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Objectives: Regular participation in late-life cognitive activities is associated

with a reduced risk of dementia. In a prior randomized controlled trial, we

demonstrated that increased calligraphy practice improved working memory

and strengthened functional connectivity (FC) within the default mode network

in older adults with subjective cognitive decline (SCD). This exploratory

secondary analysis examined whether increased calligraphy practice also

modulates FC in other large-scale brain networks.

Methods: A total of 112 community-dwelling Chinese adults aged 55–75 years

with SCD and prior calligraphy experience were randomly assigned to a control

or intervention group. The control group maintained their usual calligraphy

practice, while the intervention group doubled their weekly practice time for

6 months. Resting-state FC was assessed at baseline and post-intervention

using functional magnetic resonance imaging (fMRI). Mixed models for repeated

measures were conducted to compare longitudinal FC changes within the

salient network and central executive network between groups.

Results: Compared with the control group, doubling calligraphy practice for

6 months was associated with a significantly greater increase in resting-state

FC between right rostral prefrontal cortex and right supramarginal gyrus within

the salient network (between-group mean difference = 0.12; 95% CI = 0.03–

0.22; p = 0.01). In pooled analyses of the whole sample, no significant pre-post

changes in FCs within SAN were observed. No significant between-group FC

changes were observed within the central executive network.

Conclusion: Increased calligraphy practice was associated with localized FC

changes within the salient network, extending our prior findings of more

distributed FC changes within the default mode network. Together, these
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findings suggest late-life engagement in cognitive activities may be relevant to 

large-scale brain network organization in older adults at risk of dementia. 

KEYWORDS 

calligraphy practice, central executive network, cognitive activities, dementia 
prevention, salient network, subjective cognitive decline 

Highlights 

• Spending more time each week practicing calligraphy was 
linked to positive changes in specific brain connections 
involved in attention and mental switching. 

• These observed changes were not simply due to aging or 
repeated testing, but were related to increased practice time 
compared with usual habits. 

• The findings suggest that staying cognitively active in later life 
may help support healthy brain function, and calligraphy may 
be a simple and safe activity worth further study. 

Introduction 

Subjective cognitive decline (SCD) is characterized by self-
reported worsening in cognitive function in the absence of 
objective impairment on standard neuropsychological testing, 
with symptoms not attributable to other medical or psychiatric 
conditions (Jessen et al., 2014a). Accumulating evidence suggests 
that SCD is associated with a higher risk of mild cognitive 
impairment and dementia and may represent an early prodromal 
stage of neurodegenerative disorder (Gifford et al., 2014; Jessen 
et al., 2010, 2014b; Lin et al., 2022; Reisberg et al., 2008, 2010; van 
Harten et al., 2018). These findings highlight SCD as a potential 
therapeutic window for interventions aimed at slowing cognitive 
decline and reducing progression to dementia. 

Regular participation in cognitive activities has been 
proposed as an economical, accessible, and relatively safe 
non-pharmacological strategy for cognitive maintenance in 
older adults (Livingston et al., 2020). Such activities typically 
involve cognitively demanding tasks that engage higher-order 
processes, including reasoning, problem solving, learning, and 
executive control (Anatürk et al., 2021; Fujiwara et al., 2009; 
Parisi et al., 2012; Rodriguez, 2018). As leisure pursuits, they are 
often intrinsically motivating and enjoyable, supporting sustained 
participation over time (Cheng et al., 2012; Lam and Cheng, 
2013). Cross-sectional studies have consistently reported positive 
associations between participation in cognitive activities and 
performance across different cognitive domains (Christensen 
et al., 1996; Erber and Szuchman, 1996; Luszcz et al., 1997; Van 
Boxtel et al., 1996). Moreover, large-scale longitudinal studies 
suggest that higher levels of cognitive activity are associated 
with an approximately 30%–40% lower risk of developing 
dementia over 4–5 years, even after adjusting for APOE ε4 status, 
comorbid physical and psychiatric conditions, and educational 

attainment (Akbaraly et al., 2009; Lee et al., 2018; Verghese et al., 
2003). Analogous to the role of physical exercise in maintaining 
musculoskeletal and cardiovascular health, regular engagement 
in cognitive activities may enhance cognitive reserve and slow 
cognitive decline, although the underlying neurobiological 
mechanisms are not fully understood. 

Calligraphy practice – alongside music, board games, and 
painting – has long been regarded as a scholarly intellectual 
activity in the traditional Chinese culture. Many older adults 
engage in calligraphy regularly as a long-term leisure pursuit. 
As a cognitively stimulating activity, calligraphy engages multiple 
high-level processes through intentional and sequential steps. The 
practice involves preparation of materials requiring planning and 
attentional control, precise brush handling demanding fine motor 
coordination, and character production based on prescribed stroke 
order and structure, engaging working memory, sequencing, and 
visuospatial processing (Chan et al., 2017; Chen and Kao, 2002). 
Sustained attention, focus, and controlled breathing are required 
to maintain balance and fluency during writing, while post-
writing review engages evaluation, self-monitoring, and aesthetic 
judgment (Ishizu and Zeki, 2013; Jacobsen and Beudt, 2017; Salgues 
et al., 2024). Previous studies have shown that regular calligraphy 
practice is associated with improvements in several cognitive 
domains among older adults with mild cognitive impairment, 
including orientation, attention, working memory, delayed recall, 
and processing speed (Chan et al., 2018; Kwok et al., 2011). 
Improvements in orientation and neuropsychiatric symptoms have 
also been reported in people with Alzheimer’s disease (AD) (Tai 
et al., 2016). 

At the neural systems level, the triple-network model – 
comprising the default mode network (DMN), salient network 
(SAN), and central executive network (CEN) – has been widely 
implicated in cognitive aging and dementia (Joo et al., 2016; 
Li et al., 2019; Wu et al., 2016; Zhan et al., 2016). Various 
observational studies indicate that individuals with SCD exhibit 
altered functional connectivity (FC) within these networks (Brier 
et al., 2012; Lee et al., 2023; Simic et al., 2014; Uddin, 2015; Xue 
et al., 2019). In a randomised controlled trial (RCT) examining 
the effects of increased calligraphy practice on functional brain 
networks in people with SCD, we examined whether increasing 
the amount of calligraphy practice beyond participants’ usual level 
could modify FCs within the DMN. We previously demonstrated 
that increased calligraphy practice strengthened FCs within the 
DMN, particularly involving the medial prefrontal cortex (mPFC), 
hippocampal formation (HF), inferior parietal lobe (IPL), and 
lateral temporal cortex (LTC) (Lee et al., 2024). Building on these 
findings, the present secondary analysis aimed to explore whether 
increased calligraphy practice also modulates FCs within the SAN 
and CEN. 
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By extending the investigation beyond the DMN, this 
study seeks to determine whether increasing engagement in an 
established cognitive activity in late life is associated with changes in 
brain network organization among older adults at risk of dementia. 

Materials and methods 

Data sources and study participants 

This secondary analysis was based on anonymized data 
from a two-arm, parallel-group, assessor-blind RCT conducted 
in Hong Kong from 2020 to 2022 (Lee et al., 2024). The 
trial was registered with the Chinese Clinical Trial Registry 
(ChiCTR1900024433) and approved by the Clinical Research 
Ethics Committee of the University (Ref. No.: 2019.054). 
Written informed consent was obtained from all subjects before 
recruitment. The primary trial was conducted and reported 
according to the Consolidated Standards of Reporting Trials 
(CONSORT). 

