that the investigator has a highly
detailed knowledge of the anatomy. Unlike in fully myelinated brain,
intensity contour mapping often cannot detect accurate borders,
especially of cerebral deep gray matter regions, due to incomplete
myelination, low contrast, low signal-to-noise ratio, and motion effect,
etc. The projection from the axial or sagittal to the coronal image
reconstructs an anatomically more accurate form of the region in the
coronal plane. Therefore, manual tracing including reference lines in
the axial or sagittal planes is essential for accurate segmentation.
Further details of these operations for fully myelinated brains are
described elsewhere (Kennedy 1986; Kennedy and Nelson 1987;
Caviness et al. 1989; Filipek et al. 1989, 1991; Filipek and Kennedy
1992; Kennedy and Filipek 1989).

In order to obtain visually accurate reproducible results, the pre-
viously described methods required the following modifications:

(a) Amygdala–Hippocampus. The amygdala and hippocampus attach
tightly to each other anteriorly in the temporal lobe, whereas the
hippocampus rests beneath the floor of the inferior horn of the
lateral ventricle and borders the amygdaloid nuclear complex.
Although the alveus is the boundary of the amygdala and hippo-
campus in the sagittal plane, it is harder to detect in the infant
than in the adult. The boundary of the regions can sometimes be
relatively easily detected in the axial plane (Supplementary
Fig. S1), especially the more medial structures, and the reference
lines in the axial, as well as the sagittal plane (Supplementary
Fig. S2), can be used as a guide to draw the border between the 2
in the coronal plane. In addition, it is often difficult to define the
lateral margin of the amygdala in the coronal plane. However, the

Figure 1. Above: T1-weighted MRI showing segmentation of the cortical and subcortical brain regions using a thin green line in CardViews at (A) 3 months, (C) 6 months, (E)
12 months. Below: T1-weighted MRI showing color code used for identification of particular structures at (B) 3 months, (D) 6 months, (F) 12 months: Thalamus (green), deep
central gray (brown), putamen (pink), globus pallidum (blue), amygdala (sky blue), hippocampi (yellow), ventricular CSF (purple), white matter (white), and cerebral gray matter
(red). Note: Automatically segmented cortical volume (red) and white matter volume (white) are not accurate and not used in the current analysis. At this point, manual
segmentation is required to separate cortex, myelinated and unmyelinated white matter which is beyond the scope of the current paper.
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amygdala can be seen in the axial view anterior to the inferior
lateral ventricle. The amygdala has lower intensity than the adja-
cent white matter tissue, which allows the lateral border of the
amygdala to be detected. Drawing reference lines in the axial
view (Supplementary Fig. S1) helps to detect the lateral margin of
the amygdala in the coronal view. In the adult brain, the inferior
border between the hippocampus and entorhinal cortex, as well
as the posterior parahippocampal gyrus, is demarcated by white
matter beneath the subiculum. In the partially myelinated infant
brain, drawing the inferior border of the hippocampus in the
sagittal plane helps to define the inferior border of the hippo-
campus (Supplementary Fig. S2), which is sometimes not clear in
the coronal plane. The posterior part of the hippocampus borders
the thalamus. Drawing a reference line in the sagittal view is
helpful in distinguishing this transition (Supplementary Fig. S2).
Drawing the posterior border of the thalamus demonstrates its
posterior limits in the coronal view (Supplementary Fig. S3).

(b) Basal ganglia. It is difficult to define the inferior border of the
lenticular nucleus in the infant brain, especially in the anterior
portion. One good landmark is a small horizontal portion of the
medial and lateral lenticulostriate arteries that run along the
inferior margin of the putamen and globus pallidus, best seen in
the sagittal view. The reference line is drawn in the sagittal view
along the inferior border of the lenticular nucleus (Supplemen-
tary Fig. S2). Referring to the lenticulostriate artery can guide the
operator to distinguish the less well-defined inferior border of
the lenticular nucleus in younger infants. The medial border of
the putamen and globus pallidus is not clear because the internal
capsule is not fully myelinated in the infant brain. It is rec-
ommended that the operator draw reference lines in the axial
view along the medial and lateral margins of these regions (Sup-
plementary Fig. S4) so that the volume will not be overestimated
in the coronal view (Supplementary Fig. S5).

