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What are the innate neural mechanisms scaffolding the protracted develop-
ment of sophisticated human cognition observable later in life? We investigate
this question by focusing on the putative hub of the human semantic memory
system—the temporal pole. Combining infant- and twin-based imaging ana-
lyses, we examine the ontogenetic mechanisms and network characteristics of
the functional subdivisions within the temporal pole that are specialized for
semantic processing of different types in adults. Our findings reveal topolo-
gically similar temporal pole parcellations in the adult and neonatal brains.
Notably, the specific functional connectivity of the dorsal and ventrolateral
subdivisions with semantic-related networks are evident in neonates, sig-
nificantly heritable, and associated with semantic functions in adult twins.
These results demonstrate the neonatal emergence of genetically pro-
grammed functional connectivity characteristics in the temporal pole parcel-
lations that underlie its crucial role in semantic processing, highlighting the
innate network mechanisms that support semantic cognition in humans.

M Check for updates

Understanding the origins of higher-order human cognition has long
been central to philosophical, biological, and psychological
inquiries'™. Leveraging natural variations in complex behaviors
observable in developed populations, twin-based studies and
recently available genome-wide association studies (GWAS) have
identified heritable cognitive and neural mechanisms underlying
sophisticated abilities, such as reasoning* and language®”’. These
findings underscore the genetic contributions to higher-order cog-
nitive abilities that develop over time and are influenced by envir-
onmental factors. To elucidate the innate brain foundations of
human cogpnition that are present and functional in the first applic-
able scenario®®, direct examinations of ontogenetic mechanisms are
crucial. Previous research on infant behavior has identified

rudimentary cognitive capacities with signature limits that enable
recognition and processing of the physical world shortly after birth
(i.e., core knowledge systems®). Advances in infant imaging techni-
ques now allow for the in vivo characterization of macrofunctional
brain organization in newborns with minimal postnatal experience.
This facilitates the identification of the early-emerging neural
mechanisms underlying complex cognitive functions observable
later in life. By applying a genetic-based approach, we can link heri-
table patterns in early neural characteristics to functional differences
observed in adults. Together, these techniques have the potential to
provide direct evidence for innate brain mechanisms that scaffold
the postnatal development of complex abilities. Here, we employ this
combinatory approach to investigate the innate functional structure
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of the temporal pole (TP), a putative hub region in the semantic
memory system.

The semantic memory system refers to the neurocognitive
mechanisms underlying the representation of world knowledge in
humans. It guides our interactions with others and the environment
and, therefore, lies at the core of higher-order cognition. Semantic
knowledge is built from information acquired through multiple mod-
alities/situations, such as auditory, visual, language, and emotional
experiences’ . Extensive research involving adult participants has
revealed that the semantic memory is encoded within a set of hier-
archically organized and convergently connected cortical areas’?™,
This neural architecture supports a wide range of semantic processes,
ranging from modality-specific information representation grounded
in widely distributed neural networks, to the integration of informa-
tion and the formation of generalized concepts supported by the
multimodal hub in the bilateral anterior temporal lobes (ATL, see
ref. 12 for a review). The TP area, located at the rostral part of the ATL,
plays a critical role in multimodal information integration, as evi-
denced by neuropsychological and transcranial magnetic stimulation
studies™ ™. Previous parcellation studies have identified connection-
based functional subdivisions within the TP of the adult brain®>*. The
dorsal TP primarily connects with the auditory cortices and perisylvian
language areas, while the ventral TP is more closely associated with
visual circuits?® %, An intermediate area, the (ventro)lateral TP, has also
been delineated, showing predominant connectivity with the default
and semantic networks******, The graded structure of the TP, along
with the proposed distance-dependent connectivity patterns of its
subdivisions®, is theorized to support the integration of diverse
information sources and the formation of generalized concepts'>'*?.

Notably, all neurocognitive models of semantic representation
emphasize the importance of postnatal experiences across various
modalities and contents (e.g., speech and images) in the formation of
semantic representation in the human brain. However, these models
are mute regarding the neurodevelopmental origins that scaffold the
accumulation of semantic knowledge. The neural mechanisms
underlying semantic representation are shared across individuals with
diverse cultural, linguistic, and sensory experiences’****, indicating a
universal pattern. A few studies have begun to explore the potentially
innate categorical organization within visual pathways. For instance,
selective responses to faces and places have been observed in infants
aged 2-10 months®>*' and have shown significant genetic influences in
adults®. Despite these findings, the developmental precursors of the
putative hub role of the TP in the large-scale neural network of the
semantic memory system are virtually unknown.

Leveraging open-source imaging datasets from the WU-Minn
Human Connectome Project” (HCP) and the developing Human
Connectome Project® (dHCP), the present study reveals the innate
connectivity mechanisms underlying the role of the TP in semantic
representation through the integration of infant imaging and twin-
based approaches (see Table 1 for demographic and imaging data

characteristics of all participant groups). In Study 1, we identified tri-
partite functional parcellations within the TP of the adult brain
through data-driven parcellation analyses of resting-state functional
connectivity (FC) patterns of unrelated HCP adult participants
(N=100). These TP subdivisions (dorsal, ventromedial, and ven-
trolateral) were associated with the information coding of different
types/modalities and exhibited specific FC with corresponding neural
networks. In Study 2, we demonstrated the presence of the tripartite
functional parcellations in the TP of the neonatal brain, based on
resting-state FC of dHCP newborns (N=332, birth age < 4 weeks).
Notably, the dorsal and ventrolateral, but not the ventromedial, TP
subdivisions in neonates exhibited adult-like specific FC. In Study 3, we
observed significant genetic effects for the specific FC of the dorsal
and ventrolateral TPs, but not for the ventromedial TP, based on
resting-state fMRI images of HCP adult twin participants (N =380, 123
monozygotic (MZ) and 67 dizygotic (DZ) twin pairs). Importantly, the
specific FC between each TP subdivision and each ROI from the cor-
responding network showed greater heritability for paths present in
neonates compared to those absent. In Study 4, we revealed that task-
state connectivity patterns of the dorsal and ventrolateral TP sub-
divisions with their preferred network ROIs could significantly predict
these subdivisions” functional activations and participants’ behavioral
performance during an auditory language comprehension task, based
on task-based fMRI data of HCP adult twins (N =400, 129 MZ and 71 DZ
twin pairs). Additionally, the positive associations between neonatal
presence and genetic characteristics of the specific FC of TP subdivi-
sions were replicated. Overall, these analyses delineate functional
parcellations of the TP with characteristic connections that are present
in neonates and genetically regulated during semantic processing in
adults. These findings suggest an innate neural topological foundation
that facilitates the systematic formation of conceptual knowledge
from birth.

Results

Study 1: Tripartite FC-based parcellations in the TP of the
adult brain

Functional parcellations of the TP were first characterized in the adult
brain using resting-state images of 100 unrelated individuals randomly
selected from the HCP database (Table 1). The TP area was delineated
using the Harvard-Oxford atlas® (probability > 0.2), which relies on
anatomical landmarks commonly applied in previous TP parcellation
studies®>*. A data-driven parcellation approach was applied to divide
the left and right TP into distinct subdivisions based on their FC pat-
terns with the rest of the brain (Fig. 1A). Cluster numbers ranging from
k=2 to k=8 were computed, and an optimal number of k=3 was
chosen for both the left and right TP, which had the highest silhouette
values indicating the most efficient segregation (Supplementary
Fig. S1). Tripartite functional parcellations within the TP also showed
the highest split-half reliability (Dice coefficients for the left TP: 0.91;
right TP: 0.92), suggesting optimal reliability and generalizability

Table 1 | Demographic and imaging data characteristics of participants across four studies

Study 1 (Unrelated adults)  Study 2 (Neonates)  Study 3 (Twin adults) Study 4 (Twin adults)
Number of participants 100 332 380 (246 MZ and 134 DZ) 400 (258 MZ and 142 DZ)
Age 28.27+3.35 years 1.4 £1.09 weeks 29.26 +3.38 years 29.22 + 3.39 years
Sex (female/male) 55/45 146/186 222/158 232/168
fMRI image types Resting-state Resting-state Resting-state Task-based
Head motion (% of outlier images) 2.74% + 0.03 4.38% + 0.03 8.00% + 0.1 8.53% + 0.11
Head motion (mean FD after outlier removal, mm) 0.13+0.02 0.10+0.02 0.14+0.02 0.14+0.03

Sex of adults was determined based on self-report, while that of neonates was reported by their parents.

MZ monozygotic, DZ dizygotic, FD framewise displacement, mm millimeter.
Source data are provided as a Source Data file.
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A. A two-level clustering approach to the functional parcellations in the adult and neonatal TP
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(Supplementary Fig. S2). As shown in Fig. 1B, the TP area in both
hemispheres was similarly divided into dorsal, ventrolateral, and ven-
tromedial subdivisions, regardless of whether temporal signal-to-noise
ratio (tSNR) effects were controlled (Supplementary Materials).

