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Brain development in the first 2 years after birth is extremely dynamic and likely plays an important role in neurodevelopmental
disorders, including autism and schizophrenia. Knowledge regarding this period is currently quite limited. We studied structural brain
development in healthy subjects from birth to 2. Ninety-eight children received structural MRI scans on a Siemens head-only 3T scanner
with magnetization prepared rapid gradient echo T1-weighted, and turbo spin echo, dual-echo (proton density and T2 weighted) se-
quences: 84 children at 2- 4 weeks, 35 at 1 year and 26 at 2 years of age. Tissue segmentation was accomplished using a novel automated
approach. Lateral ventricle, caudate, and hippocampal volumes were also determined. Total brain volume increased 101% in the first
year, with a 15% increase in the second. The majority of hemispheric growth was accounted for by gray matter, which increased 149% in
the first year; hemispheric white matter volume increased by only 11%. Cerebellum volume increased 240% in the first year. Lateral
ventricle volume increased 280% in the first year, with a small decrease in the second. The caudate increased 19% and the hippocampus
13% from age 1 to age 2. There was robust growth of the human brain in the first two years of life, driven mainly by gray matter growth.
In contrast, white matter growth was much slower. Cerebellum volume also increased substantially in the first year of life. These results
suggest the structural underpinnings of cognitive and motor development in early childhood, as well as the potential pathogenesis of

neurodevelopmental disorders.
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Introduction

Quantitative magnetic resonance imaging has significantly ad-
vanced our understanding of brain development during child-
hood and adolescence. Several large scale longitudinal studies
have been published (Giedd et al., 1999; Sowell et al., 2004).
However, none of these large scale studies included children be-
low the age of 4 years. This represents a serious gap in current
knowledge, as these early years, particularly the period from birth
to 2, may be the most dynamic and important phase of postnatal
brain development in humans. This period is likely to be critical
in neurodevelopmental disorders including autism and schizo-
phrenia. There is a dramatic increase in overall brain size during
this period, with the brain reaching 80—-90% of adult volume by
age 2 (Pfefferbaum et al., 1994). The rapid elaboration of new
synapses in the first two years of life (Huttenlocher and Dab-
holkar, 1997; Glantz et al., 2007) corresponds with an increase in
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overall gray matter volumes to a lifetime maximum around age 2
(Huppietal., 1998; Matsuzawa et al., 2001; Gilmore et al., 2007Db).
Myelination of white matter proceeds rapidly after birth. The
general pattern of adult myelination is present by the end of the
second year (Sampaio and Truwit, 2001), although myelination
does continue, at a slower rate, far into adulthood. Concurrent
with the rapid pace of structural brain development is an equally
rapid development of a wide range of cognitive and motor func-
tions (Kagan and Herschkowitz, 2005).

Most MRI studies of infants and young children have focused on
those born prematurely (Hiippi et al., 1998; Peterson et al., 2003;
Aljabar et al., 2008). Gray and white matter volume did increase
significantly in the perinatal period in a small control group in two
prospective studies of premature infants (Hiippi et al., 1998; Peter-
son et al., 2003). Another study including a few children under the
age of 45 also found that white and gray matter volume increased in
the first few years of life, although the gray and white matter segmen-
tation used in this study did not work well in younger subjects (Mat-
suzawa et al., 2001). This relative lack of data reflects the difficulties
in performing MRI studies in infants and young children. Practical
issues include subject cooperation and motion. Image analysis pre-
sents multiple challenges including low contrast to noise ratio, high
variability and small size of anatomical shapes, rapid changes as a
function of age, and contrast changes and brightness inhomogene-
ities attributable to myelination (Prastawa et al., 2005).
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Table 1. Distribution of scan availability
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Table 2. Demographic data for participants

Available scans N Factor Mean (SD)

Neonate scan only 50 Gestational age at birth (weeks) 39.53 (1.30)
1year scan only 7 Age at scan 1 (months) 0.75(0.31)

