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A B S T R A C T

Normal aging is accompanied by changes in brain structure and function associated with cognitive decline.
Structural and functional abnormalities, particularly the prefrontal cortex (PFC) and subcortical regions,
contributed to cognitive aging. However, it remains unclear how the synchronized changes in structure and
function of individual brain regions affect the cognition in aging. Using 3D T1-weighted structural data and
movie watching functional magnetic resonance imaging data in a sample of 422 healthy individuals (ages from
18 to 87 years), we constructed regional structure–function coupling (SFC) of cortical and subcortical regions by
quantifying the distribution similarity of gray matter volume (GMV) and amplitude of low-frequency fluctuation
(ALFF). Further, we investigated age-related changes in SFC and its relationship with cognition. With aging,
increased SFC localized in PFC, thalamus and caudate nucleus, decreased SFC in temporal cortex, lateral occipital
cortex and putamen. Moreover, the SFC in the PFC was associated with executive function and thalamus was
associated with the fluid intelligence, and partially mediated age-related cognitive decline. Collectively, our
results highlight that tighter structure–function synchron of the PFC and thalamus might contribute to age-
related cognitive decline, and provide insight into the substrate of the thalamo-prefrontal pathway with
cognitive aging.

Introduction

Alternations in brain structure and function across adult aging are
associated with cognitive decline, such as executive function and
cognitive flexibility (Blazer et al., 2015). The prefrontal cortex (PFC) is
considered to be a key structure for the performance of executive
function, conducting top-down signaling through neurons to control the
activity of other cortical and subcortical structures (Funahashi and
Andreau, 2013). By integrating information from the cerebral cortex,
the thalamus is involved in multiple cognitive processes, such as deci-
sion making and cognitive flexibility (Antonucci et al., 2021). Normal
aging is accompanied by abnormal changes in the morphology and
excitability of neurons in the PFC and thalamus (Richardson et al., 2021;
Uylings and de Brabander, 2002). The function of the neurons is
determined by the structure and arrangement of neuronal populations,
similarly, brain function is supported and constrained by anatomical

structure (Suarez et al., 2020). Evidences from cognitive neuroscience in
healthy and neurological disease populations showed that abnormal
brain structure–function coupling (SFC) was associated with impaired
cognitive function (Kulik et al., 2022; Sun et al., 2022). Therefore,
elucidating the relationship between brain SFC and cognitive function
has important implications for understanding the neural mechanisms of
cognitive decline in aging and neurological diseases.

Magnetic resonance imaging (MRI) has been used to reveal brain
structural and functional characteristics. The coupling of brain structure
and function is considered to be a fundamental feature that reflects the
integrity of neural signals (Liu et al., 2022). Gray matter, containing a
large number of neuronal cell bodies, nerve fibers, glial cells and syn-
apses, is a major component of the central nervous system, and the gray
matter volume (GMV) reflects morphological characteristics of neurons,
such as the number of nerve cells and dendrite density (Bota et al., 2005;
Uylings HB and de Brabander, 2002). Recently, structural MRI (sMRI)
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studies have used GMV to reveal abnormal and pathology-specific
changes in brain structure in healthy and neurological disease pop-
ulations (Wan et al., 2020; Yu et al., 2021). An 8-year longitudinal MRI
study showed that decreased GMV in the frontal and temporal lobes was
associated with decreased processing speed in older adults (Leong et al.,
2017). Hughes et al. showed that atrophy of the frontal thalamo-cortical
circuit may explain age-related impairments in attention and executive
function (Hughes et al., 2012). Meanwhile, functional magnetic reso-
nance imaging (fMRI) studies have shown that age-related changes of
brain function were associated with cognitive decline (Cohen et al.,
2019; Fan et al., 2022). Amplitude of low-frequency fluctuation (ALFF)
depicts amplitude or regional synchronization of automatic neural os-
cillations, revealing the level of spontaneous neuronal activity of brain
regions in different states (Wang et al., 2021; Zang et al., 2007). Xing
et al. has shown that increased ALFF in PFC in older adults was associ-
ated with worse immediate recall and recognition (Xing et al., 2022).
Compared to younger adults, reduced ALFF in the superior parietal and
middle frontal gyrus is associated with poorer executive function in
older adults (Fan et al., 2022). Hence, the GMV and ALFF of local brain
regions reflect the structural and functional activity characteristics of
neurons, and quantifying synchronized changes of GMV and ALFF is
helpful to understand the influence of brain SFC changes on cognitive
function in aging and neurological diseases.

