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Supplementary Fig. 1 | Neurodevelopmental timeline. Schematic illustration of key neurobio-
logical processes1, 2 and cortical folding patterns3, 4 during gestational and perinatal periods.

1



T1w

T2w

JHU - Neonate Serag et al. -
44 Weeks

UNC - Neonate UNC - 1 Year UNC - 2 YearsSerag et al. -
40 Weeks

a

JHU - Neonate Serag et al. -
44 Weeks

Serag et al. -
40 Weeks

b c UNC - Neonate UNC - 1 Year UNC - 2 Years

-0.3 0.3
Mean Curvature

Supplementary Fig. 2 | Existing neonatal and infant atlases. a,b, Commonly used T1w and
T2w atlases of neonates and infants5–7. c, Spherical atlases of surface mean curvature of neonates
and infants8.
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Supplementary Fig. 3 | Longitudinal infant scans. T1w and T2w images and white surfaces of
an infant scanned between two weeks and two years of age.
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Supplementary Fig. 4 | Surface and volume features. Graphical illustrations of a, cortical thick-
ness; b, surface area; c, average convexity; d, mean curvature; and e, tissue volume.
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Supplementary Fig. 5 | Cortical and volumetric developmental velocities. IBA velocity curves
for surface and volumetric features, estimated via the first derivatives of generalized additive
model (GAM)-fitted trajectories. Annotated data points mark the peak growth ages.
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Supplementary Fig. 8 | Regional developmental trajectories of average convexity. Growth
curves of average convexity for the IBA cortical regions. Shaded regions indicate whether average
convexity is greater or lower than the whole-brain average.
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Supplementary Fig. 10 | Regional developmental trajectories of mean curvature. Growth
curves of mean curvature for the IBA cortical regions. Shaded regions indicate whether mean
curvature is higher or lower than the whole-brain average.
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Supplementary Fig. 12 | Hemispheric asymmetry of average convexity. Region-specific lateral-
ity index for average convexity of the IBA. Positive laterality is associated with left lateralization
(two-tailed t-test: p < 0.01) and negative laterality is associated with right lateralization (two-
tailed t-test: p < 0.01).
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Supplementary Fig. 13 | Hemispheric asymmetry of mean curvature. Region-specific laterality
index for mean curvature of the IBA. Positive laterality is associated with left lateralization (two-
tailed t-test: p < 0.01) and negative laterality is associated with right lateralization (two-tailed
t-test: p < 0.01).
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Supplementary Fig. 14 | Preschool atlases. We augment our infant brain atlases with preschool
atlases constructed every year between 3 and 5 years of age. These atlases are constructed using
MRI data of 49 subjects (recruited as part of the BCP) scanned between 2.5 and 5.5 years of
age. We constructed these atlases using our surface-volume atlas construction pipeline. a,b,
Transverse sections of the T1w and T2w atlases. c, White (blue) and pial (red) surface atlases
superimposed on the tissue maps. d,e, Dorsal views of the white and pial surface atlases for
both hemispheres, colored by average convexity and mean curvature, respectively.
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quality-checked with our pediatric brain image quality control algorithm17 are fed into iBEAT
v2.0 (https://ibeat.wildapricot.org) for infant-centric preprocessing to obtain tissue
segmentation maps and white and pial surfaces.
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Supplementary Fig. 17 | Quantitative comparison of atlases. a, Violin plots for median values
of cortical features of the surface atlases. The IBA yields higher absolute average convexity than
ANTs (two-tailed paired t-test: p = 2.9× 10−29; single star) and higher absolute mean curvature
than Spherical Demons (two-tailed paired t-test: p = 1.1× 10−17; double star) and ANTs (two-
tailed paired t-test: p = 1.3× 10−34; double star). b, Violin plots for gradient magnitudes of the
T1w and T2w intensity atlases. The IBA yields higher gradient magnitudes than ANTs (two-
tailed paired t-test: pT1w = 1.0× 10−9, pT2w = 1.9× 10−7; star). The green crossbars in the violin
plots mark the means.
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Supplementary Note 1: Results

