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Abstract

Purpose Type 2 diabetes mellitus (T2DM) increases the risk of cognitive impairment through metabolic-neurodegenerative
interactions, yet the underlying neural mechanisms remain unclear. This study investigates whether glycemic control modu-
lates the relationships among glymphatic dysfunction, cortical thinning, and cognition in T2DM, with a focus on whether
glymphatic impairment is associated with chronic hyperglycemia-related neurostructural decline.

Methods T2DM patients were stratified by glycemic control (Hemoglobin Alc<7.5% vs. > 7.5%). All participants under-
went neuropsychological assessments and magnetic resonance imaging (MRI) to quantify cortical thickness, choroid plexus
volume (CPV), perivascular space (PVS) volume, and the diffusion tensor image analysis along the perivascular space
(DTI-ALPS) index. Group comparisons, Spearman correlations, and mediation analyses were used to examine the pathways
linking glycemic control, glymphatic function, and cortical structure.

Results A total of 54 poorly controlled T2DM patients, 38 well-controlled T2DM patients, and 99 healthy controls were
included. Poorly controlled T2DM patients exhibited worse cognitive performance compared with healthy controls. Both
T2DM groups showed reduced cortical thickness in the insula, fusiform gyrus, and supramarginal gyrus relative to healthy
controls, with insular atrophy significantly associated with enlarged CPV. Markers of glymphatic dysfunction, including
enlarged CPV, increased PVS volume, and reduced DTI-ALPS index, were most pronounced in the poorly controlled T2DM
group. Cortical thickness and glymphatic measures each correlated with cognitive performance. Mediation analysis indi-
cated that CPV showed associations consistent with a mediating role in the relationship between HbAlc and left insular
cortical thinning.

Conclusion Compared with other subgroups, in the poorly controlled T2DM group, glymphatic changes were more pro-
nounced, and the glymphatic-cognitive associations were more evident. Furthermore, CPV showed associations consistent
with a mediating role in the relationship between hyperglycemia and cortical thinning in T2DM patients. These findings
suggest that the glymphatic system may serve as an associative link between systemic metabolic dysregulation and structural
neurodegeneration, offering potential imaging biomarkers for early neurological risk assessment in T2DM.
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Introduction

Type 2 diabetes mellitus (T2DM) has emerged as one of
the leading global causes of mortality and morbidity [1].
Beyond its well-documented cardiorenal complications,
T2DM exerts profound deleterious effects on the central
nervous system, doubling the risk of cognitive impair-
ment through bidirectional metabolic-neurodegenerative
cascades [2, 3]. This reciprocal pathophysiology between
chronic hyperglycemia and progressive cognitive deterio-
ration establishes a self-reinforcing pathological loop that
profoundly diminishes patients’ quality of life [3].

Poor glycemic control is an established independent
risk factor for cognitive impairment [4]. Hemoglobin Alc
(HbAlc), a pivotal biomarker for individualized glycemic
management in diabetes, reflects the average blood glu-
cose level over the previous 2-3 months [5], providing a
more reliable and objective measure compared to isolated
fasting or postprandial glucose assessments [6]. While the
association between long-term glycemic control and cogni-
tive impairment in diabetes is well-documented [7], the pre-
cise neural mechanisms underlying this relationship remain
unclear. Cortical thickness represents a key pathological
alteration in cerebral degeneration, offering critical neuro-
imaging evidence of neurological damage that correlates
with cognitive decline [8], while demonstrating superior
etiological specificity over gray matter volumetry [9]. Stud-
ies have confirmed significant changes in cortical thickness
among patients with T2DM, which are strongly associated
with cognitive impairment [10]. Moreover, a clinical study
revealed a nonuniform association between HbA 1c and cor-
tical thickness at prediabetic stages, underscoring the neces-
sity of effective glycemic control for maintaining brain
health and preventing neurobiological disturbances [11].

The glymphatic system, a recently identified cerebral
waste clearance pathway, mediates cerebrospinal fluid
(CSF)-interstitial fluid exchange via perivascular conduits,
thereby regulating metabolic byproduct elimination and
maintaining neuronal homeostasis [12]. Emerging evidence
suggests that glymphatic dysfunction may serve as a critical
link between metabolic disturbances and neurodegenera-
tion. Magnetic Resonance Imaging (MRI)-derived biomark-
ers, including choroid plexus volumetry (CPV), perivascular
space (PVS), and diffusion tensor image analysis along the
perivascular space (DTI-ALPS), now enable non-invasive,
high-resolution evaluation of glymphatic function [13] (Fig.
1).