(c) White matter. Automatic segmentation of cortical and white
matter volume is not accurate using this technique and thus is not
used in the current analysis. At this point, manual segmentation is
required to separate cortex and white matter. Separating myeli-
nated and unmyelinated white matter is beyond the scope of this
paper. Analysis of the white matter is not included in the present
study, due to time and imaging constraints.

Volumetric Analysis
As in the technique used for the mature brain, the number of voxels
in each unit on the coronal image was multiplied by the volume per
voxel. The volume obtained for each unit is summated for all slices in
which each unit appears (Kennedy and Nelson, 1987; Kennedy and
Filipek 1989). Left- and right-sided volumes were calculated indepen-
dently and added together to give the total volume. The total volume
of segmented regions was then plotted.

Statistical Analysis
(a) Volumetric growth with age and gender dimorphism. Regression

analysis was performed to assess the relationship between the
brain volumes and age. Although most growth data is not linear
within the age range (3 to 13 months) of subjects in this study,
brain growth can generally be modeled as a linear function of age
(with a few exceptions). For each region we considered 2
measures of volume. The first measure was the “absolute volume”
of the region; the second measure was a “normalized volume”
with the whole brain as the normalizing factor, where the whole
brain volume equals in the total cerebrum, total cerebellum, and
brain stem without the ventricular system (Filipek et al. 1994;
Caviness, Kennedy, Richelme, et al. 1996). For each region and
each measure, we fit a regression model with age and gender pre-
dictors. Allowing for an interaction between age and gender and
a log term for age, we choose the model that retains the impor-
tant predictors while discarding extraneous terms that artificially
decrease the precision of our estimates. Model selection was
based on likelihood ratio tests and Akaike’s Information Criteria

(AIC). Separate models were fit for each brain region/volume
measure combination.

(b) Intra-rater reliability. In this study, 1 operator segmented 20 brain
regions twice in 6 brains from each age group (i.e. 3, 4, 6, 7, 12,
and 13 months) and checked the intra-rater reliability. The oper-
ator was blind to the concordance of cases across repetitions. We
calculated the percent overlap of voxels (PCVs) in the 2 volume
measurements (PCV). A computer program, XVOL, was utilized
to determine the volumes of all analytic units. On a given coronal
image, the number of voxels in each unit was multiplied by the
volume per voxel. The volume obtained for each unit was sum-
mated for all slices in which each unit appears. Error checking
routines were included, as were calculations to allow the determi-
nation of intra-rater reliability. For adult protocols, more than 80%
of the overlap between the outcomes is considered extremely
reliable. In all brain regions, except for nucleus accumbens
(66.7%), the percent overlap exceeded 80% with an average
percent overlap of 90.5%; 90.2% in 3 to 4 month, 88.6% in 6 to 7
month, and 92.6% in 12 to 13 month age group.

(c) Symmetry coefficient. The symmetry coefficient (SC) was ob-
tained for all regions of the cerebrum by each age group (i.e. 3 to
4, 6 to 7, 12 to 13 months) and for all ages combined. Compari-
sons between the volumes of corresponding regions of the left
(L) and right (R) brain are expressed as an SC (Galaburda et al.
1987): SC = (L− R)/0.5(L + R). Values of this index can, in prin-
ciple, range from 0.0 (identical volumes in left and right) to ±2.0
(structure present on one side only). Positive values of the index
correspond to left-sided preponderance, whereas negative values
of the index correspond to right-sided preponderance. Within a
range of asymmetry of −10%, a difference in value of the index of
0.01 will correspond to a 1% volumetric difference with respect to
the average volume of the respective region in the 2 sides (Cavi-
ness, Kennedy, Richelme, et al. 1996). A Type 2 t-test was per-
formed between the SC for the left and right “absolute volume” of
all sub-regions of the cerebrum and cerebellar hemisphere.