A total of 112 community-living Chinese individuals aged 55– 
75 years were recruited from community centers. All participants 
met the inclusion criteria for SCD and had regular calligraphy 
practice, defined as at least 1 h per week during the 6 months prior 
to enrolment. SCD was defined as (1) cognitive performance within 
the normal range, operationalized as a score above the locally 
validated cutoff for mild cognitive impairment in younger-older 
adults with higher education on the Hong Kong Chinese version 
of the Montreal Cognitive Assessment (i.e., MoCA > 25) (Wong 
et al., 2015); and (2) a positive score on the Abbreviated Memory 
Inventory for Chinese, a locally validated screening tool for SCD 
(Lui et al., 2006). 

Exclusion criteria were: (1) living in a care home; (2) having 
a history of neurological or psychiatric disorders, including 
mild cognitive impairment, dementia, stroke, traumatic brain 
injury, Parkinson’s disease, depression, bipolar affective disorder, 
psychosis, or substance abuse; (3) taking drugs that affect cognition 
(e.g., benzodiazepines, medications for dementia); (4) already 
attending other cognitive intervention programmes or having 
regular painting (≥1 h per week); (5) significant impairments in 
communication or writing; (6) no prior calligraphy experience; and 
(7) having contraindications to magnetic resonance imaging (MRI). 

After baseline assessment, participants were randomly assigned 
in a 1:1 ratio to the intervention or control group using a computer-
generated randomization sequence, with allocation concealed 
until assignment. 

Interventions 

Both groups underwent calligraphy practice for 6 months. 
Participants in the control group maintained their usual practice 
routine, including frequency, duration, style, and home setting. 
Participants in the intervention group also practiced under the 
same conditions as before but were instructed to double their 
weekly amount of practice. 

Adherence to the intervention was monitored by instructing 
participants to submit a snapshot of their work and to report the 

duration of each calligraphy handwriting practice session to the 
research assistant via WhatsApp or email. The research assistant 
acknowledged receipt of the submissions and documented the 
reported practice time, but did not provide any feedback on the 
participants’ work. 

Neuroimaging outcomes 

The outcomes of the present secondary analysis were FCs 
within the SAN and CEN. Resting-state functional magnetic 
resonance imaging (rs-fMRI) data, together with high-resolution 
3D T1-weighted structural MRI data, were acquired using a 3T MRI 
scanner with an 8-channel SENSE head coil. For each participant, 
T1-weighted structural images and axial T2-weighted gradient 
echo-planar functional images were collected. Neuroimaging data 
were acquired at two time points for both study groups: at baseline 
(after eligibility screening and informed consent, and prior to 
intervention initiation) and post-intervention (after completion of 
the intervention period). The exact scanning dates were recorded 
in the imaging acquisition logs. rs-fMRI data were pre-processed 
using CONN 20.b and SPM12, following the pipeline described 
in the primary study (Lee et al., 2024). The pre-processing steps 
were conducted in the following order. The first five volumes 
of each functional time series were discarded to allow for signal 
equilibration and adaptation to the scanning environment. Head 
motion and susceptibility distortion correction were performed 
using SPM realign and unwarp procedure. Functional images 
were realigned to the first volume of each run using a rigid-
body transformation and resampled using B-spline interpolation 
to correct for motion-related spatial misalignment. Slice-timing 
correction was then applied to account for temporal differences 
in slice acquisition. Subsequently, functional images were co-
registered to the corresponding high-resolution T1-weighted 
structural images, and both structural and functional images were 
spatially normalized to the Montreal Neurological Institute (MNI) 
space. Spatial smoothing was then performed using an 8 mm full-
width at half maximum (FWHM) Gaussian kernel. Head motion 
was assessed using framewise displacement (FD) derived from 
realignment parameters. Outlier volumes were identified using 
CONN’s Artifact Detection Tools (ART), with FD > 0.5 mm and 
global signal z-score > 3 used as detection thresholds. Participants 
were excluded if mean FD > 0.5 mm or if more than 20% of 
volumes were identified as outliers. No participants were excluded 
in this study due to head motion criteria. Denoising was performed 
using the CONN standard pipeline, including regression of white 
matter and cerebrospinal fluid signals, six head motion parameters, 
identified outlier scans, and linear trends within each run. The 
denoised BOLD time series were then band-pass filtered (0.01– 
0.1 Hz). 

Based on canonical large-scale network models and established 
functional connectivity literature, regions of interest (ROIs) for the 
SAN were pre-specified as the anterior cingulate cortex (ACC), 
anterior insula (AInsula), rostral prefrontal cortex (RPFC), and 
supramarginal gyrus (SMG) (Christoff et al., 2003; Corbetta and 
Shulman, 2002; Menon and Uddin, 2010; Seeley et al., 2007). For 
the CEN, the pre-specified ROIs included the lateral prefrontal 
cortex (LPFC) and posterior parietal cortex (PPC) (Menon and 
Uddin, 2010). ROIs were defined as anatomically-based masks 
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derived from the Automated Anatomical Labeling (AAL) atlas 
using the WFU PickAtlas toolbox (RRID:SCR_007378). The mean 
time series for each ROI was extracted by averaging the signal across 
all voxels within the corresponding anatomical mask. 

FCs between ROI pairs were estimated using Pearson 
correlation coefficients, with higher values indicating 
stronger connectivity. 

Other variables 

Self-reported data obtained in the primary study were used, 
including age, sex, education level, years of prior calligraphy 
practice, and physical comorbidities assessed using the Chronic 
Illness Rating Scale. Structural MRI data were processed using the 
AccuBrain R  system (BrainNow Medical Technology Co., Ltd.) to 
derive the Alzheimer’s Disease-Resemblance Atrophy Index (AD-
RAI) (Cai et al., 2023; Liu et al., 2021). The AD-RAI ranges 
from 0 to 1, with higher scores indicating greater resemblance to 
AD-related atrophy patterns. 

Adherence 

Adherence rate was calculated as the proportion of 
actual weekly calligraphy practice time relative to the target 
weekly practice time. 

Statistical analyses 

Statistical analyses were conducted using SPSS Statistics (IBM). 
Longitudinal changes in FCs between groups were analyzed 
using mixed models for repeated measures (MMRMs), with time, 
group, and their interaction as fixed effects, and participants 
as a random effect to account for within-subject correlations. 
Analyses followed the intention-to-treat principle. Missing post-
intervention data were imputed using the baseline observation 
carried forward method, assuming no change from baseline. 
Sensitivity analyses were conducted among study completers. 
Within-subject FC changes from baseline to post-intervention 
were assessed using paired t-tests. Exploratory analyses evaluated 
potential moderators of FC changes, including age, sex, years of 
education, years of prior calligraphy practice, and baseline AD-
RAI scores. 

Results 

Baseline characteristics 

Among the 112 participants who provided written informed 
consent and completed baseline assessment, five (4.5%) dropped 
out during the intervention, and 96 (85.7%) completed the 
post-intervention fMRI scan. The mean age of participants was 
66.3 years (SD = 4.3); 83 (74.1%) were female, with a mean 
educational attainment of 14.8 years (SD = 3.6). Participants 

had engaged in calligraphy practice for a mean of 9.7 years 
and reported an average practice duration of 3.1 h per week 
in the 6 months prior to enrolment. The baseline mean 
MoCA score was 28.5 (SD = 1.2), and the mean AD-RAI was 
0.12 (SD = 0.16). The CONSORT flow diagram and detailed 
baseline characteristics – including age, sex, education, prior 
calligraphy practice, MoCA score, physical comorbidities and 
severity of brain atrophy – have been described in the primary 
trial publication. 

Neuroimaging outcomes 

Within the SAN, a significant between-group difference 
was observed in longitudinal FC changes between the right 
RPFC and right SMG. Compared with the control group, 
the intervention group showed a greater increase in FC over 
6 months (intervention = 0.08 versus control = −0.04; group 
difference = 0.12; 95% CI = 0.03–0.22; p = 0.01). While the 
intervention group also demonstrated greater increases in FC than 
the control group for several other ROI pairs – including ACC and 
right AInsula, ACC and right SMG, left AInsula and right SMG, 
right AInsula and left RPFC, right Ainsula and right RPFC, right 
AInsula and right SMG, left RPFC and right SMG, and left SMG 
and right SMG – none of these comparisons showed statistically 
significant between-group differences in FC change (Figure 1 and 
Table 1). 