Our TP subdivisions were consistent with those reported by
Pascual and colleagues®, which were derived from the FC patterns of
40 representative TP seeds and manually adjusted based on

Ventrolateral TP

Ventromedial TP

) EEAED

> NS

cytoarchitectural maps®
voxel-wise FC patterns without further adjustment, identified three TP
subdivisions that were fewer than the four TP parcellations identified
by Pascual et al.”, there was substantial topological overlap between
the TP parcellations in both studies. Specifically, our dorsal TP sub-

. While our clustering analyses, based on

division closely matched that of Pascual et al.”, and our ventrolateral

TP subdivision corresponded entirely with their anterolateral TP
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Fig. 1| Tripartite functional parcellations in the temporal pole (TP) detected in
adult and neonatal brains. A Flowchart of the two-level clustering approach used
to parcellate the TP areas based on their whole-brain functional connectivity (FC)
patterns in both the adult and neonatal (birth age < 4 weeks) brains. For each adult
participant, an FC matrix was computed between TP voxels and AAL-defined cer-
ebral regions across the whole brain. This matrix was then subjected to K-means
clustering to generate subject-specific TP parcellation maps. A co-assignment
matrix, indicating whether pairs of TP voxels were assigned to the same subdivision
(1=yes, 0 =no), was computed for each participant. These matrices were averaged
across all adult participants to create a group-level co-assignment matrix. A second
K-means clustering analysis was applied to this group-level matrix, resulting in a

final group-level TP parcellation map for the adult brain. The same procedure was
applied to neonatal fMRI data, producing functional parcellations within the neo-
natal TP area. B Transverse views of the tripartite functional parcellations in adult
and neonatal TPs from bottom slices (left) to top slices (right). C Whole-brain
specific FC maps for each TP subdivision in both adult and neonatal brains. These
maps were generated by comparing the FC maps of one subdivision (e.g., dorsal TP)
with the mean FC maps of the other two subdivisions (e.g., ventrolateral TP and
ventromedial TP) using paired t-tests (one-tailed, p < 0.05, FDR corrected, cluster
size > 50 voxels). The overlapping areas in the FC maps of the same TP subdivision
between adult and neonatal participants are outlined in black. AAL: Anatomical
Automatic Labeling atlas.
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Fig. 2 | Distinctive functional preferences of the three temporal pole (TP)
subdivisions revealed by Neurosynth-based meta-analyses. Word clouds indi-
cate research topics that are significantly associated with functional activations in
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each TP subdivision, with font size varying according to the degree of association
(p<0.05, FDR corrected, two-tailed).

region. Our study delineated a relatively larger ventromedial TP sub-
division, which encompassed both the ventromedial and medial
regions identified by Pascual et al* and extended into their ante-
rolateral TP region. Notably, by combining the ventromedial and
medial regions from Pascual et al.’s study into one cluster, we found
that 82.5% of their TP seeds were classified into the same subdivision in
our analyses, highlighting the consistency of findings across studies
(see comparisons of TP parcellations across studies in Supplementary
Table SI).

To characterize the specific FC of the TP subdivisions, we con-
ducted paired t-tests to compare the whole-brain FC maps of one
subdivision (e.g., left dorsal TP) with the mean FC maps of the other
two subdivisions in the same hemisphere (e.g., left ventrolateral TP
and ventromedial TP; significance threshold: voxel-level p < 0.05, FDR
corrected, cluster size > 50 voxels). Replicating previous studies?**,
we observed highly similar FC patterns for the same TP subdivision
across both hemispheres (Supplementary Fig. S4), which were thus
combined into one bilateral subdivision for subsequent analyses. Dif-
ferent TP subdivisions exhibited preferential connectivity with distinct
brain regions, a pattern consistent with previous findings*** (Fig. 1C).
Specifically, the dorsal TP showed greater connectivity with large-scale
bilateral primary auditory and adjacent areas, the frontotemporal
language areas, and motor/somatosensory cortices. The specific FC of
the dorsal TP also extended to multimodal semantic processing
regions, including the inferior frontal and lateral posterior temporal
cortices (see similar results in ref. 25). The ventrolateral TP showed
stronger bilateral FC with the middle temporal gyri, angular gyri,
dorsolateral and ventrolateral prefrontal gyri, insula, and anterior/
posterior cingulate areas. These regions are generally considered to
compose the default mode network® %, while some of the identified

regions, including the angular, ventrolateral prefrontal and middle
temporal gyri, also play key roles in general semantic processing™*°.
The ventromedial TP exhibited greater FC with higher-order ventral
temporal visual areas (i.e., the middle and anterior parts of the inferior
temporal, fusiform, and parahippocampal gyri), middle frontal gyri,
and the paralimbic system, including the olfactory cortex and ventral
orbitofrontal cortex.

To objectively examine the generic functional preferences of each
TP subdivision, we conducted large-scale meta-analyses using the
Neurosynth database, which comprises 14371 fMRI studies and over
150000 activation peaks* (version 0.7, released July 2018). Our analyses
focused on 67 cognition-related research topics that encompass all
mental processes involved in knowledge acquisition, information
manipulation, and reasoning, such as perception, memory, attention,
and language*’ (Supplementary Table S2). The results revealed 21
research topics that were significantly associated with functional acti-
vations in the TP (Drpr-corrected < 0.05), with distinct association patterns
across the three TP subdivisions (Fig. 2 and Supplementary Table S2).
While shared associations were found for the topics of episodic mem-
ory, negative emotion, and social cognition, the dorsal TP showed
unique associations with language, speech, verbs and nouns, music,
experience, and pain, most of which were auditory or language related.
The ventromedial TP was specifically linked to visual or emotion-related
topics, including facial emotion, pictures and emotion regulation. The
ventrolateral TP was associated with a broader range of topics; in
addition to unique associations with the default network, gestures and
social interaction, it also had shared associations with the dorsal (lexical
semantics, language comprehension and frontoparietal network) and
the ventromedial (valence, events and memory) TP subdivisions.
Overall, while shared cognitive functions were evident in the TP, the
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functional parcellations of the TP exhibited distinct functional pre-
ferences in processing information of different types/modalities,
aligning well with the preferential connectivity patterns of each TP
subdivision. Specifically, the dorsal-to-ventral transition from auditory/
language to visual/emotional information processing in the TP is con-
sistent with the specific FC of the dorsal TP with the auditory and lan-
guage areas, and the ventromedial TP with the visual pathway and the
paralimbic system, which plays a crucial role in emotional
processing****. The broader involvement of the ventrolateral TP in
diverse and multimodal information processing also aligns with its
predominant connections with the default and semantic networks.

Subsequently, we conducted ROI analyses to validate the specific
FC of TP subdivisions with the corresponding neural networks defined
based on meta-analyses and anatomical landmarks (Fig. 3A, Network
ROI selection). These networks were the auditory language network
(for the dorsal TP), the visual paralimbic network (for the ventromedial
TP) and the default semantic network (for the ventrolateral TP). We
named these networks following the network labels used in Pascual et
al.” given the consistent TP parcellations and the associated FC results
observed in both their study and ours. Note that the auditory language
network associated with the dorsal TP was slightly different from that
in Pascual et al.”' (“somatosensory auditory network”), to reflect the
significant overlap between the whole-brain FC results of the dorsal TP
and language processing regions observed in our study (also noted
by refs. 20, 21). The FC strength between each TP subdivision and each
neural network was computed (see Network ROI selection) and sub-
mitted to ANOVA analyses to determine whether the FC strength of the
three TP subdivisions with each network differed significantly. The
results revealed a significant main effect of TP subdivision on the
auditory language (Fo, 198 =150.66, p<0.001, partial n?=0.60),
default semantic (Fp, 198)=345.51, p<0.001, partial n?> = 0.78), and
visual paralimbic (Fp, 198=10.94, p<0.001, partial n*> = 0.10) net-
works. Pairwise comparisons performed to examine the putative spe-
cific FC of each TP subdivision with the corresponding network
showed that the dorsal TP exhibited greater FC strength with the
auditory language network than did the ventrolateral (t99=5.23,
Peorrected < 0.001, FWE-corrected, Cohen’s d=0.52, 95% CI = [0.037,
0.081]) and ventromedial (tgo=15.82, Pcorrected <0.001, Cohen’s
d=1.58, 95% CI = [0.15, 0.19]) TP subdivisions (Fig. 3B). Similarly, the
ventrolateral TP was more strongly connected with the default
semantic network than the ventromedial TP (tg9=15.32,
Peorrected < 0.001, Cohen’s d=1.53, 95% CI = [0.13, 0.17]) and dorsal TP
(t99 =24.08, Pcorrected < 0.001, Cohen’s d =2.41, 95% CI = [0.32, 0.38]).
Lastly, the ventromedial TP was more strongly linked to the visual
paralimbic network than both the dorsal TP (t99=3.30,
Pcorrected = 0.003, Cohen’s d=0.33, 95% CI = [0.012, 0.047]) and ven-
trolateral TP (tg9 =5.85, Pcorrected < 0.001, Cohen’s d=0.59, 95% CI =
[0.023, 0.046]). Notably, the specific FC strength of different TP sub-
divisions was also observable at the network node level, where 19 out
of 23 network ROIs demonstrated greater FC strength with their
respective TP subdivision than the mean FC strength with the other
two subdivisions (Fig. 3B, all pcorrected < 0.05).