Surface atlases across infancy. We assessed the degree of cortical folding of each surface atlas
with surface-wide median absolute values of average convexity and mean curvature (Supplemen-
tary Fig. 17a). A higher median value signifies greater cortical folding. The average convexity
median is comparable for Spherical Demons and IBA because they both capture coarse-scale
cortical folds. The mean curvature median for the IBA is the highest, suggesting that the IBA
not only captures coarse-scale gyral and sulcal patterns but also retains fine-scale secondary and
tertiary cortical folds.

Volumetric atlases across infancy. We assessed the quality of the ANTs intensity atlases and IBA
using the gradient magnitude, which quantifies structural sharpness (Supplementary Fig. 17b).
The IBA has higher gradient magnitudes than the ANTs atlases and is therefore sharper with
more structural details.

Surface and volumetric development. We measured the average convexity of 34 cortical regions-
of-interest (ROIs) delineated via FreeSurfer using the Desikan-Killiany atlas18 (Supplementary
Fig. 6). All regions (Supplementary Fig. 8) show increasing trends but at varying rates rang-
ing from 19% to 34% and 1.2% to 5.7% for the first and second postnatal years (Supplementary
Fig. 9a), respectively. Average convexity exhibits higher growth rate in association cortices com-
pared with primary cortices. The growth rates (Year 1, Year 2) are (24.2%, 1.5%) for the primary
visual cortex, (23.3%, 3.3%) for the primary somatosensory cortex, (22.9%, 3.8%) for the primary
motor cortex, (27.0%, 3.6%) for the primary auditory cortex, (27.1%, 4.2%) for the temporal associ-
ation cortex, (27.1%, 3.6%) for the parietal association cortex, and (23.9%, 3.7%) for the prefrontal
association cortex.

In terms of mean curvature, all cortical ROIs exhibit decreasing trends (Supplementary
Figs. 10 and 11a) at varying negative growth rates ranging from 14% to 26% and 1% to 6%
in the first and second postnatal years, respectively. The negative growth rates (Year 1, Year
2) are (19.9%, 2.0%) for the primary visual cortex, (19.5%, 3.9%) for the primary motor cortex,
(21.0%, 3.4%) for the primary somatosensory cortex, (20.6%, 3.7%) for the primary auditory cor-
tex, (21.5%, 3.6%) for the temporal association cortex, (21.2%, 4.1%) for the parietal association
cortex, and (18.5%, 4.1%) for the prefrontal association cortex.

We show the hemispheric lateralization of regional cortical features via the laterality in-
dex, LI = (left− right)/(left + right), computed for each ROI. There is significant asymmetry
(two-tailed t-test; p < 0.01) in average convexity (Supplementary Fig. 12) and mean curvature
(Supplementary Fig. 13) for majority of the ROIs. The corresponding p-values, t-scores, and de-
grees of freedom (DoFs) are reported in Supplementary Data Files 5, 6. The ROI-specific mean
LI for average convexity and mean curvature are shown in Supplementary Figs. 9b and 11b.

Supplementary Note 2: Discussion

Cortical thickness. The IBA reflects the inter-hemispheric differences in regional cortical thick-
ness: the functionally dominant hemisphere is thinner than the non-dominant counterpart (Ex-
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tended Data Fig. 10). For instance, the left pars opercularis is thinner, consistent with the func-
tional dominance of the left hemisphere in language production and phonological processing.
In contrast, the right pars triangularis is thinner, although the left hemisphere is functionally
dominant. This is because pars triangularis is involved in semantic processing that is still im-
precise during the first two postnatal years; therefore, the functionally dominant left hemisphere
is thicker. The superior temporal gyrus is involved in auditory processing that is pertinent to
language acquisition and is dependent on the left hemisphere. The left superior temporal gyrus
in IBA is thinner, in line with the early development of infants’ ability to process audio and spo-
ken language during the study period. Visuospatial processing controlled by the supramarginal
gyrus, inferior parietal cortex, and precuneus is dominant in the right hemisphere. However,
infants do not fully acquire visuospatial processing ability during the first two postnatal years;
therefore, these regions in IBA are still thicker in the right hemisphere.