No significant between-group FC changes were observed 
within the CEN (Table 2). 

Sensitivity and exploratory analyses 

Sensitivity analyses restricted to participants who completed 
the intervention yielded results consistent with the intention-to-
treat analyses (Supplementary eTables 1, 2 in online Supplementary 
Material). In the SAN, a significant between-group difference 
was observed in longitudinal FC changes between the right 
RPFC and right SMG. Compared with the control group, 
the intervention group showed a greater increase in FC over 
6 months (intervention = 0.10 versus control = −0.05; group 
difference = 0.15; 95% CI = 0.04–0.26; p = 0.01). In pooled analyses 
of the whole sample, no significant pre-post changes in SAN FCs 
were observed (Supplementary eTable 3). 

Exploratory subgroup analyses suggested heterogeneity 
in SAN FC changes associated with increased calligraphy 
practice (Supplementary eTables 4–8). Subgroups were defined 
a priori based on baseline distributions of demographic and 
clinical variables. 

The significant FC increase between the right RPFC and right 
SMG within the SAN was observed in older participants (aged 
66–75 years; intervention = 0.14 versus control = −0.05; group 
difference = 0.19; 95% CI = 0.03–0.35; p = 0.01) but not in 
younger participants (aged 55–65 years; Supplementary eTable 4), 
and in females (intervention = 0.09 versus control = −0.04; group 
difference = 0.13; 95% CI = 0.02–0.25; p = 0.02) but not in males 
(Supplementary eTable 5). 

When stratified by educational attainment, significant FC 
changes were observed in distinct connections across both lower-
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FIGURE 1 

Increased resting-state FCs within the salient network in the intervention group compared with the control group following 6-months calligraphy 
intervention. (A) Axial view; (B) inferior view; (C) coronal view, (D) posterior view. ACC, anterior cingulate cortex; AInsula, anterior insula; RPFC, 
rostral prefrontal cortex; SMG, supramarginal gyrus; nodes that end with L, left side; nodes that end with R, right side. 

and higher-education subgroups (Supplementary eTable 6). In the 
lower-education subgroup, a significant FC increase was observed 
between the ACC and right SMG (intervention = 0.01 versus 
control = −0.15; group difference = 0.16; 95% CI = 0.01– 
0.30; p = 0.03). In the higher-education subgroup, significant 
FC increases were observed between the right RPFC and 
right SMG (intervention = 0.13 versus control = −0.05; group 
difference = 0.18; 95% CI = 0.05–0.31; p = 0.01), and between 
the left SMG and right SMG (intervention = 0.11 versus 
control = −0.02; group difference = 0.13; 95% CI = 0.001–0.26; 
p = 0.049). 

No significant FC changes were observed when stratified by 
years of prior calligraphy practice (Supplementary eTable 7). 

Interestingly, significant FC increases within the SAN 
were identified among participants with greater baseline 
brain atrophy (Supplementary eTable 8). Participants were 
stratified into two subgroups according to baseline AD-
RAI values. In the greater-atrophy subgroup, significant FC 
increases were observed between the right RPFC and right 
SMG (intervention = 0.11 versus control = −0.05; group 
difference = 0.16; 95% CI = 0.01–0.31; p = 0.03), and between 
the left SMG and right SMG (intervention = 0.07 versus 
control = −0.07; group difference = 0.14; 95% CI = 0.01–0.27; 
p = 0.04). 

Adherence 

Median adherence rates were 100.0% (IQR = 79.3%–109.6%) in 
the intervention group and 107.0% (IQR = 94.8%–126.8%) in the 
control group. The target weekly practice time was 5.5 (SD = 4.0) 
hours in the intervention group and 3.4 (SD = 2.3) hours in the 
control group, compared with actual practice times of 5.7 (SD = 3.4) 
and 3.7 (SD = 2.7) hours per week, respectively. Actual weekly 
practice time was significantly greater in the intervention group 
than in the control group (p = 0.002). 

Discussion 

In this secondary analysis of a randomized controlled trial, 
increased engagement in calligraphy practice was associated with 
selective changes in large-scale brain network connectivity in older 
adults with SCD. Extending our primary findings of enhanced FCs 
within the DMN, we observed a significant but localized between-
group increase within the SAN, alongside no detectable changes 
within the CEN. Pooled analyses of the whole sample showed no 
overall pre-post changes in SAN connectivity, indicating that the 
observed effects were driven by differential trajectories between the 
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TABLE 1 Comparison of 6-months changes in functional connectivity of salience network using intention-to-treat mixed models for repeated measures (MMRMs). 

Functional 
connectivity 

Intervention group Control group Intervention vs. control 

Mean (SD) Mean change (95% 
CI) 

Mean (SD) Mean change (95% 
CI) 

Mean difference 
(95% CI) 

P-value 

Baseline 6 months Baseline 6 months 

ACC_AInsulaL 0.32 (0.23) 0.27 (0.28) −0.05 (−0.11 to 0.02) 0.31 (0.25) 0.30 (0.24) −0.01 (−0.08 to 0.06) −0.03 (−0.13 to 0.06) 0.47 

ACC_AInsulaR 0.21 (0.23) 0.23 (0.20) 0.02 (−0.05 to 0.09) 0.25 (0.22) 0.25 (0.22) 0.01 (−0.05 to 0.07) 0.01 (−0.08 to 0.10) 0.79 

ACC_RPFCL 0.20 (0.21) 0.22 (0.24) 0.02 (−0.05 to 0.09) 0.18 (0.21) 0.22 (0.24) 0.04 (−0.02 to 0.10) −0.02 (−0.11 to 0.07) 0.62 

ACC_RPFCR 0.17 (0.21) 0.17 (0.25) 0.005 (−0.06 to 0.07) 0.13 (0.24) 0.17 (0.20) 0.04 (−0.02 to 0.11) −0.04 (−0.13 to 0.05) 0.41 

ACC_SMGL 0.20 (0.21) 0.19 (0.26) −0.004 (−0.07 to 0.06) 0.17 (0.26) 0.17 (0.22) −0.01 (−0.08 to 0.06) 0.003 (−0.09 to 0.10) 0.95 

ACC_SMGR 0.20 (0.19) 0.21 (0.20) 0.01 (−0.06 to 0.08) 0.22 (0.19) 0.19 (0.25) −0.04 (−0.10 to 0.03) 0.05 (−0.05 to 0.14) 0.33 

AInsulaL_AInsulaR 0.41 (0.24) 0.39 (0.23) −0.01 (−0.08 to 0.05) 0.41 (0.20) 0.42 (0.21) 0.01 (−0.05 to 0.07) −0.02 (−0.11 to 0.07) 0.64 

AInsulaL_RPFCL 0.41 (0.21) 0.42 (0.24) 0.01 (−0.05 to 0.07) 0.41 (0.23) 0.46 (0.18) 0.06 (−0.01 to 0.12) −0.05 (−0.14 to 0.04) 0.29 

AInsulaL_RPFCR 0.47 (0.19) 0.45 (0.23) −0.02 (−0.09 to 0.04) 0.42 (0.22) 0.43 (0.20) 0.01 (−0.05 to 0.07) −0.03 (−0.12 to 0.06) 0.49 

AInsulaL_SMGL 0.46 (0.16) 0.46 (0.21) 0.01 (−0.05 to 0.06) 0.40 (0.22) 0.43 (0.21) 0.03 (−0.03 to 0.09) −0.02 (−0.10 to 0.06) 0.55 