In summary, we identified tripartite functional parcellations of
the TP in the adult brain that were consistent with previous TP par-
cellation work®**%, These TP subdivisions exhibited distinct func-
tional preferences for information processing of different types/
modalities, and showed specific FC with corresponding neural net-
works. These findings lend support to neural semantic frameworks
that propose functional heterogeneity in the TP for multimodal
conceptual representation®'??%,

Study 2: Neonatal presence of TP parcellations exhibiting
specific FC with semantic-related networks

Functional parcellations of the TP in the neonatal brain were char-
acterized using the same clustering techniques on resting-state images

of 332 newborns (birth age < 4 weeks, birth age = 1.40 +1.09 weeks,
gestational age = 40.10 + 2.97 weeks, Table 1) available from the dHCP
database (third release). The left and right TP areas generated in the
adult space were warped onto the 40-week templates available on the
dHCP website (https://git.fmrib.ox.ac.uk/seanf/dhcp-resources/-/blob/
master/docs/dhcp-augmented-volumetric-atlas-extended.md#
download-42-gb) using Advanced Normalization Tools*. The TP areas
in both hemispheres of the neonatal brain were parcellated using the
same number of parcellations, k = 3, as applied for the adults, given the
goal of the current study to examine the early precursors of the
functional divisions of the TP observed in the mature brain. Similar to
those in adults, clustering analyses in neonates revealed highly sym-
metric dorsal, ventrolateral and ventromedial subdivisions in the left
and right TP (Fig. 1B). Overlapping analyses quantifying the topological
similarities between the TP subdivisions in the adult and neonatal
brains showed high Dice coefficients for both the overall parcellations
(left: 0.73; right: 0.75) and the individual subdivisions (left: dorsal: 0.81;
ventrolateral: 0.67; ventromedial: 0.73; right: dorsal: 0.76; ven-
trolateral: 0.69; ventromedial: 0.81. See Supplementary Fig. S5 for the
complete parcellation results of the neonatal TP for the cluster num-
bers ranging from k=2 to k=8).

Paired t-tests were performed to identify the specific FC map of
each TP subdivision in neonates. Again, highly similar FC patterns were
revealed for the same TP subdivision in both hemispheres, which were
combined for further analyses (Supplementary Fig. S4). The specific FC
maps of the bilateral dorsal and ventrolateral TP subdivisions in neo-
nates largely overlapped with those observed in adults (Fig. 1C). The
dorsal TP exhibited stronger connectivity with auditory, language, and
somatosensory regions, while the ventrolateral TP was primarily con-
nected with regions of the default semantic network. However, some
differences in FC patterns were noted between neonates and adults.
The dorsal TP in neonates showed less FC with the posterior temporal
and occipital cortices compared to adults. The most pronounced
contrast was observed in the specific FC map of the ventromedial TP.
Unlike the preferred FC of the ventromedial TP with higher-order
visual pathways and paralimbic systems in the adult brain, the neonatal
ventromedial TP exhibited very limited specific FC across the whole
brain, primarily restricted to the ventral temporal visual areas.

The ROI results further confirmed the adult-like specific connec-
tions of the dorsal and ventrolateral TP subdivisions in the neonatal
brain. Using the same network ROIs (warped to the neonatal
spaces using ANTs), ANOVAs revealed significant differences in
the FC strength of the three TP subdivisions with the auditory
language (F, 662)=393.69, p<0.001, partial n? = 0.54), default
semantic (Fi, e62)=90.20, p<0.001, partial n?> = 0.21), and visual
paralimbic (Fp, 662 =15.53, p<0.001, partial n* = 0.05) networks.
Importantly, planned pairwise comparisons aimed at assessing the
adult-like predominant FC of each TP subdivision in neonates revealed
stronger FC strength between the auditory language network and the
dorsal TP than with the ventrolateral (t33;=14.93, Pcorrected < 0.001,
one-tailed, Cohen’s d =0.82, 95% Cl = [0.097, 0.13]) and ventromedial
(t331=23.85, Pcorrected < 0.001, one-tailed, Cohen’s d=1.31, 95%
CI = [0.20, 0.23]) TP subdivisions, as well as greater FC strength
between the default semantic network and the ventrolateral TP than
with the dorsal (t33;=8.61, Pcorrected <0.001, one-tailed, Cohen’s
d=0.47, 95% Cl = [0.051, 0.081]) and ventromedial (t33;=16.34,
Dcorrected < 0.001, one-tailed, Cohen’s d=0.90, 95% CI = [0.094, 0.12])
TP subdivisions (Fig. 3C). In contrast, the neonatal ventromedial TP
failed to establish stronger adult-like FC with the visual paralimbic
network than did the dorsal and ventrolateral TP subdivisions (both
p>0.20, one-tailed). This pattern was also evident at the network node
level: while all default semantic and auditory language network ROIs
(except for the left and right occipital gyri) showed stronger FC
strength with their respective TP subdivision than the mean FC
strength with the other two subdivisions (all pcorrected < 0.05,
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Fig. 3 | Specific functional connectivity (FC) of the temporal pole (TP) sub-
divisions in adult and neonatal brains revealed by region of interest (ROI)
analyses. A Brain images illustrating the auditory language network, the default
semantic network, and the visual paralimbic network, which were used in the ROI
analyses (see Methods: Network ROI selection). B, C Specific FC of each TP subdivision
in the adult (B) and neonatal (C) brains. The violin plots (left) display the data density
of FC strength between each TP subdivision and each neural network. The boxplots
indicate the 25th and 75th percentiles (lower and upper hinges) and the median
(middle line), while the whiskers extend to values within 1.5 x the interquartile range
(IQR). Differences between the FC strength of each TP subdivision with the corre-
sponding neural network and that of the other subdivisions with the same neural
network were examined using t-tests (two-tailed for adults, one-tailed for neonates,
FWE corrected; detailed p values are provided in Source Data file). The radar plots
(right) illustrate FC comparisons between the respective TP subdivision and the mean
FC strength of the other two subdivisions for each network node (¢-test, one-tailed,

network

FWE corrected; detailed p values are provided in Source Data file). AAL: Anatomical
Automatic Labeling atlas. Auditory language network ROIs: LMTGant, left anterior
middle temporal gyrus; LMTGpos, left posterior middle temporal gyrus; LIFG, left
inferior frontal gyrus; LOG, left occipital gyrus; LPreG, left precentral gyrus; RMTG,
right middle temporal gyrus; ROG, right occipital gyrus. Default semantic network
ROIs: LMTG, left middle temporal gyrus; RMTG, right middle temporal gyrus; LPHG,
left parahippocampal gyrus; RPHG, right parahippocampal gyrus; LAG, left angular
gyrus; RAG, right angular gyrus; LMFG, left middle frontal gyrus, RSFG, right superior
frontal gyrus, ACC, anterior cingulate cortex; PCC, posterior cingulate cortex. Visual
paralimbic network ROIs: LPrecuneus, left precuneus gyrus, LPCC, left posterior
cingulate cortex, LFG, left fusiform gyrus; LPHG, left parahippocampal gyrus;

LOLF, left olfactory cortex; ROLF, right olfactory cortex. ** pewe-corrected < 0.001,

* PrwE-corrected < 0-0L, * PrwE-corrected < 0.05, s, not significant. Source data are pro-
vided as a Source Data file.
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Fig. 4 | Associations between neonatal and genetic characteristics of the spe-
cific functional connectivity (FC) of temporal pole (TP) subdivisions with the
corresponding network nodes (i.e., regions of interest, N = 23). The violin plots
illustrate the data density of the additive genetic (a@?) and common environmental
(¢ effects on the specific FC of TP subdivisions with the corresponding network
nodes. These effects were estimated using the full ACE model in the structural
equation modeling analyses, based on FC during both the resting-state and audi-
tory language comprehension conditions. Nodes from the three networks were

categorized into two groups based on whether the specific FC of a node with its
respective TP subdivision was established in the neonatal brain (as shown in the
node-specific results in the radar graph in Fig. 3C). Two-sample t-tests were per-
formed to compare the genetic and environmental effects between the connec-
tions of these two types of nodes (two-tailed). The boxplots indicate the 25" and
75" percentiles (lower and upper hinges) and the median (middle line), while the
whiskers extend to values within 1.5 x IQR. * p < 0.05, ns, not significant. Source data
are provided as a Source Data file.

categorized all nodes (ROIs) from the three networks into two groups
based on whether the specific FC of a node with its respective TP
subdivision was established in the neonatal brain (e.g., a language
network node showing greater FC strength with the dorsal TP than the
mean FC strength with the other two TP subdivisions, peorrected < 0.05,
Fig. 3C). Moreover, the additive genetic (@*) and common environ-
mental (c?) effects were estimated for the specific FC associated with
each node using the full ACE models in the SEM analyses. Two-sample
t-tests revealed significantly greater a* values for the nodes that
showed specific FC in neonates than for the nodes that did not
(£31=2.65, p=0.015, Cohen’s d=1.16, 95% CI = [0.031, 0.26]; Fig. 4),
revealing node-level associations between the inborn and genetic
characteristics of the specific FC of the TP subdivisions. No significant
group differences were found for the common environmental effects
(tz=-0.71, p=0.49; Fig. 4).

