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Abstract

Background: Type 2 diabetes mellitus-associated cognitive dysfunction (T2DACD) is strongly linked to disruption of cognition-
supporting brain networks. Electroacupuncture (EA) has increasingly been examined as a nonpharmacological intervention targeting cog-
nitive impairment; however, the longitudinal neurobiological patterns accompanying EA in T2DACD have not been fully characterized.
In this exploratory pilot study, we evaluated alterations in resting-state functional connectivity (RSFC) across hippocampal subregions
and default mode network (DMN) nodes in individuals with T2DACD. Methods: For this exploratory, open-label, non-randomized, un-
controlled pilot investigation, we enrolled 20 individuals with T2DACD and 26 healthy controls (HCs). Longitudinal analyses included
15 participants who had usable post-treatment data. T2DACD was defined according to clinical type 2 diabetes mellitus criteria, and a
Montreal Cognitive Assessment (MoCA) score <26. Patients underwent an 8-week Adjust Zang-fu and Arouse Spirit electroacupuncture
(AZASE) intervention. Cognitive, emotional, metabolic, and seed-based resting-state functional magnetic resonance imaging (rs-fMRI)
outcomes were evaluated. Clinical longitudinal analyses were carried out according to protocol, whereas imaging analyses were limited
to participants with usable scans after treatment. Results: At baseline, individuals with T2DACD showed lower MoCA scores than
HCs and had poorer executive and working-memory outcomes. Among the 15 participants with complete longitudinal neuroimaging
data, MoCA scores increased from 23.27 £ 1.71 to 26.07 £ 1.53 over the intervention period. Within-group alterations were observed
for Flanker-conflict reaction time and accuracy, Stroop-conflict reaction time, 1-back reaction time, Self-Rating Anxiety Scale score,
and Hamilton Depression Rating Scale score. Omnibus group analyses detected significant effects for the left anterior hippocampus-left
angular gyrus connection and the left posterior hippocampus-right middle occipital gyrus connection. Post-treatment scans demonstrated
reduced RSFC in several hippocampal-DMN and intra-DMN connections. The association between change in left anterior hippocampus-
left angular gyrus RSFC and change in Stroop-conflict performance was no longer statistically significant after Bonferroni correction.
For neuroimaging outcomes, cluster-level family-wise error (FWE) correction (p < 0.05) was applied to control for multiple compar-
isons; clinical outcomes are reported descriptively as hypothesis-generating findings. Conclusions: In this exploratory pilot study, we
identified preliminary alterations in cognitive outcomes and hippocampal-DMN connections over an 8-week EA intervention in individ-
uals with T2DACD. In view of the small sample size and the open-label, non-randomized, uncontrolled design, the findings should be
interpreted as hypothesis-generating observations rather than definitive evidence of a specific causal treatment effect. Larger controlled
studies will be needed to determine whether the observed neural and behavioral alterations are reproducible and clinically meaningful in
practice. Clinical Trial Registration: No: ChiCTR2000040268, https://www.chictr.org.cn/hvshowproject.html?id=76145&v=1.3.
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1. Introduction

Diabetes mellitus continues to be a major public health
challenge worldwide. The International Diabetes Federa-
tion (IDF), type 2 diabetes mellitus (T2DM) affects hun-
dreds of millions of adults worldwide and continues to im-
pose a growing burden on healthcare systems [1,2]. Beyond
its well-recognized metabolic and vascular complications,
T2DM is widely recognized as a contributor to cognitive
impairment, ranging from subtle diabetes-associated cogni-
tive dysfunction to mild cognitive impairment and demen-
tia [3]. Meta-analytic evidence indicates that adults with
T2DM show mild-to-moderate deficits across several cog-
nitive domains, particularly executive function, processing
speed, attention, and memory [4]. Mild cognitive impair-
ment also appears fairly common in this population, and
the coexistence of diabetes and cognitive impairment may
further increase the risk of progression to dementia [5,6].
These findings underscore the need to identify early neu-
rocognitive changes in T2DM and to define mechanisms
that may be modifiable.

Type 2 diabetes mellitus-associated cognitive dys-
function (T2DACD) refers to an early stage of cogni-
tive deterioration in individuals with T2DM. It is typically
manifested by reduced memory, attention, information-
processing speed, and executive performance, without nec-
essarily satisfying diagnostic criteria for dementia [3,4,7].
The pathophysiology of T2DACD is probably multifacto-
rial and may involve chronic hyperglycemia, insulin resis-
tance, microvascular injury, neuroinflammation, and dis-
turbance of large-scale functional brain networks [7]. Even
so, the association between T2DM and cognitive impair-
ment remains underrecognized by patients and clinicians,
which may delay detection and weaken timely management
[3]. Current clinical management still focuses primarily
on glycemic control and vascular risk reduction. Targeted
strategies for diabetes-related cognitive dysfunction are still
limited, and whether glucose lowering alone can prevent or
reverse cognitive impairment is still uncertain [3,7]. Ad-
junctive nonpharmacological interventions with potential
metabolic and neurocognitive benefits therefore merit fur-
ther investigation.

Acupuncture, particularly electroacupuncture (EA), is
increasingly being examined as a nonpharmacological ther-
apeutic approach and peripheral neuromodulatory strategy
for cognitive disorders. Clinical and experimental evidence
suggest that acupuncture or EA may enhance cognitive out-
comes in amnestic mild cognitive impairment, Alzheimer’s
disease, and post-stroke cognitive impairment [8,9,10]. In
our previous studies on diabetes and related complications,
a standardized EA protocol was linked to improved glucose
regulation, attenuated insulin resistance, and reduced neu-
ronal injury-related signaling in diabetic models [11,12].
Our previous resting-state functional magnetic resonance
imaging (rs-fMRI) investigation also revealed abnormal
functional connectivity between hippocampal subregions

and the default mode network (DMN) in individuals with
T2DACD [13]. Because the hippocampus and DMN are
critical for memory processing and higher-order cognition,
disruption of these networks may serve as an important neu-
robiological basis of diabetes-related cognitive dysfunction
[14,15].

The hippocampus and the DMN each comprise func-
tionally distinct subregions. Along the hippocampal long
axis, the anterior portion is more strongly linked to emo-
tional processing and memory encoding, whereas the pos-
terior portion is more strongly engaged in spatial and con-
textual memory [16]. Within the DMN, the posterior cin-
gulate/precuneus hub (DefaultC), the angular gyrus/lateral
temporal hub (DefaultD), and the medial temporal hub
(DefaultF) serve distinct yet complementary roles in self-
referential processing, semantic cognition, and episodic
memory, respectively [17,18]. Because T2DACD may af-
fect both affective and cognitive domains, separate analy-
sis of these specialized subregions may yield more precise
insight than whole-network approaches. We therefore se-
lected bilateral anterior, middle, and posterior hippocampal
subregions, along with DefaultC, DefaultD, and DefaultF
DMN subregions, as seeds for resting-state functional con-
nectivity (RSFC) analyses.

On this basis, we carried out a prospective, open-label,
uncontrolled pilot neuroimaging investigation to describe
longitudinal alterations in cognition, emotional symptoms,
metabolic measures, and hippocampal-centered RSFC dur-
ing an 8-week standardized EA intervention in individuals
with T2DACD. Because the investigation did not include a
sham-acupuncture group or an attention-control T2DACD
group, it was not intended to establish treatment efficacy or
a causal mechanism. Instead, the aim was to detect prelim-
inary clinical and neural signals and to develop hypotheses
for future controlled trials [19,20,21].

2. Materials and Methods
2.1 Study Design and Participant Enrollment

This was a prospective, open-label, non-randomized,
exploratory pilot intervention study. A non-diabetic healthy
control group was included for baseline comparisons alone
and did not serve as a longitudinal control.