In the present study, we hypothesize that SFCs of the PFC and thal-
amus change across adults aging and are associated with cognitive
decline. Recently, movie-watching state fMRI allows revealing the
functional activity of the brain in close-to-daily-life conditions, and has
advanced the understanding of human cognitive function in neuro-
imaging studies (Geerligs et al., 2018; Jaaskelainen et al., 2021).
Therefore, using sMRI and movie-watching state fMRI data from a group
of healthy participants (18–87 years old), we first constructed regional
SFC by quantifying the distribution similarity of GMV and ALFF based
on Kullback–Leibler (KL) divergence. Second, we performed general
linear model (GLM) analysis to investigate age-related changes of
regional SFC. Finally, we used partial correlation analysis and mediation
analysis to detect the relationship between regional SFC and cognition.
The schematic diagram of data processing and analysis is shown in
Fig. 1.

Methods

Participants

Six hundred forty-seven healthy participants were recruited from the
Cambridge Centre for Ageing and Neuroscience (Cam-CAN, https
://www.cam-can.org/) project (Shafto et al., 2014). The exclusion
criteria included the following: low performance (less than 25 score) in
the Mini-Mental State Exam (MMSE), with severe memory defect, poor
hearing (failing to hear 35 dB in either ear), non-native English-speakers
or nonbilingual English-speakers from birth, consent difficulties for next
stage, self-reported substance abuse, with serious head injury, with MRI
contraindications and serious neurological and psychiatric disorders. In
addition, eighty participants were excluded due to the missing fluid
intelligence scores, and one hundred forty-five participants were
excluded due to poor data quality and preprocessing (for details see MRI
data preprocessing section). Finally, four hundred twenty-two partici-
pants were included in the present study (Table 1). Written informed
consent was obtained from all participants, and ethical approval for the
study was obtained from the local ethics committee, Cambridgeshire 2
Research Ethics Committee (reference: 10/H0308/50). And this study
was conducted in compliance with the Helsinki Declaration.

Cognitive measures

Fluid intelligence reflects an individual’s ability to respond to com-
plex situations. In the present study, fluid intelligence was measured

using the Cattell Culture Fair Test, a pen-and-paper test that contains
four subtests with a series of nonverbal distractions, including series
completion (3 min), classification (4 min), matrices (3 min) and con-
ditions (2.5 min). In each trial, participants chose a response from
multiple options and recorded it on an answer sheet. A correct response
was given a score of 1 (46 scores in total) (Shafto et al., 2014).

Reaction time (RT) was measured with a speed choice RT task
(Shafto et al., 2014). In the task, participants were required to response
to 1 of 4 possible cued fingers as quickly as possible with a 4-button
response box. A total of 67 trials were conducted, with maximum 3 s
response time of each trial and mean 3.7 s inter-trial interval. RT was
defined as the time from stimulus onset to button press. The intra-
individual mean RT (mRT) was finally calculated for each participant
from individual trials. Data were missing for 37 participants on the
choice RT task (n = 385).

MRI data acquisition

All MRI scans were performed on a 3 T Siemens TIM Trio Systemwith
a 32-channel head coil. A high-resolution (1 mm × 1 mm × 1 mm) 3D
T1-weighted image was acquired for each participant using a Magneti-
zation Prepared Rapid Gradient Echo (MPRAGE) sequence with the
following parameters: repetition time (TR)= 2250 ms, echo time (TE)=
2.99 ms, inversion time (TI) = 900 ms, field of view (FOV) = 256 mm ×

240 mm × 192 mm, acceleration factor = 2, flip angle = 9 degrees,
acquisition time = 4 min and 32 s. For the function scans, participants
watched a black-andwhite television drama called “Bang! You’re Dead”.
Functional images were acquired for each participant using a multi-
echo, T2*-weighted EPI sequence (TR=2470 ms, 5 echoes [TE=9.4
ms, 21.2 ms, 33 ms, 45 ms, 57 ms], FOV=192 mm × 192 mm, voxel size
= 3 mm × 3 mm × 4.44 mm, slice number = 32, slice thickness = 3.7
mm [20 % interslice gap], flip angle = 78 degrees) with an acquisition
time of 8 min and 13 s.