To summarize, by combining neonate- and twin-based imaging
analyses, we demonstrated significant genetic contributions to adult
variations in specific functional connections between TP subdivisions
and the auditory language (dorsal TP) and default semantic (ven-
trolateral TP) networks that were present in neonates. These results
suggest early-emerging and enduring genetic control over the con-
nection characteristics of TP subdivisions with neural networks for
information processing, especially auditory/linguistic related.

Study 4: Genetic bases of the specific FC of TP subdivisions in
association with semantic processing in twin adults

Building on the early emerging and genetically controlled FC of the
dorsal and ventrolateral TP subdivisions with the auditory language
and default semantic networks, we explored their functional rele-
vance in semantic processing using task-based fMRI data of HCP twin
participants (N=400, 258 MZ and 142 DZ twins, Table 1). Functional
MRI images were collected during an auditory story comprehension
task adapted from Binder et al.*®. In this task, participants listened to
eight blocks of brief auditory stories (5-9 sentences) adapted from
Aesop’s fables and answered a two-choice comprehension question

at the end of each block. Multiple difficulty levels were created by
manipulating the vocabulary complexity of the stories and the
semantic relatedness of the probe choices. To maintain participants’
attention, the difficulty level was adjusted dynamically based on their
ongoing performance; it increased after correct responses and
decreased following incorrect responses. A math task assessing
arithmetic skills was also included in separate blocks within the same
experiment, which involved solving addition and subtraction pro-
blems tailored to individual performance levels. Traditional uni-
variate analyses revealed significantly greater activation in classic
language areas during the auditory language comprehension task
compared to baseline*’*%, i.e., the fixation period, Fig. 5A and Sup-
plementary Table S3), which largely overlapped with the predefined
auditory language network (77% of activated voxels) but minimally
overlapped with the default semantic (7%) and visual paralimbic
networks (0%). Task-induced activations also extended into the
dorsal (75%) and ventrolateral (81%) TP subdivisions but largely
avoided the ventromedial TP (24%), suggesting relatively selective
engagement of TP subdivisions in auditory language processing. In
contrast, the math condition activated most of the math-related
areas (Supplementary Fig. S6A and Table S3), including the bilateral
middle and superior frontal, inferior parietal and superior temporal
gyri. These regions overlapped with parts of the auditory language
network (39%), likely due to the shared input modality, but involved
little of the default semantic (0%) and visual paralimbic (7%) net-
works. The TP areas were minimally involved during the math task
(dorsal TP: 22%, ventrolateral TP: 0%, ventromedial TP: 0%), indicat-
ing a lack of functional relevance for arithmetic processing.

We first conducted the genetic-based analyses on the specific FC
of TP subdivisions using FC measures under the auditory language
comprehension condition. Similar to results based on resting-state FC
measurements, SEM analyses revealed that the AE model was the best-
fit model for both the dorsal and ventrolateral TP subdivisions with
significant genetic effects (dorsal TP: @?=0.17, p=0.034, 95% CI =
[0.15, 0.19]; ventrolateral TP: @’ = 0.16, p = 0.049, 95% Cl = [0.14, 0.18]),
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A. Whole-brain results for the auditory language comprehension task compared to baseline.
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B. Association results of the connection characteristics of TP subdivisions with functional activations and task performance
during the auditory language comprehension task.
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whereas the E model with only the unique environmental factor was  environmental factors for the dorsal (Ppermutation=0.008) and ven-
selected as the optimal model for the ventromedial TP (Table 2). Per-  trolateral TP (ppermutation=0.007) subdivisions but not for the ven-
mutation analyses confirmed the identified significant additive genetic ~ tromedial TP (ppermutation = 0.96). In addition, we replicated the node-
effects for the dorsal and ventrolateral TP subdivisions (both level associations between neonatal presence and genetic effects
Ppermutation < 0.05) but not for the ventromedial TP (Ppermutation = 0.69).  of the specific FC of TP subdivisions, where significantly greater
Moreover, these analyses revealed significantly greater additive additive genetic effects were observed for the specific FC of
genetic contributions compared to those of the common network nodeswith the respective TP subdivisions that were presentin
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Fig. 5| The connection characteristics of the dorsal and ventrolateral temporal
pole (TP) subdivisions, but not the ventromedial TP subdivision, significantly
predicted both functional activations of the same TP subdivision and beha-
vioral performance during the auditory language comprehension task in adult
twins (N =400). A Brain figures illustrating whole-brain activations during the
language comprehension task compared to baseline (i.e., the fixation period; t-test,
one-tailed, voxel level p < 0.05, FDR corrected, cluster size > 50 voxels). The audi-
tory language network and TP area are outlined in black. B Scatter plots showing

the association results of the FC matrices between each TP subdivision and its
preferred network ROIs (illustrated in the brain figure next to the y-axis) for the
functional responses of this TP subdivision (left column) and behavioral perfor-
mance (right column) during auditory language comprehension. The significance
of support vector regression performance was assessed using the null distribution
(bottom right corner) generated from permutation tests (n=10000). ***
Ppermutation < 0.00L, ** Ppermutation < 0.01. Source data are provided as a Source
Data file.

neonates compared to those that were absent (t,; =2.24, p=0.036,
Cohen’s d=0.98, 95% CI = [0.005, 0.13]), whereas no differences in
common environmental effects (¢;;=0.49, p=0.63, Fig. 4) were
revealed.

Using support vector regression (SVR) models, we evaluated the
associations between the connection characteristics of TP subdivisions
with the corresponding network and their functional activations dur-
ing auditory language comprehension and math computation tasks.
Given the optimal performance of using multivariate characteristics of
connectivity patterns from one region to predict its functional
relevance*™', we employed FC matrices of each TP subdivision with
the ROIs from the corresponding network in these analyses. For
instance, for the dorsal TP, a 400 x 7 (participants x language ROIs)
data matrix served as input features for the SVR models. These models
were trained to predict the functional activations of the same TP
subdivision during the language comprehension task using the
LIBSVM package®. Prediction performance was evaluated through
cross-validation. The results demonstrated that the semantically rela-
ted functional activations of the dorsal and ventrolateral TP subdivi-
sions could be significantly predicted by their concurrent FC patterns
with the corresponding network ROIs (dorsal TP with the audi-
tory language network ROIs: r=0.20, ppermutation = 0.001, 95% CI =
[0.11, 0.29]; ventrolateral TP with the default semantic network ROIs:
r=0.26, Ppermutation < 0.001, 95% Cl =[0.17, 0.35]; Fig. 5B), whereas the
associations between the functional activations of the ventromedial TP
and its FC patterns with the visual paralimbic network ROIs were not
significant (r=-0.02, ppermutation = 0.60, Fig. 5B). Furthermore, no sig-
nificant associations were found between the functional activations of
the three TP subdivisions during the math task and their FC matrices
with the corresponding network ROIs under the same condition (all
Ppermutation > 0.07, Supplementary Fig. S6B-D).

To link neural network characteristics to behavior, we further
conducted SVR analyses to assess whether the FC pattern of TP sub-
divisions were associated with participants’ behavioral performance
on this auditory language comprehension task. Due to the adminis-
tration of various stimuli to different participants, task accuracies and
response times were not directly comparable. We utilized task diffi-
culty levels available in the HCP database as a proxy for each partici-
pant’s overall language comprehension abilities (mean = 10.5+1.4,
range = 4.9-12.6, with higher values indicating better performance; see
similar methodologies in refs. 46,53). Genetic-based analyses (i.e.,
univariate SEM) revealed significant heritable patterns in individual
differences in task difficulty levels (&= 0.41, p <0.001, 95% Cl = [0.23,
0.59]), with the AE model as the best-fit model (Table 2). Using indi-
vidual task difficulty levels as outcome measures, SVR analyses iden-
tified significant associations between this behavioral measure and the
FC matrices of the dorsal (r= 0.17, ppermutation = 0.004, 95% CI =[0.078,
0.27]) and ventrolateral (r=0.17, ppermutation = 0.007, 95% CI = [0.069,
0.26], Fig. 5B) TP subdivisions. No significant association was found for
the FC patterns of the ventromedial TP subdivisions (r=0.03,
Ppermutation = 0.32, Fig. 5B). These significant associations at both the
brain (functional activations) and behavioral (task difficulty) levels
collectively suggest specific links between the connection character-
istics of the dorsal and ventrolateral TP subdivisions and their func-
tional roles in semantic processing during the auditory language
comprehension task.

