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Hemispheric lateralization and its origins have been of great interest in neuroscience for
over a century. The left-right asymmetry in cortical thickness may stem from differential
maturation of the cerebral cortex in the two hemispheres. Here, we investigated the
spatial pattern of hemispheric differences in cortical thinning during adolescence, and
its relationship with the density of neurotransmitter receptors and homotopic functional
connectivity. Using longitudinal data from IMAGEN study (N = 532), we found that
many cortical regions in the frontal and temporal lobes thinned more in the right hem-
isphere than in the left. Conversely, several regions in the occipital and parietal lobes
thinned less in the right (vs. left) hemisphere. We then revealed that regions thinning
more in the right (vs. left) hemispheres had higher density of neurotransmitter recep-
tors and transporters in the right (vs. left) side. Moreover, the hemispheric differences
in cortical thinning were predicted by homotopic functional connectivity. Specifically,
regions with stronger homotopic functional connectivity showed a more symmetrical
rate of cortical thinning between the left and right hemispheres, compared with regions
with weaker homotopic functional connectivity. Based on these findings, we suggest
that the typical patterns of hemispheric differences in cortical thinning may reflect the
intrinsic organization of the neurotransmitter systems and related patterns of homotopic
functional connectivity.
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Hemispheric asymmetries in the structure and function of the human brain have been a
fascinating topic for scientists for over a century. Several hypotheses have been proposed
to explain the origin of structural asymmetries between the left and right hemispheres,
including genetic factors and developmental processes during the prenatal and postnatal
periods (1-3). The typical spatial pattern of hemispheric asymmetry in thickness of the
human cerebral cortex emerges during postnatal development (4-6). From birth to child-
hood and throughout adolescence, asymmetry in cortical thickness changes continuously,
as a result of differences in cortical maturation between the left and right hemispheres
(4-6). For instance, in early childhood, the orbitofrontal and inferior frontal regions in
the left hemisphere are thicker than those on the right (5). This (L>R) asymmetry reverses
in late adolescence because the regions on the left thinned more than those on the right
during this developmental period (5). In patients with attention-deficit/hyperactivity
disorder, these typical left—right differences in cortical thinning appear to be absent,
resulting in altered asymmetry patterns observed in adulthood (5, 7). Therefore, under-
standing the mechanisms underlying the typical hemispheric differences in thinning during
development can provide insights into abnormal asymmetry patterns in neurodevelop-
mental disorders. Mechanisms underlying the hemispheric differences in thinning are still
largely unknown, however.

The pattern of hemispheric differences in cortical thinning may be structured along
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general principles of cortical organization (e.g., refs. 8 and 9). Here, we investigate whether
hemispheric differences in thinning are associated with the (intrinsic) organization of the
neurotransmitter—receptor system. The density of various neurotransmitter receptors vary
across cortical regions, and are associated with spatial gradients in various microscopic
(e.g., cyto- and myelo-architecture) and macroscopic (e.g., diffusion-based tractography)
features (10—12). The spatial correlation between densities of neurotransmitter receptors
and other structural features across the human cerebral cortex suggests that the organiza-
tion of the neurotransmitter receptors system may reflect an intrinsic organization of the
cortex that, in turn, may determine the developmental trajectory of cortical thickness and
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its hemispheric asymmetry. Therefore, we hypothesized that the
left—right differences in the density of neurotransmitter receptors
could reflect the pattern of hemispheric differences in cortical
thinning during adolescence.

Homotopic functional connectivity, as manifested by temporal
cooccurrence of neuronal activity between the left—right homo-
topic regions, may also relate to the hemispheric differences in
cortical thinning during adolescence. This possibility is supported
by experimental evidence of activity-dependent structural plas-
ticity in the cerebral cortex (13-15). For example, learning to
juggle or to play music could induce structural changes in the
cerebral cortex (13, 16). Similarly, if the left and right homotopic
regions engage concurrently during the performance of tasks (i.e.,
strong functional connectivity), they may display a similar rate of
cortical thinning during development. In contrast, the left and
right homotopic regions with low homotopic functional connec-
tivity between them may thin at different rates. It has been shown
that, on a group-average level, functional connectivity can predict
whether a pair of cortical regions thin similarly during adolescence
(17). This finding was derived by comparing the similarity in
cortical thinning rates between predefined pairs of regions with
strong functional connectivity, including homotopic connectivity,
against other pairs of regions (17). Furthermore, an individual’s
interregional profile of functional connectivity is shaped by both
the intrinsic organization principles (shared across individuals)
and the individual-specific (nonshared) characteristics (18, 19).
It is therefore important to distinguish the relative contribution
of the individual-shared and individual-specific characteristics in
the relationship between functional connectivity and the hemi-
spheric differences in cortical thinning.