MRI data preprocessing

For sMRI data, the preprocessing was carried out with the Compu-
tation Anatomy Toolbox (CAT12, Christian Gaser; Department of Psy-
chiatry, University of Jena) based on Statistical Parametric Mapping 12
(SPM 12, https://www.fil.ion.ucl.ac.uk/spm/software/spm12). First,
individual structural MRI images were segmented into GM, white matter
(WM), and cerebrospinal fluid (CSF) using the unified segmentation
model. Seventy-eight participants were excluded due to obvious arti-
facts and poor image segmentation. Total intracranial volume (TIV),
calculated as the sum of GM, WM, and CSF volumes, was included as a
covariate for further statistical analyses. Second, the GM images were
normalized to the Montreal Neurological Institute (MNI) space with a
high-dimensional “Diffeomorphic Anatomical Registration Through
Exponential Lie Algebra (DARTEL)” approach and then nonlinearly
modulated to compensate the effects of spatial normalization. Finally,
the resulting GM images were resampled to 1.5 mm3 voxels and spatially
smoothed with a Gaussian kernel of 6 mm full width at half maximum
(FWHM), resulting in a GMV map for each participant.

FMRI data were preprocessed using SPM12 and DPARSF software
(Chao-Gan and Yu-Feng, 2010). Specifically, the first 5 time points were
discarded to minimize the effect of magnetic field instability. The
remaining images were slice-time corrected and then realigned for head
motion correction. Sixty-seven participants were excluded due to
excessive head motion, including translational movement > 2.5 mm or
rotation > 2.5◦ or mean framewise displacement (mFD) > 0.5 mm. All
realigned images were spatially normalized to the MNI space and
resampled to the voxel size of 1.5 mm3. The normalized images were
then spatially smoothed with an isotropic 6 mm FWHM. At last, the
linear trend was removed and the nuisance signals were regressed out,
including WM signal, CSF signal, global signal and Friston-24 motion
parameters.
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Calculation of ALFF

An ALFF map was calculated for each participant using preprocessed
fMRI data. Briefly, the time course of each voxel was converted to the
frequency domain with fast Fourier transform to obtain the power
spectrum. The square root of the power was calculated and averaged
across 0.01–0.08 Hz. This averaged square root was regarded as the
ALFF value for each voxel (Zang et al., 2007).

Calculation of regional SFC

A regional SFC map was constructed for each participant with a
human Brainnetome atlas (BNA) and a structural brain atlas (Harvard-
Oxford atlas, HOA), respectively (DN. K et al., 1998; Fan et al., 2016).
BNA divided the brain into 210 cortical and 36 subcortical regions, and
HOA included 96 cortical and 14 subcortical regions. For each partici-
pant, the GMV and ALFF values were first extracted for all voxels in each
brain region. Then, the probability density functions of GMV and ALFF
within each region were calculated separately based on a normal kernel
function (ksdensity in MATLAB). The probability distribution functions
(PDFs) were further calculated from the probability density functions.
Finally, Kullback–Leibler (KL) divergence of the PDFs of GMV and ALFF
within each region was calculated. KL divergence is a measure of the
difference between two probability distributions in probability theory
(Kong et al., 2014). Theoretically, the KL divergence of the distribution
Q to P is defined as follows:

DKL(P‖Q) =
∑n

i=1
P(i)log

P(i)
Q(i)

,

with P and Q are two PDFs and n is the number of sample points. In the
present study, 27 sampling points was chosen conservatively as in pre-
vious studies (Wang et al., 2016). Since DKL (P||Q) is not equal to DKL
(Q||P), a symmetric measure was derived as follows:

DKL(P,Q) =
∑n

i=1

(

P(i)log
P(i)
Q(i)

+Q(i)log
Q(i)
P(i)

)

.

Finally, the KL divergence was transformed into a similarity measure as
follows:

KLS(P,Q) = e− DKL(P,Q),

with e is natural exponential. KL divergence-based similarity (KLS)
ranges from 0 to 1, with higher values representing more similar dis-
tributions of GMV and ALFF. Moreover, the similarity of GMV and ALFF
distributions in the whole brain was calculated for each participant and
included as a covariate for further statistical analyses.