2 year scan only 1 Age at scan 2 (months) 12.75(0.71)
Neonate + 1year scan 15 Age at scan 3 (months) 24.79(0.67)
Neonate + 2 year scan 12 Birth weight (g) 3428.74 (486.65)
1year + 2 year scan 6 Maternal education (total in years) 15.74 (3.05)
Neonate + 1year + 2 year scan 7 Total household income 66,361.18 (49,867.30)

Our group is carrying out a large-scale, prospective, longitu-
dinal MRI study of early brain development in a general popula-
tion sample. This is the first developmental MRI study in this age
range which utilizes a high-resolution 3 Tesla scanner and novel
automatic methods for tissue segmentation and parcellation,
which are highly accurate, reliable, and efficient (Hazlett et al,,
2005; Prastawa et al., 2005; Gilmore et al., 2007b). We previously
reported data on 74 neonates scanned at 2—4 weeks of age (Gil-
more et al., 2007b). In the present study, we present initial results
on structural brain development from birth to 2 years.

Materials and Methods

Subjects. The 98 children (49 male, 49 female; 82 White, 14 African-
American, 2 Asian) analyzed in this report are controls in an ongoing
longitudinal study of prenatal and neonatal brain development in chil-
dren at high risk for neurodevelopmental disorders. Control mothers
were recruited during the second trimester of pregnancy from the out-
patient Obstetrics and Gynecology Clinics at the University of North
Carolina (UNC) Hospitals. Exclusion criteria at recruitment were the
presence of abnormalities on fetal ultrasound or major medical or psy-
chotic illness in the mother. 153 children attended for MRI at 2—4 weeks
of age; 94 of these had high quality T1 and T2 scans (a success rate of
60%). Eighty-six children attended for a follow-up MRI at age 1; 42 of
these had high quality T1 and T2 scans (a success rate of 50%). Sixty-
seven children attended for a follow-up MRI at age 2; 35 of these have
high quality T1 and T2 scans (a success rate of 50%). Additional exclu-
sion criteria for this analysis included gestational age <34 weeks (1 = 2),
spending >24 h in the neonatal intensive care unit after birth (n = 7), a
composite score of <71 on the Mullen scales of early development
(Mullen, 1995) at either age 1 or age 2 (n = 3), major congenital abnor-
mality (n = 0), history of major medical illness (n = 1), and major
abnormality on MRI (n = 4). Twenty-three subjects had small incidental
intracranial hemorrhages, which are present in ~25% of vaginal births
(Looney et al., 2007); these subjects are included in the analysis. Two
children had febrile seizures; these subjects are also included in the anal-
ysis. After applying the above exclusion criteria, high quality scans are
available for 84 neonates (2—4 weeks of age), 35 one year olds, and 26 two
year olds. The sample is largely cross-sectional (Table 1); thus, when
interpreting our results the possibility of cohort effects should be kept in
mind. Written informed consent was obtained from a parent before
participation. This study was approved by the Institutional Review Board
of the University of North Carolina School of Medicine. Demographic
data on the sample is found in Table 2.

Image acquisition. Magnetic resonance imaging was performed at the
UNC MRI Research Center on a Siemens head-only 3T scanner (Allegra;
Siemens Medical System). All subjects were studied without sedation.
Neonates fell asleep easily after being fed and swaddled regardless of the
time of day. Subjects at 1 and 2 years were mildly sleep deprived (i.e.,
parents were asked to wake the child 1 h early that day and to skip a nap).
Scans were scheduled to coincide with the child’s normal naptime or
bedtime. Once a child was asleep, they were fitted with earplugs or ear-
phones and placed in the MRI scanner with head in a Vac-Fix immobi-
lization device, and additional foam padding to diminish the sounds of
the scanner. Neonatal scans were performed with a neonatal nurse
present and a pulse oximeter was used to monitor heart rate and oxygen

saturation. For older children, a member of the research team remained
in the scanner room to monitor the child throughout the scan.