AInsulaL_SMGR 0.23 (0.25) 0.28 (0.20) 0.05 (−0.02 to 0.12) 0.25 (0.22) 0.25 (0.22) −0.003 (−0.07 to 0.06) 0.05 (−0.04 to 0.15) 0.26 

AInsulaR_RPFCL 0.45 (0.26) 0.50 (0.23) 0.05 (−0.01 to 0.10) 0.53 (0.22) 0.51 (0.20) −0.02 (−0.06 to 0.03) 0.06 (−0.01 to 0.13) 0.07 

AInsulaR_RPFCR 0.36 (0.21) 0.36 (0.23) 0.005 (−0.06 to 0.07) 0.33 (0.24) 0.32 (0.23) −0.01 (−0.07 to 0.05) 0.01 (−0.08 to 0.10) 0.75 

AInsulaR_SMGL 0.21 (0.22) 0.22 (0.21) 0.02 (−0.05 to 0.09) 0.19 (0.23) 0.21 (0.24) 0.03 (−0.03 to 0.09) −0.01 (−0.10 to 0.09) 0.84 

AInsulaR_SMGR 0.40 (0.20) 0.41 (0.19) 0.01 (−0.05 to 0.07) 0.43 (0.20) 0.42 (0.18) −0.01 (−0.07 to 0.04) 0.02 (−0.06 to 0.10) 0.61 

RPFCL_RPFCR 0.20 (0.30) 0.20 (0.30) −0.001 (−0.08 to 0.08) 0.21 (0.27) 0.23 (0.24) 0.02 (−0.05 to 0.09) −0.02 (−0.13 to 0.09) 0.70 

RPFCL_SMGL 0.44 (0.23) 0.44 (0.20) −0.002 (−0.06 to 0.06) 0.41 (0.23) 0.45 (0.21) 0.04 (−0.03 to 0.11) −0.04 (−0.13 to 0.05) 0.38 

RPFCL_SMGR 0.32 (0.29) 0.37 (0.23) 0.06 (−0.01 to 0.13) 0.35 (0.27) 0.37 (0.21) 0.02 (−0.05 to 0.10) 0.03 (−0.07 to 0.14) 0.52 

RPFCR_SMGL 0.51 (0.20) 0.52 (0.19) 0.01 (−0.04 to 0.06) 0.50 (0.19) 0.55 (0.21) 0.05 (−0.02 to 0.12) −0.04 (−0.13 to 0.05) 0.40 

RPFCR_SMGR 0.35 (0.27) 0.43 (0.23) 0.08 (0.001 to 0.17) 0.41 (0.22) 0.37 (0.23) −0.04 (−0.09 to 0.01) 0.12 (0.03 to 0.22) 0.01 

SMGL_SMGR 0.31 (0.28) 0.37 (0.21) 0.07 (0.002 to 0.13) 0.30 (0.26) 0.28 (0.22) −0.01 (−0.09 to 0.06) 0.08 (−0.02 to 0.17) 0.10 

ACC, anterior cingulate cortex; AInsula, anterior insula; RPFC, rostral prefrontal cortex; SMG, supramarginal gyrus; nodes that end with L, left side; nodes that end with R, right side. Value shown in bold denotes statistical significance at the 0.05 level (p < 0.05). 
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intervention and control groups rather than a general time effect. 
Taken together, these findings suggest that increasing engagement 
in a cognitively stimulating activity in late life may be associated 
with network-specific functional modulation across brain systems. 

Differential effects on large-scale brain 
networks 

The SAN functions as a key hub for detecting salient 
internal or external signals and facilitating dynamic switching 
between the DMN and CEN (Menon and Uddin, 2010; Seeley 
et al., 2007; Sridharan et al., 2008). The relatively limited SAN 
modulation observed in the present analysis – restricted to FC 
between the rostral prefrontal cortex and supramarginal gyrus – 
may reflect intermittent demands for attentional monitoring and 
control during calligraphy practice, such as evaluating stroke 
precision and adjusting motor output, requiring transient shifts 
between internally focused processing and task-directed control. 
The absence of a global SAN time effect in pooled analyses 
further supports the interpretation that these changes represent 
intervention-specific modulation of network coordination rather 
than general changes over time. 

The lack of significant changes within the CEN may reflect 
the high level of skill expertise and the automatized nature of 
task performance in the present cohort. Calligraphy practice 
in this cohort involved highly practiced motor sequences, with 
participants averaging nearly a decade of prior experience. Unlike 
novel or cognitively demanding problem-solving activities that 
robustly engaging the CEN (Gerlach et al., 2011), such familiar 
practices impose limited sustained executive control demands. This 
interpretation aligns with prior evidence that as skills become 
automatized, reliance on CEN diminishes in favor of more efficient, 
internally guided processing (Floyer-Lea and Matthews, 2004; 
Poldrack et al., 2005). 

Within the triple-network framework, these findings can be 
integrated into a broader systems-level interpretation. Overall, a 
gradient of FC changes was observed across large-scale networks, 
with the most prominent effects in the DMN, more circumscribed 
effects in the SAN, and no significant changes in the CEN. 
The DMN supports internally oriented cognitive processes such 
as autobiographical memory retrieval (Ino et al., 2011; Philippi 
et al., 2015; Yang et al., 2013), visuospatial imagery (Hassabis and 
Maguire, 2007), motor sequence learning (Eryurek et al., 2022; 
Hendrikse et al., 2025; Jacobacci et al., 2020), and self-referential 
processing (Davey et al., 2016; Vatansever et al., 2018), all of which 
are integral to calligraphy practice. Producing characters requires 
sustained internal visualization of stroke structure, retrieval of 
learned motor schemas, sequential coordination of movements, 
and continuous self-monitoring of accuracy and aesthetics, 
consistent with the distributed DMN connectivity enhancements 
observed in the primary trial. 

Implications for cognitive activity and 
cognitive reserve 

Viewed within the cognitive reserve framework (Stern et al., 
2019), these findings support the notion that sustained engagement 
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in cognitively stimulating activities may be relevant to the 
organization and adaptability of large-scale brain networks 
implicated in early, preclinical stage of neurodegeneration. While 
previous studies have reported cognitive and psychological benefits 
of calligraphy practice across the lifespan (Chen et al., 2017, 2019, 
2024; Kao et al., 2014; Wang and Tang, 2024, 2025; Wang Z. 
et al., 2023; Wang Y. et al., 2023), many did not account for prior 
experience or disentangle intervention-specific effects from general 
motor or visual engagement. The present trial addresses several of 
these limitations through experimental manipulation of practice 
volume, exclusion of other structured cognitive activities, explicit 
assessment of prior exposure, and longitudinal analyses, thereby 
strengthening causal inference beyond observational designs. 

Notably, the findings suggest that even among individuals 
with long-term engagement in calligraphy practice, a modest 
increase in practice volume over 6 months may be associated 
with detectable neural changes. This observation is consistent 
with a dose-dependent model of cognitive activity and suggests 
that habitual engagement does not preclude further network-level 
plasticity in later life. 

Exploratory subgroup heterogeneity 

Exploratory subgroup analyses suggested variations in SAN 
connectivity changes across participant characteristics. Significant 
between-group effects were observed among older participants, 
women, and individuals with greater baseline brain atrophy, but 
not among younger participants, men, or those with lesser atrophy. 
Educational attainment appeared to influence the specific SAN 
connections involved, whereas years of prior calligraphy experience 
did not. These patterns may reflect differences in baseline network 
vulnerability, variability, or measurement sensitivity rather than 
differential intervention efficacy. In addition, unequal subgroup 
sizes and limited statistical power – particularly given the higher 
proportion of female participants – may have contributed to the 
observed heterogeneity. As these analyses were exploratory and 
not powered for formal interaction testing, the findings should 
be regarded as hypothesis-generating and warrant confirmation in 
larger, adequately powered studies. 

