Translational Psychiatry

ARTICLE

www.nature.com/tp

W) Check for updates

Neural correlates differ between crystallized and fluid

intelligence in adolescents

Bowen Qiu
Yugi Zhang', Lingxuan Zhang', Zhiyong Zhao'?, Mingyang Li

© The Author(s) 2025

! Rui Qian’, Baorong Gu', Zichao Li', Zhifan Chen’, Xinyi Xu', Huaijin Gao', Yiwei Chen', Ruoke Zhao', Ruike Chen’,
2% ahd Dan Wu@®'

Fluid and crystallized intelligence are acknowledged as distinct facets of cognitive ability during brain development, but the specific
neural substrates and molecular mechanisms underlying them remain unclear. This study used a sample comprising 7471 young
adolescents (mean age 9.87 + 0.62 years) from the ABCD cohort to elucidate the differential neural correlates of fluid and
crystallized intelligence. Our findings indicated that micro-level brain MRI phenotypes such as water diffusivity were closely
associated with fluid intelligence, whereas macro-level brain MRI phenotypes such as gray matter cortical thickness were indicative
of crystallized intelligence. We further investigated the molecular mechanisms underlying fluid and crystallized intelligence by
correlating the characteristic MRl markers with spatial transcriptome profiles and PET imaging. Results showed that fluid
intelligence had significant associations with serotonin and glutamate system, while crystallized intelligence was related to
serotonin, dopamine and acetylcholine system. Furthermore, we examined the impacts of lifestyle factors on these two forms of
intelligence and how the molecular pathways mediated these impacts. Our investigation suggested that physical activities, screen
use and sleep duration influenced fluid intelligence mainly through mGlu5 receptors and crystallized intelligence through 5HT1a
and D2 receptors. In conclusion, these findings illustrated a distinct neural basis between fluid and crystallized intelligence from the

perspectives of neuroimaging, neurotransmitters, and lifestyles in young adolescents.

Translational Psychiatry (2025)15:246; https://doi.org/10.1038/s41398-025-03467-4

INTRODUCTION

Comprehending the mechanism of general intelligence has been
an important area of research for over a century [1]. General
intelligence can be decomposed into fluid and crystallized
intelligence [2, 3]. Fluid intelligence is characterized by the
capacity to reason and solve problems in novel situations,
reflecting the ability to adapt and learn independently of prior
knowledge. In contrast, crystallized intelligence is shaped by
accumulated experiences and learning, representing knowledge
and expertise developed over time [4]. Distinguishing between
fluid and crystallized intelligence is vital for understanding how
individuals approach cognitive tasks, highlighting the dynamic
interplay between adaptability and accumulated knowledge in
human cognition. In adolescents, the development of fluid and
crystallized intelligence follows distinct trajectories and funda-
mentally shaped brain development [5, 6].

Many studies tried to identify differences between two forms of
intelligence using neuroimaging technology [7, 8] and identified
several imaging characteristics [9-11]. Fluid intelligence was found
related to the executive network within the dorsolateral prefrontal
cortex, anterior cingulate gyrus, and inferior and superior parietal
lobules [12, 13]. Higher crystallized intelligence level was found
associated with cortical volume and thickness of the whole brain
[14-16]. Moreover, fluid and crystallized intelligence both had

significant associations with white-matter tract integrity and
microstructural properties, which might be related to information
processing [17-19]. However, these studies mainly focused on
adults [20], and thus could not intuitively reflect the basis of
adolescent intelligence.

Several studies have reported that neurotransmitter systems
were associated with general intelligence using tools such as
blood biochemical tests, DNA analysis, and positron emission
tomography (PET). The neurotransmitter systems included ser-
otonin system [21-23], dopamine [24-26], acetylcholine [27, 28],
GABA [29, 30] and glutamate [29, 31]. Only a limited number of
studies have attempted to examine a specific form of intelligence
[22, 32]. Due to the lack of separate quantification of fluid and
crystallized intelligence, previous research on molecular mechan-
isms did not distinguish the neurotransmitter basis of fluid and
crystallized intelligence [8].

Besides the molecular drivers, lifestyle was known to have a
significant impact on adolescent intelligence [33, 34], and 24-H
Movement Guidelines for Children and Youth were suggested to
promote mental health and intelligence development [35-38].
The guidelines recommended daily physical activity, adequate
sleep duration, and limited screen time to promote overall well-
being and cognitive development in children and youth. Previous
studies indicated that physical activities [39, 40] had a positive

"Key Laboratory for Biomedical Engineering of Ministry of Education, Department of Biomedical Engineering, College of Biomedical Engineering & Instrument Science, Zhejiang
University, Hangzhou, China. Children’s Hospital, Zhejiang University School of Medicine, National Clinical Research Center for Child Health, Hangzhou, China.

HMemail: mylee_postdoc@zju.edu.cn; danwu.bme@zju.edu.cn

Received: 12 January 2025 Revised: 23 May 2025 Accepted: 7 July 2025

Published online: 17 July 2025

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-025-03467-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-025-03467-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-025-03467-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-025-03467-4&domain=pdf
http://orcid.org/0009-0003-8426-5005
http://orcid.org/0009-0003-8426-5005
http://orcid.org/0009-0003-8426-5005
http://orcid.org/0009-0003-8426-5005
http://orcid.org/0009-0003-8426-5005
http://orcid.org/0000-0002-1639-9891
http://orcid.org/0000-0002-1639-9891
http://orcid.org/0000-0002-1639-9891
http://orcid.org/0000-0002-1639-9891
http://orcid.org/0000-0002-1639-9891
http://orcid.org/0000-0002-9303-5821
http://orcid.org/0000-0002-9303-5821
http://orcid.org/0000-0002-9303-5821
http://orcid.org/0000-0002-9303-5821
http://orcid.org/0000-0002-9303-5821
https://doi.org/10.1038/s41398-025-03467-4
mailto:mylee_postdoc@zju.edu.cn
mailto:danwu.bme@zju.edu.cn
www.nature.com/tp

B. Qiu et al.

a Study Dataset

Separated Model

& -

MRI Phenotypes

Adolescent Brain Cognitive Development®

Combined Model

& -

MRI Phenotypes

sMRI Brain Phenotypes
dMRI Brain Phenotypes

1 ]
1 I
1 I
1 1
1 I
1 ]
: : Z :
! The ABCD study® :
: |
1 ]
; \
I I
i Fluid & Crystallized Intelligence :
I

1 ]

1
1
| Ve 2,
1
1

Intelligence Association Gene Expression Density !
1

L | ,

PLS Regression !
GO/KEGG Enrichment |
1

1

1

1

1

1

1

1

1

A & 2 €

Biological
Process

Cellular
Component

Molecular

Function RetiiwEy

Fig. 1

g@ i %@

Fluid Intelligence

Intelligence Association Neurotransmitter Density

SE Mediation @
mSana{ Correlation Lifestyles Intelligence

Ll
Intelligence-related Neurotransmitter

b Linear Mixed Effect Analysis

R - M

MRI Phenotypes Crystallized Intelligence

+ +
o

Crystallized Intelligence

= <"'>

Covariates Covariates

£

Fluid Intelligence

(=

=
Covariates

/ MRI-Phenotypes\

The study workflow. a Study datasets and main measures used in the present study; b Two different linear mixed models (LME).

Separate model investigated the direct relationship between MRI phenotypes and two forms of intelligence, while combined model
investigated the relationship between MRI phenotypes and one intelligence after removing the influence of the other one; c Spatial
correlation between intelligence-associated MRl maps and AHBA transcriptome maps, followed by GO/KEGG enrichment; d Spatial correlation
between intelligence-association MRl maps and neurotransmitter density maps; e Spatial correlation between lifestyle-mediation maps and

neurotransmitter density maps.

effect on adolescent intelligence. Meanwhile, screen use was
traditionally believed to have negative effects [41, 42], and the
causal effect was recently confirmed through the method of
Mendelian Randomization [43]. Short sleep duration was also
shown to hurt intelligence development [44-46]. However, the
molecular mechanisms underlying the influence of those lifestyles
on intelligence have not been well understood.

In this study, we aimed to differentiate the neuroimaging
phenotypes between fluid and crystallized intelligence and to
further identify the neural and genetic mechanisms supporting
the two forms of intelligence. We used neuroimaging and
cognitive data from the Adolescent Brain Cognitive Develop-
mental (ABCD) study. The pipeline of the current study is
illustrated in Fig. 1. We first evaluated the association between
neuroimaging phenotypes and each form of intelligence measure
to obtain intelligence-associated MRI maps using the linear mixed
model (Fig. 1b). We then performed spatial correlation between
the MRI-intelligence association maps and Allen Human Brain
Atlas (AHBA) transcriptome maps to identify the highly related
genes, followed by genetic enrichment analysis (Fig. 1c).
Furthermore, we correlated the association maps with neuro-
transmitter density maps from PET (Fig. 1d). Finally, mediation
analysis was utilized to uncover the association between lifestyles,
MRI phenotypes, and intelligence, as well as the underlying neural
basis (Fig. 1e).