Prior studies have separately implicated individual glym-
phatic markers in neurodegenerative processes. Enlarged
CPV predicts progression in Alzheimer’s and Parkinson’s
diseases [ 14, 15], and our recent work has linked it to Papez
circuit dysfunction in T2DM [16]; PVS metrics correlate
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with cortical thickness and cognition in T2DM [17, 18];
and the DTI-ALPS index, introduced by Taoka et al. [19],
is reduced in T2DM and associated with cognitive perfor-
mance [20]. Despite these important observations, these
findings remain disconnected. A critical gap persists, as no
study has yet integrated all three glymphatic biomarkers
simultaneously. Furthermore, it remains unknown whether
glymphatic dysfunction shows associations consistent with
a mediating role in the relationship between chronic hyper-
glycemia and cortical neurodegeneration in T2DM.

Collectively, these prior findings point toward glym-
phatic involvement in T2DM-related brain alterations, yet
they remain fragmented across distinct biomarkers and
lack integration with cortical structural outcomes. More
importantly, the putative role of glymphatic dysfunction
as a mechanistic mediator rather than merely an associated
phenomenon has not been tested. Three fundamental ques-
tions therefore remain unanswered: (1) Does the degree of
glycemic control differentially impact glymphatic function
and cortical integrity? (2) How do multiple glymphatic bio-
markers collectively relate to regional cortical thinning? (3)
Does glymphatic dysfunction mediate the structural effects
of chronic hyperglycemia?

To address these gaps, we established a multiparamet-
ric MRI framework integrating complementary glymphatic
biomarkers to comprehensively evaluate glymphatic func-
tion alongside cortical thinning in T2DM. A key innovation
of this study is the stratification of patients by glycemic
control status, moving beyond the homogeneous grouping
of T2DM in prior research. Glymphatic dysfunction shows
associations consistent with a mediating role in the relation-
ship between hyperglycemia and cortical thinning in T2DM
patients, which is an association that, if validated, would
position the glymphatic system as a modifiable neural target
for early intervention. By systematically interrogating these
stratified relationships, this work offers a new framework
for understanding and potentially intercepting the meta-
bolic-neurodegenerative cascade in diabetes-associated
cognitive decline.

Methods and materials
Study participants

Approval for the study was obtained from the Research Eth-
ics Committee of Nanjing Medical University and the study
was conducted in accordance with the Helsinki Declaration.
All subjects provided written informed consent before their
participation. Patients were recruited from the Department of
Endocrinology of Nanjing First Hospital, and age-matched
HCs were recruited from nearby communities between
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Fig. 1 Schematic diagram of the
glymphatic system. CSF, cerebro-
spinal fluid; ISF, interstitial fluid,
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March 2022 and January 2025. All participants were aged
between 40 and 75 years, and had no less than 6 years of
education. All patients met the 1999 World Health Organi-
zation diagnostic criteria for T2DM [21] and had been on
stable therapy, including diet, exercise, insulin, and oral
medications. The exclusion criteria for all participants were
as follows: (1) neurological disorders (e.g., Parkinson’s dis-
ease, Alzheimer’s disease); (2) a major medical illness (e.g.,
cancer, anemia or thyroid dysfunction); and (3) contraindi-
cations to MRI (e.g., cardiac pacemakers, metal implants).
Sample size was determined using G*Power 3.1.9.7 for a
one-way ANOVA (three groups). Based on previous T2DM
studies [22, 23], we assumed a medium effect size (f=0.25),
o = 0.05, and power = 0.80, yielding a required total of 159
participants (53 per group). Our final sample (N = 191)
meets this requirement.