Here, we used data obtained in a longitudinal study, namely
IMAGEN (20), to investigate hemispheric differences in cortical

thinning and its underlying mechanisms. Incorporating data on
the density of neurotransmitter receptors and transporters (12),
we investigated whether the typical pattern of hemispheric differ-
ences in cortical thinning was related to the hemispheric differ-
ences in the density of neurotransmitter receptors/transporters.
Further, we tested our hypothesis that cortical regions with
stronger homotopic functional connectivity during adolescence
would demonstrate smaller hemispheric differences in thinning,
as compared with regions with weaker homotopic functional con-
nectivity; we predicted that this would be the case at both the
group-average and individual levels.

Results

Left-Right Differences in Cortical Thinning and the Maturation
of Thickness Asymmetry. First, we examined differences in cortical
thinning during adolescence between the left and right hemispheres
using data from the IMAGEN study. There were 532 participants
(310 females) who had high-quality T1-weighted and functional
magnetic resonance imaging (MRI) datasets at all three visits (visit 1:
14y, visit 2: 19y, and visit 3: 22 y; see Methods for details). For each
participant, we calculated the rate of cortical thinning from visit 1
to visit 3 for 68 cortical regions (34 per hemisphere) segmented by
FreeSurfer using the Desikan—Killiany atlas (21).

We found that, from adolescence to adulthood, the magnitude
and direction of hemispheric differences in cortical thinning varied
across regions (Fig. 14 and SI Appendix, Table S1). Specifically,
many regions in the frontal and temporal lobes exhibited greater
thinning in the right (vs. left) hemisphere. On the other hand,
several regions in the occipital and parietal lobes thinned less in
the right (vs. left) hemisphere (Fig. 14 and SI Appendix, Table S1).

This spatial pattern of hemispheric differences in thinning is
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Fig. 1. Hemispheric differences in cortical thinning and the maturation of thickness asymmetry. (A) The degree of cortical thinning (higher values, more thinning)

from visit 1 to visit 3 in the left and the right hemispheres (plot), and the map of hemispheric differences in thinning (Left Bottom). The error bars in Fig. 1A represent
the 95% ClI of cortical thinning within each region. In the brain map, negative values (in blue) of hemispheric differences in thinning indicate more thinning in
the right than the left hemisphere. (B) The adult profile of thickness asymmetry was derived from 231 young adults, positive values (in red) indicate the left
hemisphere is thicker than the right. (C) From adolescence to adulthood, individual profiles of thickness asymmetry became more similar to the adult profile.
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related to the maturation of hemispheric asymmetry in cortical
thickness. Thus, the overall spatial pattern of thickness asymmetry,
defined as (Left-Right)/(0.5*(Left + Right)), became more similar
to an adult profile: multiple regions in the frontal lobe were thin-
ner in the right (vs. left) hemisphere, while many regions in the
occipital and temporal lobes were thicker in the right (vs. left)
hemisphere (Fig. 1 B and C). The adult profile of hemispheric
asymmetry in cortical thickness was derived by averaging
thickness-asymmetry profiles of an independent set of participants
aged 22 y from IMAGEN (N = 231, Fig. 1B). The similarity
(Pearson correlation) between individual profiles and the adult
profile increased on average from r = 0.240 at visit 1 tor = 0.311
at visit 2, and to r = 0.338 at visit 3 (Fig. 1C). We also observed
a comparable increase in the similarity between individual profiles
and the profile of average thickness asymmetry based on 17,141
individuals from the ENIGMA study (22; SI Appendix, Fig. S1).

Left-Right Differences in Neurotransmitter Receptors and
Left-Right Differences in Thinning. In order to identify possible
mechanisms underlying the observed hemispheric differences
in cortical thinning, we investigated whether these differences
were associated with hemispheric differences in the density of
neurotransmitter receptors and transporters. First, we obtained a
group-average profile of hemispheric differences in cortical thinning,
where positive values mean greater thinning in the left hemisphere
compared with the right hemisphere (Fig. 2). We then derived
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profiles of hemispheric differences (Left—Right) in the density
for each of 19 neurotransmitter receptors and transporters using
data acquired with positron emission tomography (PET) (12 and
Dataset S1). Positive values in these profiles indicate greater receptor
density in the left (vs. right) hemisphere. We then examined the
relationship between the profile of hemispheric differences in cortical
thinning and the profile of hemispheric differences in density for
each of the 19 neurotransmitter receptors/transporters using
simple permutation tests (Methods). Since spatial autocorrelation
gains rising attention, we conducted additional permutation tests
to adjust for spatial autocorrelation using Brain Surrogate Maps
with Autocorrelated Spatial Heterogeneity (BrainSMASH). Note,
however, that spatial autocorrelation in brain maps can be attributed
to regional similarities in biological processes, such as development
and neuronal connectivity (23, 24). As such, adjusting spatial
autocorrelation may attenuate true relationships. We reported results
from both permutation approaches.