Statistical analysis

General linear model analysis
To investigate the relationship between regional SFC and age, a GLM

(caption on next column)

Fig. 1. The flowchart of the main analytic process. (A, B) Individual sMRI and
fMRI data were preprocessed to obtain a GMV map and an ALFF map,
respectively. (C) The GMV values and ALFF values of all voxels in each brain
region (defined based on the BNA and HOA) were extracted to calculate the
probability distribution function. (D) The similarity of GMV and ALFF proba-
bility distribution functions in each region was calculated based on Kull-
back–Leibler divergence, resulting in a regional SFC map. (E) A general linear
model was used to investigate the relationship between SFC and age. (F, G)
Partial correlation analysis and mediation analysis were performed to investi-
gate the relationship between cognition and couplings of significant brain re-
gions. sMRI, structural MRI; fMRI, functional MRI; GMV, gray matter volume;
ALFF, amplitude of low frequency fluctuation; BNA, brainnectome atlas; HOA,
Harvard-Oxford atlas; KLS, Kullback–Leibler divergence-based similarity; SFC,
structure–function coupling.
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was used to fit the KLS value of each brain region over age/age2.
Meanwhile, gender, education level, mFD, TIV and brain-wide coupling
were added as covariates in the model (Equation (1). T values were
calculated for each regression coefficient to measure the impact of age
(linear and quadratic) on regional SFC. FDR correction was performed
for multiple comparisons with p < 0.05.

YKLS = β1⋅Xage + β2⋅Xage2 + β3⋅Xsex+β4⋅Xedu + β5⋅XmFD + β6⋅XTIV+β7⋅Xcoup
+ c

(1)

Partial correlation analysis
To further investigate the relationship between the regional SFC and

cognitive function. Partial correlation analyses were performed sepa-
rately for fluid intelligence, mRT and regional SFC showed age-related
alternations. Similarly, gender, education level, mFD, TIV and brain-
wide coupling were added as covariates. FDR correction was per-
formed for multiple comparisons with p < 0.05.

Mediation analysis
To further verify the assumption that the age-related alternations of

regional SFC are associated with cognitive decline. Bootstrapped
mediation analyses were performed to investigate whether age-related
changes in fluid intelligence, mRT were mediated by alternations of
regional SFC. First, the effects of covariates (same as used in GLM
analysis) on the independent (X, age), dependent (Y, cognition) and
mediating (M, regional SFC) variables were regressed out. The residuals
were then normalized and used in mediation analysis. Finally, the total
effect of age on cognition (path c), the relationship between regional SFC
and age (path a), the relationship between regional SFC and cognition
(path b), and the direct effect of age on cognition while including
regional SFC as a mediator (path c’) were examined. The significance of
the indirect effect (path a*b) of age on cognition through the regional
SFC was tested with a bootstrapping analysis (resampled 10,000 times).
Mediation analysis was performed using the Mediation ToolBox (htt
ps://github.com/canlab/MediationToolbox).

Split-half validation analysis
To investigate the reproducibility and repeatability of the relation-

ship between regional SFC and age, cognitive function, half the partic-
ipants were randomly selected (Table S3). The individual regional SFC
map was constructed for each participant based on BNA. GLM analysis
was conducted to explore age-related changes of regional SFC. The de-
gree of overlapping regions with discovery analysis was measured by the
odds ratio. Partial correlation analysis and mediation analysis were also
conducted to explore the relationship between regional SFC and fluid

intelligence, mRT. The codes for statistical analyses in this study have
been shared on github (https://github.com/Niu619/Structure-function
-coupling).

Results

Age-related changes of regional SFC

We used a GLM to quantify the relationship between regional SFC
and age. In both atlases, significant positive correlations were found in
PFC, insular cortex and subcortical regions, including superior frontal
gyrus (SFG), thalamus and caudate nucleus; significant negative corre-
lations were found in lateral occipital cortex (LOC), putamen, nucleus
accumbens (NAC) and temporal cortex, which mainly included superior
temporal gyrus (STG), middle temporal gyrus (MTG), and inferior
temporal gyrus (ITG) (Fig. 2 and Table S1, S2). In BNA, significant
positive correlation was also found in insula, and negative correlation
was found in paracentral lobule (Fig. 2A and Table S1). In validation
analysis, the brain regions whose coupling showed significant correla-
tion with age were highly overlapped with that in discovery analysis:
odds ratio = 39, p < 0.0001 (Fig. S1 B, C). Specifically, positive corre-
lations were found in part of SFG, thalamus, insula and caudate nucleus;
negative correlations were found in part of STG, ITG, LOC and putamen
(Fig. S1 A).