METHODS

Participants and datasets

The ABCD study. The ABCD study was a longitudinal population study to
investigate the development of a diverse group of young adolescents,
aged 8-18 years, from various sites across the United States (source:
https://abcdstudy.org). Each participating center ensured that they
obtained comprehensive written consent from parents and enthusiastic
assent from the children involved. Rigorous research protocols were
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reviewed and approved by the institutional review board of all
participation sites. For this investigation, we utilized data from the ABCD
Data Release 5.0. The present analysis included a sample of 7045
individuals with complete demographic information, intelligence assess-
ments, and MRI data.

Intelligence measures. Crystallized intelligence and fluid intelligence were
evaluated using the NIH Toolbox [47, 48], a widely recognized tool known
for its strong reliability in assessing children [49]. The toolbox encom-
passed seven tasks: picture vocabulary, flanker inhibitory control and
attention, list sorting working memory, dimensional change card sort,
pattern comparison processing speed, picture sequence memory, and oral
reading recognition. The NIH Toolbox yielded three composite scores for
crystallized, fluid, and total intelligence [48]. For this study, we used
corrected t-scores of the crystallized and fluid intelligence.

Neuroimage data. In the ABCD study, 3D T1- and T2-weighted structural
images along with diffusion images were obtained using 3T scanners
across 21 data collection sites [50]. The scanning and preprocessing details
have been previously outlined [51]. This study used the preprocessed data
including macro-structure such as brain volume (BV), surface area (SA), and
cortical thickness (CT); as well as micro-structure such as fractional
anisotropy (FA), mean diffusivity (MD), longitudinal diffusivity (LD) and
transverse diffusivity (TD) in the Destrieux cortical atlas [52].

Gene expression data. The human microarray-based gene expression data
were obtained from the AHBA (http://human.brain-map.org) [53]. These
data were sourced from six postmortem adult brains (1 Hispanic, 2 African-
American, and 3 Caucasian; aged 24-57 years, comprising one female and
5 males). Specifically, AHBA provided comprehensive coverage of nearly
the entire brain, including normalized expression data of 20,737 genes
with unique Entrez IDs detected by 58,692 probes obtained from
3702 spatially distinct tissue samples.

Given the large transcriptional differences between cortical and
subcortical regions, we performed gene expression analysis within the
cortical regions. Then we wused the abagen toolkit (https://
www.github.com/netneurolab/abagen) [54] based on Python to extract
the transcriptome matrix at the region-of-interest (ROI) level, and ROI
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partitioning was based on Destrieux2009 atlas [52]. The processing
pipeline was summarized in [55]. As a result, we retained a total of
15,632 genes for further analysis, resulting in a gene expression matrix of
148 regions X 15,632 genes.

Neurochemical data. The neurochemical data were derived from the
average group maps of healthy volunteers who had participated in prior
PET and SPECT studies, on fifteen receptors and transporters [56], spanning
eight neurotransmitter systems, including serotonin (5HT1a, 5HT1b, 5HT2a,
5HT4, and 5HTT), dopamine (D1, D2, and DAT), GABA (GABAa), p-opioid
(MU), norepinephrine (NAT), cannabinoid (CB1), acetylcholine (VAChT) and
glutamate (mGIuR5 and NMDA). These density maps, available from an
online repository (https://github.com/juryxy/JuSpace/tree/JuSpace_v1.5/
JuSpace_v1.5/) were normalization to the Montreal Neurological Institute
(MNI) space. Subsequently, the maps were linearly rescaled to a
standardized range of 0-100 [56]. We calculated the mean value of the
neurotransmitter data in the 148 regions based on Destrieux2009
parcellation, and the results were then used to perform the spatial
correlation with intelligence-related MRI markers.

Lifestyle data. The lifestyle data were provided by the ABCD study
[46, 57]. Based on the 24-H Movement Guidelines, we included three kinds
of lifestyles (physical activity, screen use, and sleep duration) from the
ABCD Risk Behavior Survey Exercise Physical Activity, Screen Time
Questionnaire (Parent report), and Sleep Duration Scale for Children
(Parent report). The value of physical activity represented how many days
the teenager was physically active over 60 min during the past 7 days.
Screen use was measured as the average hours an adolescent used screen
in a day. Sleep scores, ranging from 1 (more than 9 h) to 5 (less than 5 h)
represented the adolescent sleep duration, where higher scores meant
shorter sleep duration.

Statistical analysis

Linear mixed effect analysis. The linear associations between fluid/
crystallized intelligence and structural MRI (sMRI)/ diffusion MRI (dMRI)
phenotypes were examined using a linear mixed-effect model (LME).
Considering the high correlation between the two forms of intelligence,
examining them separately as reported in previous studies [11, 58] may
not be able to disentangle their intertwined effects. We applied two LME
models by modeling the fluid and crystallized intelligence separately or
jointly.

In the separate LME model, we included age, sex, ethnicity, race, family
income, and parental education as fixed effects, while also factoring in the
MRl site as a random effect. In the combined LME model, the other form of
intelligence was added to the fixed effects.

Furthermore, brain regions demonstrating significant associations
(unadjusted p <0.05; in order to include more ROIs with significant
association) with intelligence were utilized to construct intelligence-MRI
association maps [59], based on the association coefficients in the
combined LME model. These maps were then utilized for spatial
correlation analysis in subsequent investigations.

Partial least regression analysis. PLSR was a widely used multivariate
method to identify relationships between multiple predictor and response
variables [60, 61], and it was widely used in gene enrichment [55, 62]. Here
we utilized PLSR to explore intelligence-related genes. In the PLSR model,
the predictor variables were the z-statistics normalized matrix of the
sample-wise mean gene expression level of all probes from each donor.
The response variables were the intelligence-MRI association maps.

After the analysis, PLSR components were ranked based on explained
variances, and thus, the components with the highest explained variances
represent the covariance of high-dimensional data matrices through low-
dimensional sequences. We used permutation tests (permutation times =
5000) to assess the statistical significance of each PLSR component [63].
For each significant component, we used a bootstrapping method to
correct the estimation error of the weight of each gene [64]. We then
ranked the genes according to their corrected weights, which represented
their contribution to the PLSR component.

GO/KEGG enrichment. Gene Ontology (GO) [65] and the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) [66] were employed for functional
annotation of the intelligence-related genes, encompassing both positive
and negative gene weights. Genes with top 10% positive weight were
selected for enrichment [67, 68].
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For gene set functional enrichment analysis, we first utilized the GO and
KEGG annotations of genes from the annotation package org.Hs.eg.db
(version 3.1.0) to map genes into the background set. Subsequently, we
conducted enrichment analysis using the R package clusterProfiler [69] to
obtain the results of gene set enrichment. All enrichment analyses were
performed using Fisher's exact tests and adjusted p-value < 0.05 together
with g-value < 0.05 [61, 64] were considered statistically significant.

Atlas-based spatial correlation. Based on the intelligence-MRI association
maps, atlas-based spatial correlations based on Destrieux ROIs were
applied through the JuSpace toolbox [56]. In this study, intelligence-MRI
association maps were correlated with PET/SPECT-neurotransmitter
density maps to evaluate the neurotransmitter basis underlying the two
forms of intelligence. We applied Spearman’s rank correlation and used
bootstrapping to estimate the significance. The significance was tested
through 5000 permutations [70, 71]. Additionally, precise p-values for
spatial correlation were calculated by recomputing the correlation using
null t-statistic maps obtained through label shuffling for intelligence levels
[511.

Mediation analysis. We applied mediation analysis using the Matlab
Mediation toolbox [72, 73] to examine whether and how the impact of
lifestyle on intelligence was mediated by the MRI phenotypes. For each
brain region, the Average Mediation Effect (AME) was used to represent
the mediating effect. Similar to the method above, the significant AME
map was also spatially correlated with the neurotransmitter density map to
elucidate the specific neurotransmitters supporting the mediation effect.

RESULTS

Overview of fluid and crystallized intelligence in adolescents
In the ABCD study, 7471 participants (aged 9.87 + 0.62 years old,
3538 [47.3%] females) underwent intelligence testing using the
NIH Toolbox [47, 48] and had complete, preprocessed sMRI and
dMRI data Table 1) [74]. Intelligence measures included fluid
intelligence (fully corrected t-scores: 96.25 + 17.29) and crystallized
intelligence (fully corrected t-scores: 107.09 + 18.43).