Our results showed that the hemispheric differences in neuro-
transmitter receptor/transporters density were generally positively
associated with the hemispheric differences in cortical thinning, with
8 (7 with BrainSMASH) out of the 19 receptors showing statistically
significant relationships after false discovery rate (FDR) correction
(Fig. 2 and Table 1). These receptors included NMDA, DAT, MOR,
5HT1b, VACKT, D1, mGluR5, and NET. Specifically, many regions
in the frontal and temporal lobes had higher receptor/transporter
density in the right (vs. left) hemisphere, and these regions showed
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Fig. 2. The hemispheric differences in neurotransmitter receptor/transporter density reflect the left-right differences in cortical thinning during adolescence.
Negative values of hemispheric differences in cortical thinning mean more thinning in the right vs. left hemisphere during adolescence. Similarly, negative
values of hemispheric (L-R) differences in density mean denser receptors/transporters in the right vs. left hemisphere. Regions that have a higher density of
neurotransmitter receptors/transporters in the right (vs. left) showed more thinning in the right (vs. left) hemisphere. The results are projected onto a right-
hemispheric template since more regions are right-dominant in thinning and the density of neurotransmitter receptors.
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Table 1.
receptor/transporter density

Results of correlations between the hemispheric differences in thinning and the left-right differences in

receptor/transporter correlation (r) r? Pvalue p.fdr P value (BrainSMASH) P.fdr (BrainSMASH)
NMDA 0.6324 0.3999 0.0001 0.0019 0.0005 0.0095
DAT 0.5323 0.2833 0.0008 0.0076 0.0087 0.0358
MOR 0.5221 0.2726 0.0014 0.0089 0.0101 0.0358
VAChT 0.5080 0.2581 0.0023 0.0109 0.0057 0.0358
S5HT1b 0.4667 0.2178 0.0058 0.0184 0.0037 0.0352
D1 0.4630 0.2144 0.0051 0.0184 0.0113 0.0358
mGIuR5 0.4275 0.1827 0.0099 0.0269 0.0174 0.0472
NET 0.4129 0.1705 0.0164 0.0389 0.0437 0.1038
GABAa 0.3729 0.1391 0.0291 0.0614 0.0628 0.1193
5HT1a 0.3545 0.1256 0.0394 0.0749 0.0613 0.1193
M1 0.3462 0.1199 0.0451 0.0779 0.0858 0.1427
5HT6 -0.2691 0.0724 0.1237 0.1958 0.0901 0.1427
H3 0.2031 0.0413 0.2404 0.3513 0.4425 0.5255
5HT4 0.1936 0.0375 0.2721 0.3692 0.3051 0.4437
5HT2a 0.1810 0.0328 0.3069 0.3887 0.3503 0.4437
SHTT 0.1581 0.0250 0.3681 0.4371 0.3499 0.4437
D2 0.1057 0.0112 0.5483 0.6129 0.6759 0.7554
CB1 -0.0279 0.0008 0.8752 0.9238 0.8905 0.9400
o4p2 -0.0134 0.0002 0.9380 0.9380 0.9470 0.9470

The 19 receptors/transporters are listed in the order of the effect size (r%).

more thinning in the right (vs. left) hemisphere during adolescence
(Fig. 2). In contrast, many regions in the parietal and occipital lobes
had lower receptor/transporter density in the right (vs. left) hemi-
sphere, and these regions thinned less in the right (vs. left) hemi-
sphere (Fig. 2). Note that the top and bottom five neurotransmitter
receptors/transporters shown in Table 1 show differences in their
gene coexpression networks in the human cerebral, with their coex-
pressed genes being associated with distinct biological processes
according to Gene Ontology enrichment analysis (S7 Appendix,
Fig. §3).

Homotopic Functional Connectivity and Left-Right Differences
in Thinning during Adolescence. Next, we investigated whether
regions exhibiting strong homotopic functional connectivity
demonstrate similar cortical thinning during adolescence. Given
that homotopic functional connectivity is undirected, to test this
hypothesis, we used the absolute values of hemispheric differences
in thinning and referred to it as "absolute hemispheric differences
in thinning". Homotopic functional connectivity was derived
from functional MRI datasets obtained while participants watched
video clips of faces and nonbiological motion in three visits, as
outlined in the Methods section. We conducted permutation tests
(with and without spatial autocorrelation) to analyze correlation—
across the 34 cortical regions—between the homotopic functional
connectivity and the absolute hemispheric differences in thinning
at both the group-average and individual levels (Methods).