We enrolled 26 healthy controls (HCs) and 20 partic-
ipants with T2DACD. The two groups were matched as
closely as feasible for age, sex, years of education, and
handedness. HCs completed baseline clinical and rs-fMRI
assessments only. Participants with T2DACD completed
the same baseline assessments, received the Adjust Zang-fu
and Arouse Spirit electroacupuncture (AZASE) interven-
tion, and underwent post-treatment assessment.

The investigation was designed as an exploratory neu-
roimaging intervention investigation. Accordingly, the
sample size was set pragmatically according to recruit-
ment feasibility, participant burden, and magnetic reso-
nance imaging (MRI) resource constraints.
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Previous fMRI power analyses have shown that
sample-size requirements depend on the study design, ef-
fect size, and statistical threshold, with samples of approxi-
mately 12-20 participants achieving about 80% power un-
der specific experimental assumptions [22]. The final sam-
ple of 15 completers was within this range and provided ini-
tial estimates for planning future trials. Consistent with re-
porting recommendations for pilot and feasibility-oriented
clinical studies, treatment effects should be interpreted in
light of the exploratory nature of the investigation.

2.2 Eligibility Criteria for the T2DACD Group

Participants were eligible for the T2DACD group if
they met the following criteria: (i) fulfilled the diagnostic
criteria for T2DM according to the American Diabetes As-
sociation (ADA) Standards of Medical Care in Diabetes—
2020 [23] and had a disease duration of at least 2 years;
(i1) had evidence of cognitive dysfunction on standardized
assessment, defined as a Montreal Cognitive Assessment
(MoCA) score <26 [24]; (iii) were 50-70 years old, had un-
derwent at least 6 years of education, and could complete
the neuropsychological assessments; and (iv) were right-
handed.

Participants were excluded if they had one or more of
the following: (i) severe auditory, visual, or speech impair-
ments; (ii) acute diabetic complications during the preced-
ing 3 months; (iii) a history of clinically significant cere-
brovascular disease, including cerebral infarction, intrac-
erebral hemorrhage, vascular dementia, or other focal brain
injury; (iv) alcohol or other substance abuse or dependence

Group1 (T2DACD)

during the preceding 2 years; (v) other neurological or psy-
chiatric disorders during the preceding 2 years; or (vi) MRI
contraindications, such as claustrophobia or pacemaker im-
plantation.

2.3 Eligibility Criteria for the Healthy Control Group

HCs were eligible if they were right-handed, were 50—
70 years old, had underwent more than 6 years of education,
and could complete the cognitive assessments.

Healthy controls were excluded if they had signs of
cognitive impairment, severe cardiac, pulmonary, renal,
neurological, or psychiatric disease, MRI contraindications,
severe cranial deformity, or intracranial lesions.

2.4 Study Procedure and Outcome Assessments

HCs underwent clinical evaluation and rs-fMRI scan-
ning at baseline only (time point 1, TP1). Participants with
T2DACD completed the same baseline assessments at TP1
and were reevaluated after completing the AZASE inter-
vention (time point 2, TP2).

Laboratory assessments included glucose and lipid
metabolism indices, including fasting plasma glucose
(FPG), hemoglobin Alc (HbAlc), total cholesterol (TC),
triglycerides (TG), high-density lipoprotein cholesterol
(HDL-C), and low-density lipoprotein cholesterol (LDL-
C). Cognitive assessment comprised the MoCA as a global
cognitive screening measure, along with task-based tests for
specific cognitive domains: the Flanker task to assess at-
tentional inhibition, the Stroop task to assess conflict pro-

Group2 (health controls)

n=20 n=26
————————— = = = e e e e e e e e e e e ) = e = = = ==
TP1 TP2
metabolism assessment acquisition
FPG HbAlc TC MoCA Flanker Stroop rs-fMRI

TG HDL-C LDL-C

P

N-back SAS SDS HAMD

7

Fig. 1. Study overview. Abbreviations: HCs, healthy controls; T2DACD, Type 2 diabetes mellitus-associated cognitive dysfunction;

TP1, time point 1; TP2, time point 2; FPG, fasting plasma glucose; HbAlc, hemoglobin Alc; TC, total cholesterol; TG, triglycerides;

HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; MoCA, Montreal Cognitive Assessment; SAS,
Self-Rating Anxiety Scale; SDS, Self-Rating Depression Scale; HAMD, Hamilton Depression Rating Scale; rs-fMRI, resting-state func-

tional magnetic resonance imaging.
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cessing, and the N-back task to assess working memory.
Affective status was evaluated using the Self-Rating Anxi-
ety Scale (SAS), Self-Rating Depression Scale (SDS), and
Hamilton Depression Rating Scale (HAMD).

The HC group was included to provide a non-
diabetic baseline reference for demographic, cognitive,
and neuroimaging comparisons, and not as a longitudinal
treatment-control group (Fig. 1).

2.5 “Adjust Zang-fu and Arouse Spirit”
Electroacupuncture (AZASE) Treatment

Patients in the T2DACD group underwent the AZASE
intervention. All treatment sessions were administered by
licensed acupuncturists in China, each having at least 3
years of clinical acupuncture experience. Acupoints were
identified according to the National Standard of the People's
Republic of China, Nomenclature and location of acupunc-
ture points (GB/T 12346-2006) [25].

The chosen acupoints were GV20 (Baihui), GV24
(Shenting), bilateral BL13 (Feishu), BL20 (Pishu), BL23
(Shenshu), L14 (Hegu), LR3 (Taichong), ST36 (Zusanli),
and SP6 (Sanyinjiao) (Fig. 2). With each participant in
a comfortable seated position, sterile filiform needles (0.3
mm X 25 mm or 0.3 mm x 40 mm; Hwato, Suzhou Med-
ical Appliance Factory, Suzhou, Jiangsu, China) were in-
serted into the selected acupoints. Needling depth varied
according to the anatomical site: GV24 and GV20 were
needled subcutaneously at a 15° angle to depths of 10-20
mm and 20-30 mm, respectively; BL13 and BL20 were
needled obliquely toward the spine at a 30—45° angle to a
depth of 20-30 mm; BL23 was needled perpendicularly to
a depth of 20-35 mm; ST36 and SP6 were needled perpen-
dicularly to a depth of 3040 mm; and LI4 and LR3 were
needled perpendicularly to a depth of 20-30 mm. Man-
ual manipulation was then applied to elicit deqi sensation.
Thereafter, an SDZ-V electroacupuncture device (Suzhou
Medical Appliance Factory, Suzhou, China) was connected
to GV20-GV24, unilateral BL20-BL23, and bilateral SP6-
LR3. Electrical stimulation was provided using a alter-
nating 2/100-Hz stimulation and 0.1-1.0 mA for approx-
imately 30 minutes per session, once per day, 5 days per
week, over 8 consecutive weeks.

2.6 rs-fMRI Scanning Parameters

Magnetic resonance imaging (MRI) data were ob-
tained with a Siemens 3.0-T scanner (3T MAGNETOM
Trio; software version VB17A; Siemens AG, Henkestrasse
127, Erlangen, Bavaria, Germany; Department of Radiol-
ogy, Affiliated Hospital of Changchun University of Chi-
nese Medicine). Foam padding was placed around each
participant’s head to limit motion during image acquisi-
tion. During rs-fMRI, participants were asked to keep their
eyes closed, remain awake, relax without falling asleep, and
avoid intentional mental activity.