Fluid and crystallized intelligence showed a significant associa-
tion with age (B =0.18 and 0.15; Bonferroni correction corrected
p<0.001), and parental education levels (3=1.21 and 2.06;
corrected p < 0.001). There were significant gender differences in
fluid intelligence (male: 95.62+17.31; female: 96.95+17.16;
3=1.48, corrected p <0.001), but not in crystallized intelligence
(male: 107.38 + 18.39; female: 106.80 + 18.46; § = —0.44, corrected
p>0.05). Fluid intelligence showed a significantly positive
association with household income (=0.09; corrected
p=0.013), but not crystallized intelligence (B =0.06; corrected
p>0.05).

MRI signatures of fluid and crystallized intelligence
The correlation between the fluid/crystallized intelligence and
neuroimaging phenotypes include sMRI imaging data and dMRI
imaging data using the LME model. The results of the LME analysis
were shown in Supplementary Table S1-S7 for the two
intelligence measures separately. In the separate LME model, we
found that fluid and crystallized intelligence were significantly
associated with cortical SA (fluid: 0.001 <3 <0.019, N =66 of 148
ROIs; crystallized: 0.003 < 3 < 0.020, N = 134; Bonferroni correction
corrected p<0.05). Meanwhile, the significant association
between fluid/crystallized intelligence and MD was distributed in
similar regions. The overlap between these associations might be
attributed to a significant correlation between the two forms of
intelligence (r=0.396, p <0.001).

After controlling the influence of the crystallized intelligence in
a combined LME model (Fig. 2), MD of 24 cortical regions
(—50.81 < B < —30.64, Bonferroni correction corrected p <0.05;
mainly in supramarginal gyrus, temporal gyrus, lateral sulcus,
central sulcus, and occipital sulcus; Fig. 2b) were significantly
associated with fluid intelligence. LD of 8 cortical regions
(—39.14 < B < —25.60, corrected p < 0.05; Figure S1f) and TD of
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Table 1. The demographic, intelligence and lifestyle statistics of the
study population.

Variable Mean SD
Ages (year) 9.87 0.62
Intelligence
Fluid Intelligence 96.25 17.29
Crystallized Intelligence 107.09 18.43
Lifestyle (score)

Physical activity 3.56 2.29

Screen use 2.80 1.95

Sleep score 1.67 0.80

N (%)

Gender

Male 3933 52.6%

Female 3538 47.4%
Race

White 4868 65.2%

Black 1108 14.8%

Native American 40 0.5%

Pacific island 6 0.1%

Asian 159 2.1%

Others 1290 17.3%
Ethnicity

Hispanic/Latino 1476 19.8%
Household income

<$11 999 2078 27.8%

$12 000-524 999 1074 14.4%

$25 000-549 999 1759 23.5%

$50 000-599 999 1808 24.2%

>$100 000 752 10.1%
Parent education

College or more 6343 84.9%

Physical activity scores represented how many days in a week were
involved in one hour of physical exercise. Screen use scores represented
the screen time of adolescents each week. Sleeping score represented
sleeping duration, where high scores corresponded to short sleep
duration.

SD standard deviation, N number of subjects.

31 cortical regions (—56.89 < B < —27.10, corrected p < 0.05; Figure
S1g) were significantly associated with fluid intelligence. FA
showed significant association only with left accumbens area
(= —13.20, corrected p < 0.05; Figure S1d). There were almost no
significant associations between fluid intelligence and sMRI
phenotypes except for one cortical region (right superior occipital
sulcus and transverse occipital sulcus: p = 4.49 x 103, corrected
p <0.05; Fig. 2a), BV of one cortical region (posterior corpus
callosum: B =4.62x 1073, corrected p < 0.05; Figure S1a), and CT
of two cortical regions (left anterior part of the cingulate gyrus and
sulcus: = —5.92 x 1073, corrected p < 0.05; left suborbital sulcus:
B=—4.46 x 103, corrected p < 0.05; Figure S1c).

On the contrary, crystallized intelligence was significantly
associated with sMRI phenotypes. After controlling the influence
of fluid intelligence using combined LME model, BV of 127
cortical regions (6.27 x 10~ % < < 8.65 x 103, corrected p < 0.05;
Figure S1a) and SA of 126 cortical regions (0.0020 < 3 < 0.0244,
corrected p < 0.05; Fig. 2a) across the whole brain cortical gray
matter were associated with crystallized intelligence. CT showed
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a significant association in one cortical region (left lingual gyrus:
3 = 1.34, corrected p < 0.05; Figure S1c). A small number of dMRI
phenotypes were found to be associated with crystallized
intelligence, including MD of 6 cortical regions
(29.43 <3 <39.15, corrected p<0.05 mainly in the inferior
frontal gyrus, middle occipital gyrus, and cuneus; Fig. 2b) and
TD of 18 cortical regions (22.86 < 3 <61.20, corrected p < 0.05;
Figure S1g).

Based on the results, ROIs having phenotypes significantly
associated (unadjusted p < 0.05) with intelligence were utilized to
construct intelligence-MRI association maps for further analysis.

Genetic basis of fluid and crystallized intelligence

Utilizing the association between MD and fluid intelligence as well
as the association between SA and crystallized intelligence, the
MRI-intelligence association maps (Fig. 2b and c) were spatially
correlated with the gene expression maps, followed by GO and
KEGG enrichment analysis (Fig. 3, Supplementary Table S8-519).
Through GO enrichment (Fig. 3a, c), both fluid and crystallized
intelligence demonstrated involvement in ion channels and
signaling pathways that are crucial for neural communication
and information processing. These genes participated in various
ion channel activities (1.70 < fold enrichment<7.52; g<0.05),
facilitating the passage of ions across cellular membranes essential
for neuronal excitability and synaptic transmission. Additionally,
they were associated with signaling pathways regulating synaptic
function and neurotransmitter release (1.88 < fold enrichment <
2.98; q<0.05), contributing to cognitive processes such as
learning and memory. Processes such as amide transport (fold
enrichment =2.21 and 2.11; g <0.05) and organic acid binding
(fold enrichment = 2.05 and 2.02; q < 0.05) underscored their roles
in cellular metabolism and neurotransmitter function, while
involvement in synapse organization (fold enrichment=2.19
and 1.88; q<0.05) and cell projection membrane (fold enrich-
ment=1.91 and 2.10; q < 0.05) highlighted their contribution to
intercellular communication and synaptic connectivity.

The complexity of synaptic and membrane-related functions
varied between fluid and crystallized intelligence. Fluid intelli-
gence exhibited a more complicated relationship with these
processes, including specific functions such as glutamatergic
synapse function, postsynaptic membrane activity, and membrane
raft organization (fold enrichment = 2.10, 2.29, and 2.15; g < 0.05).
This complexity may be explained by the dynamic and adaptive
nature of fluid intelligence, characterized by rapid information
processing and cognitive flexibility. In contrast, crystallized
intelligence demonstrated a more straightforward involvement
in synaptic and membrane-related functions, suggesting a more
stable and structured cognitive processing. Furthermore, crystal-
lized intelligence is uniquely associated with protein-related
functions, such as endoplasmic reticulum protein-containing
complex, MHC class Il protein complex binding, and scaffold
protein binding (fold enrichment = 3.05, 4.66 and 2.88; g < 0.05),
implicating roles in protein synthesis, immune response modula-
tion, and structural scaffolding supporting crystallized
intelligence-specific cognitive processes.

Through KEGG enrichment (Fig. 3b, d), both fluid and crystal-
lized intelligence exhibited involvement in environmental infor-
mation processing, particularly in neuroactive ligand-receptor
interaction (fold enrichment = 1.83 and 1.69; q < 0.05), and shared
associations with addictive behaviors, indicated by relevance to
Morphine addiction (fold enrichment =275 and 2.46; ¢ < 0.05)
and Nicotine addiction (fold enrichment = 3.47 and 3.62; q < 0.05).
Distinctions emerged in the organismal systems category, where
fluid intelligence was associated with the cAMP and PPAR
signaling pathways (fold enrichment=2.04 and 2.78; q<0.05),
while crystallized intelligence was linked to the Notch and NOD-
like receptor signaling pathways (fold enrichment =2.98 and 1.91;
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Fig. 2 The associations between fluid/crystallized intelligence and neuroimaging phenotypes. The colored brain areas represented the
significant associations after Bonferroni correction, and the value indicated the p-value between intelligence measures and MRI markers. In
each panel, the upper row was the result of a separate LME model which retained the influence of the other form of intelligence; and the
bottom row was the result of the combined LME model which removed the influence of the other form of intelligence. The associations
between fluid/crystallized intelligence and other brain phenotypes are shown in Supplementary Figure S1.

g <0.05), indicating divergent pathways related to intracellular
signaling and immune response modulation. Additionally, fluid
intelligence demonstrated relevance to the GABAergic synapse
(fold enrichment = 2.34; q < 0.05), suggesting relevance to neuro-
transmission, while crystallized exhibited associations with axon
guidance (fold enrichment =2.10; g < 0.05), suggesting relevance
in neuronal development.