Results

Volumetric Growth
Over 3 to 13 months of age, the mean absolute volume of the
whole brain increased from 645.25 (SD 54.66) to 970.70 cm3

(SD 75.86) with Δ325.45 cm3 of net volumetric increase (Sup-
plementary Table S1). At 1 year of age, the cerebrum, exclu-
sive of the lateral ventricles, accounts for 88.5% (859.28 cm3),
the cerebellum 10.4% (100.69 cm3), the brainstem 1.1%
(10.73 cm3), and the ventricular system 0.9% (9.22 cm3) of the
whole brain volume. The absolute volume of the collective
cerebral deep gray matter regions were 41.81 cm3 in total and
this represents 4.3% of the whole brain; caudate 0.58% (5.61
cm3), putamen 0.75% (7.29 cm3), globus pallidum 0.28%
(2.75 cm3), hippocampus 0.47% (4.59 cm3), amygdala 0.25%
(2.47 cm3), ventral diencephalon 0.68% (6.55 cm3), and thala-
mus 1.29% (12.55 cm3), and all contribute 4.9% of the cere-
brum (Supplementary Table S1 and S2). Three-dimensional
surface rendered images of the semi-automatically and manu-
ally segmented cerebrum and cerebellum in a sample subject
at 3 and 12 months (Fig. 2) and sub-regions in a sample
subject at 3, 6, and 12 months (Fig. 3) are shown.

Volumetric Change across Time
(a) Absolute volume. The growth trajectory of the absolute

volume of the whole brain and specific regions of the
brain are displayed in Supplementary Table S3 and
Figures 4–8, grouped by the regions that show similar
growth tendency. To summarize the results, there were 6
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patterns of growth identified: (1) Figure 4a shows the
pattern of no growth without gender difference (mid-
brain); (2) Figure 4b shows no growth with gender differ-
ence (lateral ventricles); (3) Figure 5 shows 4 regions that
showed linear growth without gender difference

(hippocampus, cerebellar hemisphere, vermis, and
medulla); (4) Figure 6 shows 2 regions with linear growth
pattern with gender difference (thalamus and brainstem);
(5) Figure 7 shows 4 regions with a logarithmic growth
trajectory without any gender differences (caudate,
putamen, globus pallidus, and cerebellum); and (6)
Figure 8 shows 5 regions with a logarithmic growth with
gender differences (whole brain, cerebrum, amygdala,
ventral diencephalon, and pons). The regions were larger
for male than for female in all cases when there was a
sexual dimorphism.

(b) Normalized volume. Supplementary Table S4 and
Figures 9–13 show the growth trajectories for normalized
volume. There were 5 patterns of growth: (1) no growth
without gender differences (amygdala and medulla)
(Fig. 9); (2) no growth with gender differences (caudate
and vermis) (Fig. 10); (3) linear decrease without a
gender effect (globus pallidus, ventral diencephalon, hip-
pocampus, midbrain, and pons) (Fig. 11); (4) logarithmic
growth without a gender effect (putamen, cerebellum,
and cerebellar hemisphere) (Fig. 12); and (5) logarithmic
decrease without gender differences (cerebrum, thalamus,
and brainstem) (Fig. 13).

Absolute Volume Relative to Older Children
Caviness, Kennedy, Richelme, et al. (1996) conducted a brain
volumetric study in normally developing children at 7 to 11
years of age, under a protocol that is consistent in all par-
ameters with the present study. Both studies used T1-
-weighted 3D MRI and CardViews to segment and analyze
brain volume following the same conventions. Supplementary
Table S5 shows the growth patterns of the specific regions of
the brain relative to 7 to 11 years of age, which represents
95% of the volume of the adult brain (Caviness, Kennedy,
Richelme, et al. 1996). The present results show that by 12
months of age some regions attain about 70% of the volume
of the 7- to 11-year group (cerebrum, putamen, globus palli-
dus, and cerebellar hemisphere), whereas other regions
develop at a slower rate attaining about 50% of the volume of
the 7- to 11-year group (hippocampus and amygdala). The
putamen showed the greatest volume change (Δ43.3%) from 3
to 12 months, followed by the cerebellar hemispheres
(Δ33.7%) and cerebrum (Δ31.1%).

Gender Dimorphism
Table 2 depicts gender dimorphism for growth models in
absolute volume and normalized volume. In absolute volume,
male larger than female gender differences were detected in
the lateral ventricles, thalamus, brainstem, whole brain, cere-
brum, amygdala, ventral diencephalon, and pons. The gender
differences seen in the absolute volume curves were largely
absent in the normalized volume with 2 exceptions. Gender
differences did exist in the trajectory curves for the “normal-
ized” caudate and cerebellar vermis, where these regions
were larger for females than males, opposite to the patterns
seen in the absolute volume.