High-resolution  three-dimensional — T1-weighted
anatomical images were acquired with the following
parameters: repetition time (TR) = 2300 ms; echo time
(TE) = 3.33 ms; field of view (FOV) = 256 x 256 mm;
voxel size = 1.0 x 1.0 x 1.0 mm; and slice thickness = 1
mm. Resting-state blood-oxygen-level-dependent (BOLD)
images were collected using single-shot gradient-recalled
echo-planar imaging (EPI) with TR = 3000 ms, TE =
30 ms, FOV = 220 x 220 mm, voxel size = 3.4 x 3.4
x 3.0 mm, and slice thickness = 3 mm. Each EPI run
comprised 128 time points (volumes). At least two EPI
runs were completed by each participant to improve the
stability of the BOLD signal and to reduce the influence of
run-specific variability.

2.7 MRI Preprocessing

Preprocessing of the MRI data was performed us-
ing MRIcroGL (version 1.2.20220720; University of South
Carolina, Columbia, SC, USA), FSL (version 6.0.6.2; Ox-
ford Centre for Functional MRI of the Brain, Oxford, UK),
and SPM12 (r7771; Wellcome Centre for Human Neu-
roimaging, London, UK), all implemented in MATLAB
(R2025b; The MathWorks, Inc., Natick, MA, USA). The
preprocessing pipeline consisted of: (1) conversion from
Digital Imaging and Communications in Medicine (DI-
COM) to Neuroimaging Informatics Technology Initiative
(NIfTI) format; (2) removal of the first four volumes to
allow magnetization to reach equilibrium; (3) slice-timing
correction; (4) realignment to correct for head motion; (5)
co-registration of functional images to the structural im-
age; (6) normalization to Montreal Neurological Institute
(MNI)-152 space and resampling to 3 x 3 x 3 mm?; (7)
spatial smoothing with a 6-mm full-width at half-maximum
Gaussian kernel; and (8) temporal band-pass filtering be-
tween 0.01 and 0.08 Hz, followed by linear detrending.

Participants were excluded from neuroimaging anal-
yses when head motion exceeded 1 mm in translation or
1° in rotation in any direction during preprocessing. This
quality-control criterion was specified before analysis and
was applied uniformly across participants. Framewise dis-
placement (FD) was calculated as an additional index of
volume-to-volume motion. FD values were computed for
each participant as the sum of absolute changes in the six
motion parameters. Volume censoring (scrubbing) was not
applied. Nuisance regression included signals from white
matter and cerebrospinal fluid, but global signal regression
was not used. Motion parameters were not included in the
nuisance regression model. Because denoising strategies
can materially influence RSFC estimates, these preprocess-
ing decisions are reported in detail [26,27].

Seed-based RSFC analyses were carried out with pre-
defined regions of interest (ROI). Hippocampal subregions
were separated along the longitudinal axis into anterior,
middle, and posterior portions following the segmentation
approach established in Xie et al. [16]. DMN subregions
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Acupoints selection of “Adjust Zang-fu and Arouse Spirit” Electroacupuncture

BL13

BL20
BL23

Fig. 2. Acupoint location diagram for “Adjust Zang-fu and Arouse Spirit” electroacupuncture. GV20, Baihui; GV24, Shenting;
BL13, Feishu; BL20, Pishu; BL23, Shenshu; L14, Hegu; LR3, Taichong; ST36, Zusanli; SP6, Sanyinjiao.

(DefaultC, DefaultD, and DefaultF) were defined using
seed coordinates derived from the Yeo 7-network parcel-
lation study [17]. The functional characterization of these
DMN subregions follows the three-subsystem model pro-
posed by Andrews-Hanna et al. [28]. ROI masks were
constructed in MNI space and were visually checked after
registration to each participant’s normalized functional im-
age. For each ROI, the mean time series was extracted and
correlated with every other brain voxel; the resulting corre-
lation coefficients were then converted to z values through
Fisher’s r-to-z transformation.

2.8 Statistical Assessment

This work was designed as an exploratory pilot in-
vestigation, not as a confirmatory trial powered for for-
mal hypothesis testing. Nevertheless, several outcomes
were prespecified to provide a structured descriptive as-
sessment. The primary clinical measure was the Montreal
Cognitive Assessment (MoCA) score, which served as a
measure of overall cognitive performance. The primary
neuroimaging outcome was the longitudinal alteration in
hippocampal-DMN RSFC. Additional and exploratory end-
points incorporated task-related cognitive performance on
the Flanker, Stroop, and N-back tasks; affective outcomes,
involving SAS, SDS, and HAMD values; and metabolism-
related indicators, including FPG, HbAlc, TC, TG, HDL-
C, and LDL-C. These variables were analyzed descrip-
tively to support hypothesis generation for subsequent well-
controlled investigations, and the findings should be viewed
in that context.

&% IMR Press

2.8.1 Clinical Dataset Evaluation

Clinical data were analyzed using IBM SPSS Statis-
tics 26 (IBM, Armonk, NY, USA). Continuous variables
are reported as means with standard deviations (SDs), and
categorical variables are reported as counts with percent-
ages. Initial differences between HCs and participants with
T2DACD were assessed with independent-samples #-tests
or chi-square tests, as appropriate for the data type. For
longitudinal analyses, the distribution of each shift score
(TP2-TP1) was checked with the Shapiro-Wilk test and by
visual inspection of Q-Q plots. Variables satisfying the nor-
mality assumption (Shapiro-Wilk p > 0.05) were analyzed
with paired-samples #-tests, whereas variables that violated
this assumption were analyzed with the non-parametric
Wilcoxon signed-rank test. All statistical tests were two-
sided. Because the study was exploratory and involved
multiple measures, the findings were interpreted carefully.

Given the exploratory nature of the present work, no
adjustment for multiplicity was used to p values for the cog-
nitive, affective, or metabolic measures. The pilot work
was intended to estimate initial effect sizes and assess fea-
sibility rather than to provide definitive data [20]. Ac-
cordingly, effect sizes and 95% confidence intervals are re-
ported together with p values throughout the Results sec-
tion [29]. These results should be interpreted descriptively,
and all variables are presented for completeness and trans-
parency regardless of statistical significance.

Sensitivity statistical analysis with linear mixed-
effects statistical models. To test whether the paired-
samples #-test findings were stable to individual-level vari-
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ability, we conducted sensitivity evaluations using linear
mixed-effects models (LMMs) for all longitudinal continu-
ous measures. Each LMM comprised time point (TP1 ver-
sus TP2) as a fixed association and individual as a random
intercept, with age and sex entered as covariates. Restricted
maximum likelihood (REML) estimation was applied, and
degrees of freedom were approximated using the Satterth-
waite method.

2.8.2 Functional Coupling Assessment

Seed-based functional coupling statistical analyses
were performed in SPM12 with predefined hippocampal
and DMN subregions used as ROI. Bilateral anterior, mid-
dle, and posterior hippocampal subregions, together with
the DefaultC, DefaultD, and DefaultF DMN subregions,
were specified as seed areas. For each seed, the mean time
series was extracted and correlated with the time series of all
other brain voxels to generate whole-brain functional con-
nectivity (FC) maps. These maps were then converted into
z-score maps with Fisher’s r-to-z transformation.