Enrichment analyses of LD- and TD-related genes showed similar
results to those using MD in GO and KEGG terms. Similarly, analyses
based on BV and SA also showed comparable results in these terms.
Details could be found in the Supplementary Table S8-519.

Neurotransmitter basis of fluid and crystallized intelligence
Spatial correlation between intelligence-associated MRI feature
maps and neurotransmitter density maps was performed to obtain
the neurotransmitter basis of two forms of intelligence (Table 2,
Fig. 4). For fluid intelligence, we mainly focused on MD and LD and
found their association maps were significantly associated with the
neurotransmitter density of the serotonin system, glutamate
system, and GABA system. The associated serotonin neurotrans-
mitters included 5HT1b (Spearman rho = —0.310, —0.274; adjusted
p =0.015, 0.038), 5HT2a (Spearman rho = —0.361, —0.388; adjusted
p =0.014, 0.024) and 5HTT (Spearman rho = 0.220, 0.256; adjusted
p=0.007, 0.002). The associated glutamate neurotransmitters
included mGIUR5 (Spearman rho=—0.238, —0.261; adjusted
p=0.051, 0.036) and NMDA (Spearman rho= —0.255, —0.351;
adjusted p=0.049, 0.008). Additionally, based on TD, fluid
intelligence was significantly associated with GABAa (Spearman
rho = —0.379; adjusted p = 0.005).

For crystallized intelligence, we mainly assessed crystallized-
intelligence-BV/SA association maps and revealed their significant
associations with serotonin, dopamine, and acetylcholine systems.
The associated serotonin neurotransmitters included 5HT1a
(Spearman rho =0.322, 0.394; adjusted p =0.030, 0.008) and
5HTT (Spearman rho = 0.631, 0.598; both adjusted p < 0.001). The
associated dopamine neurotransmitters included D1 (Spearman
rho =0.589, 0.446; adjusted p <0.001, adjusted p=0.004), D2
(Spearman rho =0.352, 0.388; both adjusted p <0.001) and DAT
(Spearman rho =0.845, 0.536; both adjusted p<0.001). The
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associated acetylcholine neurotransmitter was VAChT (Spearman
rho =0.888, 0.770; both adjusted p < 0.001).

Impact of lifestyle on two forms of intelligence and the neural
mediates

According to the 24-H Movement Guidelines, we included physical
activities, screen use, and sleep duration in the analysis (Fig. 5).
Physical activity days per week showed significant associations
with fluid and crystallized intelligence (3 =0.392, adjusted
p=6.12x10">; B =0.295, adjusted p =4.89 x 10~3). Using med-
iation analysis, SA of 32 cortical regions (0.011 < AME < 0.035,
p<0.05 Fig. 5a and Supplementary Table $20) exhibited
significant full mediating effects on the association between
physical activities and crystallized intelligence. The spatial pattern
of these significant mediating effects in the brain (primarily
distributed in the temporal, frontal, and parieto-occipital cortex)
was associated with the distribution of the serotonin system
(5HT1a: Spearman rho = 0.340, adjusted p = 0.005) and dopamine
system (D2: Spearman rho =0.187, adjusted p = 0.022). SA of 20
cortical regions (2.48 x 10™* < AME < 5.68 x 10™*, p < 0.05; Supple-
mentary Table S20) within the 32 regions exhibited significant
inverse mediating effects.

Screen use showed negative associations with fluid and crystallized
intelligence (B = -0.509, adjusted p = 1.27 x 10~>; = -0.699, adjusted
p=165x10"9). SA of 42 cortical regions (—0.05<AME < —0.014,
p <0.05; Fig. 5b and Supplementary Table S21) exhibited significant
mediating effects on the association between screen time and
crystallized intelligence. The spatial pattern of these mediating effects
(mainly distributed in the temporal, occipital, and parieto-occipital
cortex) was significantly associated with serotonin system (5HT1b:
Spearman rho = 0.225, adjusted p = 0.029) and dopamine system (D2:
Spearman rho = -0.240, adjusted p = 0.004). SA of 22 cortical regions
(—584x 10 *<AME< —1.80x 10 % p<0.05; Supplementary Table
S21) within the 42 regions exhibited significant inverse mediating
effects.

Sleep duration score (B =-1.04, adjusted p =6.12x 10~% B =-1.61;
adjusted p=4.81x10"°) had negative associations with both fluid
and crystallized intelligence. TD of 22 cortical regions
(0.03 < AME < 0.06, p <0.05; Fig. 5¢c and Supplementary Table S22)
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a Enriched GO Terms for Fluid Intelligence based on MD
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Fig. 3 The results of PLRS and GO/KEGG enrichment of fluid and crystallized intelligence. a, b The results of the GO/KEGG enrichment of
fluid-intelligence-related genes based on MD ¢, d The results of the GO/KEGG enrichment of crystallized-intelligence-related genes based on
SA. BP Biological Process, CC Cellular Component, MF Molecular Function.

exhibited significant mediating effects on the association between
short sleep duration and fluid intelligence. On the other hand, SA of 52
cortical regions (—0.12 < AME < —0.03, p < 0.05; Fig. 5d and Supple-
mentary Table S23) exhibited significant mediating effects on the
association between short sleep duration and crystallized intelligence.
The spatial pattern of the mediating effects on fluid intelligence was
significantly associated with norepinephrine system (NAT: Spearman
rho=-0.201; adjusted p=0.009) and glutamate system (mGIuR5:
Spearman rho = -0.182; adjusted p = 0.025). Conversely, the mediating
pattern relating to crystallized intelligence was significantly associated
with serotonin system (5HT1a: Spearman rho =-0.233, adjusted
p =0.046). These neurotransmitters with mediation effects agreed
well with aforementioned findings. For the inverse mediating effect, TD
of 22 cortical regions (640x10°<AME<132x107% p<005;
Supplementary Table S22) and SA of 21 cortical regions
(—194%x 10 *<AME < —6.62 x 10>, p<0.05; Supplementary Table
S23 exhibited significant inverse mediating effects.

DISCUSSION

In this study, imaging and intelligence data from the ABCD
study allowed us to understand the specific neural signature
and molecular basis of fluid and crystallized intelligence. We

SPRINGER NATURE

found that fluid intelligence was significantly associated with
cortical microstructural phenotypes such as MD in the
supramarginal gyrus, temporal gyrus, lateral sulcus, central
sulcus, and occipital sulcus. Crystallized intelligence was
significantly associated with macrostructural phenotypes such
as SA in almost all cortical regions. Through spatial correlation
with AHBA and neurotransmitter maps, we found that fluid and
crystallized intelligence had their distinct neural basis while
also sharing overlapping components. Fluid intelligence had a
significant association with the glutamate system (receptor
mGIuR5 and NMDA) and GABA system (receptor GABAa),
whereas crystallized intelligence had a significant association
with the dopamine system (receptor D1, D2, and transporter
DAT) and acetylcholine system (transporter VAChT). Through
mediation analysis, we found that the way by which sleep
affects fluid intelligence was mediated by the glutamate
system, and the mediation effects of exercise, screen use,
and sleep on crystallized intelligence were related to the
dopamine and serotonin systems. These findings imply that
keeping a healthy lifestyle may help to enhance the develop-
ment of intelligence in adolescents.

Previous studies have revealed that fluid intelligence is linked to
the brain volume and surface area of the dorsolateral prefrontal

Translational Psychiatry (2025)15:246
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a Neurotransmitters Association with Fluid Intelligence
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Fig. 4 Neurotransmitters influencing fluid and crystallized intelligence. a Spearman rho of the spatial correlation between fluid-
intelligence-MD association map and the neurotransmitter density maps. b Spearman rho of the spatial correlation between crystallized-
intelligence-BV association map and the neurotransmitter density maps. *: 0.01 < p < 0.05; **: 0.001 < p < 0.01; ***: p < 0.001.
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*10.01 <p<0.05; **: 0.001 <p<0.01.

cortex, anterior cingulate gyrus, and inferior and superior parietal
lobules [8, 11, 13]. Meanwhile, higher crystallized intelligence level
was found associated with higher whole-brain gray matter volume
and cortex thickness [11, 14-16]. In this study, we applied two LME
models that retained or removed the influence of the other form
of intelligence. The separate LME model closely resembled
previous approaches to the Human Connectome Project [75],
and reached similar results that MRI phenotypes of fluid and
crystallized intelligence were highly overlapped [76]. The com-
bined LME model indicated no significant associations between
fluid intelligence and sMRI phenotypes. Compared to the separate
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LME model, we speculated that the association between the
aforementioned MRI markers and fluid intelligence was largely
due to the correlation between fluid and crystallized intelligence.
Moreover, Given the pronounced site effects observed in
intelligence scores within the ABCD study [77], we also tested
our analysis on the sites with the largest participant numbers. The
resulting association map demonstrated a significant spatial
correlation with the map derived from data across all sites
(Supplementary Table S24).