For the majority of the scans, T1-weighted images were obtained using
athree-dimensional (3D) spoiled gradient [FLASH repetition time (TR)/
echo time (TE)/Flip Angle 15/7 ms/25°]. Fifteen of the early neonatal
scans used a 3D magnetization prepared rapid gradient echo (TR/inver-
sion time (TT)/TE/Flip Angle 1820/400/4.38 ms/7°) T1 sequence. Proton
density and T2-weighted images were obtained with a turbo spin echo
(TR/TE1/TE2/Flip Angle 6200/20/119 ms/150°). Spatial resolution was
1 X 1 X 1 mm voxel for T1-weighted images and 1.25 X 1.25 X 1.5 mm
voxel with 0.5 mm interslice gap for proton density/T2-weighted images.
The Siemens head-only 3T scanner is FDA approved for use in all age
groups. Specific absorption rates are kept within safe levels for body
weight by both hardware and software features of the scanner. We have
previously confirmed that the scan sequences did not cause significant
temperature increases with a phantom (Gilmore et al., 2004).

Tissue segmentation: neonates. Brain tissue was classified as gray mat-
ter, nonmyelinated white matter, myelinated white matter and CSF using
an automatic, atlas-moderated expectation maximization segmentation
tool as previously described (Prastawa et al., 2005; Gilmore et al., 2007b).
Segmentations for 4 of the 84 scans collected in neonates were deemed
poor quality. These scans were not included in the analysis of tissue
volumes, but are included in the analysis of ventricle volume.

Tissue segmentation: age 1 and 2. The 1-year-old brain presents a
unique set of challenges for tissue segmentation as white matter is inho-
mogeneous and provides high contrast interiorly while presenting grad-
ually lower contrast toward the cortical periphery. In addition, white
matter contrast in T2 lags behind T1, reflecting different properties of the
early developing brain. To address this, we used a newly developed
method for correction of white matter inhomogeneity as a preprocessing
for classification of gray and white matter. Only the T1 image was used
for segmentation. We used a well established automatic brain tissue seg-
mentation method (expectation maximization segmentation) which in-
tegrates bias correction, brain stripping, and tissue classification into one
tool (Van Leemput et al., 1999; Prastawa et al., 2004). A probabilistic
infant brain atlas serves as geometric prior. The same method was used to
segment the 2-year-old brain.

All scans were reviewed by an anatomical expert to determine if the
results of the tissue segmentation were accurate. Segmentations for 5 of
the 35 scans collected at age 1 were deemed poor quality. These scans
were not included in the analysis of tissue volumes but are included in the
analysis of ventricle, hippocampal, and caudate volumes.

Parcellation. Parcellation of each subject’s brain into regions was
achieved in the neonate by nonlinear warping of a parcellation atlas
template as previously described (Hazlett et al., 2005; Gilmore et al.,
2007b). An affine registration was used in the 1 and 2 year olds. Left and
right hemispheres, cerebellum, brainstem and combined sets of subcor-
tical structures are represented separately.

Subcortical structures. Measurement of the lateral ventricles at all ages,
and measurement of the caudate and hippocampus at age 1 and age 2,
were obtained using standardized tracing protocols. The lateral ventricles
and caudate were defined on high resolution T1 images using a semiau-
tomated 3D segmentation tool [ITK-SNAP (Yushkevich et al., 2006)]
that employs a user-defined threshold window, initialization, and pa-
rameters for 3D deformable segmentation based on level sets. The hip-
pocampus was obtained using a semiautomated tool where the user de-
fines landmarks, but the hippocampus is automatically segmented via a
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high-dimensional deformation of a shape tem-
plate [MOJO (Csernansky et al., 1998; Joshi et
al., 2004)]. A single rater performed all segmen-
tations for a specific structure. For the lateral
ventricles, intrarater reliability was 0.99; for the
caudate, intrarater reliability was 0.93; and for
the hippocampus, intrarater reliability was
0.95. All reliabilities are intraclass correlations.

Data analysis. For all comparisons of brain
volumes between the three ages, we used a
mixed model approach to repeated measures
ANOVA or analysis of covariance using the
method of restricted/residual maximum likeli-
hood. We used an unstructured covariance ma-
trix with sandwich (Empirical) estimation to
model within-subject covariances. In this
model, we examined the estimated changes
over time. Also, the change from neonate to 1
year and change from 1 year to 2 years were
compared to determine whether there were dif-
ferent growth rates. All statistical hypothesis
tests were conducted at a significance level of
0.05.