At the group-average level, we found a negative correlation
between homotopic functional connectivity and absolute hemi-
spheric differences in thinning (r = -0.408, P=0.009, P-BrainSMASH
= 0.032. Fig. 34). These results indicate that regions with strong
homotopic functional connectivity exhibit similar degrees of thin-
ning between the left and right hemispheres, whereas regions with
weaker homotopic functional connectivity display greater differences
in cortical thinning between the two hemispheres.

At the individual level, we also found negative correlations between
individuals functional connectivity and their own absolute-hemispheric

40f9 https://doi.org/10.1073/pnas.2306990120

differences in thinning profiles (correlation coefficients, mean =
-0.393, SD = 0.138, P < 2.2E-16, P-BrainSMASH < 2.2E-16).
Next, we sought to determine whether the pattern of absolute hem-
ispheric differences in thinning was influenced by the individual-specific
or individual-shared components of homotopic functional connec-
tivity. This was tested by comparing the correlations of absolute hem-
ispheric differences in thinning and functional connectivity profiles
within individuals (“intraindividual” correlations) to those between
individuals (“interindividual” correlations). The assumption tested
here is that if the individual-specific component of homotopic func-
tional connectivity contributed to the pattern of absolute hemispheric
differences in thinning, then participants' functional connectivity
profiles would predict their own absolute hemispheric differences in
thinning profiles better compared with those of other individuals.
This was not the case: we found no significant differences between
intra- and inter-individual correlations (paired 7 test: ¢t = 0.863,
P=0.389, SI Appendix, Fig, S2).

Finally, the hemispheric differences in neurotransmitter receptors
and transporters might relate to functional lateralization that, in
turn, influences the hemispheric difference in thinning. To test this
possibility, we assessed whether regions with high hemispheric dif-
ferences in the density of neurotransmitter receptors and trans-
porters displayed weaker homotopic functional connectivity, as
compared with regions with low hemispheric differences in the
neurotransmitter systems. We derived a profile called "neurotrans-
mitter differences” by summing up the absolute hemispheric dif-
ferences in the density of 19 neurotransmitter receptors/transporters
for each of the 34 regions. We found that regions with higher
neurotransmitter differences between the two hemispheres had
weaker homotopic functional connectivity (r = -0.334, P =0.028,
P-BrainSMASH = 0.095, Fig. 3B).

Discussion

In this study, we revealed that the spatial (interregional) pattern
of hemispheric differences in cortical thinning during adolescence,
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Fig.3. Relationship between homotopic functional connectivity and the hemispheric differences in thinning during adolescence. (A) The profile of group-averaged
absolute hemispheric difference in thinning during adolescence (on the left, black solid line) and the group-averaged homotopic functional connectivity (on
the right, red dash line). The higher value of absolute hemispheric difference in thinning, the more differences in cortical thinning between the left and right
hemispheres. (B) The profile of the neurotransmitter differences (on the left, cyan solid line) and the group-averaged homotopic functional connectivity. The higher
value of the receptor differences, the more differences in the density of neurotransmitter receptors and transporters between the left and right hemispheres.

which led to the maturation of thickness asymmetry, was reflected
in hemispheric differences in the density of neurotransmitter
receptors and transporters. We also found that regions with
stronger homotopic functional connectivity had more similar rate
of cortical thinning as well as density of neurotransmitter receptors
and transporters between the left and right hemispheres.

From adolescence to adulthood, many frontal and temporal
regions thinned more in the right than the left hemisphere, while
a few occipital and parietal regions show the opposite pattern. As
a result of these left—right differences in thinning, by young adult-
hood, most of the frontal regions are thicker in the left vs. right
hemisphere (i.e., L > R), with a few regions in the occipital and
parietal lobes showing the opposite pattern (i.e., R > L). Thus, at
this point of cortical maturation, the overall spatial pattern of
hemispheric asymmetry in cortical thickness becomes similar to
that observed in adults. The pattern of left-right differences in
cortical thinning and age-related changes in thickness asymmetry
observed here are inconsistent with previous studies. For example,
Zhou et al. and Shaw et al. showed smaller age-related decreases
in cortical thickness in the right than the left hemisphere in some
frontal regions, and larger age-related decreases in thickness of
posterior temporo-occipital regions in the right than the left (5, 6).