In our study, significant associations between fluid intelligence
and cortical microstructural phenotypes were observed

Translational Psychiatry (2025)15:246



specifically within the supramarginal gyrus, temporal gyrus, lateral
sulcus, central sulcus, and occipital sulcus, aligning with the
Parieto-Frontal Integration Theory (P-FIT) which emphasized the
importance of neural integration across parietal and frontal areas
[13]. The supramarginal gyrus supported phonological processing
and working memory [78, 79], essential for complex problem-
solving integral to fluid intelligence. The temporal gyrus, involved
in language comprehension [80, 81], underpinned abstract
thinking and memory integration, crucial for applying new
knowledge. The lateral and central sulci, associated with sensory
and motor processing [82], might facilitate the coordination
required for executing complex operations. Similarly, the occipital
sulcus contributed to visual-spatial reasoning [83], vital for
manipulating spatial information. Together, these findings sug-
gested that fluid intelligence was underpinned by a network of
cortical areas, each contributing to the overall cognitive flexibility
and problem-solving capabilities, reflected in the microstructural
integrity of these regions. The result supported the viewpoint that
fluid intelligence involved brain functions linked through an
efficient parietal-frontal network.

Functional MRI (fMRI) studies have provided substantial insight
into the differential neural substrates of fluid and crystallized
intelligence, revealing distinct patterns of cortical activation
associated with each [77]. Fluid intelligence has been consistently
linked to activity in frontoparietal networks [84], especially
dorsolateral prefrontal cortex [85] and posterior parietal cortex
[80, 86]. These regions are central to executive control and
cognitive flexibility, supporting the dynamic processing demands
of fluid reasoning tasks. Our findings indicated that the fluid
intelligence-related variation in gray matter density were spatially
consistent with the fMRI finding. The density differences might
account for the capability for working memory, attentional
control, and problem-solving, all of which were essential
components of reasoning. In contrast, crystallized intelligence
showed stronger engagement of the default mode network [87],
consistent with semantic memory and linguistic retrieval pro-
cesses [80]. Our findings offered a more comprehensive explana-
tion for such association. For example, the increased cortical
thickness and gray matter volume observed in these regions
suggest a greater capacity for information storage and processing,
supporting more efficient semantic memory storage, linguistic
retrieval, and knowledge accumulation over time. Notably, resting-
state fMRI studies also highlight that the strength and integrity of
network connectivity [18, 58] predict individual differences in fluid
and crystallized abilities respectively, suggesting that baseline
functional architecture shapes cognitive profiles [88, 89]. These
findings collectively affirm that fluid and crystallized intelligence
involve specific brain networks, and the functional integration and
specialization of these networks significantly impact cognitive
performance.

For crystallized intelligence, the positive associations between
crystallized intelligence and whole-brain cortical macro-structures
were aligned with the Neural Efficiency Hypothesis [90] and
concepts of brain and cognitive reserve [91, 92]. Higher
intelligence correlated with more efficient neural processing,
allowing for quicker access and use of learned skills and
knowledge. Well-developed cortical architecture, greater cortical
mass, and integrity were better equipped for efficient neural
transmission and processing speed in cognitive challenges.
Furthermore, we found that fluid intelligence was closely
associated with the glutamate system (receptor mGIuR5 and
NMDA), GABA system (receptor GABAa), and serotonin system
(transporter 5HTT, receptors 5HT1b and 5HT2a). The findings
aligned with previous studies where a higher working memory
index was significantly correlated with a lower GABA level
[31, 32, 93] and lower GABA to glutamate ratio levels [29], as
well as other studies which reported cognitive function was
related to serotonin system [21] in transporter [22, 23] and
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receptors [94, 95]. These significant associations suggested
complex mechanisms where the capacity for fluid intelligence
was influenced by both neural excitation and inhibition provided
by glutamate and GABA, as well as the modulatory effects of
serotonin on cognitive processes.

Crystallized intelligence had a significant association with the
dopamine system, acetylcholine system, and serotonin system. In
the formation of crystallized intelligence, acetylcholine enhanced
the encoding of new information into long-term memory [96],
establishing a base for memory formation. Dopamine helped
quickly pull up stored knowledge when necessary [97], aiding in
decision-making and problem-solving tasks. Meanwhile, serotonin
enriched these memories with emotional and contextual details
during the consolidation phase [98], making them more relatable
and easier to recall. Together, these neurotransmitters form a
sophisticated cognitive system that helps use learned knowledge
in various situations.

Not only the neurotransmitters play a determinant role, but
lifestyle in adolescents also influences the development of
intelligence. Previous research has found that sleep and physical
exercise are beneficial for intelligence [39, 40], while screen time
has adverse effects on intelligence [42-46]. Our findings were
consistent with these findings. The mGlu5 activity was important
for synaptic adjustments and cognitive processes associated with
fluid intelligence [99]. This suggested that sleep might facilitate
these processes by optimizing receptor mGlu5 functionality, and
thus enhancing fluid intelligence by improving synaptic connec-
tions and neural communication critical for learning and problem-
solving tasks. The receptor 5HT1a in the Serotonin system
impacted cognitive areas like learning, memory retention, and
knowledge recall [100], which were key to crystallized intelligence.
Serotonin levels during sleep affected the cognitive processing of
learned knowledge, and thus effective serotonin regulation during
sleep via receptor 5HT1a could be vital for utilizing long-term
memory and knowledge for crystallized intelligence enhance-
ment. The interaction between Dopamine receptor D2 and both
physical activity and screen use showed different effects on
crystallized intelligence. Physical activity positively stimulated
receptor D2, enhancing motor flexibility and the ability to learn
motor skills. This could improve abilities related to physical tasks
and movements [101]. On the other hand, too much screen time
could overstimulate receptor D2, potentially harming crystallized
intelligence. This over-stimulation might reduce attention and
information processing efficiency, making it harder to use learned
knowledge and skills effectively. The receptor D2 played a
complex role in shaping crystallized intelligence, enhancing it
through physical activity and potentially impairing it with
excessive screen use.

CONCLUSION

This study identified distinct neuroimaging, genetic, and neuro-
transmitter bases between fluid and crystallized intelligence. Our
findings highlighted microstructural phenotypes for fluid intelli-
gence and macrostructural phenotypes for crystallized intelligence
as respective biomarkers. Molecular mechanisms derived from the
aforementioned biomarkers suggested that fluid intelligence
mainly had a significant association with the serotonin and
glutamate system; while crystallized intelligence was related to
serotonin, dopamine, and acetylcholine systems. Lifestyles includ-
ing physical activities had positive associations but screen use and
short sleep duration had negative associations with fluid and
crystallized intelligence, mediated by mGlu5 receptors for fluid
intelligence and 5HT1a and D2 receptors for crystallized
intelligence. These findings provided insights into the neurobio-
logical underpinnings of fluid and crystallized intelligence, laying
the groundwork for subsequent observational or interventional
research on intelligence.
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Limitation

One key limitation of this study is the challenge in conducting
robust longitudinal analyses. Although baseline data include
comprehensive cognitive assessments for fluid and crystallized
intelligence, the follow-up dataset lacked complete measures. This
inconsistency restricted our ability to perform direct longitudinal
comparisons and limits the interpretability of temporal trends in
cognitive outcomes. Meanwhile, the statistical robustness of the
results might be compromised due to the limited number of
subjects at individual sites, despite efforts to address site effects.
Further optimization of strategies to control for site effects might
be necessary for more reliable findings. Moreover, whether spatial
correlation accurately reflects underlying neurobiological mechan-
isms remains unknown. Spatial correlation doesn’t necessarily
imply population-level relationships, making the inference of
cognitive abilities from observed component variations somewhat
indirect. Future research could focus on population-level analyses
of specific neurotransmitters or controlled animal experiments to
gain deeper insights into these relationships.

DATA AVAILABILITY

The data used in this study are publicly available and can be accessed through the
ABCD Study Data Release 5.0 at https://abcdstudy.org. The specific data utilized in
this analysis include demographic information, intelligence assessments, MRI
imaging data, and lifestyle variables, all of which are available upon request from
the ABCD Data Repository, following their data policies. Additionally, gene expression
data were obtained from the Allen Human Brain Atlas (AHBA; http://human.brain-
map.org). Neurochemical maps were sourced from publicly available repositories,
including the online resource at https:/github.com/juryxy/JuSpace/tree/
JuSpace_v1.5/JuSpace_v1.5/.