In summary, analyses based on task-based fMRI data of twin adults
revealed significant and dominant heritable patterns in the specific FC
that were neonatally established between the dorsal TP and the audi-
tory language network and between the ventrolateral TP and the
default semantic network, replicating findings derived from resting-
state FC patterns. Importantly, we demonstrated that the connection
characteristics of the dorsal and ventrolateral TP subdivisions sig-
nificantly predicted both the functional activations and participants’
behavioral performance during an auditory language comprehension
task. This underscores the functional significance of these early
emerging and genetically controlled network characteristics of TP
subdivisions in semantic processing.

Discussion

In the current study, we combined neonatal and twin-based imaging
analyses to reveal the developmental origins of the semantic system in
the human brain. Focusing on the temporal pole, a putative hub for
semantic processing identified in adult research, we revealed tripartite
functional parcellations within the adult TP, each associated with dis-
tinct neural networks (Study 1). These TP subdivisions, with specific FC
of the dorsal and ventrolateral TP, were observable in neonates within
their first month of life (Study 2), and exhibited significant heritable
patterns in adult twins both at rest (Study 3) and during an auditory
language comprehension task (Study 4). Furthermore, the FC patterns
of the dorsal and ventrolateral TP with their respective networks sig-
nificantly predicted participants’ behavioral performance and the
neural responses of the same TP subdivisions during the comprehen-
sion task, highlighting their functional significance in semantic pro-
cessing (Study 4). Collectively, our findings advance the understanding
of the neurodevelopmental precursors of semantic cognition by deli-
neating the neonatally established and genetically influenced network
characteristics of TP subdivisions in association with their functional
roles in adult semantic cognition (Fig. 6).

The observation of TP parcellations in the adult brain supports the
notion of graded functions within the TP for its putative hub role in the
neural semantic representation of humans'. Our FC-based clustering
method identified highly symmetric TP subdivisions in both hemi-
spheres, suggesting similar connectivity-based functions. Bilateral TP
subdivisions were thus used in subsequent analyses to investigate their
functional preferences and FC-based neonatal and genetic character-
istics. This approach aligns with the bilateral, and sometimes redun-
dant, roles of the TP in conceptual knowledge representation”,
although graded hemispheric specializations have also been
documented® that warrant future investigation. In contrast, whole-
brain and ROI-based FC analyses revealed distinct network connec-
tions for each TP subdivision: the auditory language network (dorsal
TP), the visual paralimbic network (ventromedial TP), and the default
semantic network (ventrolateral TP). These results are consistent with
the functional preferences of TP subdivisions for auditory/language
(dorsal TP), visual/emotional (ventromedial TP) and multimodal
(ventrolateral TP) processing. Collectively, these findings highlight the
heterogeneous nature of the FC-based TP parcellations in coding
information from multiple modalities/sources, facilitating the forma-
tion of generalized conceptual representations’>*,

The presence of adult-like TP in the neonatal brain enhances our
understanding of the developmental precursors of the TP’s role in
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Fig. 6 | Summary of the proposed innate network mechanisms of the temporal
pole (TP) in supporting semantic cognition in humans. This figure integrates
findings on the neonatally established and genetically influenced functional
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connectivity characteristics of TP subdivisions and their associations with func-
tional roles in semantic processing, as observed in this study.

semantic neural representation. Utilizing the same data-driven
approach applied to adults, we found that functional parcellations in
neonates mirror those in adults, providing neurodevelopmental evi-
dence for the functional divisions within the TP**?, Importantly, the
adult-like specific FC of the dorsal TP (with the auditory language
network) and the ventrolateral TP (with the default semantic network)
are evident in neonates, suggesting that neural prewiring supports the
contribution of auditory inputs to multimodal conceptual formation
from birth. This interpretation aligns the early auditory cortex func-
tioning, starting around the 25" to 29" week of gestation®, facilitating
linguistic exposure in utero. Newborns show selective preferences for
human speech over other sounds and can recognize speech patterns
(e.g., stress) within the first few days after birth**~%, These early speech
experiences are linked to early semantic development. Research has
shown that pairing the same name with objects (e.g., dinosaurs)
varying in color and shape led to the categorization of these objects as
the same object, facilitating the formation of generalized concepts, in
infants as young as 3-4 months old**“°. We propose that the FC char-
acteristics of neonatal TP subdivisions support the early onset of the
auditory linguistic role in object knowledge acquisition. This hypoth-
esis is consistent with findings showing the involvement of the dorsal
TP in processing speech-derived concrete concepts that are percep-
tually imperceptible in congenitally blind adults, such as colors and
rainbows®%%, Additionally, a previous study found delayed responses
in the bilateral temporal poles of both 3-month-old infants and adults
(after initial activations in the auditory processing areas) during sen-
tence listening®, suggesting that higher-order functions of the TP,
such as semantic processing in adult speech processing®*, are already
present in preverbal infants. In summary, the neonatal presence of
neighboring TP subdivisions connecting with auditory language and
default semantic networks may indicate inborn network character-
istics that support multimodal conceptual formation with early access
to auditory and speech stimulation.

Adult twin analyses have revealed significant heritable patterns in
the specific FC of TP subdivisions that are associated with auditory
language comprehension, indicating genetic influences on the FC-
based semantic functions of the TP. Previous twin-based studies and
GWASs have reported notable heritability in the intrinsic FC char-
acteristics of the language®®® and default networks®®®’. Our results
extend this knowledge by showing additional genetic effects on the
specialized connections of each network with its corresponding TP
subdivision, both at rest and during a comprehension task, providing
biological evidence for the distinct functional connections of different
TP subdivisions. Moreover, we showed that the FC patterns of the
dorsal TP with the auditory language network and the ventrolateral TP

with the default semantic network can predict the same subdivision’s
functional activations and participants’ behavioral performance on
this comprehension task. These associations reaffirm the established
relationships between regional connectivity characteristics and func-
tional relevance®**7°, More importantly, they underscore the geneti-
cally programmed functional connections of TP subdivisions in
supporting their functional roles in conceptual processing.

The neonatal presence and heritable semantic functions of the
specific FC of TP subdivisions provide insights into the innate neural
mechanisms underlying human semantic acquisition from early
developmental stages. We identified neonatal TP parcellations that
show specific FC with the auditory language (dorsal TP) and the default
semantic (ventrolateral TP) networks. Although assessing the cogni-
tive relevance of this early-emerging FC in neonates is challenging,
their functional roles in conceptual processing in adults, based on
associations with functional activations and behavioral performance in
a semantic-related task, offer clues. Combining neonatal and twin-
based imaging results, we further demonstrate greater genetic influ-
ence on specific FC between TP subdivisions and the corresponding
network (and ROIs) established in neonates compared to those
emerging later in life. These associations suggest early-emerging and
long-lasting genetic controls on the neonatal FC characteristics of the
TP into adulthood. This interpretation aligns with studies showing
higher-order functional networks are more similar among siblings than
unrelated children™ and exhibit genetically-determined individual
variances in neonates’”. These converging findings from various
approaches underscore the continuous influence of genetic factors on
higher-order cognitive development from early on. Along this line, we
speculate on the coherent FC-based semantic functions of TP sub-
divisions that are operational from the initial developmental stages.
While longitudinal investigations are needed to directly link neonatal
FC of the TP with later semantic functions, our hypothesis is consistent
with multiple lines of evidence highlighting the critical role of the TP in
speech-based semantic acquisition. For example, whole-brain FC pat-
terns of the TP in 4- to 18-month-old infants are prospectively asso-
ciated with their vocabulary size estimated five years later’,
supporting its role in lexico-semantic acquisition. Moreover, the TP,
especially its dorsal and ventrolateral subdivisions, is implicated in the
fast-mapping process of adults, where semantic knowledge associated
with verbal labels is efficiently established through very few
exposures’*”7. It is reasonable to contemplate similar roles of these TP
subdivisions, possibly supported by their specific FC with the auditory
language and default semantic networks, in the infant fast mapping
process, a key mechanism underlying speedy conceptual formation in
infancy and early childhood”””°. Overall, the early emergence and
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genetic basis of the specific FC of TP subdivisions, with their indicative
functional roles in semantic acquisition, suggest built-in connectivity
mechanisms in the TP as a neurodevelopmental scaffold for multi-
modal semantic knowledge formation from early on.