For group-level imaging analyses, statistical proce-
dures were selected according to the structure of the dataset.
Exploratory omnibus comparisons were initially conducted
using one-way ANOVA to examine overall differences
among HCs, T2DACD patients before intervention (TP1),
and T2DACD patients after intervention (TP2). However,
because TP1 and TP2 measurements were obtained from
the same participants, these observations were not statisti-
cally independent. Therefore, ANOVA findings were in-
terpreted only as exploratory omnibus results rather than
definitive between-group comparisons. Formal longitudi-
nal effects within the T2DACD cohort were assessed using
paired-samples ¢-tests comparing TP1 and TP2 measure-
ments. Baseline differences between HCs and T2DACD
participants were evaluated using appropriate independent-
group comparisons. Age and sex were incorporated as co-
variates in the imaging models. Education was regarded
as a potential confounder but was not comprised in the
main statistical model given that years of education did
not differ significantly between cohorts at initial. Dia-

Assessed for eligibility

Excluded from neuroimaging analysis
- 1 because of excessive head motion:
HCs (n=1), T2DACD (n=1)

Enrolment (n = 46)
¥
¥ 4+
Healthy controls enrolled T2DACD patients enrolled
(n=26) (n=20)
Follow-Up L =
HCs completed baseline clinical T2DACD patients completed baseline
assessment (n = 26) clinical assessment (n = 20)
*
T2DACD patients started AZASE
intervention(n = 20)
Withdrew before post-treatment
assessment(n = 4)
¥
Baseline clinical analysis:
HCs (n = 26), T2DACD (n =20)
Analysis l

Post-treatment clinical per-protocol
analysis:
T2DACD (n=15)

l

Neuroimaging analysis:
HCs (n=25), T2DACD (n=15)

Fig. 3. Participant flow diagram. AZASE, Adjust Zang-fu and Arouse Spirit electroacupuncture.
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betes duration was additionally clinically relevant; never-
theless, it was available only for the T2DACD group and
thus could not be modeled consistently in analyses that
comprised HCs. Residual confounding related to educa-
tion or diabetes-related clinical variability thus could not
be completely excluded.

The HC cohort was used only as a non-diabetic initial
comparison for describing disease-related abnormalities at
TP1. The cross-sectional contrast between T2DACD-TP2
and HCs was conducted for descriptive visualization solely,
mainly to examine whether postintervention coupling val-
ues indicated a directional trend toward the HC compari-
son profile. The present descriptive comparison was not
intended to test intervention effectiveness, and no inferen-
tial claim was made that the TP2 coupling pattern had nor-
malized relative to HCs.

Multiple contrasts in the imaging evaluations were
controlled with cluster-based inference based on random
field theory [30]. The voxel-level cluster-forming cutoff
was set at p < 0.005 (uncorrected), and clusters were re-
garded statistically significant if they survived cluster-level
family-wise error (FWE) adjustment at p < 0.05. This
threshold-based strategy is commonly applied in fMRI re-
search and has been described as offering a practical bal-
ance between Type I and Type II error, particularly in ex-
ploratory investigations with restricted small sample sizes
[31]. The cluster-extent cutoff (k) was derived from the
estimated smoothness of the dataset and corresponded to
a corrected cluster-level p < 0.05. Although a voxel-level
threshold of p < 0.005 is less conservative than p < 0.001,
it increases sensitivity for detecting limited but potentially
meaningful associations, which is frequently notable in
hypothesis-generating pilot neuroimaging studies [31]. We
nevertheless acknowledge that this approach might increase
the risk of false-positive observations. Therefore, all imag-
ing findings should be regarded as initial and should be con-
firmed in independent samples using greater stringent cor-
rection procedures [32].

2.8.3 Correlation Evaluation

To examine whether treatment-related neural alter-
ations were related to clinical change, partial correlation
evaluations were performed within the T2DACD cohort.
Shifts in RSFC (ARSFC, TP2 - TP1) were correlated with
alterations in clinical measures (Aclinical outcomes, TP2 -
TP1), with age and sex included as covariates. Bonferroni
adjustment was used across the designed correlation tests.
After adjustment, statistical significance was defined using
the Bonferroni-adjusted alpha level.

3. Results
3.1 Individual Flow and Initial Characteristics

A total of 46 individuals were enrolled, comprising
26 HCs and 20 participants with T2DACD. All individuals
completed the initial clinical assessment. During follow-
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up, four individuals in the T2DACD cohort voluntarily
withdrew before completing the 8-week treatment. In ad-
dition, one HC and one individual with T2DACD were ex-
cluded from the neuroimaging evaluation given that head
motion exceeded the prespecified quality-control cutoff of
1 mm translation or 1° rotation during preprocessing. Con-
sequently, initial clinical contrasts included 26 HCs and 20
participants with T2DACD, whereas longitudinal postinter-
vention clinical and neuroimaging evaluations were based
on the 15 T2DACD individuals who completed the treat-
ment and had usable postintervention datasets (Fig. 3). The
HC cohort served as an initial comparison group rather than
as a longitudinal comparator.

Initial demographic and metabolism-related charac-
teristics at TP1 are reported in Table 1, and initial cogni-
tive and affective indices at TP1 are reported in Table 2.
No statistically significant between-group differences were
observed in age, sex distribution, years of education, height,
weight, TC, TG, HDL-C, or LDL-C (all p > 0.05). As ex-
pected, the T2DACD cohort had significantly higher FPG
and HbA 1c levels than the HC cohort (both p < 0.001).

Compared with HCs, participants with T2DACD had
lower MoCA values and poorer task performance on several
task-related outcomes. Specifically, the T2DACD cohort
demonstrated lower accuracy in the Flanker no-conflict,
Stroop consistency, Stroop-conflict, and 1-back conditions,
as well as longer response times in the Flanker no-conflict,
Flanker interference, Stroop neutrality, Stroop consistency,
Stroop-conflict, 1-back, and 2-back conditions (all p <
0.05). No statistically significant between-group differ-
ences were detected for SAS, SDS, or HAMD values.

To evaluate possible attrition bias, initial characteris-
tics were compared between completers (n = 15) and non-
completers (n = 5) in the T2DACD cohort with Welch’s
t-tests and Fisher’s exact test (Supplementary Table 1).
The two subgroups were comparable in age, sex, educa-
tion, diabetes duration, MoCA score, Hachinski Ischemic
Score, glycemic markers (FPG and HbAlc), and all task-
related cognitive outcomes (Flanker, Stroop, and N-back
tasks; all p > 0.10). Completers had numerically higher
baseline SAS (p = 0.030), HAMD (p = 0.001), and TC (p
= 0.012) scores and lower HDL-C (p = 0.034) than non-
completers; however, these contrasts involved solely five
non-completers and should be read descriptively. Impor-
tantly, the absence of initial differences in the primary cog-
nitive and metabolism-related measures suggests that the
completer subsample was reasonably representative of the
enrolled T2DACD group for the primary work measures.

3.2 Clinical Alterations in the T2DACD Cohort After
AZASE

All longitudinal contrasts presented below were also
examined using linear mixed-effects statistical models with
individual entered as a random intercept and age and sex
entered as fixed covariates. These sensitivity analyses led
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Table 1. Demographic and metabolic characteristics at TP1.

. HCs T2DACD p value

Variable
(n=26) (n=20) (HC vs T2DACD at TP1)

Age, years 55.69 (5.55) 58.70 (4.88) 0.061
Male, n (%) 7 (26.9) 10 (50.0) 0.108
Female, n (%) 19 (73.1) 10 (50.0) —
Education, years 11.46 (2.47) 11.85(2.41) 0.596
Duration of diabetes, years — 9.8 (6.68) —
Height, m 1.63 (0.05)  1.67(0.08) 0.052
Weight, kg 63.17 (6.71) 67.65 (8.63) 0.054
FPG, mmol/L 5.52(0.24) 8.71(3.27) <0.001
HbAlc, % 5.58(0.18)  7.54 (1.68) <0.001
TC, mmol/L 487 (1.11)  5.05(0.78) 0.561
TG, mmol/L 2.02(1.46) 2.15(1.31) 0.750
HDL-C, mmol/L 1.32(0.22) 1.20(0.21) 0.065
LDL-C, mmol/L 3.25(0.90) 3.45(0.87) 0.465

Data are presented as mean (SD) unless otherwise indicated.

Table 2. Cognitive and emotional assessments at TP1.