REFERENCES

1. Spearman C. ‘General intelligence,’ objectively determined and measured. Am J
Psychol. 1904;15:201.

2. Brown RE. Hebb and cattell: the genesis of the theory of fluid and crystallized
intelligence. Front Hum Neurosci. 2016;10:606 https://doi.org/10.3389/
fnhum.2016.00606

3. Cattell RB. Theory of fluid and crystallized intelligence: a critical experiment. J
Educ Psychol. 1963;54:1-22.

4. Deary 1), Caryl PG. Neuroscience and human intelligence differences. Trends
Neurosci. 1997;20:365-71.

5. Shaw P. Intelligence and
2007;29:962-73.

6. Thorsen C, Gustafsson J-E, Cliffordson C. The influence of fluid and crystallized
intelligence on the development of knowledge and skills. Br J Educ Psychol.
2014;84:556-70. https://doi.org/10.1111/bjep.12041

7. Deary 1J, Penke L, Johnson W. The neuroscience of human intelligence differ-
ences. Nat Rev Neurosci. 2010;11:201-11.

8. Xu H, Xu C, Yang Z, Bai G, Yin B. Two sides of the same coin: distinct neuroa-
natomical patterns predict crystallized and fluid intelligence in adults. Front
Neurosci. 2023;17:1199106.

9. Li M, Dang X, Chen Y, Chen Z, Xu X, Zhao Z, et al. Cognitive processing speed
and accuracy are intrinsically different in genetic architecture and brain phe-
notypes. Nat Commun. 2024;15:7786.

10. Géngora D, Vega-Hernandez M, Jahanshahi M, Valdés-Sosa PA, Bringas-Vega
ML, CHBMP. Crystallized and fluid intelligence are predicted by microstructure
of specific white-matter tracts. Hum Brain Mapp. 2020;41:906-16.

11. Tadayon E, Pascual-Leone A, Santarnecchi E. Differential contribution of cortical
thickness, surface area, and gyrification to fluid and crystallized intelligence.
Cereb Cortex. 2020;30:215-25.

12. Barbey AK, Colom R, Grafman J. Dorsolateral prefrontal contributions to human
intelligence. Neuropsychologia. 2013;51:1361-9.

13. Jung RE, Haier RJ. The parieto-frontal integration theory (P-FIT) of intelligence:
converging neuroimaging evidence. Behav Brain Sci. 2007;30:135-54.

14. Bajaj S, Raikes A, Smith R, Dailey NS, Alkozei A, Vanuk JR, et al. The relationship
between general intelligence and cortical structure in healthy individuals.
Neuroscience. 2018;388:36-44.

15. Escorial S, Roman FJ, Martinez K, Burgaleta M, Karama S, Colom R. Sex differ-
ences in neocortical structure and cognitive performance: a surface-based
morphometry study. Neuroimage. 2015;104:355-65.

the developing human brain. Bioessays.

SPRINGER NATURE

20.

21,

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

. Yuan P, Voelkle MC, Raz N. Fluid intelligence and gross structural properties of

the cerebral cortex in middle-aged and older adults: a multi-occasion long-
itudinal study. Neuroimage. 2018;172:21-30.

. Charlton RA, Barrick TR, McIntyre DJ, Shen Y, O'Sullivan M, Howe FA, et al. White

matter damage on diffusion tensor imaging correlates with age-related cogni-
tive decline. Neurology. 2006;66:217-22.

. Penke L, Maniega SM, Bastin ME, Valdés Hernandez MC, Murray C, Royle NA,

et al. Brain white matter tract integrity as a neural foundation for general
intelligence. Mol Psychiatry. 2012;17:1026-30.

. Yeo RA, Ryman SG, Van Den Heuvel MP, De Reus MA, Jung RE, Pommy J, et al.

Graph metrics of structural brain networks in individuals with schizophrenia and
healthy controls: group differences, relationships with intelligence, and genet-
ics. J Int Neuropsychol Soc. 2016;22:240-9.

Marek S, Tervo-Clemmens B, Calabro FJ, Montez DF, Kay BP, Hatoum AS, et al.
Reproducible brain-wide association studies require thousands of individuals.
Nature. 2022;603:654-60.

Cook EH, Leventhal BL, Freedman DX. Serotonin and measured intelligence. J
Autism Dev Disord. 1988;18:553-9.

Madsen K, Erritzoe D, Mortensen EL, Gade A, Madsen J, Baaré W, et al. Cognitive
function is related to fronto-striatal serotonin transporter levels - a brain PET
study in young healthy subjects. Psychopharmacology (Berl). 2011;213:573-81.
Volf NV, Sinyakova NA, Osipova LP, Kulikov AV, Belousova LV. Association
between intelligence quotient and the 5HTTLPR polymorphism of human ser-
otonin transporter coding gene. J Psychiatry Brain Funct. 2015;2:8.

Beaulieu J-M, Gainetdinov RR. The physiology, signaling, and pharmacology of
dopamine receptors. Pharmacol Rev. 2011;63:182-217.

Liggins J. Roles of dopamine D1 and D2 receptors in working memory function.
MSURJ. 2009;4:39-45.

Miller GM. The emerging role of trace amine-associated receptor 1 in the
functional regulation of monoamine transporters and dopaminergic activity:
TAAR1 regulation of monoaminergic activity. J Neurochem. 2011;116:164-76.
Cools R, Arnsten AFT. Neuromodulation of prefrontal cortex cognitive function
in primates: the powerful roles of monoamines and acetylcholine. Neu-
ropsychopharmacol. 2022;47:309-28.

Sarter M, Bruno JP. Cognitive functions of cortical acetylcholine: toward a uni-
fying hypothesis. Brain Res Rev. 1997;23:28-46.

Marsman A, Mandl RCW, Klomp DWJ, Cahn W, Kahn RS, Luijten PR, et al.
Intelligence and brain efficiency: investigating the association between working
memory performance, glutamate, and GABA. Front Psychiatry. 2017;8:154.
Reddy-Thootkur M, Kraguljac NV, Lahti AC. The role of glutamate and GABA in
cognitive dysfunction in schizophrenia and mood disorders — A systematic
review of magnetic resonance spectroscopy studies. Schizophr Res.
2022;249:74-84.

De La Vega A, Brown MS, Snyder HR, Singel D, Munakata Y, Banich MT. Indivi-
dual differences in the balance of GABA to glutamate in pFC predict the ability
to select among competing options. J Cogn Neurosci. 2014,26:2490-502.
Zacharopoulos G, Sella F, Emir U, Cohen Kadosh R. Dissecting the chain of
information processing and its interplay with neurochemicals and fluid intelli-
gence across development. eLife. 2023;12:e84086.

Jirout J, LoCasale-Crouch J, Turnbull K, Gu Y, Cubides M, Garzione S, et al. How
lifestyle factors affect cognitive and executive function and the ability to learn in
children. Nutrients. 2019;11:1953.

Poitras VJ, Gray CE, Borghese MM, Carson V, Chaput J-P, Janssen |, et al. Sys-
tematic review of the relationships between objectively measured physical
activity and health indicators in school-aged children and youth. Appl Physiol
Nutr Metab. 2016;41:5197-5239.

Feng J, Zheng C, Sit CH-P, Reilly JJ, Huang WY. Associations between meeting
24-hour movement guidelines and health in the early years: a systematic review
and meta-analysis. J Sports Sci. 2021;39:2545-57.

Tapia-Serrano MA, Sevil-Serrano J, Sanchez-Miguel PA, Lépez-Gil JF, Tremblay
MS, Garcia-Hermoso A. Prevalence of meeting 24-Hour movement guidelines
from pre-school to adolescence: a systematic review and meta-analysis
including 387,437 participants and 23 countries. J Sport Health Sci.
2022;11:427-37.

Tremblay MS, Carson V, Chaput J-P, Connor Gorber S, Dinh T, Duggan M, et al.
Canadian 24-hour movement guidelines for children and youth: an integration
of physical activity, sedentary behaviour, and sleep. Appl Physiol Nutr Metab.
2016;41:5311-27.

Walsh JJ, Barnes JD, Cameron JD, Goldfield GS, Chaput J-P, Gunnell KE, et al.
Associations between 24 h movement behaviours and global cognition in US
children: a cross-sectional observational study. Lancet Child Adolesc Health.
2018;2:783-91.

Al-shoaibi AAA, lyra P, Raney JH, Ganson KT, Dooley EE, Testa A, et al. Asso-
ciations between adverse childhood experiences and early adolescent physical
activity in the United States. Acad Pediatr. 2024;24:662-8.

Translational Psychiatry (2025)15:246


https://abcdstudy.org
http://human.brain-map.org
http://human.brain-map.org
https://github.com/juryxy/JuSpace/tree/JuSpace_v1.5/JuSpace_v1.5/
https://github.com/juryxy/JuSpace/tree/JuSpace_v1.5/JuSpace_v1.5/
https://doi.org/10.3389/fnhum.2016.00606
https://doi.org/10.3389/fnhum.2016.00606
https://doi.org/10.1111/bjep.12041

40.