Results
Total brain volume and volumes of the
cortical hemispheres, subcortical area,
and cerebellum
Total brain volume (TBV) was calculated
by combining total gray matter and total
white matter as defined by the automatic
tissue segmentation. TBV increased by
101% in the first year (95% CIL: 95-107%)
and by 15% in the second year (95% CI:
11-19%) (Figs. 1, 2). To put this in con-
text, TBV at 2—4 weeks of age is ~36% of
adult volume; TBV at 1 year is ~72% of
adult volume, and TBV at 2 years is ~83%
of adult volume [Comparison to adult vol-
umes is based on TBV of 58 healthy adults
who served as controls in Lieberman et al.
(2005). Adult subject characteristics are as
follows: mean (SD) age, 25.6 (4.1) years;
64% male; 61% Caucasian, 28% of African
descent, 3% Hispanic, and 8% Asian.].
The volume of the cortical hemispheres in-
creased by 88% in the first year (95% CI:
83-94%) and by 15% in the second year
(95% CI: 11-19%). The volume of the
subcortical area (including brainstem) in-
creased by 130% in the first year (95% CI:
126-138%) and by 14% in the second year
(95% CI: 11-18%). The cerebellum in-
creased by a striking 240% from 2 weeks to
1 year (95% CI: 228 —253%), and increased
by 15% from 1 to 2 years of age (95% CI:
10-19%) (Table 3; Fig. 2).

Volumes can be normalized by TBV to
calculate the ratio of tissue volumes and
anatomical regions relative to the full
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Figure1. Exampleaxialslicesfromasingle subjectat birth, 1,and 2 years. CSF (blue), GM (gray matter; green), myelinated WM
(white matter; red), unmyelinated WM (brown).
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Figure 2.  Scatterplots showing brain growth in the first 2 years of life. a, Total brain volume by age at scan. b, Cortical
hemispheres. ¢, Cerebellum. d, Subcortical region and brainstem.

brain. This allows one to identify regions experiencing particu-  tween age 1 and age 2, only the cerebellum continued to show a
larly rapid or slow growth relative to the full brain. When nor-  significant increase when normalized for TBV. An alternative
malized in this way, the subcortical region and cerebellum con- ~ way of describing the relative growth of different regions is the

tinued to show significant increases from birth to age 1, whereas  correlation between growth in different regions in the subset of
the cortical hemispheres decreased as a proportion of TBV. Be-  children with true longitudinal data. From age 0 to age 1, the
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Table 3. Age-related changes in brain volumes
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Percentage change: 95% Cl (neonate to 1 year)

Percentage change: 95% Cl (1 year—2 year)

Region Neonate 1year 2year ANOVA ANCOVA (adjusted for TBV) ~ ANOVA ANCOVA (adjusted for TBV)
TBV 425,387 (4806) 855,540 (12,492) 983,866 (15,393)  95-107%* N/A 11-19%* N/A

Cerebral hemispheres 370,685 (4185) 699,378 (10,199) 804,501 (12,577)  83-94%* —6t0 —5%* 11-19%* —1t01%
Cerebellum 26,985 (371) 91,962 (1712) 105,154 (2084) 228-253%* 71-83%* 10-19%* —1t09%"
Subcortical + brainstem 27,679 (453) 64,214 (868) 73,227 (1140) 126 -138%* 18-22%* 11-18%* —2t05%
Hemispheric gray 206,480 (2396) 514,048 (6679) 588,441 (9100) 143-155%* 25-29%* 11-18%* 2-4%
Hemispheric white 164,433 (1901) 183,280 (4122) 217,883 (5142) 6-16%* —60 to —56%* 13-24%* —24t0 —4%'
Lateral ventricles 2109 (149) 8069 (723) 7406 (786) 213-352%* —73t0 —22% —28t011%  —160to —17%*
Right caudate N/A 3221 (69) 3778 (83) N/A N/A 12-23%* 1-11%*

Left caudate N/A 3012 (68) 3607 (91) N/A N/A 14-26%* 3-15%F

Right hippocampus N/A 2113 (39) 2377 (65) N/A N/A 6-19%" —41t07%

Left hippocampus N/A 2075 (43) 2367 (68) N/A N/A 7-21%" —6t06%

All volumes are mean (SD) in mm?. *p << 0.0001, 'p < 0.001, *p = 0.05. N/A, Not applicable.