. HCs T2DACD p value
Variable
(n=26) (n=20) (HCs vs T2DACD at TP1)

MoCA score 27.35 (1.16) 23.20(1.74) <0.001
Flanker-no conflict

reaction time, s 0.54 (0.08)  0.70 (0.17) <0.001

accuracy rate 0.99 (0.02)  0.92 (0.07) <0.001
Flanker-conflict

reaction time,s  0.60 (0.07)  0.74 (0.18) 0.003

accuracy rate 0.93 (0.06) 0.90 (0.06) 0.077
Stroop-neutrality

reaction time, s 0.77 (0.16)  0.99 (0.26) 0.002

accuracy rate 0.98 (0.06)  0.93 (0.09) 0.053
Stroop-consistency

reaction time, s 0.76 (0.16)  0.99 (0.26) 0.002

accuracy rate 0.98 (0.06)  0.93 (0.09) 0.04
Stroop-conflict

reaction time, s 0.88 (0.13)  1.11 (0.27) 0.002

accuracy rate 0.94 (0.07) 0.82(0.17) 0.005
1-back

reaction time, s 0.68 (0.13)  1.02(0.23) <0.001

accuracy rate 0.90 (0.08)  0.83 (0.08) 0.007
2-back

reaction time, s 0.95(0.29) 1.33(0.41) 0.001

accuracy rate 0.74 (0.07)  0.75 (0.08) 0.811
SAS score 27.54 (2.94) 29.65 (4.22) 0.065
SDS score 27.04 (0.47) 28.30 (4.45) 0.224
HAMD score 4.00 (1.39) 3.80(2.28) 0.614

Data are presented as mean (SD).

to conclusions aligned with the paired-samples analyses
(Supplementary Table 2). The direction, magnitude, and
statistical significance of the LMM-derived time within-
group effects were aligned with the paired ¢-test findings
(see Supplementary Table 2). For ease of interpretation,
paired #-test findings are therefore presented as the main

analyses, with LMM findings reported as definitive sensi-
tivity evaluations.

Table 3 summarizes metabolism-related characteris-
tics and affective markers before and after intervention
(TP1 and TP2). During the 8-week treatment period, the
T2DACD cohort indicated multiple within-group shifts in
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Table 3. Longitudinal metabolic and emotional outcomes in the T2DACD group.

Variable T2DACD-TPL  ACD-TP2 (n=15) Meanchange oo oy ¢ change  dz p value
(n=15) (TP2-TP1) (TP1 vs TP2)
FPG, mmol/L 8.58 (3.65) 7.29 (1.28) “1.29 28510027  0.40 0.102
HbAlc, % 7.49 (1.73) 7.15 (1.06) 034 0.76t00.08  0.44 0.116
TC, mmol/L 5.24 (0.78) 5.01 (0.68) 0.23 07410028 023 0.367
TG, mmol/L 2.17 (1.49) 1.85 (0.86) 0.32 11410050 021 0.443
HDL-C, mmol/L  1.14(0.18) 1.12 (0.19) ~0.02 0.11t00.07  0.11 0.673
LDL-C, mmol/L  3.57 (0.96) 3.60 (0.54) 0.03 0.51t00.57  0.03 0.913
SAS score 30.47 (4.53) 28.20 (2.31) 227 37510078  0.85 0.006
SDS score 28.47 (4.93) 27.33 (2.87) 114 24410016 0.48 0.084
HAMD score 4.20 (1.45) 3.73 (0.70) ~0.47 ~0.82t0-0.11  0.73 0.014

Data are presented as mean (SD).

Note: Positive mean change indicates increase from TP1 to TP2; negative mean change indicates decrease. Effect sizes (Co-

hen’s dz) are reported for within-group changes. p values are uncorrected for multiple comparisons; given the exploratory

nature of this pilot study, these should be interpreted descriptively. For variables that violated the normality assumption

(SDS and HAMD scores), p values are from Wilcoxon signed-rank tests; for all other variables, p values are from paired-

samples 7-tests. Emphasis should be placed on effect sizes and confidence intervals rather than on p values alone.

cognitive and affective indices. MoCA scores showed a
significant increase from 23.27 £ 1.71 at TP1 to 26.07 +
1.53 at TP2 (p < 0.001). Statistically significant pre-to-
post differences were also observed in Flanker-conflict re-
sponse time, Flanker-conflict accuracy, Stroop-conflict re-
sponse time, and 1-back reaction time. In addition, SAS
and HAMD values showed decreased significantly during
the treatment period, whereas FPG and HbAlc indicated
non-significant downward trends.

Given that repeated assessments were performed
solely in the T2DACD cohort, these longitudinal alterations
should be viewed with caution. Repeated administration
of the MoCA and computerized executive-control/working
memory tasks may be affected by retest associations, and
the absence of a repeatedly evaluated T2DACD appro-
priate control cohort prevents separation of intervention-
associated change from retest-related alteration.

Normality of the shift values was evaluated using the
Shapiro-Wilk test, as described in the Methods section.
Variables that violated the normality assumption (SDS and
HAMD values) were evaluated with non-parametric meth-
ods, specifically the Wilcoxon signed-rank test, as indicated
in the table notes.

Table 4 summarizes cognitive indicators before and
after intervention (TP1 and TP2). All variables, regard-
less of statistical significance, are reported with mean shifts,
95% confidence intervals, effect sizes (Cohen’s dz), and
p values. Approximate large within-group associations
were observed for Flanker-conflict response time (mean al-
teration, —0.08 s; 95% CI, —0.14 to —0.03; dz = —0.80),
Flanker-conflict accuracy (mean alteration, 0.05; 95% CI,
0.01 to 0.08; dz =~ 0.81), Stroop-conflict response time
(mean shift, —0.09 s; 95% CI, —0.22 to —0.04; dz = —0.37),
1-back response time (mean alteration, —0.17 s; 95% CI,
—0.30 to —0.03; dz = —0.66). These effect-size estimates
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should be regarded as preliminary because of the uncon-
trolled design and small sample size.

Overall, the clinical dataset suggest changes in overall
cognitive function, specific executive-control and working
memory outcomes, and certain affective symptoms over the
treatment period. However, the current design does not al-
low firm attribution of these alterations to AZASE itself.

Given that the sample was small, effect sizes and con-
fidence intervals are emphasized alongside p values, as
these estimates are more informative than statistical signif-
icance tests alone in pilot investigations [33].

3.3 RSFC Alterations in the T2DACD Cohort Before and
After Acupuncture Treatment

To assess alterations in brain functional network sys-
tems across the treatment period, RSFC was compared
across initial HCs, pre-treatment T2DACD, and postinter-
vention T2DACD. Significant omnibus group associations
were detected for the left anterior hippocampus-left angu-
lar gyrus (aHPC.L-ANG.L) connection and the left pos-
terior hippocampus-right middle occipital gyrus (pHPC.L-
MOG.R) connection (Table 5, Fig. 4).

Within the T2DACD group, paired TP1-versus-
TP2 contrasts indicated significantly decreased RSFC af-
ter AZASE in the following connections: left poste-
rior hippocampus (pHPC.L)-right middle occipital gyrus
(MOG.R), right middle temporal gyrus (MTG.R)-left pre-
cuneus (PCUN.L), left posterior cingulate gyrus (PCG.L)-
left inferior frontal gyrus, orbital part (ORBinf.L), and
right posterior cingulate gyrus (PCG.R)-left superior frontal
gyrus, medial orbital part (ORBsupmed.L) (Table 5, Fig.
4).  Visual inspection of the extracted mean z values
from the statistically significant clusters suggested that, for
multiple connections, the post-treatment T2DACD profile
moved toward the HC reference pattern.
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Table 4. Longitudinal cognitive outcomes in the T2DACD group.