Surface area. The IBA also reflects cortical maturation in terms of cortical surface area. Ac-
cording to the radial unit hypothesis19, cortical surface area expands during infancy due to the
symmetrical proliferation of neural progenitors in the ventricular and subventricular zones20.
Others speculate that intermediate glial cells, generated in the outer subventricular zone, ex-
pand in a fan-like manner, and drive the tangential growth of surface area21, 22. Prior studies
suggest that surface area undergoes a 2- to 4-fold expansion from infancy through adulthood23.
Postnatal surface area expansion is differential in nature, following regional differences in den-
dritic length, dendritic spine density, synaptic architecture, and intra-cortical myelination23–26.
The overexpansion of cortical surface area during early infancy is implicated in the disrupted
emergence and refinement of cognitive and behavioral skills, and in developmental, psychiatric,
and neurological disorders21, 27, 28. The IBA reveals that cortical surface area increases by 93%
during the first two years after birth. Findings from our regional analysis are consistent with ex-
isting studies23, 29: regions with greatest expansion lie in the dorsolateral and medial prefrontal
association cortex, lateral temporal, and parietal association cortices, whereas regions with least
expansion lie in the occipital cortex, medial temporal cortex, and insula. Areas expanding slowly
in the primary and secondary sensory cortices in IBA-S are generally thinner, including the per-
icalcarine, cuneus, precentral, and postcentral gyri. All regions, except the pars opercularis and
lateral orbitofrontal gyrus, in IBA-S exhibit significant lateralization. In line with Remer et al.29,
we found left-lateralization of the medial orbitofrontal gyrus, superior frontal gyrus, and trans-
verse temporal gyrus and right-lateralization of the superior and middle temporal gyri, inferior
parietal cortex, precuneus, frontal pole, paracentral gyrus, pericalcarine, pars orbitalis, and pars
triangularis.

Average convexity. Several hypotheses have been put forward to explain the mechanics driv-
ing gyrification, including axonal tension30, tangential expansion of the cortical layers relative to
sublayers generating stress31, and biochemical prepatterning of the cortex32. Although the sizes
and shapes of gyri and sulci vary across individuals, primary gyri and sulci share common ori-
entations and locations33. Primary folds are associated with motor and sensory cortices, which
mature relatively early even at birth and continue to refine postnatally. The IBA faithfully retains
major gyral and sulcal folds.

Average convexity quantifies the degree of folding of primary gyri and sulci. Region-
specific growth trajectories of average convexity yielded by the IBA reveal that the temporal
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association cortex evolves at the fastest rate, followed by the parietal and frontal cortices. Pri-
mary sensorimotor and visual cortices grow at a slower rate. This suggests that the primary
cortices are already developed at term birth; therefore, they tend to grow slower compared with
association cortices, which are involved in high-order functions and are immature at birth and
undergo protracted development34.

The IBA shows inter-hemispheric differences in regional average convexity. Left-lateralized
regions are mainly located in the frontal and temporal cortices, whereas right-lateralized regions
are prominent in the parietal cortex. This suggests that anatomical asymmetry may correspond to
functional asymmetry. For instance, the triangular and orbital parts of the inferior frontal gyrus
are language-related35, 36 and therefore exhibit leftward asymmetry. Similarly, the transverse tem-
poral gyrus is left-lateralized as it is part of the auditory processing network37. The frontal pole
is responsible for action selection and involves more of the left hemisphere than the right38. The
lateral occipital cortex and fusiform gyrus, involved in face processing, are left-lateralized39. Fur-
thermore, our results confirm that the parietal cortex, comprising supramarginal gyrus, superior
parietal cortex, and precuneus, shows right laterality, consistent with the functional dominance
of the right hemisphere in visuospatial processing tasks40. The postcentral gyrus, which is a part
of the somatosensory cortex, and the precentral gyrus, which is involved in voluntary motor
movements, show rightward asymmetry40.