PNAS 2023 Vol.120 No.42 e2306990120

Unlike the current report, however, these reports relied on a mixed
(cross-sectional and longitudinal) design that included individuals
in a broad age range (3 to 22 y of age). Nonetheless, consistent
with these studies, our findings suggest that the spatial pattern of
thickness asymmetry becomes closer to the typical adults’ profile
during postnatal development. This is confirmed not only with
our (IMAGEN) dataset but also with the population-average
obtained in 17,141 healthy individuals from the ENIGMA
Consortium (22). Our finding indicates that the hemispheric dif-
ferences in thinning and the maturation of individuals’ thickness
asymmetry may, at least in part, follow a prototypical (spatial)
pattern shared across individuals. Disruptions of such a prototyp-
ical pattern of the left—right differences in cortical thinning may
contribute to the abnormal hemispheric asymmetries found in
patients with psychopathology (5, 25).

Importantly, we revealed a link between the hemispheric asym-
metries in cortical thinning and the density of neurotransmitter
receptors/transporters. In addition, we found that regions with
large hemispheric differences in both the rate of cortical thinning
and the density of neurotransmitter receptors and transporters are
those with weak homotopic functional connectivity. Taken
together, our findings point to a structure—function interaction
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as a possible mechanism underlying the prototypical pattern in
the hemispheric differences in cortical thinning. Neurotransmitter
receptors are primarily located on dendritic spines, which are cru-
cial for synaptic transmission and modulations (26). Interregional
variations in the density of neurotransmitter receptors in the cer-
ebral cortex, or regional chemoarchitecture, reflect regional differ-
ences in cyto- and myelo-architecture, as well as brain functions
(10, 27). Genes coexpressed with the genes of neurotransmitter
receptors/transporters that showed the strongest relationships with
the asymmetrical thinning are enriched in biological processes of
synaptic signaling, synapse organization, and learning (S/ Appendix,
Fig. S3). Notably, the NMDA receptor, which exhibited the
strongest relationship with hemispheric differences in cortical
thinning, is known to play a role in regulating dendritic 3growth
and synaptic plasticity (28, 29). Note that within 1 mm” of the
human cerebral cortex, dendrites account for roughly 26% of the
volume and contain approximately 150 million synapses (26).
Any changes of these cellular components may influence MRI
signals and thus, affect the measure of cortical thickness (30, 31).
Our previous studies have revealed a spatial relationship between
age-related cortical thinning during childhood and adolescence
and the expression of genes related to pyramidal cells and the
regulation of dendritic extensions (30, 32, 33). This evidence
places the dendrites and synapses at the crossroad between func-
tion (neuronal activity) and structure (cortical thickness) through
activity-dependent neuronal plasticity. Thus, regions with hemi-
spheric differences in their chemoarchitecture may also exhibit
dissimilarities in activity-related remodeling of dendritic arbors
and intracortical myelination via neuronal plasticity (13, 15, 34).
This, in turn, would lead to hemispheric differences in cortical
thinning during adolescence, as observed here and previously
(30-33). Alternatively, since age-related cortical thinning coin-
cides with pruning of synapses and dendrites (35), it is also pos-
sible that asymmetry in the density of neurotransmitter receptor/
transporter, as observed in the adult cerebral cortex, can be a
consequence of the age-related loss of synapse and dendrites. This
is not very likely, however. Out of the 23 neurotransmitter recep-
tors/transporter genes, age showed no correlation with the expres-
sion of 13 genes, and it explained only a small proportion of
variance (r*: 0.015 to 0.065) in the expression of the remaining
10 genes (SI Appendix, Table S2 and Fig. S4). Furthermore, the
observed positive relationship between the hemispheric asymmetry
in cortical thinning (more in the right vs. left hemisphere) and
that in the receptor/transport density (higher in the right vs. left
hemisphere) provides further evidence against the possibility that
the density is a consequence of the thinning. Nonetheless, it is
important to note that the observed structure—function associa-
tions may involve multiple levels of cause—effect relationships,
which cannot be inferred from the purely correlational observa-
tions reported here.

Overall, our observations are consistent with the notion of an
intrinsic organization of the cerebral cortex as the main driver of
the spatial organization of different neural systems and develop-
mental processes. These intrinsic—or prototypical—are shared by
all individuals. Others have observed such spatial covariances across
multiple in vivo (e.g., functional connectivity and cortical thin-
ning) and ex vivo (e.g., cytoarchitecture) phenotypes (17, 36, 37).
While we postulate a structure—function interaction as a potential
mechanism underlying the prototypical pattern of the hemispheric
differences in cortical thinning, caution should be taken in draw-
ing conclusions about causality, as the observed relationships are
only correlational in nature. It is possible that a third party, such
as genetic similarities and dissimilarities, give rise to the conver-
gence between the brain function and structure. In addition, while
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individuals share these prototypical (spatial) patterns, we know
very little about factors (internal or external) that may drive indi-
vidual variability in hemispheric asymmetries, both structural and
functional. Twin and genome-wide association studies revealed
low heritability of the hemispheric asymmetry in cortical thick-
ness, suggesting that its developmental mechanisms are tightly
constrained and largely genetically invariant in the population,
and environmental factors and developmental randomness may
be primarily responsible for the individual variability of this phe-
notype (38, 39). Future studies with multimodal brain imaging
and omics data at the individual level may help elucidate the
factors contributing to the prototypical and individual-varied
patterns of brain lateralization and ultimately lead to a better
understanding of abnormal asymmetry observed in neurodevel-
opmental disorders.