Variable T2DACD-TP1 T2DACD-TP2 Mean change 95% Cl of change  dz p value
(n=195) (n=15) (TP2-TP1) (TP1 vs TP2)

MoCA score 23.27 (1.71) 26.07 (1.53) 2.80 2.04 t0 3.56 2.04 <0.001
Flanker-no conflict

reaction time, s 0.71 (0.17) 0.69 (0.19) —-0.02 —0.07 to 0.03 -0.24 0.368

accuracy rate 0.93 (0.07) 0.94 (0.04) 0.01 —0.01 t0 0.03 0.27 0.359
Flanker-conflict

reaction time, s 0.74 (0.17) 0.66 (0.14) —0.08 —0.14t0-0.03  —0.80 0.008

accuracy rate 0.89 (0.06) 0.94 (0.06) 0.05 0.01 to 0.08 0.81 0.011
Stroop-neutrality

reaction time, s 1.05 (0.32) 0.96 (0.23) —0.09 —0.22 t0 0.04 -0.37 0.175

accuracy rate 0.93 (0.14) 0.95 (0.07) 0.02 —0.07 t0 0.11 0.10 0.711
Stroop-consistency

reaction time, s 1.01 (0.25) 0.96 (0.29) —-0.05 —0.20t0 0.10 —0.17 0.526

accuracy rate 0.93 (0.10) 0.93 (0.09) 0.00 —0.06 to 0.06 —-0.03 0.889
Stroop-conflict

reaction time, s 1.11 (0.25) 0.98 (0.19) —0.13 -0.22t0-0.04  -0.76 0.011

accuracy rate 0.84 (0.13) 0.87 (0.13) 0.03 —0.05t0 0.11 0.20 0.434
1-back

reaction time, s 1.04 (0.23) 0.87 (0.30) —0.17 -0.30t0-0.03  —0.66 0.023

accuracy rate 0.85 (0.08) 0.90 (0.07) 0.05 —0.00 to 0.10 0.53 0.055
2-back

reaction time, s 1.33 (0.41) 1.25 (0.28) —0.08 —0.22 t0 0.06 —-0.29 0.277

accuracy rate 0.75 (0.09) 0.76 (0.09) 0.01 —0.02 to 0.04 0.16 0.559

Data are presented as mean (SD).

Note: Positive mean change indicates an increase from TP1 to TP2; negative mean change indicates a decrease.

Effect sizes (Cohen’s dz) are reported for within-group changes. p values are uncorrected for multiple comparisons;

given the exploratory nature of this pilot study, these should be interpreted descriptively. p values were obtained

using paired-samples z-tests. Emphasis should be placed on effect sizes and confidence intervals rather than on p

values alone.

3.4 Correlation Evaluation Findings

Exploratory correlation evaluations were conducted to
examine whether treatment-related RSFC shifts were as-
sociated with shifts in clinical endpoints. The observed
change in RSFC between the left anterior hippocampus and
left angular gyrus was inversely correlated with alteration
in Stroop-conflict response time (r =—0.608, uncorrected p
=0.027) (Fig. 5). Nevertheless, the present association did
not remain statistically significant after Bonferroni adjust-
ment.

No other significant associations were found between
ARSFC and Aclinical measures. Therefore, the aHPC.L-
ANG.L result should be viewed as a non-significant trend
and as a hypothesis-generating observation only, rather than
as data of a confirmed imaging-behavior pathway.

4. Discussion
4.1 Cognitive Clinical Outcomes

In this exploratory, open-label, uncontrolled pilot
investigation, participants with T2DACD demonstrated
poorer overall cognitive function and weaker task-related
executive-control and working memory task performance
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than HCs at initial. This profile is generally aligned with
previous data indicating that type 2 diabetes is associated
with deficits in mnemonic, executive-control performance,
processing speed, and attention, and that diabetes-related
cognitive dysfunction ranges from subtle decline to mild
cognitive impairment and dementia [3,4]. During the 8-
week treatment period, the T2DACD group showed an in-
crease in overall cognitive task performance, reflected by
higher MoCA values, as well as pre-to-post shifts in se-
lected outcomes of attentional appropriate control, interfer-
ence processing, and working mnemonic. Anxiety and de-
pressive symptom values decreased, whereas metabolism-
related markers indicated only non-significant downward
trends. Because these alterations occurred without a control
group, they could not be attributed specifically to AZASE
and might partly reflect retest associations, expectation-
related, regression to the mean, or other non-specific influ-
ences. Given that the MoCA is widely applied as a screen-
ing measure for mild cognitive impairment, the postinter-
vention increase may have possible clinical relevance, al-
though the present careful interpretation must remain cau-
tious [34].
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Table 5. Group-level and within-group resting-state functional connectivity results.

I1

Seed ROI  Target region Comparison Direction of effect Cluster size (voxels) Peak MNIx Peak MNIy Peak MNI z Peak statistic
aHPC.L ANG.L HCs vs T2DACD-TP1 vs T2DACD-TP2 omnibus group effect 319 =52 -60 28 F=13.9524
pHPC.L MOG.R HCs vs T2DACD-TP1 vs T2DACD-TP2 omnibus group effect 385 44 76 4 F=12.2973
pHPC.L MOG.R T2DACD-TP2 < T2DACD-TP1 decreased RSFC after treatment 385 44 -82 -6 T=-6.0831
MTG.R PCUN.L T2DACD-TP2 < T2DACD-TPI decreased RSFC after treatment 292 —-14 =70 36 T =-5.1200
PCG.L ORBinf.L T2DACD-TP2 < T2DACD-TP1 decreased RSFC after treatment 349 —44 36 -10 T=-4.7151
PCG.R ORBsupmed.L T2DACD-TP2 < T2DACD-TP1 decreased RSFC after treatment 336 10 42 -12 T =-4.6482

Note: Statistical significance was determined using a voxel-level cluster-defining threshold of p < 0.005 (uncorrected) and a cluster-level FWE-corrected threshold of p <0.05, with a cluster-extent
threshold (k) determined based on the estimated smoothness of the data. Peak F values are reported for omnibus group comparisons; peak T values are reported for paired pre-post comparisons
within the T2DACD group. All reported clusters survived cluster-level FWE correction (p < 0.05).

Abbreviations: aHPC, anterior hippocampus; pHPC, posterior hippocampus; MOG, middle occipital gyrus; ANG, angular gyrus; MTG, middle temporal gyrus; PCUN, precuneus; PCG, posterior
cingulate gyrus; ORBInf, inferior frontal gyrus, orbital part; ORBsupmed, superior frontal gyrus, medial orbital; FWE, family-wise error.
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Fig. 4. Group-level and within-group resting-state functional connectivity results after AZASE. (A) Resting-state functional con-
nectivity values in HCs, pre-acu, and post-acu groups; statistical annotations are shown only for HCs vs. pre-acu and pre-acu vs. post-acu
comparisons, whereas the HCs vs. post-acu comparison is presented for descriptive visualization only. (B) Post-acu vs. pre-acu com-

parisons. Data are presented as violin plots with individual data points. *p < 0.05, **p <0.01, ***p < 0.001, ****p <0.0001.

Notably, the most aligned behavioral alterations were
seen in tasks involving executive-control performance,
involving Flanker interference (inhibition), Stroop inter-
ference (interference control), and N-back performance
(working-memory updating). These processes are usu-
ally linked to the frontoparietal brain network (FPN) and
the cingulo-opercular network-level rather than to the hip-
pocampus or DMN by itself [35]. Nevertheless, the hip-
pocampus and DMN do not operate in isolation; they inter-
act dynamically with the FPN during cognitively demand-
ing tasks, especially when mnemonic retrieval and cogni-
tive control must be coordinated [36]. Moreover, work-
ing mnemonic, as evaluated by the N-back task, can re-
cruit the hippocampus when information must be main-
tained and manipulated over short delays [37]. Thus,
the hippocampal-DMN shifts identified here might reflect
wider network-level reorganization that could indirectly
support executive-control performance, rather than indicat-
ing that the hippocampus or DMN is the main neural sub-
strate of executive-control control.