Mean curvature. The human brain buckles and folds at different extents41. At a larger scale,
it curves into a spheroid split into two hemispheres. At a smaller scale, it carves into primary,
secondary, and tertiary gyri and sulci in association with cortical development. The degree of
small-scale cortical folding is quantified via mean curvature, which measures the extrinsic cur-
vature of the cortical surface42. The IBA shows that the absolute mean curvature decreases sub-
stantially during the first year and stabilizes in the second year. The decrease in mean curvature
is due to the dynamic cortical folding associated with post-migrational processes characterized
by axogenesis, dendritogenesis, synapse initiation, maturation, and pruning of both pyramidal
neurons and cortical interneurons43. Morphologically, the downward trend in mean curvature
reflects the widening of sulci due to the increase in brain size, resulting in sulcal fundi and gyral
crowns that curve less sharply. Mean curvature exhibits differential decrease in all cortical ROIs:
the entorhinal cortex and temporal pole show fastest decline, whereas the rostral and caudal
anterior cingulate cortices show slowest decrease. Asymmetry of mean curvature is significant
in all regions, except the pars triangularis and lateral occipital gyrus. In line with Remer et
al.29, the posterior cingulate and rostral anterior cingulate cortices are left-lateralized and the
lateral orbitofrontal gyrus is right-lateralized. The pars opercularis exhibits leftward asymmetry,
consistent with the functional dominance of the left hemisphere in language.

Cortical myelination. We analyzed cortical myelination through infancy via the T1w/T2w ratio.
We observed spatiotemporal changes in myelination of the cerebral cortex throughout the study
period, in line with the literature4. Highly myelinated regions process information faster than
less myelinated regions. The primary visual, motor, and somatosensory cortices are myelinated
earlier than the association cortices of the frontal, parietal, and temporal lobes that are involved in
higher-order functions, consistent with the functional development of the brain. We also observe
a correlation between cortical thickness and myelin content: thicker cortices are lightly myeli-
nated compared with thinner cortices that are heavily myelinated. For instance, the prefrontal
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cortex has high cortical thickness and low myelin.

Supplementary Note 3: Applications of Brain Atlases

Human brain atlases are the basis of common coordinate frameworks (CCFs)44 that enable con-
sistent agglomeration of data from diverse imaging modalities, bridging the study of brain ar-
chitecture from macroscale (e.g., brain regions and their communication pathways) to microscale
(e.g., cyto- and myelo-architectures)45.

Neuroanatomical features (e.g., regional tissue volumes, cortical thickness, and surface ar-
eas) extracted from MRI data of individuals can be mapped onto an atlas for volumetric or
surface correspondences, allowing for example features of normal and abnormal subjects to be
compared in a common space. Inter-group differences can then be detected with the help of
statistical tests. Multimodal regional features extracted with the help of an atlas can also be used
to identify atypical brain development by predicting the brain age46. The difference between
the predicted age and the chronological age reflects premature or delayed development asso-
ciated with brain disorders. In computational anatomy, neuroimaging data of individuals are
mapped to a standard space, typically defined by an atlas, via non-rigid registration methods47.
The resulting nonlinear transformations can be analyzed via statistical tests to investigate inter-
individual shape differences.

Atlases provide a standard anatomical space in which tissues, regions, and structures can
be annotated at a voxel or vertex level. Tissue classification information can be propagated from
an atlas to individual images for tissue segmentation48. Brain regions, which define coherent
functional units, can be parcellated in an atlas based on cyto- and myelo-architectures or func-
tional connectivity49. The atlas parcellation can be propagated for applications in stereotactic
localization and structural/functional connectomics50. Dimensionality reduction techniques can
be applied to the connectivity profiles determined based on a parcellation map to obtain principal
gradients, which encode systematic variations in connectivity51.