Symmetry Coefficient
The magnitude of laterality in each region for each age group
and for all ages combined is shown in Table 3. On average,

Figure 3. Three-dimensional surface-rendered images of the semi-automatically and
manually segmented brain regions in a sample subject at 3, 6, and 12 months. Top
row shows left oblique view of all brain volumes combined. Bottom row shows brain
regions after the removal of the left hemisphere. Middle row shows sub-regions in
color with transparent cerebral and cerebellar hemispheres. Red, cerebral
hemisphere; blue, caudate; purple, lateral ventricle; green, thalamus; pink, putamen;
light blue, amygdala; yellow, hippocampus, cayenne, ventral diencephalon; orange,
optic chiasm; tangerine, cerebellar hemisphere; light purple, vermis; cyan, fourth
ventricle; light green, pons; blue-gray, medulla. For supplemental online 3D surface
rendered images see http://babymri.org/myong-sun.choe/.

Figure 2. Overlapped 3D surface-rendered images of the semi-automatically
segmented cerebrum (top) and cerebellum (below) in a sample subject at 3 and 12
months of age are shown for comparison. Blue, 3 months; green, 12 months; red,
vermis of 3 months; yellow, vermis of 12 months.
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significant leftward asymmetry was observed in the cerebrum,
globus pallidus, lateral ventricle, and cerebellar hemisphere
(P = 0.000, 0.000, 0.005, and 0.000, respectively) compared
with rightward asymmetry in the caudate, hippocampus, and
ventral diencephalon (P = 0.005, 0.000, and 0.000, respect-
ively) for all ages combined. In the 3- to 4-month age group,
thalamus and putamen were larger on the left than on the
right (P = 0.005 and 0.009, respectively). In the 6- to 7-month
age group, cerebrum, globus pallidus, lateral ventricle, and
cerebellar hemisphere (P = .009, 0.000, 0.046, and 0.000,
respectively) were larger on the left than on the right, while
caudate, hippocampus, and ventral diencephalon (P = 0.03,
0.049, and 0.002, respectively) were larger on the right when
compared with the left side. Leftward asymmetry was
observed in the globus pallidus (P = 0.000) and rightward
asymmetry in the putamen, hippocampus, and ventral dience-
phaon (P = 0.04, 0.02, and 0.02, respectively) in the 12- to
13-month age group. Only the putamen showed a significant
switch in symmetry from left (P = 0.009) at 3 to 4 months
to right (P = 0.04) at 12 to 13 months (Supplementary
Figure S8).

Discussion

Although the overall high rate of postnatal brain growth that
occurs during the first year of life has been reported (Knick-
meyer et al. 2008; Gilmore et al. 2011; Shi et al. 2011) differ-
ential growth patterns of “sub-regions” have remained largely
unknown and unexplored. Applying a detailed, neuroanato-
mical, knowledge-based, semi-automated brain segmentation
and analysis system to infant brain, we are beginning to
unravel longstanding questions about heterochronic growth
patterns of global and regional brain volumes in the first post-
natal year, which is a critical period of human brain develop-
ment. We present here absolute and normalized volumes of
the brain and sub-regions in incompletely myelinated devel-
oping infant brains. Furthermore, we have fitted growth
models for each brain region and characterized 6 different
growth patterns for absolute volume and 5 patterns for

normalized volume. It is important to note that we were able
to accomplish challenging and demanding brain segmentation
within typically developing infant brain, achieving high
intra-rater reliabilities. Although previous volumetric studies
at early ages have provided us invaluable information about
early brain development (Matsuzawa et al. 2001; Nishida
et al. 2006; Gilmore et al. 2007; Knickmeyer et al. 2008), to
our knowledge, this is the first study that provides detailed
information on regional brain growth between 3 and 13
months.

Regional Heterochronicity
Several distinct growth patterns with differential growth rates
were observed in the brain regions analyzed in this study. If
growth was detected, it was determined whether the growth
was linear or logarithmic. These types of growth were chosen
as they fit with the expectation that the regional growth
should be self-limited and therefore fit a Gompertz function
(Gompertz 1825; Gilles et al. 1983). Therefore, in the rapid
growth phase, a linear fit would be appropriate whereas
when growth begins to slow, a logarithmic fit would be most
appropriate as seen for the Gompertz function.