Method

Participants. The IMAGEN Study is a longitudinal study that, at baseline,
recruited a community-based sample of 2,000 adolescents, 13 to 15y of age,
at eight sites located in England (London, Nottingham), France (Paris), Ireland
(Dublin), and Germany (Berlin, Dresden, Hamburg, and Mannheim)(20). Further
details are available at https://imagen-project.org/the-imagen-dataset/. We used
data from 532 participants (female = 310, male = 222) with high-quality struc-
tural and functional MRI data available at all three visits: visit 1, visit 2, and visit 3
atage of 14y (Mean = SD: 14.46 = 0.39), 19y(19.15 £ 0.78),and 22 y(22.02
=+ 0.64), respectively.

MRI Acquisition and Processing. In IMAGEN, high-resolution T1-weighted
images and functional images were obtained with 3-Tesla MRI systems from
different manufacturers (Siemens: five sites, Philips: two sites, and General
Electric: one site). Briefly, T1-weighted anatomical images were acquired using
three-dimensional magnetization-prepared rapid acquisition with gradient
echo (3D MPRAGE) sequences (resolution = 1.1 x 1.1 x 1.1 mm) based on
ADNI protocol (https://adni.loni.usc.edu/methods/documents/mri-protocols/).
Functional images were acquired with gradient echo-echo planarimaging (GE-
EPI) sequences (resolution = 3.4 x 3.4 mm; slice thickness = 2.4 mm; TR =
2,200 ms; TE = 30 ms). Detailed MR protocol and cross-site standardization of
the IMAGEN study can be found in IMAGEN Github (https://github.com/imagen2).
During the functional MRI session, participants viewed passively short video clips
displaying dynamic ambiguous facial expressions, angry facial expression, or
nonbiological control stimuli. The control stimuli consisted of black-and-white
concentric circles of various contrasts, expanding and contracting at various
speeds. The three viewing conditions were organized into 19 blocks of 18s
duration each (5 ambiguous, 5 angry, and 9 control) for a single 6 min functional
MRI run (details can be found in the initial report describing this paradigm) (40).
Quality control, preprocessing of anatomical and functional data were performed,
respectively, with MRIQC0.15.0(41), fMRIPrep 1.3.2 (42),and FSL_regfilt5.0.9.
More details have been described in previous study (19).

Mean cortical thickness was extracted for each of the 68 regions (34 per
hemisphere) in the Desikan-Killiany atlas (21) through the FreeSurfer (v6.0.0)
implemented in the fMRIPrep pipeline. ComBat was used to harmonize the
cortical thickness measurements across scanners and sites at each visit (43).
The cortical thinning from visit 1 to visit 3 was calculated for each region and
each participant. Thus, a higher value of cortical thinning means more decreases
in cortical thickness during adolescence. Additionally, for each visit and each
participant, the thickness asymmetry was calculated for each pair of left-right
homotopic regions using the formula: (left — right)/((left + right)*0.5). Given
this definition, a positive value of thickness asymmetry reflects leftward asym-
metry (L > R).The same cortical parcellation was applied to functional images to
extract mean blood-oxygen-level-dependent (BOLD) signal time series within
each of the 68 regions. Given that effects of tasks in functional-connectivity
structure are small (18, 44), we included all functional MRI data from the three
viewing conditions to minimize the possible effects from specific stimuli (e.g.,
specific to faces). Thus, subsequently, the BOLD signal time-series of each block
was obtained and then mean-centered and detrended. We then concatenated
the BOLD signal time-series of all blocks. Homotopic functional connectivity
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was derived by calculating the Fisher Z-transformed Pearson correlation coef-
ficients between the concatenated BOLD signals of each pair of the left-right
homotopic regions.