Meanwhile, we examined the quadratic relationship between
regional SFC and age. In BNA, the coupling in left dorsal insula was
positively correlated with age, while the couplings in right STG and
bilateral caudal temporal thalamus were negatively correlated with age
(Fig. S2 A). In HOA, positive correlations with age were found in right
superior LOC, while negative correlations were found in right temporal
pole, right posterior STG, right inferior LOC and right putamen (Fig. S2
B). Similar to discovery analysis, the coupling in left dorsal insula was
also positively correlated with age in validation analysis, and the cou-
plings in right STG and right caudal temporal thalamus showed negative
correlation with age (Fig. S3).

Relationship between regional SFC and fluid intelligence

We used partial correlation analysis and mediation analysis to
quantify the relationship between regional SFC and fluid intelligence. In
both atlases, the coupling in STG, ITG and left LOC showed positive
correlation with fluid intelligence, while negative correlations were
found in thalamus and caudate nucleus (FDR correction with p < 0.05,
Table S4). In BNA, positive correlation was also found in left NAC, and
negative correlations were found in right SFG and part of insular.
Mediation analysis showed that age-related decline in fluid intelligence
was partially mediated by higher SFC in left occipital thalamus and right
medial prefrontal thalamus (Fig. 3). In HOA, higher SFC in thalamus also
partially mediated age-related decline in fluid intelligence (Fig. S3). In
validation analysis, the couplings of left occipital thalamus and right
medial prefrontal thalamus exhibited significant negative correlation
with fluid intelligence, r209 = -0.31, p < 0.0001, and r209 = -0.21, p =

0.0025, respectively. Meanwhile, higher SFCs partially mediate age-
related decline in fluid intelligence (Fig. S4).

Relationship between regional SFC and RT

Similarly, we used partial correlation analysis and mediation anal-
ysis to quantify the relationship between regional SFC and RT. In both
atlases, the SFC in part of left SFG, thalamus and right precentral gyrus
(PrG) showed positive correlation with RT, while negative correlations
were found in left ITG and left LOC (FDR correction with p < 0.05,
Table S5). In BNA, positive correlation was also found in insula, and
negative correlation was found in left fusiform gyrus. Mediation analysis
showed that age-related increase in RT was partially mediated by higher
SFC in left SFG (Fig. 4). In HOA, negative correlations were also found in

Table 1
Demographic data and cognitive measures of participants.

Participant (n = 422)

Age range (year) 18–87
Male/Female 199/223
Education

University 299
A’ Levels 61
GCSE grade 57
None over 16 5

mFD 0.17 (0.08)
MMSE 29.11 (1.17)
Fluid intelligence 33.57 (6.16)
mRT (n = 385) 0.56 (0.13)

Values in parentheses are standard deviations. mFD, mean
framewise displacement; MMSE, mini mental status examination;
mRT, mean reaction time. According to the British education
system: University—undergraduate or graduate degree; A’ Lev-
els—General Certificate of Education Advanced Level; GCSE
grade—General Certificate of Secondary Education.
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part of right STG, left NAC and right putamen (FDR correction with p <
0.05, Table S5). Mediation analysis showed that higher SFCs in left SFG
and right PrG partially mediated age-related increase in RT (Fig. 4). In
validation analysis, the couplings of left SFG and left occipital thalamus
exhibited significant positive correlation with RT, r194 = 0.21, p =

0.0042, and r194 = 0.22, p = 0.0020, respectively. Meanwhile, higher
SFCs partially mediate age-related increase in RT (Fig. S5).

Discussion

In the current study, we investigated the effect of age-related SFC
alternations on cognitive decline. With aging, we observed increased
SFC in the PFC, thalamus and caudate nucleus, and decreased SFC in the
temporal cortex, LOC and putamen. Furthermore, the SFCs of PFG,
thalamus and caudate nucleus were negatively correlated with fluid
intelligence, and positively correlated with RT, while the SFCs of STG,
ITG and LOC were positively correlated with fluid intelligence, and
negatively correlated with RT. Importantly, the SFCs of PFC and thal-
amus partially mediated age-related decline of executive function and
fluid intelligence. Our results suggest that synchronized changes in
structure and function of PFC and thalamus might contribute to age-
related cognitive decline.