Cortical Gray and White Matter

Normalized Cortical Gray and White Matter

of 8% in the second year (95% CI: 28%
decrease to 11% increase). However, when
normalized for TBV, lateral ventricle vol-
ume decreased in both the first and second
year. The caudate and hippocampus could
not be reliably identified in the neonate,
but total caudate volume increased by 19%
between 1 and 2 years of age (95% CI: 11—
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Figure3. Grayand white matter growth in the first two years of life. a, Scatterplot of absolute gray and white matter volumes

by age at scan. b, Scatterplot of gray and white matter volumes as a percentage of total brain volume.

strongest correlation was seen between the cerebellum and the
cortical hemispheres (Spearman correlation, 0.94; N = 16).
Strong correlations were also seen between the subcortical area
and the cortical hemispheres (Spearman correlation, 0.73) and
between the subcortical area and the cerebellum (Spearman cor-
relation, 0.68). From age 1 to age 2, the strongest correlation was
seen between the cerebellum and the subcortical region (Spear-
man correlation, 0.92; N = 9). Strong correlations were also seen
between the subcortical area and the cortical hemispheres (Spear-
man correlation, 0.82) and between the cortical hemispheres and
the cerebellum (Spearman correlation, 0.85). These correlations
are all large and not significantly different from each other.

Constituent tissues

Growth of the cortical hemispheres during this period appears to
primarily reflect gray matter growth. Total hemispheric gray
matter increased by 149% in the first year (95% CI: 143-155%)
and by 14% in the second year (95% CI: 11-18%). In contrast,
total hemispheric white matter increased by 11% in the first year
(95% CI: 6-11%) and by 19% in the second year (95% CI: 13—
24%). When normalized for TBV, the percentage of gray matter
increased significantly in the first year and remained relatively
constant in the second year. The percentage of white matter ac-
tually decreased in the first and second year. Thus, the ratio of
hemispheric gray matter to white matter changes significantly in
the first year, from 1.26 to 2.84 (Fig. 3). White matter and gray
matter could not be accurately separated in the subcortical area
and cerebellum by the automatic segmentation and are not
reported.

Subcortical structures
The volume of the lateral ventricles increased 280% in the first
year of life (95% CI: 213-352%), with a nonsignificant decrease

P 26%); whereas total hippocampal volume
increased by 13% (95% CI: 7-20%). When
normalized for TBV, only caudate volume
increased significantly between 1 and 2
years of age. Patterns were similar when
left and right caudates and hippocampi
were examined separately.

Although our sample size is not ideal for examining subsets of
children, we did limited analyses on the effects of gender and
ethnicity. Mean TBV was larger in males than females at all ages
(95% CI: 2—8%; 3—13%, and —1 to 8% for neonate, age 1, and age
2, respectively). This difference is slightly lower that that observed
for ICV in neonates, 9% (Gilmore et al., 2007b), and adults,
11.9-14.6% (Gur et al., 1999; Raz et al., 2004). Growth patterns
across all regions and substructures appeared highly similar be-
tween the genders, with the interesting exception of ventricular
volume which dropped 1% between age 1 and age 2 in girls but
dropped 24% in boys in the same period. This result must be
treated with caution given the small sample size and high vari-
ability in ventricular volume. Results for all analyses were similar
when we examined only those children who were white.