In the absolute volume, all the brain regions, except for
the midbrain, showed a significant growth from 3 to 13
months (12 to 55 weeks). This was particularly evident for
the absolute volume of the putamen, cerebellar hemisphere,
cerebellum, and fourth ventricle, where we defined a near
2-fold increase (1.98, 1.78, 1.75, and 1.72, respectively)
from 3 to 13 months (Supplementary Table S1). When the
volume is normalized, the accelerated growth rate of the
putamen, cerebellar hemisphere, and total cerebellum were
observed (Supplementary Table S2), suggesting that the vo-
lumetric growth rate of these regions was greater than that
of the whole brain volume during this period. On the other
hand, the growth rate relative to the whole brain volume
decreased over time with a linear age model being the best
fit for the globus pallidus, ventral diencephalon, hippo-
campus, midbrain, and pons, and with a logarithmic age
model being the best fit for the cerebrum, thalamus, and

Figure 4. Scatter plot and regression analysis for absolute volume of 2 structures showing no growth with age. (A) Midbrain. No gender effect. (B) Lateral ventricle with a
gender effect. Thirty-three brain scans. Fourteen boys and 11 girls. Five children were successfully scanned at both 6 and 12 months.
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brainstem. As a whole, putamen, cerebellar hemisphere,
and total cerebellum were the only regions that showed an
accelerated growth as a percentage of the whole brain
volume in this phase.

The fastest growing regions are thought to be most meta-
bolically active. If we assume that the brain regions under-
going most rapid growth are most vulnerable to the
negative effects of endogenous and exogenous insults
(Huppi et al. 1998; Volpe 2009), then the putamen, cerebel-
lar hemispheres, and cerebellum as a whole are, based on
our data, particularly vulnerable in infancy because of their
significant rapid growth. Knickmeyer et al. (2008) has
reported striking increases of cerebellar absolute volume as
well as a disproportionate enlargement in the normalized
brain by total brain volume during the first year of life. Tra-
ditionally, the cerebellum has been thought to be primarily
involved in motor-related functions, including coordination
of movements and balance. However, studies using physio-
logical and behavioral measures have also implicated the

cerebellum in the regulation of cognitive and emotional
processing (Schmahmann et al. 2007). The putamen is part
of the basal ganglia circuit loop that plays an important
role in learning (Packard and Knowlton 2002) and in the
motor skills, particularly in initiation and execution of
somatic motor activity subserving control of voluntary
movement. Histologically, a rapid increase of vessel density
in the putamen after birth has been observed (Miyawaki
et al. 1998; Takashima et al. 2009) and this vessel develop-
ment could explain the rapid volumetric growth in the
putamen found in this study. Significant relationships
between general cognitive ability (IQ) and the volume of
sub-cortical brain regions (cerebellum and caudate) as well
as executive function (spatial working memory) and the
putamen in school children (6 to 13 years) were found in
Pangelinan et al.’s study (2010). The results detailed here
can begin to explain even earlier relationships between
brain volumes and the development of both cognitive and
motor abilities across the first year of life.

Figure 5. Scatter plot and regression analysis for absolute volume of 4 regions with a linear growth pattern without gender effects. (A) Hippocampus, (B) cerebellar
hemisphere, (C) vermis, and (D) medulla.
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Our results show relatively slower growth in amygdala and
hippocampus during infancy before reaching its expected full
volume (46.5% and 56.1% of 7 to 11 year olds, respectively)
(Supplementary Table S5). The volume of the anterior tem-
poral lobes increases sharply until the age of 2 years (Utsuno-
miya et al. 1999), and active maturation of the amygdalae and
hippocampal volumes is also expected to continue after the
first year. Associations between amygdala size and language
outcomes have been reported in adults (Haznedar et al. 2000)
and children with autism (Munson et al. 2006; Cauda et al.
2011; Rudie et al. 2012). Our recent report (Ortiz-Mantilla
et al. 2010) extended this association to normally developing
children, supporting the idea that the amygdalae might play
an important but as yet unspecified role in mediating
language acquisition. These findings may yield useful infor-
mation about the patterns of typical versus atypical develop-
ment, thus facilitating early intervention decisions designed to
improve outcomes in children diagnosed as autistic.