We constructed regional SFC and explored the age-related change
pattern of coupling and its effect on cognitive decline. The coupling in
several regions increased with age, including PFC, thalamus and caudate
nucleus, and increased couplings were associated with the decline in
cognition function. Evidence from rats and human have showed that the
dendritic branches of PFC decrease with age, suggesting that the
morphology of PFC is susceptible to aging (Grill and Riddle, 2002;
Uylings and de Brabander, 2002). Meanwhile, Ca2+ homeostasis may be
disrupted in aging PFC neurons and the amplitude of the action potential
may decrease (Chang et al., 2005). Using functional-structural covari-
ance network analysis, Marstaller et al. found that age-related decline in

GMV was associated with reduced activity of prefrontal nodes in
salience network and frontoparietal network (Marstaller et al., 2015).
Therefore, the age-related increase of SFC in PFC suggests abnormal
morphology and function of neurons in PFC. As a relay station, the
macrostructure, microstructure and neural activity of the thalamus
changes across the lifespan (Fama and Sullivan, 2015). Thalamus has
extensive structural and functional connections to the cortical and
subcortical regions, and the integrity of fibrous projections and func-
tional connections decrease synchronously during aging (Menegaux
et al., 2019; Niu et al., 2022). A longitudinal MRI study has shown that
the volume of caudate nucleus decreases across the lifespan (Narvacan
et al., 2017). Meanwhile, older adults with lower caudate nucleus acti-
vation performed worse on working memory tasks (Ducharme-Laliberte
et al., 2022). Notably, Gu et al. found age-related decrease of structural
and functional connectivity coupling (SC-FC coupling) in thalamus and
caudate nucleus, which suggests reduced structural projection and
compensatory functional links between the thalamus and caudate nu-
cleus and other brain regions (Gu et al., 2021). However, increased SFC
in thalamus and caudate nucleus suggests age-related regional atrophy
and functional abnormalities. Taken together, increased couplings of
PFC, thalamus and caudate nucleus during aging suggest synchronous
changes in neuronal morphology and function, and SFC may provide
additional insights into the age-related change patterns of brain
coupling.

We also found that the SFCs of temporal cortex, LOC and putamen
decrease with age, and decreased couplings were associated with the
decline in cognition function. Evidence from sMRI study showed that
gray matter atrophy occurs first in the temporal cortex during aging
(Wan et al., 2020). Using pulsed arterial spin labeling MRI, Preibisch
et al. found that cerebral blood flow in the temporal cortex was higher in
healthy adults and increased with age (Preibisch et al., 2011). Increased
regional neurophysiological activity requires higher metabolic de-
mands, which are met through increased regional blood flow (Tak et al.,

Fig. 2. Linear relationship between regional SFC and age. (A) and (B) display brain regions that exhibit significant changes in SFC with age in BNA and HOA,
respectively. The warm (cool) color represents a positive (negative) correlation between regional SFC and age (FDR correction with p < 0.05). BNA, brainnectome
atlas; HOA, Harvard-Oxford atlas; SFC, structure–function coupling; L, left; R, right.
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2015). Thus, the temporal cortex showed a coupling decrease with at-
rophy and increased neural activity during aging. Similarly, the puta-
men also showed age-related atrophy and increased local cerebral
perfusion (Wang et al., 2019; Zhang et al., 2018). Using diffusion-
weighted imaging (DTI) and fMRI, Baum et al. found that higher simi-
larity in structural and functional connections in the occipital cortex was
associated with better executive ability in adolescents (Baum et al.,
2020). The process of myelination of synapses and fibers during brain
development may affect the coupling of structural and functional con-
nections, and fibers that complete myelination later are more suscepti-
ble to age-related changes or pathology (Baum et al., 2020; Gu et al.,
2021).

The link between brain structure and function is a subject of great
concern in cognitive neuroscience. Previous studies have quantified the
link between structural and functional connectivity patterns of indi-
vidual brain region, and found that the SC-FC coupling of brain regions
is significantly correlated with cognitive function and behavioral

performance (Suarez et al., 2020; Uddin, 2013). Gu et al. showcased that
the SC-FC couplings of the bilateral medial cingulate cortex and sup-
plementary motor area were negatively correlated with the composite
cognitive scores (Gu et al., 2021). Medaglia et al. found that the con-
sistency between functional signals and underlying network architec-
ture of the anterior cingulate cortex and subcortical regions was
associated with cognitive flexibility (Medaglia et al., 2018). Instead of
measuring the consistency between the structural connectome and
functional connectome, we constructed regional SFC by quantifying the
distribution similarity between GMV and ALFF.We found that the SFC of
PFC and thalamus was negatively correlated with cognitive function,
while the SFC of temporal cortex was positively correlated with cogni-
tive function. Overall, the anatomical structures of the brain are the
basis for the completion of relevant neural activities and cognitive
processes, and the SFC provides a new perspective to reveal cognitively
related brain organization traits.