Supplementary Note 4: Atlas Variability

We conducted experiments as described by Yang et al.52 to investigate the effect of sample size
on brain atlas variability. Specifically, we constructed infant brain atlases with N = {10, 20, 30}
randomly selected subjects. For each N, we performed subject sampling and atlas construc-
tion three times (K = 3) and quantified atlas variability by calculating surface and volumetric
displacements between each pair of brain atlases using three metrics:

1. Mean volumetric displacement, D̄vol, computed as the average of

Dvol =
1
V

V

∑
v=1

(|dv
x|+ |dv

y|+ |dv
z |), (1)

over all atlas pairs, where V is the total number of brain voxels and (dv
x, dv

y, dv
z) is the

displacement of the v-th voxel of an atlas with respect to its pair.
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2. Mean surface displacement, D̄surf, computed as the average of

Dsurf =
1
S

S

∑
s=1

(|ts
x|+ |ts

y|+ |ts
z|), (2)

over all atlas pairs, where S is the total number of surface vertices and (ts
x, ts

y, ts
z) is the

displacement of s-th vertex of an atlas with respect to its pair.

3. Mean log-transformed Jacobian determinant, D̄jacobian, computed as the average of

Djacobian =
1
V

V

∑
v=1

log(|det(Jv)|), (3)

over all atlas pairs, where det(Jv) is the determinant of the Jacobian matrix (Jv) computed
from the v-th voxel of the volumetric deformation field of an atlas with respect to its pair.

The results, summarized in Supplementary Table 2, indicate that variability decreases with sam-
ple size and reaches a subvoxel level at N = 30. This confirms that 37 subjects are sufficient for
atlas construction.
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Supplementary Table 1. Existing neonatal and infant brain atlases.

Study Type Components Age Range No. of Time Points

Kuklisova et al.9 Volumetric T2w 29 - 44 weeks GA 6
(2011) Tissue map
Serag et al.6 Volumetric T1w & T2w 27 - 44 weeks PMA 9
(2012)
Shi et al.7 Volumetric T1w & T2w 0 - 2 years 3
(2011) Tissue map
Sanchez et al.10 Volumetric T1w & T2w 2 weeks - 4 years 13
(2012)
Zhang et al.11 Volumetric T1w & T2w 1 - 12 months 5
(2016)
Oishi et al.5 Volumetric T1w & T2w 2 days 1
(2011) DTI
Kazemi et al.12 Volumetric T1w 39 - 42 weeks GA 1
(2007)
Shi et al.13 Volumetric T2w 0.6 - 2 months 1
(2010) Tissue map
Hashioka et al.14 Volumetric T2w 1 week 1
(2011)
Bozek et al.4 Surface Fiducial cortical surfaces 36 - 44 weeks PMA 9
(2018) Cortical features maps
Hill et al.15 Surface Spherical cortical surfaces > 36 weeks GA 1
(2010) Fiducial cortical surfaces

Sulcal depth map
Wu et al.8 Surface Spherical cortical surfaces 1 - 72 months 11
(2019) Cortical features maps

Cortical parcellation
Li et al.16 Surface Spherical cortical surfaces 1 - 24 months 7
(2015) Cortical features maps

GA – gestational age PMA – postmenstrual age DTI – diffusion tensor imaging

Supplementary Table 2. The effects of sample size (N) on atlas variability quantified via mean
volumetric displacement (D̄vol), mean surface displacement (D̄surf), and mean log-transformed
Jacobian determinant (D̄jacobian).

N D̄vol (mm) D̄surf (mm) D̄jacobian

10 0.6 1.5 0.06
20 0.4 0.8 0.04
30 0.09 0.4 0.01
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