Hemispheric Differences in Cortical Thinning and Maturation of Thick-
ness Asymmetry during Adolescence. To examine the differences in cortical
thinning between the left and right homotopic regions, a two-sample paired t
test was utilized with FDR correction for 34 pairs of regions. To assess whether
individuals' profiles of thickness asymmetry became more similar to an adult
asymmetry profile, an adult profile was first derived by averaging the thickness-
asymmetry profiles of 221 young adults (age 22) from IMAGEN. This subsample
of participants did not overlap with the 532 participants but had T1-weighted
images acquired and processed with the same protocols. Then, we calculated
individual-adult similarity by calculating Pearson correlation coefficients between
each participant's thickness asymmetry profile and the adult profiles at each visit,
and compared the individual-adult similarity of visit 1, visit 2, and visit 3 by two
samples paired t test.

The Density of Neurotransmitter Receptors and the Hemispheric Differ-
ences in Cortical Thinning. The data on density of neurotransmitter recep-
tors were obtained from a report (12) that collated data from a large number of
PET studies involving altogether over 1,200 healthy adults (42% female, mean
sample-size weighted age = 36.6 y. Detailed in Table 1 of ref. 12). This report
provided the density of 19 unique neurotransmitter receptors and transporters
inthe 68 cortical regions of Desikan-Killiany atlas (12). The values of density of a
receptor/transporter from more than one study were combined using a weighted
average (weighted by sample size of studies) after scaling the density across 68
regions within studies. Then, each of the 19 receptors and transporters density
was z-scored across the 68 regions to derive normalized density. The hemispheric
differences in the density of each neurotransmitter receptor were defined as
"Left-Right" and thus, positive value means higher density in the left than the
right hemisphere (L > R). We then tested correlations between the profile of
hemispheric differences in thinning (positive values mean more thinning in the
left than the right side) and the hemispheric differences in the density of each
neurotransmitter receptor/transporter using simple permutation tests, as well as
permutation tests adjusting for spatial autocorrelation using BrainSMASH (45). In
the simple permutation tests, for each neurotransmitter receptor/transporter, we
1) obtained the correlation coefficients between the hemispheric differences in
thinning and the hemispheric differences in the density of each neurotransmit-
ter receptor/transporter; 2) calculated permutated correlation coefficient using
the permuted hemispheric differences in thinning and the density of receptor/
transporter; 3) repeated step (2) 10,000 times to generate a null distribution of
correlation coefficients; and 4) compared the observed correlation coefficient
with the null distribution using a two-sided test (with FDR correction for 19 neu-
rotransmitter receptors/transporters). In the permutation tests with adjustments
for spatial autocorrelation, we used BrainSMASH to simulate 10,000 surrogate
brain maps (null models) of the hemispheric differences in thinning with spatial
autocorrelation that is matched to the spatial autocorrelation in original data.
This was achieved in two main steps: 1) randomly permuted the values in the
map of the hemispheric differences in thinning, and 2) smoothed and rescaled
the permuted values to reintroduce spatial autocorrelation characteristic of the
original data. We then calculated correlation coefficients between the surrogate
brain maps of the hemispheric differences in thinning and the hemispheric dif-
ferences in the density of each neurotransmitter receptor/transporter. We then
obtained p values by comparing the observed correlation coefficient with the
null distribution using a two-sided test. All statistical analyses were done with R
(version 4.2.2).The brain maps were plot with R package "fsbrain".

Homotopic Functional Connectivity and Hemispheric Differences in
Cortical Thinning. We assumed that regions with strong and stable homo-
topic functional connectivity would show similar age-related changes in cortical
thickness between left and right regions during adolescence. Since homotopic
functional connectivity is undirected, we used the absolute values of hemispheric
differences in thinning and referred it as "absolute hemispheric differences in
thinning". Ahigher value indicates a larger difference in thinning between leftand
right homotopic regions. Functional connectivity can be unstable and vary from
time to time (19, 46). Thus, to capture the stable profile of functional connectiv-
ity throughout adolescence, we averaged the homotopic functional-connectivity
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profiles obtained in all three visits for each participant. The hypothesis was tested
by correlating the profile of homotopic functional connectivity to the profile of
absolute hemispheric differences in thinning at both group-average and indi-
vidual levels using permutation tests (with and without spatial autocorrelation).
For the group-level analysis, in the simple permutation tests, we compared the
observed correlation coefficient with the null distribution derived from 10,000
permutations using a one-sided test as our hypothesis was formulated in a
specific direction: absolute hemispheric differences in thinning correlate negatively
with functional connectivity. In the permutation tests with spatial autocorrelation
preserved, we used BrainSMASH to simulate 10,000 surrogate brain maps of the
homotopic functional connectivity. We then compared the observed correlation
coefficient with the null distribution of correlation between the absolute hem-
ispheric differences in thinning and the 10,000 surrogate brain maps of func-
tional connectivity. For the individual level, we calculated correlation coefficients
between homotopic functional connectivity and absolute hemispheric differences
in thinning for each individual. We then obtained the average of 5,000 permu-
tated correlation coefficients between the shuffled homotopic functional connec-
tivity (with and without spatial autocorrelation) and the absolute hemispheric
differences in thinning for each individual. A paired t test was then performed to
determine whether the observed correlation coefficients were significantly lower
than the average of permutated correlation coefficients.