41.

42.

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Conley MI, Hindley |, Baskin-Sommers A, Gee DG, Casey BJ, Rosenberg MD. The
importance of social factors in the association between physical activity and
depression in children. Child Adolesc Psychiatry Ment Health. 2020;14:28.
Chaarani B, Ortigara J, Yuan D, Loso H, Potter A, Garavan HP. Association of
video gaming with cognitive performance among children. JAMA Netw Open.
2022;5:2235721.

Paulich KN, Ross JM, Lessem JM, Hewitt JK. Screen time and early adolescent
mental health, academic, and social outcomes in 9- and 10- year old children:
utilizing the adolescent brain cognitive development M (ABCD) study. PLoS
ONE. 2021;16:€0256591.

Li M, Zhao R, Dang X, Xu X, Chen R, Chen Y, et al. Causal relationships between
screen use, reading, and brain development in early adolescents. Adv Sci.
2024;11:2307540.

Kirlic N, Colaizzi JM, Cosgrove KT, Cohen ZP, Yeh H, Breslin F, et al. Extra-
curricular activities, screen media activity, and sleep may be modifiable factors
related to children’s cognitive functioning: evidence from the ABCD study’.
Child Dev. 2021;92:2035-52.

Yang FN, Picchioni D, Duyn JH. Effects of sleep-corrected social jetlag on
measures of mental health, cognitive ability, and brain functional connectivity in
early adolescence. Sleep. 2023;46:zsad259.

Zhi D, Jiang R, Pearlson G, Fu Z, Qi S, Yan W, et al. Triple interactions between
the environment, brain, and behavior in children: an ABCD study. Biol Psy-
chiatry. 2024;95:828-38.

Gershon RC, Wagster MV, Hendrie HC, Fox NA, Cook KF, Nowinski CJ. NIH
toolbox for assessment of neurological and behavioral function. Neurology.
2013;80:52-6. https://doi.org/10.1212/WNL.0b013e3182872e5f

Weintraub S, Dikmen SS, Heaton RK, Tulsky DS, Zelazo PD, Bauer PJ, et al.
Cognition assessment using the NIH toolbox. Neurology. 2013;80:554-64.
https://doi.org/10.1212/WNL.0b013e3182872ded

Akshoomoff N, Beaumont JL, Bauer PJ, Dikmen SS, Gershon RC, Mungas D, et al.
VIIl. NIH Toolbox Cognition Battery (CB): composite scores of crystallized, fluid,
and overall cognition. Monogr Soc Res Child Dev. 2013;78:119-32.

Casey BJ, Cannonier T, Conley MI, Cohen AO, Barch DM, Heitzeg MM, et al. The
adolescent brain cognitive development (ABCD) study: imaging acquisition
across 21 sites. Dev Cogn Neurosci. 2018;32:43-54.

Gong W, Rolls ET, Du J, Feng J, Cheng W. Brain structure is linked to the
association between family environment and behavioral problems in children in
the ABCD study. Nat Commun. 2021;12:3769.

Destrieux C, Fischl B, Dale A, Halgren E. Automatic parcellation of human cortical gyri
and sulci using standard anatomical nomenclature. Neuroimage. 2010;53:1-15.
Hawrylycz MJ, Lein ES, Guillozet-Bongaarts AL, Shen EH, Ng L, Miller JA, et al. An
anatomically comprehensive atlas of the adult human brain transcriptome.
Nature. 2012;489:391-9.

Markello RD, Arnatkeviciute A, Poline J-B, Fulcher BD, Fornito A, Misic B. Stan-
dardizing workflows in imaging transcriptomics with the abagen toolbox. eLife.
2021;10:¢72129.

Xue K, Guo L, Zhu W, Liang S, Xu Q, Ma L, et al. Transcriptional signatures of the
cortical morphometric similarity network gradient in first-episode, treatment-
naive major depressive disorder. Neuropsychopharmacology. 2023;48:518-28.
Dukart J, Holiga S, Rullmann M, Lanzenberger R, Hawkins PCT, Mehta MA, et al.
Juspace: a tool for spatial correlation analyses of magnetic resonance imaging
data with nuclear imaging derived neurotransmitter maps. Hum Brain Mapp.
2021;42:555-66.

Modabbernia A, Janiri D, Doucet GE, Reichenberg A, Frangou S. Multivariate
patterns of brain-behavior-environment associations in the adolescent brain
and cognitive development study. Biol Psychiatry. 2021;89:510-20.

Chen P-Y, Chen C-L, Hsu Y-C, Tseng W-YI. Fluid intelligence is associated with
cortical volume and white matter tract integrity within multiple-demand system
across adult lifespan. Neuroimage. 2020;212:116576.

Lariviére S, Paquola C, Park B, Royer J, Wang Y, Benkarim O, et al. The ENIGMA
toolbox: multiscale neural contextualization of multisite neuroimaging datasets.
Nat Methods. 2021;18:698-700.

Abdi H. Partial least squares regression and projection on latent structure
regression (PLS Regression). WIREs Comput Stat. 2010;2:97-106.
Romero-Garcia R, Warrier V, Bullmore ET, Baron-Cohen S, Bethlehem RAL
Synaptic and transcriptionally downregulated genes are associated with cortical
thickness differences in autism. Mol Psychiatry. 2019;24:1053-64.

Xia M, Liu J, Mechelli A, Sun X, Ma Q, Wang X, et al. Connectome gradient
dysfunction in major depression and its association with gene expression pro-
files and treatment outcomes. Mol Psychiatry. 2022;27:1384-93.

Burt JB, Helmer M, Shinn M, Anticevic A, Murray JD. Generative modeling of
brain maps with spatial autocorrelation. Neuroimage. 2020;220:117038.
Whitaker KJ, Vértes PE, Romero-Garcia R, Vasa F, Moutoussis M, Prabhu G, et al.
Adolescence is associated with genomically patterned consolidation of the hubs
of the human brain connectome. Proc Natl Acad Sci USA. 2016;113:9105-10.

Translational Psychiatry (2025)15:246

B. Qiu et al.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84,

85.

86.

87.
88.

89.

90.

91.

92.

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene
ontology: tool for the unification of biology. Nat Genet. 2000;25:25-29.
Kanehisa M. KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids
Res. 2000;28:27-30.

Al-Shahrour F, Arbiza L, Dopazo H, Huerta-Cepas J, Minguez P, Montaner D, et al.
From genes to functional classes in the study of biological systems. BMC
Bioinformatics. 2007;8:114.

Eden E, Navon R, Steinfeld |, Lipson D, Yakhini Z. GOrilla: a tool for discovery and
visualization of enriched GO terms in ranked gene lists. BMC Bioinformatics.
2009;10:48.

Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: a universal
enrichment tool for interpreting omics data. Innovation. 2021;2:100141.

Chen J, Mller VI, Dukart J, Hoffstaedter F, Baker JT, Holmes AJ, et al. Intrinsic
connectivity patterns of task-defined brain networks allow individual prediction
of cognitive symptom dimension of schizophrenia and are linked to molecular
architecture. Biol Psychiatry. 2021;89:308-19.

Shen C, Rolls ET, Xiang S, Langley C, Sahakian BJ, Cheng W, et al. Brain and
molecular mechanisms underlying the nonlinear association between close
friendships, mental health, and cognition in children. eLife. 2023;12:84072.
Kenny DA, Korchmaros JD, Bolger N. Lower level mediation in multilevel models.
Psychol Methods. 2003;8:115-28.

Shrout PE, Bolger N. Mediation in experimental and nonexperimental studies:
new procedures and recommendations. Psychol Methods. 2002;7:422-45.
Hagler DJ, Hatton SN, Cornejo MD, Makowski C, Fair DA, Dick AS, et al. Image
processing and analysis methods for the adolescent brain cognitive develop-
ment study. Neuroimage. 2019;202:116091.

Van Essen DC, Ugurbil K, Auerbach E, Barch D, Behrens TEJ, Bucholz R, et al. The
human connectome project: a data acquisition perspective. Neuroimage.
2012;62:2222-31.

Dong X, Li Q, Wang X, He Y, Zeng D, Chu L, et al. How brain structure-function
decoupling supports individual cognition and its molecular mechanism. Hum
Brain Mapp. 2024;45:€26575.

Thapaliya B, Akbas E, Chen J, Sapkota R, Ray B, Suresh P, et al. Brain networks
and intelligence: a graph neural network based approach to resting state fMRI
data. Med Image Anal. 2025;101:103433.

Deschamps |, Baum SR, Gracco VL. On the role of the supramarginal gyrus in
phonological processing and verbal working memory: evidence from rTMS
studies. Neuropsychologia. 2014;53:39-46.