Our results also reveal the importance of postnatal experiences in
shaping the neural semantic system observed in adulthood. We
observed stronger connections of the visual paralimbic networks with
the ventromedial TP than with the other two subdivisions in adults.
This aligns with previous research showing greater responses of the
ventromedial TP to visual stimuli® and concrete concepts®*®, com-
pared to the other TP subdivisions. These findings collectively high-
light the neural network mechanisms of the ventromedial TP that
underlie visual-related semantic representation. Interestingly, while
the ventromedial TP subdivision is topologically similar in neonates
and adults, its specific FC with the visual paralimbic network is largely
absent in neonates. This implies that these network characteristics
develop after birth and may be influenced by postnatal experiences,
aligning with the constrained visual input in utero®. Therefore, these
developmental differences may provide a neurodevelopmental
explanation for semantic build-up through postnatal visual and emo-
tional experiences, as postulated by embodied accounts'>"*% Qur
interpretation is further supported by the presence of shared (resting-
state FC) or unique (task-specific FC) environmental effects and the
absence of significant genetic effects on the specific FC of the ven-
tromedial TP in adult twins. However, caution should be exercised
given the use of a lexicosemantic task potentially minimizing visual-
related information processing. Finally, we also observed differences
in the neural connections for the dorsal and ventrolateral TP subdivi-
sions between neonates and adults, indicating ongoing development.
However, maturational changes in TP parcellations are beyond the
scope of this study and could not be optimally investigated due to the
cross-sectional nature of the current datasets. Future longitudinal
studies are necessary to clarify the developmental trajectory and
environmental influences on the neural mechanisms of semantic
representation.

Our analyses provide empirical evidence for the early emergence
and genetic bases of the functional parcellations within the TP area,
yet, several important limitations must be acknowledged. First,
although we observed topologically similar TP parcellations based on
the same cluster number in both adults and neonates, different opti-
mal cluster numbers were identified for each age group. This dis-
crepancy warrants further investigation. Second, while we
demonstrated that the current findings were robust when controlling
for tSNR, it remains challenging to recover signal loss during image
acquisition through post-imaging processing techniques®. Future
studies employing multiple-echo acquisitions to mitigate signal
dropout, particularly in the inferior temporal regions, are
desired®5*5¢, Third, the functional specificity of the different TP sub-
divisions in this study was inferred indirectly through Neurosynth-
based meta-analytic and FC analyses. Future research should employ
experimental tasks specifically targeting semantic processing on
information from various modalities and sources, to elucidate the
functional significance of the divisional structure of the TP area in the
human brain. Forth, the current study only considered the TP area.
Given the critical role of the broader ATL area in multimodal semantic
processing, this region should be investigated in future research on the
development of semantic knowledge.

In conclusion, our analyses of functional imaging data from neo-
natal and adult twin participants reveal the presence of connectivity-
derived functional parcellations of the temporal pole in neonates and
associated these inborn connection characteristics with genetic effects
on FC-based TP functions in adult semantic processing. The early
emergence and genetically guided semantic functions of the specific
FC of TP subdivisions indicate inherent network mechanisms under-
lying its putative hub role in neural semantic representation in the

human brain, shedding light on the developmental origins and theo-
retical modeling of the human semantic system. Broadly speaking, our
findings contribute to the growing body of work emphasizing the
innate neural roots of central cognitive capacities in humans with
protracted developmental trajectories and motivate longitudinal
investigations that enable the elucidation of the interplay between
nature and nurture through the unfolding of cognitive ability.

Methods

Participants (Table 1)

Adults. Adult images were selected from the HCP 1200 Subjects
release (S1200 Release). For the functional parcellations and ROI
analyses of the adult TP (Study 1), 100 unrelated adult participants (i.e.,
from different families) were randomly selected based on the follow-
ing criteria: 1) completion of four runs of resting-state fMRI images;
and 2) less than 10% of volumes with excessive head motion, defined as
framewise displacement (FD) > 0.3*” (mean % of outlier images = 2.74%
+ 0.03). Moreover, signal coverage for each ROl was computed for
each participant by calculating the percentage of voxels from the ROI
that overlapped with the subject-specific brain mask, generated using
the ‘automask’ function from the DPABI toolbox (https://rfmri.org/
DPABI). All adult participants in Study 1 demonstrated signal coverage
in all relevant ROIs (ROI-specific signal coverage > 0, see the same
inclusion criterion in Greene et al.*), including the 74 AAL-defined
cortical regions, six TP parcellations and 23 neural network ROIs (see
Supplementary Table S4 for a summary of ROI-specific signal coverage
across all four participant groups). The sample size for the current
clustering analyses aligns with previous studies that reported high
reliability of parcellation results in the TP* and the ATL®. For the twin-
based analyses of the specific FC of TP subdivisions (Study 3), 190 pairs
of twins (123 MZ and 67 DZ) who had four runs of resting-state fMRI
images were selected from the HCP twin cohort. Moreover, to assess
the functional relevance of the semantic connection patterns of TP
subdivisions in conceptual processing and replicate the significant
genetic findings (Study 4), 200 pairs of twins (129 MZ and 71 DZ) with
available fMRI data for the auditory story comprehension task were
further selected. While all twin participants exhibited > O ROI-specific
signal coverage for all relevant ROIs, head motion was not used as an
inclusion criterion to maximize the sample sizes crucial for correla-
tional analyses in twin-based studies (see similar approaches in
refs. 90-92). Nonetheless, additional analyses for both Study 3 and 4
confirmed that head motion, including the proportion of outlier ima-
ges and the mean FD of the remaining volumes after outlier removal,
did not significantly differ between MZ and DZ participants (all p> 0.8,
Supplementary Table S5), and the significant genetic effects on the
specific FC of the dorsal and ventrolateral TP subdivisions were
obtained independently of head motion influences (Supplementary
Table S6). The HCP project was approved by the Institutional Ethics
Committee of Washington University in St. Louis, Missouri. All parti-
cipants signed written informed consent before imaging.

Neonates. A total of 332 neonates were selected from the dHCP
dataset (third release) to characterize the functional parcellations and
connectivity patterns of the TP in the neonatal brain (Study 2). Imaging
data of all included participants were collected within the first month
(i.e., < 4 weeks) after birth, and no clinical concerns were observed in
the structural images, as evaluated by a perinatal neuroradiologist
(radiology score < 3). We applied the same head motion inclusion
criteria that were used for the unrelated adult participants in the
clustering analyses (Study 1), ensuring that all selected neonates had
less than 10% of outlier volumes defined as FD = 0.3 (mean % of outlier
images = 4.38% + 0.03). ROI-specific signal coverage for each neonate
was calculated, which were > O for all relevant ROIs for all participants.
We noted that several ROIs showed suboptimal overlap with the brain
masks of some neonates, indicated by minimal ROI-specific signal
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coverage <0.1 (Supplementary Table S4). Consequently, we excluded
14 neonates who had at least one ROI with <10% signal coverage,
resulting in a revised subset of 318 participants. The neonate-related
results were replicated using this revised sample, confirming the
reliability of our findings (Supplementary Fig. S7). The dHCP project
was approved by the London—Riverside Research Ethics Committee of
the Health Research Agency (REC: 14/Lo/1169). Informed parental
consent was obtained for imaging acquisition and data release.

Data acquisition

Adults. All adult images were collected at Washington University in
St. Louis using a 3 T Connectome Skyra magnetic resonance scanner
with a standard 32-channel head coil designed by Siemens. Resting-
state and task-based fMRI data were acquired using the same
gradient-echo EPI sequence: TR=720ms, TE=33.1ms, FA=52°,
FOV =280 x 180 mm?, voxel size = 2.0 mm isotropic, 72 slices. Four
resting-state images were collected over 2 consecutive days (2 runs/
day) with opposite phase-encoding directions (right-to-left and left-
to-right) for data acquisition on different days. Each run lasted
approximately 15 minutes (1200 volumes), during which participants
were required to keep their eyes open and fixed on a crosshair pro-
jected on a dark background. The story comprehension experiment
contained two runs, each with 316 volumes, which were acquired
using different phase-encoding directions. High-resolution TI-
weighted images were also obtained for every participant using a
magnetized rapid gradient-echo (MPRAGE) imaging sequence with
TR=2400ms, TE=2.14 ms, reversal time (TI)=1000ms, FA=8°,
FOV =224 x 224 mm?, voxel size = 0.7 mm isotropic, and total scan
time = 7min and 40 s.

Neonates. Neonatal images were collected at the Evelina Newborn
Imaging Centre, St. Thomas’ Hospital, London, UK, using a 3 T Philips
Achieva (running modified R3.2.2 software) with a neonatal 32-channel
phased array head coil®®. All neonates were scanned during natural
sleep. A multiband (MB) 9x accelerated echo-planar imaging sequence
lasting 15minutes was used to obtain the high temporal
resolution functional data of neonates (TR =392 ms, TE =38 ms, voxel
size = 2.15mm isotropic, 2300 volumes). T2-weighted (TR=12s;
TE =156 ms; SENSE factor: axial = 2.11, sagittal = 2.58) and inversion
recovery Tl-weighted (TR =4795 ms; TI=1740 ms; TE = 8.7 ms; SENSE
factor: axial = 2.26, sagittal = 2.66) multislice fast spin-echo images
were also collected (in-plane resolution = 0.8 x 0.8 mm?, 1.6 mm slices
overlapped by 0.8 mm; see details in ref. 94).