Importantly, these results as a whole will contribute to our
progressive understanding of the diverse underpinnings of
neurological diseases in infancy. In particular, differential
growth rates may well be sensitive indices of disease pro-
cesses where differing principles of pathogenesis and pro-
gression may be expected to express correspondingly
differential patterns of growth aberration. Thus the pattern
expressed in a systems’ degeneration such as progyria will
differ from that biased to a tissue compartment such as leuko-
dystrophy. Infection, on the other hand, may have little or no
anatomic systems’ bias. General perfusion collapse will target
border zones or regions of high metabolic demand while
specific vessel occlusion might well be expressed in the
respective perfusion territory. However, in all these cases, a
better understanding of the scope of differential growth pat-
terns over typical development will allow more informed
analysis of pathological divergence.

Gender Dimorphism
Once normalized to the whole brain volume, few gender-
specific volumetric differences remained. However, gender
differences did persist particularly in caudate and vermis.

Normalized caudate and cerebellar vermis volumes were
smaller in males than in females across age and remained con-
stant in proportion to whole brain volume. Interestingly,
smaller caudate volumes have been reported in patients with
ADHD (Castellanos et al. 2002), suggesting that the consist-
ently smaller caudate in males might contribute to their
higher vulnerability to ADHD (males:females = 3:1) (Szatmari
et al. 1989). Smaller cerebellar vermal volumes when com-
pared with normally developing children have been reported
in autism spectrum disorder (ASD) studies as well (Courch-
esne et al. 1988, 1994, 2001; Ciesielski et al. 1997; Levitt et al.
1999; Kaufmann et al. 2003; Webb et al. 2009) which might
help to explain the 4 times higher prevalence in males than in
females in ASD (Kliegman et al. 2007).

Asymmetry
Cerebral asymmetry has been suggested to be a developmen-
tal event, mostly genetically mediated by evolutionary and
molecular mechanisms, and present as early as 20 weeks of
gestation (Sun and Walsh 2006; Kasprian et al. 2011). In line
with reports in neonates (Gilmore et al. 2007), and opposite
to the pattern shown by older children and adults (Giedd,
Snell, et al. 1996; Sowell and Jernigan 1998; Nopoulos et al.
2000; Good et al. 2001; Matsuzawa et al. 2001; Toga and
Thompson 2003; Raz et al. 2004), we found a leftward cer-
ebral asymmetry across the first year of life. Our analysis
suggest that the hemispheric shift in laterality from larger left
to larger right cerebrum occurs after the first year of life as a
result of the maturation process that likely reflects genetic
programming and effects of experience (Gilmore et al. 2007).
The later rightward asymmetry found in older children and
adults may be related to differences in growth and myelina-
tion with the frontal lobes maturing later than the occipital
lobes (Shaw et al. 2008).

Similar to that reported in young adults (Szabó et al. 2003;
Diedrichsen et al. 2009), but in contrast to reports in children
and adolescents (Giedd, Snell, et al. 1996), we found the left
cerebellar hemisphere larger than the right. As structural
asymmetry appears to underlie functional asymmetry (Toga
and Thompson 2003), the cerebellar asymmetry observed

Figure 6. Scatter plot and regression analysis for absolute volume of 4 regions with a linear growth pattern with a gender effect. (A) Thalamus and (B) brainstem.
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during the first year of life may represent a transitory matu-
ration step in a period characterized by the increasing devel-
opment of motor coordination and balance. A meta-analytic
study found evidence for functional cerebellar asymmetry;
language/verbal working memory processes were right latera-
lized while spatial and motor learning processing showed
larger left cerebellar activation (Hu et al. 2008; Stoodley and
Schmahmann 2009). As is the case later in development when
language abilities and executive functions emerge, more
involvement of the right cerebellar hemisphere might be
expected after the first year, thus decreasing the degree of cer-
ebellar asymmetry observed during infancy.