Study strengths and limitations 

This study benefits from a well-characterized RCT design, 
with rigorous screening for SCD, careful exclusion of mimicking 
conditions, and balanced baseline characteristics between groups. 
In addition, the use of pre- and post-intervention FC outcomes 
within a theoretically grounded triple-network framework provides 
objective, mechanistically informative markers of brain network 
organization beyond behavioral measures alone. 

Nevertheless, this study has several limitations. First, the 
sample consisted of well-educated, community-living Chinese 
older adults with longstanding calligraphy experience, which may 
limit generalizability to calligraphy-naïve individuals or other 
cultural contexts. Second, the analyses focused on resting state 
FCs; future studies incorporating dynamic connectivity approaches 
may better capture time-varying network interactions relevant 
to early cognitive decline. Third, as a secondary analysis, this 

study was not prospectively powered to detect network-specific 

effects within the SAN or CEN. Fourth, although a neuroimaging-
based AD-RAI was included, the absence of molecular biomarkers 
limits direct inference regarding AD-specific neuropathological 
processes. Finally, adherence was monitored using self-reported 

practice duration supplemented by submission of calligraphy 

samples. However, the actual duration of practice could not be 

independently verified and may be susceptible to reporting bias. 

Conclusion 

Increased calligraphy practice was associated with localized FC 

changes within the SAN, complementing previously reported, more 

widespread modulation of the DMN. Collectively, these findings 
suggest that late-life engagement in cognitive activities may be 

relevant to the organization of large-scale brain networks in older 

adults at risk of dementia. As a low-cost, safe, and highly acceptable 

activity, calligraphy practice represents a feasible lifestyle-based 

approach that warrants further investigation in dementia risk-
reduction research. 

Data availability statement 

The datasets presented in this article are not readily available 

due to ethical and institutional restrictions. Requests to access the 

datasets should be directed to AL, allenlee@cuhk.edu.hk. 

Ethics statement 

The studies involving humans were approved by the Clinical 
Research Ethics Committee of the University (Ref. No.: 2019.054). 
The studies were conducted in accordance with the local legislation 

and institutional requirements. The participants provided their 

written informed consent to participate in this study. 

Author contributions 

JL: Formal analysis, Investigation, Validation, Visualization, 
Writing – original draft, Conceptualization. YL: Data curation, 
Formal analysis, Investigation, Validation, Writing – review & 

editing. ZH: Conceptualization, Data curation, Formal analysis, 
Investigation, Validation, Writing – review & editing. LS: 
Conceptualization, Data curation, Formal analysis, Validation, 
Writing – review & editing. WC: Data curation, Formal 
analysis, Investigation, Software, Validation, Writing – review & 

editing. LL: Conceptualization, Data curation, Formal analysis, 
Investigation, Project administration, Supervision, Validation, 
Writing – review & editing. AL: Conceptualization, Data 

curation, Formal analysis, Funding acquisition, Investigation, 

Frontiers in Aging Neuroscience 08 frontiersin.org 

https://doi.org/10.3389/fnagi.2026.1897104
mailto:allenlee@cuhk.edu.hk
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-18-1897104 July 23, 2026 Time: 11:8 # 9

Li et al. 10.3389/fnagi.2026.1897104 

Methodology, Project administration, Resources, Supervision, 
Validation, Writing – review & editing. 

Funding 

The author(s) declared that financial support was received for 

this work and/or its publication. The randomized controlled trial 
was funded by the Research Grants Council in Hong Kong (Grant 
number: 24114519). 

Acknowledgments 

We thank the research staff of the Dementia Research Unit in 

the Department of Psychiatry, as well as the medical students from 

the Global Physician-Leadership Stream, at the Chinese University 

of Hong Kong, for their assistance in conducting the cognitive 

assessments. We also thank the participants for their time and 

commitment to this study; no financial compensation was provided 

for their participation. 

Conflict of interest 

YL and LS were employed by BrainNow Medical Technology 

Limited. 
The remaining author(s) declared that this work 

was conducted in the absence of any commercial or financial 

relationships that could be construed as a potential conflict of 
interest. 

Generative AI statement 

The author(s) declared that Generative AI was not used in the 
creation of this manuscript. 

Any alternative text (alt text) provided alongside figures in 
this article has been generated by Frontiers with the support of 
artificial intelligence and reasonable efforts have been made to 
ensure accuracy, including review by the authors wherever possible. 
If you identify any issues, please contact us. 

Publisher’s note 

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher. 

Supplementary material 

The Supplementary Material for this article can be found 
online at: https://www.frontiersin.org/articles/10.3389/fnagi.2026. 
1897104/full#supplementary-material 

References 
Akbaraly, T., Portet, F., Fustinoni, S., Dartigues, J., Artero, S., Rouaud, O., et al. (2009). 
Leisure activities and the risk of dementia in the elderly: Results from the Three-City 
Study. Neurology 73, 854–861. doi: 10.1212/WNL.0b013e3181b7849b 

Anatürk, M., Kaufmann, T., Cole, J., Suri, S., Griffanti, L., Zsoldos, E., et al. 
(2021). Prediction of brain age and cognitive age: Quantifying brain and cognitive 
maintenance in aging. Hum. Brain Mapp. 42, 1626–1640. doi: 10.1002/hbm.25316 

Brier, M., Thomas, J., Snyder, A., Benzinger, T., Zhang, D., Raichle, M., et al. 
(2012). Loss of intranetwork and internetwork resting state functional connections 
with Alzheimer’s disease progression. J. Neurosci. 32, 8890–8899. doi: 10.1523/ 
JNEUROSCI.5698-11.2012 

Cai, Y., Fan, X., Zhao, L., Liu, W., Luo, Y., and Lau, A. (2023). Comparing machine 
learning-derived MRI-based and blood-based neurodegeneration biomarkers in 
predicting syndromal conversion in early AD. Alzheimer’s Dement. 19, 4987–4998. 
doi: 10.1002/alz.13083 

Chan, C., Derbie, A., Hui, I., Pang, M., Fong, K., and Chan, S. (2018). Chinese 
calligraphic writing to enhance cognitive performance and emotional calmness in 
older adults with mild cognitive impairment. Hong Kong Med. 24, 4–7. Available 
online at: https://www.hkmj.org/abstracts/v24%20Suppl%202n1/4.htm 

Chan S., Chan, C., Derbie, A., Hui, I., Tan, D., Pang, M., et al. (2017). Chinese 
calligraphy writing for augmenting attentional control and working memory of 
older adults at risk of mild cognitive impairment: A randomized controlled trial. 
J. Alzheimer’s Dis. 58, 735–746. doi: 10.3233/JAD-170024 

Chen, W., Chen, C., Yang, P., Bi, S., Liu, J., Xia, M., et al. (2019). Long-
term Chinese calligraphic handwriting reshapes the posterior cingulate 
cortex: A VBM study. PLoS One 14:e0214917. doi: 10.1371/journal.pone. 
0214917 

Chen, W., He, Y., Gao, Y., Zhang, C., Chen, C., Bi, S., et al. (2017). Long-term 
experience of Chinese calligraphic handwriting is associated with better executive 
functions and stronger resting-state functional connectivity in related brain regions. 
PLoS One 12:e0170660. doi: 10.1371/journal.pone.0170660 

Chen, W., Wang, M., Gao, Y., Fang, M., Liu, Y., Tao, Y., et al. (2024). The effects 
of Chinese calligraphic handwriting education on positive mental characters and 
academic emotions in Chinese primary school students. Acta Psychol. 250:104533. 
doi: 10.1016/j.actpsy.2024.104533 

Chen, X., and Kao, H. (2002). “Visual-spatial properties and orthographic processing 
of Chinese characters,” in Cognitive Neuroscience Studies of the Chinese Language, eds 
H. Kao, C. Leong, and D. Gao (Hong Kong: Hong Kong University Press), 175–194. 
doi: 10.1515/9789882200777-011 