Resting-state image preprocessing

Adults. We used HCP minimally preprocessed fMRI data that were
distortion- and motion-corrected and normalized to MNI templates via
T1 images”. These images were further preprocessed locally using the
DPABI toolbox®®, which included 1) linear detrending to minimize low-
frequency effects; 2) regression of mean white matter (WM) and cer-
ebrospinal fluid (CSF) signals, continuous head movement®” (Friston-
24 parameters), and outlier scans; 3) temporal bandpass filtering to
remove frequencies below 0.01Hz and above 0.1Hz; and 4) spatial
smoothing with a 6 mm full-width at half-maximum (FWHM) Gaus-
sian filter.

Neonates. The resting-state images of neonates were first minimally
preprocessed by dHCP, which included distortion and motion cor-
rections, registration with the corresponding T2w structural image,
and ICA denoising using FSL FIX**. These images were then normalized
to the 40-week T2w templates using the deformational matrices
available from the dHCP website. The normalized images of neonates
were further preprocessed using the DPABI toolbox, employing the
same pipeline as for the adult images, including linear detrending,
nuisance regression (WM and CSF signals, continuous head

movement, and outlier volumes), temporal bandpass filtering (0.01-
0.1Hz), as well as spatial smoothing (6 mm FWHM).

It is noteworthy that although the unpreprocessed fMRI images of
neonates (Study 2, 0.153 + 0.058 mm) exhibited greater head motion
compared to those of adults included in the clustering analyses (Study
1, 0.133+£0.023 mm, £430=3.34, p<0.001), a larger proportion of
outlier volumes were removed from the neonatal data (4.38% + 0.03)
than from the adult data (2.74% + 0.03, t430=5.26, p<0.001). As a
result, the mean FD of the remaining volumes after outlier removal was
smaller in neonates (Study 1, 0.10 £ 0.02 mm) than in adults (Study 2,
0.13+£0.02 mm, t430=12.83, p<0.001, Table 1), suggesting effective
mitigation of motion effects in the neonatal data.

Functional parcellations in the TP of adult and neonatal brains
A two-level clustering approach (Fig. 1A) was employed to parcellate
the TP areas based on the FC patterns of TP voxels with the whole-brain
cortical regions defined by the AAL atlas’®. Subject-specific parcella-
tion maps were first generated using standard K-means clustering
techniques. These maps were then subjected to consensus clustering
analyses to derive a group-level representative clustering solution®’**
(MATLAB’s Statistics and Machine Learning Toolbox). Specifically,
subject-specific FC matrices were generated by performing partial
correlations between the time course of each TP voxel and the mean
time course of each of the 74 AAL cortical regions. These correlations
were transformed to Z scores using Fisher’s r-to-z transformation. A
standard K-means clustering algorithm was applied, which treated
each observation (i.e., the FC pattern of one TP voxel) as a point in a
multidimensional space and iterated cluster assignments of all points
100 times for a given cluster number. The best solution (i.e., optimal
clustering results) was determined by minimizing the sum of squared
Euclidean distances between each point and the center of its cluster.
Individual clustering maps were then processed using a consensus
clustering approach to obtain a representative solution at the group
level®*", Specifically, a coassignment matrix Q was generated for each
participant, where g; =1if voxel i and voxel j were assigned to the same
cluster, and g;;=0 otherwise. A mean matrix averaged across all par-
ticipants was generated to reflect the probability of voxel co-
assignment. The K-means clustering procedure was then applied to
this mean co-assignment matrix to produce the final representative
clustering results. The silhouette value was calculated as (b - a)/max
(a, b), where “a” is the average distance between a voxel and other
voxels in the same cluster, and “b” is the minimum value of the average
distances between a voxel and all voxels from another cluster. There-
fore, higher silhouette values indicated greater between-cluster dis-
tances than within-cluster distances, suggesting better clustering
solutions. To avoid arbitrary decisions on the number of TP subdivi-
sions, the two-level clustering approach was performed for a variety of
cluster numbers ranging from k=2 to k=8, with the optimal cluster
number determined by the highest silhouette value.

The neonatal TP areas were parcellated using the same two-level
clustering approach described above. For each participant, neonatal FC
matrices of the TP were similarly computed between each TP voxel and
every cerebral cortex defined by the neonatal AAL atlas'®* (also regis-
tered to the dHCP templates using ANTS). A cluster number of k=3 was
chosen to identify adult-like TP parcellations in the neonatal brain. To
assess the topological similarities between TP parcellations in neonates
and adults, the TP subdivisions in the adult brain were registered into
the neonatal space using ANTSs, and the degree of overlapping for
overall parcellations and each TP subdivision was evaluated using the
Dice coefficient, which measures the ratio of overlapping voxels to the
mean voxel number of the compared clusters.

Meta-analyses on the functional preferences of TP subdivisions
The cognitive relevance of the three TP subdivisions was quantitatively
surveyed based on the Neurosynth database, which contains 8000
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term-based features extracted from the abstracts or text of all included
studies”. To reduce redundancy among features related to similar
topics (e.g., perceptual and perception), latent Dirichlet allocation
topic modeling was applied in the Neurosynth database to generate a
reduced set of 200 research topics that covered the latent conceptual
structure underlying the included literature'®. A name was determined
for each research topic by considering the included terms and their
loadings (weights) on this topic. For example, the topic name language
comprehension was chosen based on its highest loading terms: lan-
guage, sentences, and comprehension. Given the current focus on the
roles of the TP in cognitive processes, 67 topics pertaining to various
mental processes were selected (Supplementary Table S2) after
excluding topics related to anatomical landmarks (e.g., inferior par-
ietal lobule, N=19), methodological terms (e.g., response time,
N =40), atypical populations (e.g., ADHD, N=13) and unrelated areas
(e.g., training, N = 61). Gaussian naive Bayes classification analyses were
used to compute the log odds ratio (LOR), which indexes the log of the
ratio between the probability of a given topic in active studies for one
TP subdivision (defined as > 5% activated voxels) and that in inactive
studies for the same area*'%*. Thus, the LOR indicates the likelihood
that a topic of interest is associated with activation in one TP sub-
division. The significance of the association between a specific topic
and activation in one TP subdivision (LOR > 0) was derived from per-
mutation tests where a null distribution was generated by permuting
the class labels and extracting the LOR for each topic 10000 times.

Network ROI selection

ROIs constituting the neural networks for processing information of
different types/modalities were generated based on activation-based
meta-analysis results and anatomically defined regions. Specifically,
ROIs of the auditory language network were attempted using the terms
“language network” and “auditory” in the Neurosynth database. Brain
regions generated using the term “auditory” included primary auditory
cortices and other temporal regions largely overlapped with those
generated using “language network”, consistent with the close links
between auditory modality and language processing. Therefore, only
ROIs identified from the “language network” were considered. The
default threshold of FDR corrected p < 0.01 with a minimal cluster size
of 50 voxels was applied. Seven cerebral regions were identified based
on 83 studies (excluding voxels in the cerebellum and TP regions),
including the left anterior and posterior middle temporal gyri
(LMTGant and LMTGpos), left inferior frontal gyrus (LIFG), left occi-
pital gyrus (LOG), left precentral gyrus (LPreG), and right middle
temporal (RMTG) and right occipital gyri (ROG, Fig. 3A).

ROIs forming the default semantic network were similarly gener-
ated using the term “default network” (96 studies). A higher cluster
size threshold of 100 voxels (FDR corrected p <0.01) was applied to
capture the extensive default network typically reported in previous
literature'®. This procedure identified 10 ROIs (excluding the cere-
bellum and TP voxels), including the bilateral middle temporal gyri
(LMTG and RMTG), parahippocampal gyri (LPHG and RPHG), and
angular gyri (LAG and RAG); left middle frontal gyrus (LMFG); right
superior frontal gyrus (RSFG); and anterior and posterior cingulate
cortices (ACC and PCC). These ROIs already encompassed regions
important for multimodal semantic representation, such as the angu-
lar and middle temporal gyri, aligning with the results of the whole-
brain FC analyses in the current study.