These longitudinal clinical findings should be viewed
carefully. Given that repeated assessments were per-
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formed solely in the T2DACD group, retest associations,
expectation-related associations, regression to the mean,
and other non-specific influences cannot be excluded. The
results therefore should not be viewed as conclusive data
of a particular intervention association. Nevertheless, the
consistency of shifts among several cognitive domains pro-
vides initial rationale for further testing in adequately well-
controlled trials. The effect sizes identified in this pilot
sample (Cohen’s dz ranging from 0.66 to 2.04) may help
inform sample-size calculations for subsequent conclusive
studies.

4.2 Alterations in Hippocampal-Cortical Coupling

A notable observation in this exploratory investiga-
tion was that behavioral alterations were accompanied by
coherent RSFC alterations including hippocampal subre-
gions and cortical association areas. The anterior and pos-
terior portions of the hippocampus have distinct functional
profiles along the hippocampal long axis [16]. The ante-
rior hippocampus is greater strongly connected with an-
terior DMN and limbic areas and is involved in affec-
tive and mnemonic encoding processes, whereas the pos-
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Fig. 5. Exploratory association between change in aHPC.L-ANG.L RSFC and change in Stroop-conflict reaction time after

AZASE. Note: The correlation shown is uncorrected (p = 0.027) and did not remain significant after Bonferroni correction. Abbrevia-

tions: RSFC, resting-state functional connectivity.

terior hippocampus shows stronger network-level connec-
tions with posterior DMN and sensory-association cortices
and supports spatial and contextual processing [16]. The
hippocampus has a core role in mnemonic formation and
wider cognitive integration [38], while the ANG is a het-
eromodal association area within the DMN that contributes
to episodic retrieval, semantic integration, and memory-
related cognitive function [39,40,41].

One of the most important findings involved the
aHPC.L-ANG.L connection. The postintervention profile
for this connection indicated a directional trend toward the
HC comparison pattern. Because direct postintervention
versus HC statistical contrasts were not conducted for the
extracted cluster values, the present finding should not be
read as conclusive normalization. It is more appropriately
described as a pattern aligned with partial normalization,
or with improved network-level efficiency. Importantly,
given that the HC group was not followed longitudinally,
the observation that TP2 values trended numerically to-
ward the HC pattern does not establish that the alterations
were specifically attributable to AZASE. Nor does it ex-
clude the possibility that the trend reflected regression to
the mean, retest associations, or natural disease fluctua-
tion. The present cautious interpretation is consistent with
data that the hippocampus-ANG mechanism contributes to
memory-guided cognitive function and higher-order inte-
grative processing [42]. The involvement of the anterior
hippocampus in the present connection is also consistent
with its role in affective and mnemonic encoding processes
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[43], which aligns with the identified changes in both cog-
nitive and affective indices in the present work.

The exploratory inverse association between shift in
aHPC.L-ANG.L coupling and shift in Stroop-conflict re-
sponse time is biologically reasonable, but it did not sur-
vive adjustment for multiple contrasts. This result should
therefore be viewed only as hypothesis-generating, not as
data of a confirmed imaging-behavior pathway. Although
the hippocampus and ANG are classically associated with
episodic and semantic mnemonic [42], the aHPC.L-ANG.L
mechanism might also contribute to executive-control pro-
cesses when tasks require integration of memory-based in-
formation with goal-directed behavior [44]. The direc-
tional trend in the present connection, together with shifts
in Stroop-conflict response time, is aligned with the possi-
bility that hippocampal-DMN reorganization might relate
to wider cognitive processes beyond mnemonic, including
the executive-control demands of interference processing.
This interpretation remains tentative.

We additionally noted decreased postintervention cou-
pling between the pHPC.L and MOG.R. Given the role of
the pHPC in contextual and spatial aspects of mnemonic
and the role of occipital areas in visual information pro-
cessing, this shift may descriptively reflect reduced reliance
on inefficient or compensatory connectivity. This interpre-
tation remains tentative and could not be confirmed with
the present design. The posterior hippocampus preferen-
tially connects with posterior cortical areas, involving oc-
cipital areas, and is more engaged in visuospatial and con-
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textual processing [45]. Its involvement in this connection
might thus relate to the visuospatial and attentional compo-
nents of the noted cognitive observed changes in T2DACD.
Nevertheless, both increased and decreased functional cou-
pling can reflect compensatory adaptation depending on the
network-level context, and the current dataset do not estab-
lish a single underlying pathway [46].

4.3 Intra-DMN Coupling Changes

Beyond hippocampal-cortical associations, postinter-
vention decreases in coupling were observed between the
MTG.R and PCUN.L and between the posterior cingulate
gyrus and orbitofrontal or medial frontal areas. These ar-
eas are notable components of higher-order association net-
works and the DMN [47]. In the Yeo 7-network-level
parcellation, the DMN contains several functionally dis-
tinct subregions: DefaultC, centered on the posterior cin-
gulate cortex and medial prefrontal cortex, serves as a ma-
jor integrative hub involved in self-referential processing
and episodic mnemonic; DefaultD, centered on the angu-
lar gyrus and lateral temporal cortex, is involved in seman-
tic and language-related processing; and DefaultF, centered
on the medial temporal lobe, contributes to mnemonic en-
coding and retrieval [47]. The within-group connectivity
changes observed here, including MTG.R (a DefaultD area)
to PCUN.L (a DefaultC area) and posterior cingulate gyrus
to orbitofrontal and medial frontal areas, spanned multiple
DMN hubs. This pattern suggests network-level reorgani-
zation during the treatment period rather than an isolated
node-specific effect. Altered DMN connectivity has been
presented in T2DM and diabetes-related cognitive impair-
ment, and the current preliminary findings are generally
aligned with earlier reports of network-level dysregulation
including memory-related and internally directed cognitive
processes [48].

The DMN has traditionally been described as a task-
negative network-level that deactivates during externally
directed cognitive demands [49]. Increasing evidence,
however, indicates that the DMN does not simply shut
down during executive-control tasks; instead, it dynam-
ically couples and decouples with the FPN according to
task demands [50]. Altered DMN-FPN connectivity has
been presented in aging, mild cognitive impairment, and
metabolism-related disorders such as T2DM [48]. The de-
creased intra-DMN connectivity noted in this work, espe-
cially including DefaultC and DefaultD hubs, might reflect
a trend toward a greater efficient network-level configura-
tion that supports cognitive flexibility, a core component of
executive performance [51].

Importantly, the observed RSFC within-group ob-
served changes should not be overinterpreted as an unequiv-
ocal reversal of pathology. In certain network systems, both
hyperconnectivity and hypoconnectivity may reflect com-
pensatory processes, inefficient recruitment, or altered in-
tegration. The current dataset are therefore best viewed as
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evidence of treatment-associated brain network reorgani-
zation that might be compatible with improved neural ef-
ficiency, rather than as proof of a particular mechanism-
oriented mechanism.

4.4 Clinical Implications and Subsequent Directions

The inclusion of a healthy appropriate control com-
parison group provided a helpful descriptive context for ini-
tial cognitive and imaging observations by offering a non-
diabetic comparison pattern. This design also allowed vi-
sual contrast of T2DACD-TP2 patterns with the HC pattern.
Nevertheless, given that the HCs were not followed lon-
gitudinally and no sham-acupuncture or attention-control
T2DACD group was included, causal inference remains re-
stricted. The present limitation is particularly relevant in
acupuncture research, where sham procedures remain de-
bated given that they might not be physiologically inert
and can themselves evoke somatosensory or nonspecific re-
sponses [52,53].