Cheng, S., Chow, P., Edwin, C., and Chan, A. (2012). Leisure activities alleviate 
depressive symptoms in nursing home residents with very mild or mild dementia. Am. 
J. Geriatr. Psychiatry 20, 904–908. doi: 10.1097/JGP.0b013e3182423988 

Christensen, H., Korten, A., Jorm, A., Henderson, A., Scott, R., and Mackinnon, A. 
(1996). Activity levels and cognitive functioning in an elderly community sample. Age 
Ageing 25, 72–80. doi: 10.1093/ageing/25.1.72 

Christoff, K., Ream, J., Geddes, L., and Gabrieli, J. (2003). Evaluating self-generated 
information: anterior prefrontal contributions to human cognition. Behav. Neurosci. 
117, 1161–1168. doi: 10.1037/0735-7044.117.6.1161 

Corbetta, M., and Shulman, G. (2002). Control of goal-directed and stimulus-driven 
attention in the brain. Nat. Rev. Neurosci. 3, 201–215. doi: 10.1038/nrn755 

Davey, C., Pujol, J., and Harrison, B. (2016). Mapping the self in the brain’s default 
mode network. NeuroImage 132, 390–397. doi: 10.1016/j.neuroimage.2016.02.022 

Frontiers in Aging Neuroscience 09 frontiersin.org 

https://doi.org/10.3389/fnagi.2026.1897104
https://www.frontiersin.org/articles/10.3389/fnagi.2026.1897104/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2026.1897104/full#supplementary-material
https://doi.org/10.1212/WNL.0b013e3181b7849b
https://doi.org/10.1002/hbm.25316
https://doi.org/10.1523/JNEUROSCI.5698-11.2012
https://doi.org/10.1523/JNEUROSCI.5698-11.2012
https://doi.org/10.1002/alz.13083
https://www.hkmj.org/abstracts/v24%20Suppl%202n1/4.htm
https://doi.org/10.3233/JAD-170024
https://doi.org/10.1371/journal.pone.0214917
https://doi.org/10.1371/journal.pone.0214917
https://doi.org/10.1371/journal.pone.0170660
https://doi.org/10.1016/j.actpsy.2024.104533
https://doi.org/10.1515/9789882200777-011
https://doi.org/10.1097/JGP.0b013e3182423988
https://doi.org/10.1093/ageing/25.1.72
https://doi.org/10.1037/0735-7044.117.6.1161
https://doi.org/10.1038/nrn755
https://doi.org/10.1016/j.neuroimage.2016.02.022
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-18-1897104 July 23, 2026 Time: 11:8 # 10

Li et al. 10.3389/fnagi.2026.1897104 

Erber, J., and Szuchman, L. (1996). Memory performance in relation to age, verbal 
ability, and activity. Exp. Aging Res. 22, 59–72. doi: 10.1080/03610739608253997 

Eryurek, K., Ulasoglu-Yildiz, C., Matur, Z., Öge, A., Gürvit, H., and Demiralp, T. 
(2022). Default mode and dorsal attention network involvement in visually guided 
motor sequence learning. Cortex 146, 89–105. doi: 10.1016/j.cortex.2021.10.006 

Floyer-Lea, A., and Matthews, P. (2004). Changing brain networks for visuomotor 
control with increased movement automaticity. J. Neurophysiol. 92, 2405–2412. doi: 
10.1152/jn.01092.2003 

Fujiwara, Y., Chaves, P., Yoshida, H., Amano, H., Fukaya, T., Watanabe, N., et al. 
(2009). Intellectual activity and likelihood of subsequently improving or maintaining 
instrumental activities of daily living functioning in community-dwelling older 
Japanese: A longitudinal study. Int. J. Geriatr. Psychiatry J. Psychiatry Late Life Allied 
Sci. 24, 547–555. doi: 10.1002/gps.2148 

Gerlach, K., Spreng, R., Gilmore, A., and Schacter, D. (2011). Solving future 
problems: default network and executive activity associated with goal-directed mental 
simulations. Neuroimage 55, 1816–1824. doi: 10.1016/j.neuroimage.2011.01.030 

Gifford, K., Liu, D., Lu, Z., Tripodis, Y., Cantwell, N., Palmisano, J., et al. (2014). The 
source of cognitive complaints predicts diagnostic conversion differentially among 
nondemented older adults. Alzheimer’s Dement. 10, 319–327. doi: 10.1016/j.jalz.2013. 
02.007 

Hassabis, D., and Maguire, E. (2007). Deconstructing episodic memory with 
construction. Trends Cogn. Sci. 11, 299–306. doi: 10.1016/j.tics.2007.05.001 

Hendrikse, J., Brooks, E., Wallis, S., Curtin, D., Rogasch, N., Yücel, M., et al. 
(2025). Default mode and motor networks facilitate early learning of implicit motor 
sequences: A multimodal MR spectroscopy and fMRI study. J. Physiol. 603, 7071–7087. 
doi: 10.1113/JP288361 

Ino, T., Nakai, R., Azuma, T., Kimura, T., and Fukuyama, H. (2011). Brain activation 
during autobiographical memory retrieval with special reference to default mode 
network. Open Neuroimaging J. 5, 14–23. doi: 10.2174/1874440001105010014 

Ishizu, T., and Zeki, S. (2013). The brain’s specialized systems for aesthetic and 
perceptual judgment. Eur. J. Neurosci. 37, 1413–1420. doi: 10.1111/ejn.12135 

Jacobacci, F., Armony, J., Yeffal, A., Lerner, G., Amaro, E., Jovicich, J., et al. (2020). 
Rapid hippocampal plasticity supports motor sequence learning. Proc. Natl. Acad. Sci. 
117, 23898–23903. doi: 10.1073/pnas.2009576117 

Jacobsen, T., and Beudt, S. (2017). Stability and variability in aesthetic experience: A 
review. Front. Psychol. 8:143. doi: 10.3389/fpsyg.2017.00143 

Jessen, F., Amariglio, R., Van Boxtel, M., Breteler, M., Ceccaldi, M., Chételat, G., 
et al. (2014a). A conceptual framework for research on subjective cognitive decline in 
preclinical Alzheimer’s disease. Alzheimer’s Dement. 10, 844–852. doi: 10.1016/j.jalz. 
2014.01.001 

Jessen, F., Wiese, B., Bachmann, C., Eifflaender-Gorfer, S., Haller, F., Kölsch, H., et al. 
(2010). Prediction of dementia by subjective memory impairment: Effects of severity 
and temporal association with cognitive impairment. Arch. General Psychiatry 67, 
414–422. doi: 10.1001/archgenpsychiatry.2010.30 

Jessen, F., Wolfsgruber, S., Wiese, B., Bickel, H., Mösch, E., Kaduszkiewicz, H., 
et al. (2014b). AD dementia risk in late MCI, in early MCI, and in subjective 
memory impairment. Alzheimer’s Dement. 10, 76–83. doi: 10.1016/j.jalz.2012. 
09.017 

Joo, S., Lim, H., and Lee, C. (2016). Three large-scale functional brain networks from 
resting-state functional MRI in subjects with different levels of cognitive impairment. 
Psychiatry Invest. 13, 1–7. doi: 10.4306/pi.2016.13.1.1 

Kao, H., Zhu, L., Chao, A., Chen, H., Liu, I., and Zhang, M. (2014). Calligraphy and 
meditation for stress reduction: An experimental comparison. Psychol. Res. Behav. 
Manag. 7, 47–52. doi: 10.2147/PRBM.S55743 

Kwok, T., Bai, X., Kao, H., Li, J., and Ho, F. (2011). Cognitive effects of calligraphy 
therapy for older people: A randomized controlled trial in Hong Kong. Clin. Intervent. 
Aging 6, 269–273. doi: 10.2147/CIA.S25395 