Discussion

The results of the present analysis confirm and significantly aug-
ment previous reports of early brain development in pediatric
subjects. The large increase in total brain volume in the first year
of life suggests that this is a critical period in which disruption of
developmental processes, as the result of innate genetic abnor-
malities or as a consequence of environmental insults, may have
long-lasting or permanent effects on brain structure and func-
tion. It is interesting to note that one of the most consistent
anatomical findings in young children with autism is that they
have larger-than-average heads (Bailey et al., 1993; Lainhart et al.,
1997; Stevenson et al., 1997). Magnetic resonance imaging con-
firms that these large heads contain abnormally large brains, re-
flecting enlargement of gray and white matter (Courchesne etal.,
2001; Hazlett et al., 2005). Retrospective analysis of head circum-
ference data in medical records indicates that this difference
emerges in the first year of life (Hazlett et al., 2005), the period of
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greatest brain volume growth in typical children. This suggests
that the enlarged head size in children with autism may be an
exaggeration of normal developmental processes in the first two
years of life, such as synaptic proliferation and myelination. This
period of rapid gray matter growth may also be important in the
ultimate development of the abnormal cortical connectivity
thought to underlie schizophrenia (Lewis and Levitt, 2002).

Although the first year of life may be a period of developmen-
tal vulnerability, it may also be a period in which therapeutic
interventions would have the greatest positive effect. Relevant
data are emerging from the Bucharest Early Intervention Project,
which is following a cohort of Romanian children who were
placed in foster care after experiencing extreme deprivation in
orphanages. One of the surprising findings from this study is that
children placed in foster care before two years of age appear to be
making far better improvements in cognitive development than
those placed in foster care after the age of 2 (Nelson et al., 2007).
The profound changes in structural brain development we ob-
served may delineate this critical period in cognitive develop-
ment. Our results also suggest that there is a pressing clinical need
to identify children at risk for developmental disorders within the
first year of life and to initiate appropriate interventions.

Examination of constituent tissues in the cortical hemispheres
suggests that early growth is driven primarily by gray matter.
Although MRI is not currently capable of identifying the neuro-
developmental processes which underlie the observed volume
changes, postmortem human and nonhuman primate studies
reveal likely candidates. Although cells expressing markers which
are characteristic of migrating neuroblasts and early neurons
have been observed in the subventricular zone of human infants
(Weickert et al., 2000), neurogenesis and neuronal migration are
unlikely to account for the volume changes we observed as total
cortical neuron numbers at 0, 1, and 2 years are highly similar
(Shankle etal., 1999). It is more likely that the gray matter volume
increase reflects changes in neuropil, which is composed of den-
drites, axons, and glia. Intensive dendritic and axonal arboriza-
tion and spine growth occur during this period (Mrzljak et al.,
1990) and synaptic density also increases (Huttenlocher, 1979;
Glantz et al., 2007). In the first two years, growth may be most
pronounced in cortical layers II and III (Zecevic et al., 1989;
Huttenlocher and Dabholkar, 1997; Landing et al., 2002).

As regards glia, a study of the striate cortex in rthesus monkeys
showed a 10-fold increase in oligodendrocytes from birth to ma-
turity. In contrast, the number of astrocytes and microglia ap-
peared constant in early postnatal development (O’Kusky and
Colonnier, 1982). The absolute increase in hemispheric white
matter is likely to reflect myelination by oligodendrocytes; a pro-
cess that will continue throughout childhood and adolescence
and well into adulthood (Yakovlev and Lecours, 1967; Benes et
al., 1994; Lenroot and Giedd, 2006). Increased volume attribut-
able to myelination may be partially offset by axon elimination
(LaMantia and Rakic, 1990; Low and Cheng, 2006). Although we
have shown a striking difference in the developmental trajectories
of hemispheric gray and white matter volume and significant
changes in the ratio of gray to white matter during this period;
this should not distract from the reciprocal relationships that
exist between neurons, glia, and myelin. Within the developing
nervous system, astrocytes and Schwann cells actively promote
synapse formation and function (Allen and Barres, 2005),
whereas neuron activity promotes the proliferation and survival
of oligodendrocytes and the production of myelin (Simons and
Trajkovic, 2006). The functional consequences of the dramatic
change in the proportion of gray to white matter in the first year
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of life will be a fruitful area for future research using diffusion
tensor imaging (DTI) and functional MRI. DTI has already
shown striking changes in the corpus callosum and corticospinal
tracts in the first 2 years of life (Gilmore et al., 2007a; Goodlett et
al., 2008).