Asymmetric developmental trajectories were also found in
the basal ganglia, a group of nuclei involved in motor regu-
lation and learning (Packard and Knowlton 2002). Similar to
prior reports in older children (Giedd, Snell, et al. 1996; Reiss
et al. 1996), we found larger right caudates when all ages
were combined. However, in adults, the results published to

date are somewhat inconsistent. Recently, volumetric asym-
metry for caudate favoring the right side (Ifthikharuddin et al.
2000; Watkins et al. 2001; Looi et al. 2008; Madsen et al. 2010;
Yamashita et al. 2011) has been reported, although earlier
studies found larger left side (Gunning-Dixon et al. 1998) or
even no asymmetry (Sowell and Jernigan 1998). Our findings
suggest that the right-lateralized pattern of caudate growth is
already present in infancy and may not change significantly
across age.

One puzzling finding was the change in asymmetry of the
putamen across the first year. While leftward asymmetry was
seen at 3 to 4 months, no difference in laterality was found at
6 to 7 months. However, by 12 to 13 months of age, the right
putamen was found to be consistently larger than the left
putamen. Although we must raise the caveat of a modest
sample size, particularly at the 3- to 4-month age point, these
data could suggest that across the first year of life the
putamen may undergo rapid dynamic changes that are

Figure 7. Scatter plot and regression analysis for absolute volume of 4 regions with a logarithmic growth pattern without gender effects. (A) Caudate, (B) putamen, (C) globus
pallidus and (D) cerebellum.
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Figure 8. Scatter plot and regression analysis for absolute volume of 5 regions with a logarithmic growth pattern with a gender effect. (A) Whole brain, (B) cerebrum, (C)
amygdala, (D) ventral diencephalon, and (E) pons.
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reflected in variations in laterality across age (Supplementary
Fig. S3). At later ages, conflicting results are also found in the
literature: Leftward asymmetry in children and adolescents
(Giedd, Snell, et al. 1996; Wellington et al. 2006) and right-
ward asymmetry in both older children (Caviness, Kennedy,
Richelme, et al. 1996) and adults (Gunning-Dixon et al.
1998). Hence, to accurately characterize the growth pattern of
the putamen and to reconcile these contradictory results,
longitudinal studies including additional age points and
larger samples are warranted.

Our results also indicated significant volumetric asymmetry
for the globus pallidus favoring the left side, alike to what has
been found in older children (Caviness, Kennedy, Richelme,
et al. 1996) and adults (Raz et al. 1995). Thus, the leftward
laterality in the globus pallidus appears to be stable through-
out life.

Rightward asymmetry in the hippocampus has been
reported in pre- and full-term newborns (Thompson et al.

2009), older children, adolescents (Giedd, Vaituzis, et al.
1996; Pfluger et al. 1999), and older adults (Jack et al. 1989; Li
et al. 2007; Ystad et al. 2009). Similarly, we found a consistent
rightward hippocampal asymmetry in infants, suggesting that
right hippocampal dominance is present at birth and persist
across age. The right hippocampus is critical for episodic and
spatial memory formation (Burgess et al. 2002). Stronger
functional connectivity between the right hippocampus and
the posterior cingulate cortex has been found to predict better
performance in episodic memory tasks (Wang et al. 2010)
and the right hippocampal damage, impairment in spatial
memory (Bohbot et al. 1998).

Limitations and Future Prospects
(a) Better images with improved technology. The MR image

contrast changes rapidly across development due to
axonal pruning and myelination, which is one of the

Figure 9. Scatter plot and regression analysis for normalized brain volumes of 2 regions with no growth pattern and gender effects. (A) Amygdala and (B) medulla.

Figure 10. Scatter plot and regression analysis for normalized brain volumes of 2 regions with no growth pattern with gender effect. (A) Caudate and (B) vermis.
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Figure 11. Scatter plot and regression analysis for normalized brain volumes of 5 regions with a linear decrease without gender effects. (A) Globus pallidus and (B) ventral
diencephalon, (C) hippocampus, (D) midbrain, and (E) pons.
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main developmental achievements in infancy. The fidelity
of the distinction of gray matter versus white matter in
MR images with improved technology is one of the main
issues that remain to be resolved. Holland et al. (1986),
McArdle et al. (1987), Bird et al. (1989), van der Knaap
and Valk (1990), and Barkovich (2005) have reported
stages and milestones of normal brain myelination on
MRI. In order to facilitate better assessment of children at
higher risk of developmental disorders, white matter
volumetric measurements have been undertaken in
infant, child, and adolescent brains (Paus et al. 2001;
Lenroot et al. 2007; Knickmeyer et al. 2008), with some
success. However, more accurate quantification tech-
niques need to be explored. Although T2-weighted
images have been used in fetal and neonatal studies (Yu
et al. 2010; Glasel et al. 2011; Kasprian et al. 2011; Wang
et al. 2011), we chose volumetric T1-weighted images for
this study that spanned the ages of 3 to 13 months. This
allowed comparison to many of the prior studies in older
children that have been almost exclusively performed
using volumetric T1-weighted images. Future projects will