Lam, L., and Cheng, S. (2013). Maintaining long-term adherence to lifestyle 
interventions for cognitive health in late life. Int. Psychogeriatr. 25, 171–173. doi: 
10.1017/S1041610212001603 

Lee, A., Luo, Y., Huo, Z., Shi, L., Chu, W., and Lam, L. (2024). Effect of increasing 
cognitive activity participation on default mode network in older adults with subjective 
cognitive decline: A randomised controlled trial. EBioMedicine 102:105082. doi: 10. 
1016/j.ebiom.2024.105082 

Lee, A., Richards, M., Chan, W., Chiu, H., Lee, R., and Lam, L. (2018). Association of 
daily intellectual activities with lower risk of incident dementia among older Chinese 
adults. JAMA Psychiatry 75, 697–703. doi: 10.1001/jamapsychiatry.2018.0657 

Lee, D., Park, J., and Kim, W. (2023). Altered functional connectivity of the default 
mode and dorsal attention network in subjective cognitive decline. J. Psychiatric Res. 
159, 165–171. doi: 10.1016/j.jpsychires.2023.01.040 

Li, C., Li, Y., Zheng, L., Zhu, X., Shao, B., Fan, G., et al. (2019). Abnormal brain network 
connectivity in a triple-network model of Alzheimer’s disease. J. Alzheimer’s Dis. 69, 
237–252. doi: 10.3233/JAD-181097 

Lin, L., Wang, S., Xu, W., Hu, Q., Zhang, P., Ke, Y., et al. (2022). Subjective cognitive 
decline symptoms and its association with socio-demographic characteristics and 

common chronic diseases in the southern Chinese older adults. BMC Public Health 
22:127. doi: 10.1186/s12889-022-12522-4 

Liu, W., Au, L., Abrigo, J., Luo, Y., Wong, A., Lam, B., et al. (2021). MRI-based 
Alzheimer’s disease-resemblance atrophy index in the detection of preclinical and 
prodromal Alzheimer’s disease. Aging 13, 13496–13514. doi: 10.18632/aging.203082 

Livingston, G., Huntley, J., Sommerlad, A., Ames, D., Ballard, C., Banerjee, S., et al. 
(2020). Dementia prevention, intervention, and care: 2020 report of the Lancet 
Commission. Lancet 396, 413–446. doi: 10.1016/S0140-6736(20)30367-6 

Lui, V., Lam, L., and Chiu, H. (2006). Validation of a memory inventory for the 
assessment of awareness of memory deficits in Alzheimer’s disease in Chinese elderly. 
Int. J. Geriatr. Psychiatry 21, 917–923. doi: 10.1002/gps.1580 

Luszcz, M., Bryan, J., and Kent, P. (1997). Predicting episodic memory performance 
of very old men and women: Contributions from age, depression, activity, cognitive 
ability, and speed. Psychol. Aging 12, 340–351. doi: 10.1037//0882-7974.12.2.340 

Menon, V., and Uddin, L. (2010). Saliency, switching, attention and control: A network 
model of insula function. Brain Struct. Funct. 214, 655–667. doi: 10.1007/s00429-010-
0262-0 

Parisi, J., Rebok, G., Xue, Q., Fried, L., Seeman, T., Tanner, E., et al. (2012). The 
role of education and intellectual activity on cognition. J. Aging Res. 2012:416132. 
doi: 10.1155/2012/416132 

Philippi, C., Tranel, D., Duff, M., and Rudrauf, D. (2015). Damage to the default mode 
network disrupts autobiographical memory retrieval. Soc. Cogn. Affect. Neurosci. 10, 
318–326. doi: 10.1093/scan/nsu070 

Poldrack, R., Sabb, F., Foerde, K., Tom, S., Asarnow, R., Bookheimer, S., et al. (2005). 
The neural correlates of motor skill automaticity. J. Neurosci. 25, 5356–5364. doi: 
10.1523/JNEUROSCI.3880-04.2005 

Reisberg, B., Prichep, L., Mosconi, L., John, E., Glodzik-Sobanska, L., Boksay, I., et al. 
(2008). The pre-mild cognitive impairment, subjective cognitive impairment stage of 
Alzheimer’s disease. Alzheimer’s Dement. 4, S98–S108. doi: 10.1016/j.jalz.2007.11.017 

Reisberg, B., Shulman, M., Torossian, C., Leng, L., and Zhu, W. (2010). Outcome 
over seven years of healthy adults with and without subjective cognitive impairment. 
Alzheimer’s Dement. 6, 11–24. doi: 10.1016/j.jalz.2009.10.002 

Rodriguez, F. (2018). Cognitive reserve: Cognitive abilities that shield against dementia 
symptomatology. OBM Geriatr. 2, 1–11. doi: 10.21926/obm.geriatr.1804017 

Salgues, S., Jacquot, A., Makowski, D., Tahar, C., Baekeland, J., Arcangeli, M., et al. 
(2024). Self-reference and emotional reaction drive aesthetic judgment. Sci. Rep. 
14:19699. doi: 10.1038/s41598-024-68331-9 

Seeley, W., Menon, V., Schatzberg, A., Keller, J., and Glover, G. (2007). Dissociable 
intrinsic connectivity networks for salience processing and executive control. 
J. Neurosci. 27, 2349–2356. doi: 10.1523/JNEUROSCI.5587-06.2007 

Simic, G., Babic, M., Borovecki, F., and Hof, P. (2014). Early failure of the default-mode 
network and the pathogenesis of Alzheimer’s disease. CNS Neurosci. Therapeutics 20, 
692–698. doi: 10.1111/cns.12260 

Sridharan, D., Levitin, D., and Menon, V. A. (2008). critical role for the right fronto-
insular cortex in switching between central-executive and default-mode networks. 
Proc. Natl. Acad. Sci. 105, 12569–12574. doi: 10.1073/pnas.0800005105 

Stern, Y., Barnes, C., Grady, C., Jones, R., and Raz, N. (2019). Brain reserve, 
cognitive reserve, compensation, and maintenance: Operationalization, validity, and 
mechanisms of cognitive resilience. Neurobiol. Aging 83, 124–129. doi: 10.1016/j. 
neurobiolaging.2019.03.022 

Tai, S., Hsu, C., Huang, S., Ma, T., Hsieh, W., and Yang, Y. (2016). Effects of 
multiple training modalities in patients with Alzheimer’s disease: A pilot study. 
Neuropsychiatric Dis. Treat. 12, 2843–2849. doi: 10.2147/NDT.S116257 

Uddin, L. (2015). Salience processing and insular cortical function and dysfunction. 
Nat. Rev. Neurosci. 16, 55–61. doi: 10.1038/nrn3857 

Van Boxtel, M., Langerak, K., Houx, P., and Jolles, J. (1996). Self-reported physical 
activity, subjective health, and cognitive performance in older adults. Exp. Res. 22, 
363–379. doi: 10.1080/03610739608254017 

van Harten, A., Mielke, M., Swenson-Dravis, D., Hagen, C., Edwards, K., Roberts, R., 
et al. (2018). Subjective cognitive decline and risk of MCI: The mayo clinic study of 
aging. Neurology 91, e300–e312. doi: 10.1212/WNL.0000000000005863 

Vatansever, D., Manktelow, A., Sahakian, B., Menon, D., and Stamatakis, E. (2018). 
Default mode network engagement beyond self-referential internal mentation. Brain 
Connectivity 8, 245–253. doi: 10.1089/brain.2017.0489 

Verghese, J., Lipton, R., Katz, M., Hall, C., Derby, C., Kuslansky, G., et al. (2003). 
Leisure activities and the risk of dementia in the elderly. N. Engl. J. Med. 348, 
2508–2516. doi: 10.1056/NEJMoa022252 