We then asked how the individual-shared and individual-specific part of func-
tional connectivity contribute to the association between functional connectivity
and the absolute hemispheric differences in thinning. To answer this question,
we correlated each participant's profile of absolute hemispheric differences in
thinning to the functional-connectivity profiles of all other participants (one by
one), and then averaged the correlation coefficients as an interindividual cor-
relation. The correlations between participant's profile of absolute hemispheric
differences in thinning and their own functional connectivity were referred to as
an intraindividual correlation. Two samples paired t test was used to compare
the difference between the intraindividual and the interindividual correlations.
Higher intraindividual than the interindividual correlation would be expected if
there were a contribution of the individual-specific part of functional connectivity.

Lastly, we asked if regions with large hemispheric differences in the density of
neurotransmitter receptors and transporters would show weak homotopic func-
tional connectivity. Homotopic functional connectivity is undirected and brain
activity is influenced by a balance of different neurotransmitter receptors (10).
Thus, to quantify the undirected left-right differences in neurotransmitter recep-
tor/transporter density, we summed up the absolute hemispheric differences of
the 19 receptors and referred to this quantity as neurotransmitter difference. Thus,
we obtained a profile of the (overall) neurotransmitter difference across the 34
regions, with the higher value indicating a larger difference across the neurotrans-
mitter systems. We then tested whether regions with high left-right differences
in the receptor density would have low homotopic functional connectivity using
permutation tests (with and without spatial autocorrelation) with a one-sided
test, as our hypothesis was formulated in a specific direction: receptor differences
negatively correlate with functional connectivity. The permutation tests were done
inthe following steps: 1) obtaining the observed correlation coefficients between
receptor differences and group-average functional connectivity; 2) permuting
receptor differences and calculated a simulated correlation coefficient by corre-
lating the resampled receptor differences to functional connectivity; 3) repeating
step (2) 10,000 times to generate a null distribution of correlation coefficients;
4) comparing the observed correlation coefficient against the null distribution
using a one-sided test. In the permutation tests with spatial autocorrelation,
we compared the observed correlation coefficient with the null distribution of
correlation between the receptor differences and the 10,000 surrogate brain
maps of functional connectivity BrainSMASH.

Genes Coexpressed with Neurotransmitter Receptors/transporters. 10
explore potential biological functions of neurotransmitter receptor/transporters
that had the strongest relationship with the hemispheric differences in cortical thin-
ning, we conducted gene-ontology (GO) term analysis with coexpression genes of
the neurotransmitter receptor/transporter genes. We selected the genes of the top
5and bottom 5 neurotransmitter receptor/transporters with the strongest relation-
ship with the hemispheric differences in cortical thinning (Table 1). The genes of
the top 5 receptor/transporters included GRINT(NMDA), GRIN2A (NMDA), GRIN2B
(NMDA), SLC6A3 (DAT), OPRM1(MOR), SLCT8A3 (VAChT), and HTR1B (HTRB).The
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genes of the bottom 5 receptor/transporters included HTR2A (5HT2a), SLC6A4
(5HTT), DRD2 (D2), CNRT (CB1), CHRNA4 (a4B2), and CHRNB2 (adf2). Using a
linear mixed-effects model, we identified top 10 positively coexpressed genes of
each receptor/transporter gene within a harmonized dataset of gene expression
in cerebral cortex. This dataset included 16,245 genes from 534 donors aged
0to0 102 y from Allen Human Brain Atlas, BrainCloud, the Brain eQTLAImanac, the
Genotype-Tissue Expression Project, and BrainSpan (30). Age, hemisphere, and sex
were considered as fixed effects, while region and donor ID were treated as random
effects in the mixed-effects model. The coexpressed genes for each receptor/trans-
porter gene were used to construct the top and bottom neurotransmitter receptor/
transporters coexpressed panels. We then conducted GO enrichment analysis on
these two gene lists using the "clusterProfiler" R package (47). Only GO terms with
aminimum of 10, and maximum of 500 genes were tested, and redundant terms
were removed with a similarity cut-off of 0.7 (default parameters).

Data, Materials, and Software Availability. Data are available upon request
via IMAGEN: https://imagen-project.org/the-imagen-dataset/ (20).
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