Sliwinska MW, Khadilkar M, Campbell-Ratcliffe J, Quevenco F, Devlin JT. Early
and sustained supramarginal gyrus contributions to phonological processing.
Front Psychol. 2012;3:161. https://doi.org/10.3389/fpsyg.2012.00161

Davey J, Thompson HE, Hallam G, Karapanagiotidis T, Murphy C, De Caso |, et al.
Exploring the role of the posterior middle temporal gyrus in semantic cognition:
integration of anterior temporal lobe with executive processes. Neuroimage.
2016;137:165-77.

Hoffman P, Binney RJ, Lambon Ralph MA. Differing contributions of inferior
prefrontal and anterior temporal cortex to concrete and abstract conceptual
knowledge. Cortex. 2015;63:250-66.

Schubotz Rl, von Cramon DY, Lohmann G. Auditory what, where, and when: a
sensory somatotopy in lateral premotor cortex. Neuroimage. 2003;20:173-85.
Albert MV, Lin L, Spector MJ, Dunn LS (eds.). Bridging human intelligence and
artificial intelligence. Cham: Springer International Publishing; 2022. https:/
doi.org/10.1007/978-3-030-84729-6.

Saberi M, Rieck JR, Golafshan S, Grady CL, Misic B, Dunkley BT, et al. The brain
selectively allocates energy to functional brain networks under cognitive con-
trol. Sci Rep. 2024;14:32032.

Gilbert SJ, Zamenopoulos T, Alexiou K, Johnson JH. Involvement of right dor-
solateral prefrontal cortex in ill-structured design cognition: an fMRI study. Brain
Res. 2010;1312:79-88.

Basten U, Hilger K, Fiebach CJ. Where smart brains are different: a quantitative
meta-analysis of functional and structural brain imaging studies on intelligence.
Intelligence. 2015;51:10-27.

Raichle ME. The Brain’s default mode network. Annu Rev Neurosci. 2015;38:433-47.
Greicius MD, Supekar K, Menon V, Dougherty RF. Resting-state functional con-
nectivity reflects structural connectivity in the default mode network. Cereb
Cortex. 2009;19:72-78.

Kaiser RH, Andrews-Hanna JR, Wager TD, Pizzagalli DA. Large-scale network
dysfunction in major depressive disorder: a meta-analysis of resting-state
functional connectivity. JAMA Psychiatry. 2015;72:603.

Neubauer AC, Fink A. Intelligence and neural efficiency. Neurosci Biobehav Rev.
2009;33:1004-23.

Sachdev PS, Valenzuela M. Brain and cognitive reserve. Am J Geriatr Psychiatry.
2009;17:175-8.

Stern Y. What is cognitive reserve? Theory and research application of the
reserve concept. J Int Neuropsychol Soc. 2002;8:448-60.

SPRINGER NATURE

11


https://doi.org/10.1212/WNL.0b013e3182872e5f
https://doi.org/10.1212/WNL.0b013e3182872ded
https://doi.org/10.3389/fpsyg.2012.00161
https://doi.org/10.1007/978-3-030-84729-6
https://doi.org/10.1007/978-3-030-84729-6

B. Qiu et al.

12

93. Boy F, Evans CJ, Edden RAE, Singh KD, Husain M, Sumner P. Individual differ-
ences in subconscious motor control predicted by GABA concentration in SMA.
Curr Biol. 2010;20:1779-85.

94. Ogren SO, Eriksson TM, Elvander-Tottie E, D’Addario C, Ekstrém JC, Svennings-
son P, et al. The role of 5-HT1A receptors in learning and memory. Behav Brain
Res. 2008;195:54-77.

95. Varrone A, Svenningsson P, Marklund P, Fatouros-Bergman H, Forsberg A,
Halldin C, et al. 5-HT 15 receptor imaging and cognition: a positron emission
tomography study in control subjects and parkinson'’s disease patients. Synapse.
2015;69:365-74.

96. Mantanona CP, Alsi6 J, Elson JL, Fisher BM, Dalley JW, Bussey T, et al. Altered motor,
anxiety-related and attentional task performance at baseline associate with multiple
gene copies of the vesicular acetylcholine transporter and related protein over-
expression in ChAT:Cre+ rats. Brain Struct Funct. 2019;224:3095-116.

97. Takahashi H, Yamada M, Suhara T. Functional significance of central D1
receptors in cognition: beyond working memory. J Cereb Blood Flow Metab.
2012;32:1248-58.

98. Meneses A. Serotonin, neural markers, and memory. Front Pharmacol.
2015;6:143. https://doi.org/10.3389/fphar.2015.00143

99. Holz A, Miilsch F, Schwarz MK, Hollmann M, Dobréssy MD, Coenen VA, et al.
Enhanced mGlu5 signaling in excitatory neurons promotes rapid antidepressant
effects via AMPA receptor activation. Neuron. 2019;104:338-52. e7

100. Ursin R. Serotonin and sleep. Sleep Med Rev. 2002;6:55-67.

101. Cools R, Barker R, Sahakian B, Robbins T. Enhanced or impaired cognitive
function in Parkinson’s disease as a function of dopaminergic medication and
task demands. Cereb Cortex. 2001;11:1136-43.

AUTHOR CONTRIBUTIONS

DW and ML conceived and directed the study. BQ, RQ, BG, ZL, XX, and HG designed
the study and conducted the experiments. YC, RZ, RC, YZ, and LZ prepared the data
and assisted in analyzing and interpreting the results. ZC helped with creating
figures. BQ and RQ drafted the manuscript with critical revisions from ZZ, ML, and
DW. All authors reviewed the manuscript and provided valuable feedback.

FUNDING

This work was supported by the Ministry of Science and Technology of the People’s
Republic of China (2021ZD0200202), and the National Natural Science Foundation of
China (32427802, U24A200313). Data used in the preparation of this article were
obtained from the Adolescent Brain Cognitive DevelopmentSM (ABCD) Study
(https://abcdstudy.org), held in the NIMH Data Archive (NDA). This is a multisite,
longitudinal study designed to recruit more than 10,000 children age 9-10 and follow
them over 10 years into early adulthood. The ABCD Study® is supported by the
National Institutes of Health and additional federal partners under award numbers

U01DA041048, UO01DA050989, UO01DA051016, UO0TDA041022, UO01DA051018,
UO01DA051037, UO1DA050987, UO1DA041174, UO0TDA041106, UO01DA041117,
U01DA041028, UO1DA041134, UO01DA050988, UO0TDA051039, UO01DA041156,
U01DA041025, UO01DA041120, UO1DA051038, UO0TDA041148, UO01DA041093,

U01DA041089, U24DA041123, U24DA041147. A full list of supporters is available at
https://abcdstudy.org/federal-partners.html. A listing of participating sites and a
complete listing of the study investigators can be found at https://abcdstudy.org/
consortium_members/. ABCD consortium investigators designed and implemented

SPRINGER NATURE

the study and/or provided data but did not necessarily participate in the analysis or
writing of this report. This manuscript reflects the views of the authors and may not
reflect the opinions or views of the NIH or ABCD consortium investigators. The
authors thank the Allen Institute for Brain Science for providing the gene expression
data.

COMPETING INTERESTS

The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE

All methods were performed in accordance with the relevant guidelines and
regulations. The ABCD Study was approved by a central Institutional Review Board at
the University of California, San Diego and each site also obtained approval from their
respective Institutional Review Boards. Parents or guardians provided written
informed consent, and children provided assent.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541398-025-03467-4.

Correspondence and requests for materials should be addressed to Mingyang Li or
Dan Wu.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

@@@@ Open Access This article is licensed under a Creative Commons
ATl Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if you modified
the licensed material. You do not have permission under this licence to share adapted
material derived from this article or parts of it. The images or other third party material in
this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s
Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Translational Psychiatry (2025)15:246


https://doi.org/10.3389/fphar.2015.00143
https://abcdstudy.org
https://abcdstudy.org/federal-partners.html
https://abcdstudy.org/consortium_members/
https://abcdstudy.org/consortium_members/
https://doi.org/10.1038/s41398-025-03467-4
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Neural correlates differ between crystallized and fluid intelligence in adolescents
	Introduction
	Methods
	Participants and datasets
	The ABCD study
	Intelligence measures
	Neuroimage data
	Gene expression data
	Neurochemical data
	Lifestyle data

	Statistical analysis
	Linear mixed effect analysis
	Partial least regression analysis
	GO/KEGG enrichment
	Atlas-based spatial correlation
	Mediation analysis


	Results
	Overview of fluid and crystallized intelligence in adolescents
	MRI signatures of fluid and crystallized intelligence
	Genetic basis of fluid and crystallized intelligence
	Neurotransmitter basis of fluid and crystallized intelligence
	Impact of lifestyle on two forms of intelligence and the neural mediates

	Discussion
	Conclusion
	Limitation

	References
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