For the visual paralimbic network, terms related to “visual” were
initially tested but produced extensive activations in the primary visual
cortices. Due to challenges in isolating brain regions associated with
higher-order visual cognition, the term “concrete” was used, given the
predominant role of visual semantics in determining the concreteness
of a concept'’®. However, this term generated mixed activations for
both concrete and abstract effects in the Neurosynth database, ren-
dering it unsuitable. Therefore, ROIs for the concreteness effect were

created based on peak coordinates reported in the meta-analysis by
Wang et al.'”’ to preferentially process concrete over abstract concepts
(radius: 8 mm, overlapping spheres were merged into one ROI). This
included four ROIs in the left precuneus gyrus (LPrecuneus), left
posterior cingulate cortex (LPCC), left fusiform gyrus (LFG) and left
parahippocampal gyrus (LPHG). Moreover, the bilateral olfactory
cortices (LOLF and ROLF) within the paralimbic system, which con-
stantly showed strong FC with the ventromedial TP in both our and
previous FC results of the TP?*?, were created based on the AAL atlas
and combined with ROIs for the concreteness effect to form the visual
paralimbic network. Acknowledging the limited number of studies in
Wang et al.'’ (19 studies), an updated visual paralimbic network was
defined using visual ROIs defined based on a recent meta-analysis on
concrete concepts (72 studies and 1400 participants, Hoffman &
Bair'®®). This updated network yielded results consistent with the ori-
ginal findings (Supplementary Materials), supporting their general-
izability. To ensure differentiation among networks, overlapping
voxels between ROIs from different networks were excluded from
both ROIs.

Finally, the FC strength between each TP subdivision and each
neural network was computed in two steps: 1) correlations were first
calculated between the time course of each TP subdivision (averaged
across all voxels within the subdivision, e.g., dorsal TP) and the time
course of each ROI (averaged across all included voxels) within a
neural network (e.g., the LIFG ROI in the auditory language network);
2) the FC strength between the TP subdivision and the neural network
was then obtained by averaging the FC strength of the TP subdivision
(e.g., dorsal TP) with all ROIs within the same network (e.g., the 7 ROls
in the auditory language network).

Task-based fMRI data analyses

Univariate analyses. Motion-corrected and normalized functional
images generated from the minimally preprocessed pipeline by HCP
were first smoothed with a 6 mm FWHM Gaussian filter and then
entered into the general linear model (GLM) in SPM 12 (https://www.fil.
ion.ucl.ac.uk/spm/software/spm12/) implemented in MATLAB. The
GLM included two regressors representing the experimental condi-
tions (i.e., story and math), along with continuous regressors for the 24
head motion parameters and binary regressors for outlier volumes
(FD = 0.3, the same head movement parameters applied in the FC
analyses) as nuisance variables. After model estimation, neural acti-
vation maps associated with language comprehension and arithmetic
processing were generated by contrasting the story and math condi-
tions, respectively, with the fixation condition*’**, A one-sample t-test
was performed on the contrast map to characterize the neural corre-
lates of language comprehension and math operation processing at
the group level with a significance threshold of FDR corrected p < 0.05
and a cluster size of 50 voxels.

Task-specific FC analyses. Before FC estimation, the functional ima-
ges were preprocessed using the DPABI toolbox, following the same
procedure as applied to the resting-state images, including linear
detrending; regression of WM, CSF, and head motion; temporal band-
pass filtering; and spatial smoothing. The CONN toolbox was then
employed to estimate the FC between each TP subdivision and ROIs
from the three networks during the story comprehension
condition'®"°, To this end, task-related activations were first estimated
based on the GLM, which were removed from the overall signals to
generate a residual time series with minimal condition-induced influ-
ences. The time series corresponding to the story comprehension and
math operation tasks were derived by weighting the residual time series
with the task regressor specific to each condition, respectively. A Han-
ning window was applied to the beginning and ending scans in each
block to further decrease potential influences from neighboring blocks.
The FC strength between each TP subdivision and each network ROI
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was then computed for each condition using Pearson correlations,
which were converted into Fisher’s Z scores for subsequent analyses.

Support vector regression (SVR) analyses. SVR analyses were per-
formed to evaluate whether the FC patterns of each TP subdivision
were associated with its task-specific functional activations and parti-
cipant’s behavioral performance during the auditory language com-
prehension task, using the LIBSVM package®® implemented in
MATLARB. Specifically, the FC matrices of each TP subdivision with ROIs
from the neural network that code the corresponding type of infor-
mation (e.g., 7 auditory language network ROIs for dorsal TP) were
applied as input features for the SVR models. The outcome measures
included condition-specific functional activations of the same TP
subdivision and participants’ behavioral performance. A leave-one-
subject-out cross-validation method was used to estimate SVR per-
formance, in which the data of one participant were held out (testing
dataset), while the remaining data were used to train the SVR model.
The trained model was then applied to the FC matrix of the same TP
subdivision in the testing dataset to produce the predicted activation
degree in the TP subdivision of this participant. Once the data from
every participant were used as the testing dataset to generate the
predicted activation degrees of this TP subdivision, Pearson’s corre-
lation was calculated between the predicted and true activation
degrees across all participants to determine the SVR prediction per-
formance. The significance of the prediction performance was deter-
mined by permutation tests with randomized connectivity-activation/
behavioral performance associations (N=10000).

Twin-based analyses
To estimate the heritability of a phenotype, we utilized twin-based
analyses that leverage the genetic and environmental similarities
between twins. MZ twins share 100% of their genetic makeup, while DZ
twins share 50%. Both types of twins typically share 100% of their
environment when living in the same household™. By examining the
differences in interclass correlations between MZ and DZ twins, we can
decompose phenotypic variances into A, C, and E factors. We con-
ducted SEM analyses to statistically estimate the genetic and environ-
mental contributions to individual differences in the specific FC of each
TP subdivision using the umx package'? implemented in R. Both the full
ACE model and the submodels (AE, CE and E models) were examined
with age and sex as covariates. Parameters in each model were esti-
mated using maximum likelihood, and the Akaike information criterion
(AIC) was calculated to assess model fit, balancing model parsimony
and goodness of fit. The model with the lowest AIC value was con-
sidered the optimal fit. If an AE or CE model was selected, it was further
compared to the E model using y° tests to determine the significance of
the additive genetic (a®) or common environmental (c?) effects in the
corresponding model (see the similar approach in refs. 32,113,114).
Permutation tests using the full ACE model were conducted to
estimate the significance of the additive genetic (a? or common
environmental (¢?) effect, in order to validate our model choice in the
SEM analyses and to compare the differences between these two fac-
tors for each TP subdivision®. During each iteration, the MZ/DZ labels
and the composition of twin pairs were shuffled so that each MZ or DZ
twin pair contained two randomly selected participants. The sex and
age (in years) of these randomly assigned twin pairs were kept con-
stant, maintaining their inclusion as covariates in the model estima-
tion. This procedure was repeated 10,000 times, producing null
distributions for @, ¢ and a*-c (or ¢*-a?), based on which the sig-
nificance of @ ¢ and their differences derived from the true data
could be determined.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The images of the HCP (adults, including both unrelated and twin par-
ticipants) and dHCP (neonates) datasets are available at https://www.
humanconnectome.org/ and https://www.developingconnectome.org,
respectively. In adherence to the privacy policies of both datasets,
the preprocessed images of both adult and neonatal participants,
including their IDs, could only be shared upon request with qualified
investigators who agree to the Restricted Data Use Terms associated
with these two projects. The Neurosynth dataset is available at https://
github.com/neurosynth/neurosynth-data. The 40-week templates can
be downloaded at https:/git.fmrib.ox.ac.uk/seanf/dhcp-resources/-/
blob/master/docs/dhcp-augmented-volumetric-atlas-extended.md#
download-42-gb. The identified functional parcellations in the TP
areas and the neural network masks applied in the ROI analyses are
available at https://github.com/Ziliang-Zhu/TP_neonatal_twins_code/
tree/main. Source data are provided with this paper.

Code availability

Software packages used in this study include DPABI V5.1 (https://rfmri.
org/DPABI), SPM12  (https://www.filion.ucl.ac.uk/spm/software/
spmil2/), CONN v17 (https://web.conn-toolbox.org/), REST VL8
(https://rfmri.org/REST), BrainNet Viewer v1.7 (http://www.nitrc.org/
projects/bnv/), LIBSVM 3.22 (https://www.csie.ntu.edu.tw/~cjlin/
libsvm/), neurosynth package (version 0.3.4; https://github.com/
neurosynth/neurosynth), nilearn package (version 0.10.2; https://
github.com/nilearn/nilearn/), umx package (version 4.15.1; https://
cran.r-project.org/web/packages/umx/index.html), ANTs (version
2.3.4.dev203-g952e7; http://stnava.github.io/ANTs/), MATLAB 2018a
(https://www.mathworks.com/products/matlab.html), Python 2.7
(https://www.python.org/download/releases/2.7/), Python 3.9 (https://
www.python.org), RStudio (version 2022.07.2 +576; https://posit.co/
products/open-source/rstudio/), JASP 0.17.2.1 (https://jasp-stats.org/
download/). The codes and ROl files for the analyses in this study™ are
available at https://github.com/Ziliang-Zhu/TP_neonatal_twins_code/
tree/main.
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