Another important aspect of the findings is that
cognitive and certain affective outcomes changed within
the T2DACD group, whereas metabolism-related mark-
ers showed solely numerical changes. The present profile
suggests that the noted clinical and imaging longitudinal
changes are unlikely to be explained by short-term glucose
lowering by itself. More carefully, the reported findings
raise the possibility that AZASE might be associated with
concurrent within-group longitudinal changes in cognitive
function, emotional symptoms, and functional network or-
ganization, although the present cautious interpretation re-
mains tentative and needs confirmation in well-controlled
future trials. The present view is generally consistent with
previous study suggesting that T2DACD reflects greater
than glycemic burden by itself and is related to wider brain-
network changes [54,55].

The relatively consistent changes in executive-control
performance tasks, in the context of hippocampal-DMN
changes, raise the possibility that acupuncture might in-
fluence large-scale brain network systems in a coordinated
manner. One possible interpretation is that the interven-
tion period affected the DMN-hippocampal system while
indirectly supporting executive-control processes through
dynamic interactions with the FPN [50]. The present care-
ful interpretation is tentative and should be tested directly
in well-controlled investigations that include network-level
evaluations across multiple large-scale networks.

Subsequent investigations should prespecify main and
secondary measures, include sham or active control con-
ditions, and incorporate repeated assessment of compara-
tor cohorts. Larger samples and clearly defined imaging-
behavior hypotheses will be needed to determine whether
the present signals are reproducible. Direct contrasts
of extracted RSFC clinical behavioral measures between
T2DACD-TP2 and HCs, together with clearer visualiza-
tion of group means, dispersion, and uncertainty intervals,
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would additionally improve interpretation of whether post-
treatment patterns show any credible tendency toward nor-
malization.

5. Limitations

The present investigation has multiple important limi-
tations. First, and most importantly, it was performed as an
open-label, non-randomized, uncontrolled exploratory pilot
treatment without a sham-acupuncture or attention-control
group. This design prevents causal attribution of the ob-
served within-group changes to AZASE. Placebo associ-
ations, expectation-related associations, regression to the
mean, retest associations on repeated cognitive testing, and
other non-specific temporal or contextual factors could not
be ruled out as alternative explanations. Thus, the findings
should be read only as descriptive, hypothesis-generating
observations, not as data of intervention effectiveness or
pathway. This is a common challenge in acupuncture re-
search given that sham procedures are frequently not physi-
ologically inert and might themselves evoke somatosensory
or biomarker responses [56,57]. Subsequent investigations
should adopt randomized controlled designs with carefully
justified sham or comparator conditions.

Second, postintervention evaluations were conducted
with a per-protocol strategy rather than an intention-to-treat
approach. Given that four individuals with T2DACD with-
drew before investigation completion, solely completers
contributed to the longitudinal evaluations.  Attrition-
related bias therefore could not be excluded. The results
should be viewed as secondary clinical outcomes among
individuals who completed the intervention, rather than as
conclusive evidence of intervention effectiveness in all en-
rolled participants.

Third, the sample size was relatively limited (n = 15
for longitudinal evaluations), especially for the neuroimag-
ing and correlation exploratory statistical analyses. This is
common in pilot neuroimaging investigations, which are in-
tended to estimate effect sizes and assess feasibility rather
than to offer conclusive hypothesis testing [20]. Nonethe-
less, the small sample limits statistical power, reduces the
ability to detect stable imaging-behavior associations after
adjustment for multiple contrasts, and increases the risk of
both false-positive and false-negative observations. To ad-
dress this limitation, effect sizes and confidence intervals
are emphasized alongside p values throughout the findings,
because these metrics are more informative than statistical
significance tests in limited independent samples. The iden-
tified effect sizes (Cohen’s dz up to 2.04 for MoCA ob-
served change) should be regarded as initial and applied
with caution for future trial planning. Larger-scale cohorts
are required to establish whether the identified trends are
replicable and clinically meaningful. We also acknowledge
that formal normality testing has limited power in limited
larger samples; nevertheless, Shapiro-Wilk tests were sup-
plemented with Q-Q plot inspection, and non-parametric al-
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ternatives were used where indicated, providing additional
reassurance regarding the robustness of the conclusions.

Fourth, the HC group served as an initial compar-
ison solely and did not undergo longitudinal follow-up.
Although this design was helpful for identifying abnor-
mal baseline patterns and assessing whether postinterven-
tion observations trended toward the HC comparison pro-
file, it does not permit direct contrast of longitudinal
change between cohorts. Future investigations should in-
clude repeated assessment of a matched comparator group
to strengthen causal inference. Consequently, any noted
trend toward the HC pattern at TP2 cannot be attributed
to AZASE and should not be read as data of normaliza-
tion or intervention effectiveness. In addition, residual con-
founding by unmeasured lifestyle-related factors, such as
body mass index (BMI), smoking, and alcohol consump-
tion, could not be ruled out.

Fifth, the work used seed-based exploratory analy-
ses focused on hippocampal and DMN subregions given
their strong relevance to mnemonic and diabetes-related
cognitive dysfunction [13]. This hypothesis-driven strat-
egy allowed us to examine particular hippocampal-DMN
functional connections.  Nevertheless, given that the
most prominent behavioral within-group changes involved
executive-control performance tasks, which are tradition-
ally linked to the frontoparietal network [35], the present
network-focused approach may have missed direct addi-
tional changes in the FPN or in other large-scale systems,
such as salience or cingulo-opercular networks, that may
be more explicitly involved in executive control. We ac-
knowledge that the study was not planned to test additional
changes in these other network systems. Future whole-
brain approaches are required to define the full profile of
acupuncture-related network modulation among multiple
large-scale networks.

Sixth, the statistical cutoff applied for the fMRI statis-
tical exploratory analysis requires care. We used a voxel-
level cluster-defining cutoff of p < 0.005 (uncorrected)
combined with cluster-level FWE adjustment (p < 0.05).
Although this approach balances sensitivity and Type I er-
ror control in exploratory pilot investigations [31], the rel-
atively lenient voxel-level cutoff may increase the risk of
false-positive observations compared with more conserva-
tive procedures such as voxel-level FWE or false discovery
rate (FDR) adjustment [32]. In addition, cluster-level in-
ference based on random field theory can be sensitive to
violations of its assumptions, especially in limited samples
[32]. Thus, the neuroimaging results presented here should
be viewed as initial and hypothesis-generating and require
validation in larger-scale, independent cohorts with more
stringent adjustment methods [58,59].

Finally, although the current findings raise the pos-
sibility that AZASE may coincide with longitudinal addi-
tional changes in cognitive function and brain connectivity,
the biological pathways linking metabolism-related status,
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emotional symptoms, and core network remodeling remain
incompletely defined. Subsequent studies should integrate
cognitive testing with multimodal imaging, metabolism-
related indices, and, where feasible, mechanism-oriented
biomarkers. Such work would help clarify whether ob-
served changes reflect treatment-related neuromodulation,
nonspecific clinical improvement, or broader interactions
among metabolic, emotional, and neural systems.

6. Conclusion

In the present exploratory, open-label pilot study,
participants with T2DACD indicated within-group addi-
tional changes in overall cognition, specific executive-
control and working memory clinical measures, and sev-
eral affective secondary clinical outcomes during an 8-
week AZASE electroacupuncture treatment. These ob-
served changes were accompanied by changes in RSFC
including hippocampal-DMN and intra-DMN connections.
Because the study was uncontrolled and the longitudinal
sample was small, the observations should be viewed as
initial and hypothesis-generating rather than as data of nor-
malization, treatment efficacy, or a particular causal path-
way. Even so, the findings offer a useful basis for further
evaluation of electroacupuncture as a possible adjunctive
treatment for T2DACD in adequately powered, carefully
well-controlled future trials.
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