Using mediation analysis, we found that higher SFCs in the PFC and

Fig. 3. Regional SFCs are associated with fluid intelligence. The SFCs of the thalamus, defined by BNA (A, B) and HOA (E, F) respectively, were significantly
negatively correlated with fluid intelligence (FDR correction with p < 0.05). Age-related decline in fluid intelligence is partially mediated by higher SFC in thalamus,
defined by BNA (C, D) and HOA (G, H), respectively. Mediation effects are reported as standardized regression coefficients, and the significance is identified with 95
% bootstrapped confidence intervals. * p < 0.05, ** p < 0.01, *** p < 0.001. Tha, thalamus; FI, fluid intelligence; BNA, brainnectome atlas; HOA, Harvard-Oxford
atlas; SFC, structure–function coupling; L, left; R, right.
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thalamus partially mediated age-related cognitive decline. Functional
abnormalities in the PFC have been shown to be associated with age-
related decline of executive function and cognitive control (Li et al.,
2022). The thalamus is a key node that supports a variety of cognitive
functions and behaviors, such as executive function and processing
speed (Antonucci, et al., 2021). Normal aging is accompanied by the
shrinkage of regional thalamic volume, degeneration of microstructure
and decrease of neural activity, which is related to the decline of in-
formation processing speed and memory (Fama and Sullivan, 2015).
Moreover, the reciprocal connectivity between the thalamus and PFC
plays an important role in the maintenance of sensory perception and
cognitive function. Mediodorsal thalamus sustains the activity of the
PFC, enhancing its excitability improves the performance in working
memory tasks (Bolkan et al., 2017). Using DTI, Guberman et al. found
that structural abnormalities in the thalamo-prefrontal pathway pre-
dicted working memory scores (Guberman et al., 2020). The integrity of
the thalamo-prefrontal fiber connection predicted improvements in
cognitive function after exercise training in middle-aged and older
adults, which suggests that exercise training may primarily utilize fibers
in the thalamo-prefrontal pathway to perform repetitive tasks (Wu et al.,
2020). In summary, the integrity of the thalamo-prefrontal pathway is

critical for the maintenance of cognitive function. Physical intervention
and neural regulation of thalamo-prefrontal pathway may delay and
improve cognitive decline in older adults.

The current study has certain limitations. First, GMV and ALFF were
used to construct regional SFC in this study, age-related changes in
similarity of more structural and functional features could be explored in
the future, which might provide new insights into the underlying
mechanisms of aging and neurological diseases. Second, according to
Wang et al., 27 sampling points were conservatively chosen, and the KLS
measure was used to estimate the similarity of the regional PDF (Wang
et al., 2016). Future research is required to select different factors to
examine unique insights into the brain’s SFC. Finally, longitudinal
studies are necessary to reveal the trajectory of brain development
during aging and to elucidate the underlying mechanisms behind
cognitive decline. We hope to replicate our findings using longitudinal
data set in the future.

This study revealed increased SFCs of the PFC and thalamus across
adults aging, and their synchronized changes in structure and function
were significantly associated with age-related cognitive decline. Our
findings suggest that abnormalities in the structure and function of
neurons in the PFC and thalamus might indicate the underlying

Fig. 4. Regional SFCs are associated with reaction time. The SFCs of the superior frontal gyrus and precentral gyrus, defined by BNA (A, B) and HOA (E, F)
respectively, were significantly positively correlated with reaction time (FDR correction with p < 0.05). Age-related increase in reaction time is partially mediated by
higher SFC in superior frontal gyrus and precentral gyrus, defined by BNA (C, D) and HOA (G, H), respectively. Mediation effects are reported as standardized
regression coefficients, and the significance is identified with 95 % bootstrapped confidence intervals. * p < 0.05, ** p < 0.01, *** p < 0.001. SFG, superior frontal
gyrus; PrG, precentral gyrus; mRT, mean reaction time; BNA, brainnectome atlas; HOA, Harvard-Oxford atlas; SFC, structure–function coupling; L, left; R, right.
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pathophysiology of cognitive decline during aging, which provide
important neuroimaging biomarkers for delaying and intervening
cognitive aging.
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