focus on the better images that can be obtained with im-
proved technology and will include analysis of both T1
and T2 contrasts to allow better definition of cortical gray
and white matter boundaries.

(b) Regression modeling limitations. The usual caveats for
regression modeling hold for this dataset. We cannot
extrapolate beyond the ages of 3 to 13 months. In
addition, we had fewer subjects at the 3- and 4-month age
period than for the older ages. These data points have the
potential to be overly influential for the coefficient esti-
mates and potentially for the choice of optimal model as
well. An assumption of self-limiting growth was applied
to all the brain regions. However, the regions that showed
linear growth in our analysis could have shown a logarith-
mic growth pattern, if more data points were added for
the 3- to 4-month age period. This would be consistent
with the gradual asymptote seen for the Gompertz
function.

(c) Expand age range and number. The results for our volu-
metric growth trajectories may only be applied to the
specific age span studied here, specifically for 3 to 13

Figure 12. Scatter plot and regression analysis for normalized brain volumes of 3 regions with a logarithmic growth pattern without gender effects. (A) Putamen, (B) whole
cerebellum, and (C) cerebellar hemisphere.
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months. In this study, the relatively small sample size, the
gender distribution in each age group, and the cross-
sectional sample might have affected the projected trajec-
tories. The growth rates of the brain and its sub-regions
would have shown the most rapid brain growth across
the first 3 months of life. Therefore, future studies that
include fetal and neonatal periods as well as the first 3
months will be extremely important in order to better
characterize regional growth trajectories in typical early
brain development.

Further studies are critical and should be performed in combi-
nation with diffusion tensor imaging and tractography, to
shed light on the neural mechanisms that underlie the dra-
matic physical, psychological, cognitive, and language devel-
opment that occurs over the first year of life. We are also
interested in examining how structural volume, axonal devel-
opment, and myelination correlate with development in phys-
ical, psychological, cognitive, behavioral, attentional, and
socialization in early human life. All children in this study
have received detailed prospective neurobehavioral testing
across multiple years and thus future projects will explore the

Figure 13. Scatter plotand regression analysis for normalized brain volumes of 3 regions with a logarithmic decrease pattern without gender effects. (A) Cerebrum, (B)
thalamus, and (C) brainstem.

Table 2
Gender dimorphism for the growth model

Absolute volume Normalized volume = absolute volume/WB

Male > Female Whole brain
Cerebrum
Thalamus
Ventral diencephalon
Amygdala
Lateral ventricles
Brainstem
Pons

Female > male Caudate
Vermis

Male = female Caudate
Putamen
Globus pallidus
Hippocampus
Cerebellum
Cerebellar hemisphere
Vermis
Midbrain
Medulla

Cerebrum
Putamen
Globus pallidus
Thalamus
Ventral diencephalon
Amygdala
Hippocampus
Cerebellum
Cerebellar hemisphere
Brainstem
Midbrain
Pons
Medulla

Note: WB, whole brain.
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predictive power of this early volumetric growth to behavioral
outcomes (e.g. Ortiz-Mantilla et al. 2010).

In summary, we conducted volumetric analysis in typically
developing infant brains (aged over 3 to 13 months) using
neuroanatomical, knowledge-based, detailed semi-automated
analysis techniques. We were able to construct models for
normal brain growth trajectories for each region, including
individual cerebral deep gray matter structures. Quantitative
data, especially with larger numbers of subjects and, most
importantly, continuity within the first 3 months of develop-
ment when there is exponential growth of all brain regions,
should result in reliable milestones for infant regional brain
development. The data collected in this study represent the
beginning of better understanding of the character and impor-
tance of regional brain growth trajectories.

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