We observed a remarkable 240% increase in the size of the
cerebellum in the first year. Although the relations between the
size of brain structures and specific cognitive functions are not
always clear, area size can influence performance of modality-
specific behaviors (Leingirtner et al., 2007). Because the cerebel-
lum is critically involved in motor coordination and balance
(Bastian and Thach, 2002), the striking cerebellar growth may
underpin the rapid motor developments of infancy. The cerebel-
lum has also been implicated in a plethora of other cognitive
abilities including planning, set-shifting, language abilities, ab-
stract reasoning, working memory, and visual-spatial organiza-
tion (Schmahmann and Sherman, 1998). Given that “cognitive”
regions of the cerebellum have reciprocal projections with non-
primary frontal, parietal, and occipital association cortex (Thach,
1996), the extremely rapid growth of the cerebellum in the first
year may be a prerequisite for specific aspects of later cortical
development. DTI and functional MRI studies of the developing
connections between the cerebellum and the cortex may shed
light on this relationship. As with the overall increase in brain
size, the rapid growth of the cerebellum in the first year suggests
that this may be a time of heightened vulnerability of the cerebel-
lum, which shows preferential susceptibility to environmental
insults such as alcohol, lead, and anoxia. Postnatal neurogenesis
of cerebellar Purkinje cells may be related to this environmental
susceptibility (Welsh et al., 2002), although the relationship be-
tween this process and the volumetric changes we observed re-
mains to be clarified.

We also observed a large increase in the volume of the lateral
ventricles in the first year, followed by a small decrease in volume
in the second. It is unclear at this point how volume changes in
the lateral ventricles relate to overall brain growth and the devel-
opment of adjacent subcortical structures. We will explore these
relationships in greater detail using shape analysis of the ventri-
cles and surrounding structures. An antagonistic relationship be-
tween ventricles and subcortical nuclei is observed in certain
pathological conditions, where atrophy of the basal ganglia or
thalamus is associated with increased ventricular volume (Harris
et al,, 1999; Gaser et al., 2004). In addition, a study of monozy-
gotic and dizygotic twins showed significant negative genetic and
environmental correlations between lateral ventricle and basal
ganglia volumes (Schmitt et al., 2007). It is not clear why ventricle
volume would increase in the first year and decrease in the second
year of life, given continued growth of subcortical and cortical
structures. One possibility is that closure of the fontanelles (un-
ossified gaps between the calvarial bones) limits outward growth
of the brain in the second year, with growth now impinging on
the lateral ventricles.

Finally, we reported that the caudate and hippocampus in-
creased in volume from 1 to 2 years, but only the caudate in-
creased when normalized for TBV. This suggests that different
subcortical structures have different developmental trajectories
during this period. The caudate is crucial in the control of move-
ment (Herrero et al., 2002). Therefore, growth in this region may
relate to motor development. The relatively small growth of the
hippocampus may still have functional consequences for cogni-
tive tasks linked to this structure, including spatial (Maguire et
al., 1997) and episodic memory (Lencz et al., 1992; Goldberg et
al., 1994). Although direct comparison to the single existing MRI
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study of early hippocampal growth is difficult because of differing
methodologies, our results are broadly compatible with those of
Utsunomiya et al. (1999) who report a 5% difference in hip-
pocampal volume when comparing children between 1 and 2
years of age with those between 3 and 4 years of age.

In conclusion, we observed rapid growth of the entire brain
during the first year of life, with slower growth during the second
year of life. Compared with the cortical hemispheres, the cerebel-
lum showed disproportionate enlargement in this period. Within
the cortical hemispheres, gray matter volume increased signifi-
cantly more than white matter volume and the proportion of gray
to white matter changed markedly. Unique growth patterns were
also observed in the ventricles, caudate, and hippocampus. These
findings can provide insight into pathologies of development
such as autism and schizophrenia and may ultimately allow us to
define structural correlates of critical periods in human cognitive
development.
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