Wang, J., and Tang, K. (2024). The association of calligraphy activities with peace 
of mind, stress self-management, and perceived health status in older adults. Front. 
Psychol. 15:1455720. doi: 10.3389/fpsyg.2024.1455720 

Wang, J., and Tang, K. (2025). Understanding the association of calligraphy 
activities with flow experience, peace of mind, and self-focused attention 
among university students. Front. Psychol. 16:1525503. doi: 10.3389/fpsyg.2025.1525 
503 

Frontiers in Aging Neuroscience 10 frontiersin.org 

https://doi.org/10.3389/fnagi.2026.1897104
https://doi.org/10.1080/03610739608253997
https://doi.org/10.1016/j.cortex.2021.10.006
https://doi.org/10.1152/jn.01092.2003
https://doi.org/10.1152/jn.01092.2003
https://doi.org/10.1002/gps.2148
https://doi.org/10.1016/j.neuroimage.2011.01.030
https://doi.org/10.1016/j.jalz.2013.02.007
https://doi.org/10.1016/j.jalz.2013.02.007
https://doi.org/10.1016/j.tics.2007.05.001
https://doi.org/10.1113/JP288361
https://doi.org/10.2174/1874440001105010014
https://doi.org/10.1111/ejn.12135
https://doi.org/10.1073/pnas.2009576117
https://doi.org/10.3389/fpsyg.2017.00143
https://doi.org/10.1016/j.jalz.2014.01.001
https://doi.org/10.1016/j.jalz.2014.01.001
https://doi.org/10.1001/archgenpsychiatry.2010.30
https://doi.org/10.1016/j.jalz.2012.09.017
https://doi.org/10.1016/j.jalz.2012.09.017
https://doi.org/10.4306/pi.2016.13.1.1
https://doi.org/10.2147/PRBM.S55743
https://doi.org/10.2147/CIA.S25395
https://doi.org/10.1017/S1041610212001603
https://doi.org/10.1017/S1041610212001603
https://doi.org/10.1016/j.ebiom.2024.105082
https://doi.org/10.1016/j.ebiom.2024.105082
https://doi.org/10.1001/jamapsychiatry.2018.0657
https://doi.org/10.1016/j.jpsychires.2023.01.040
https://doi.org/10.3233/JAD-181097
https://doi.org/10.1186/s12889-022-12522-4
https://doi.org/10.18632/aging.203082
https://doi.org/10.1016/S0140-6736(20)30367-6
https://doi.org/10.1002/gps.1580
https://doi.org/10.1037//0882-7974.12.2.340
https://doi.org/10.1007/s00429-010-0262-0
https://doi.org/10.1007/s00429-010-0262-0
https://doi.org/10.1155/2012/416132
https://doi.org/10.1093/scan/nsu070
https://doi.org/10.1523/JNEUROSCI.3880-04.2005
https://doi.org/10.1523/JNEUROSCI.3880-04.2005
https://doi.org/10.1016/j.jalz.2007.11.017
https://doi.org/10.1016/j.jalz.2009.10.002
https://doi.org/10.21926/obm.geriatr.1804017
https://doi.org/10.1038/s41598-024-68331-9
https://doi.org/10.1523/JNEUROSCI.5587-06.2007
https://doi.org/10.1111/cns.12260
https://doi.org/10.1073/pnas.0800005105
https://doi.org/10.1016/j.neurobiolaging.2019.03.022
https://doi.org/10.1016/j.neurobiolaging.2019.03.022
https://doi.org/10.2147/NDT.S116257
https://doi.org/10.1038/nrn3857
https://doi.org/10.1080/03610739608254017
https://doi.org/10.1212/WNL.0000000000005863
https://doi.org/10.1089/brain.2017.0489
https://doi.org/10.1056/NEJMoa022252
https://doi.org/10.3389/fpsyg.2024.1455720
https://doi.org/10.3389/fpsyg.2025.1525503
https://doi.org/10.3389/fpsyg.2025.1525503
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-18-1897104 July 23, 2026 Time: 11:8 # 11

Li et al. 10.3389/fnagi.2026.1897104 

Wang, Y., Han, B., Li, M., Li, J., and Li, R. (2023). An efficiently working 
brain characterizes higher mental flow that elicits pleasure in Chinese 
calligraphic handwriting. Cereb. Cortex 33, 7395–7408. doi: 10.1093/cercor/bhad 
047 

Wang, Z., Hua, L., Huang, Y., Deng, X., Zhao, Y., Xiao, Y., et al. (2023). Chinese 
calligraphic handwriting practice promotes positive affect in adolescents: Converging 
evidence from correlational and experimental designs. Acta Psychol. 241:104057. doi: 
10.1016/j.actpsy.2023.104057 

Wong, A., Law, L., Liu, W., Wang, Z., Lo, E., Lau, A., et al. (2015). Montreal cognitive 
assessment: One cutoff never fits all. Stroke 46, 3547–3550. doi: 10.1161/STROKEAHA. 
115.011226 

Wu, X., Li, Q., Yu, X., Chen, K., Fleisher, A., Guo, X., et al. (2016). A 
triple network connectivity study of large-scale brain systems in cognitively 

normal ApoE4 carriers. Front Aging Neurosci. 8:231. doi: 10.3389/fnagi.2016.0 
0231 

Xue, C., Yuan, B., Yue, Y., Xu, J., Wang, S., Wu, M., et al. (2019). Distinct disruptive 
patterns of default mode subnetwork connectivity across the spectrum of preclinical 
Alzheimer’s disease. Front. Aging Neurosci. 11:307. doi: 10.3389/fnagi.2019.00307 

Yang, X., Bossmann, J., Schiffhauer, B., Jordan, M., and Immordino-Yang, M. (2013). 
Intrinsic default mode network connectivity predicts spontaneous verbal descriptions 
of autobiographical memories during social processing. Front. Psychol. 3:592. doi: 
10.3389/fpsyg.2012.00592 

Zhan, Y., Ma, J., Alexander-Bloch, A., Xu, K., Cui, Y., Feng, Q., et al. (2016). 
Longitudinal study of impaired intra- and inter-network brain connectivity in subjects 
at high risk for Alzheimer’s disease. J. Alzheimer’s Dis. 52, 913–927. doi: 10.3233/JAD-
160008 

Frontiers in Aging Neuroscience 11 frontiersin.org 

https://doi.org/10.3389/fnagi.2026.1897104
https://doi.org/10.1093/cercor/bhad047
https://doi.org/10.1093/cercor/bhad047
https://doi.org/10.1016/j.actpsy.2023.104057
https://doi.org/10.1016/j.actpsy.2023.104057
https://doi.org/10.1161/STROKEAHA.115.011226
https://doi.org/10.1161/STROKEAHA.115.011226
https://doi.org/10.3389/fnagi.2016.00231
https://doi.org/10.3389/fnagi.2016.00231
https://doi.org/10.3389/fnagi.2019.00307
https://doi.org/10.3389/fpsyg.2012.00592
https://doi.org/10.3389/fpsyg.2012.00592
https://doi.org/10.3233/JAD-160008
https://doi.org/10.3233/JAD-160008
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

	Effect of increasing cognitive activity participation via calligraphy practice on salient network and central executive network in older adults with subjective cognitive decline: a secondary analysis of a randomized controlled trial
	Highlights
	Introduction
	Materials and methods
	Data sources and study participants
	Interventions
	Neuroimaging outcomes
	Other variables
	Adherence
	Statistical analyses

	Results
	Baseline characteristics
	Neuroimaging outcomes
	Sensitivity and exploratory analyses
	Adherence

	Discussion
	Differential effects on large-scale brain networks
	Implications for cognitive activity and cognitive reserve
	Exploratory subgroup heterogeneity
	Study strengths and limitations

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