Demographic registration and neuropsychological
assessment

Venous blood was drawn from all subjects in a fasting state,
and FBG, HbAlc, and blood lipid levels were measured.
Given that the latest guidelines recommend an HbA 1¢ target

—
" cpv

FSL

DTI DTI-ALPS

PVS

of 7% for most older adults with type 2 diabetes, and an
acceptable range of up to 8.5% for those with long dis-
ease duration, poor glycemic control, or established com-
plications [24], and considering the mean HbAlc level of
8.0% in our sample, we set a cutoff of 7.5% to distinguish
between poorly controlled and well-controlled diabetes. A
series of cognitive assessments were performed on all par-
ticipants. The Montreal Cognitive Assessment (MoCA) and
the Minimum Mental State Examination (MMSE) were
used to assess comprehensive cognitive function. The Trail
Making Test Part A (TMT-A) and Part B (TMT-B) were
used to assess attention, processing speed, and flexibility
in switching tasks. Digit Symbol Substitution Test (DSST),
Digit Span Test (DST) were used to assess working mem-
ory, attention/executive function, and processing speed. The
Verbal Fluency Test (VFT) was conducted to evaluate lan-
guage function. The Auditory Verbal Learning Test (AVLT)
and delayed recall after a 5 min interval (AVLT-delay) were
used to assess auditory learning and memory. The Clock
Drawing Test (CDT), Complex Figure Test (CFT), and
delayed recall after 3 min interval (CFT-delay) were used to
evaluate executive function, memory and visuospatial abili-
ties. MoCA used was the Beijing version (total score 30),
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validated for Chinese-speaking populations. All neuropsy-
chological assessments were performed by trained neuro-
psychologists blinded to participants’ glycemic status, and
radiologists were similarly blinded during image process-
ing. Inter-rater reliability was excellent: the intraclass cor-
relation coefficient for the MoCA total score was 0.94 (95%
CI: 0.89-0.97), and for other cognitive tests ICCs ranged
from 0.89 to 0.96, based on double-scoring of a random
20% of assessments.

MRI acquisition

The T1-weighted (T1w) MRI and DTI scans from all par-
ticipants were acquired using the same 3.0 Tesla MRI scan-
ner (Ingenia, Philips Medical Systems, Netherlands). T1w
imaging was performed with an 8-channel receiver array
head coil, while DTI was acquired using a 64-channel
receiver array head coil. Participants received standardized
instructions to maintain: (1) closed-eye resting state; (2)
mental passivity (avoiding intentional cognitive process-
ing); and (3) maintain isometric body positioning through-
out image acquisition.

Image analysis
Cortical thickness extraction

The image-processing pipeline provided by FreeSurfer was
employed to perform the segmentation of bilateral cortical
areas and subcortical structures. The bilateral cerebral cor-
tex is divided into 68 subfields. The volume of subcortical
brain structures and the mean thickness of cortical regions
were extracted for each subject. Two skilled radiologists
verified the accuracy of the deep subcortical gray matter
structure segmentation and ruled out patients with neurolog-
ical conditions. The reported sample size relies on whether
anatomical data adhered to quality control standards. Using
Monte Carlo cluster-level correction to obtain results that
can be used for visualization.

Choroid plexus volume measurement

We selected a convolutional neural network model using
U-Shaped Neural Network (U-NET) architecture to execute
automatic choroid plexus segmentation using Tlw MRI
[25]. Briefly, an individual T1w image was used as input
and registered non-linearly with Advanced Normalization
Tools (ANTs) to the International Consortium for Brain
Mapping-Montreal Neurological Institute 152-T1-weighted
template. Then the output was inversely transformed to
the native imaging space and generated a mask of choroid
plexus. Each mask was overlaid on the image and examined
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by an expert. Finally, the volume was calculated accurately
using SimplelTK in Python to acquire comprehensive sta-
tistics. In addition to the volume raw value, values were also
expressed as a ratio of total intracranial volume (TIV)*1000
to eliminate potential influences of individual variability
in brain volume. We have now calculated inter- and intra-
rater reliability on 30 randomly selected subjects. Two inde-
pendent neuroradiologists, blinded to clinical information,
performed choroid plexus segmentation using the same
U-Net model with manual correction. The ICC for CPV
was 0.94 (95% CI: 0.89-0.97) for inter-rater and 0.96 (95%
CI: 0.92-0.98) for intra-rater reliability, indicating excellent
agreement.

Perivascular spaces measurement

Similar to the extraction process of CPV, after the PVS were
segmented, several metrics and morphological features of
the PVS could be computed from the segmentation mask.
PVS volume is one of these metrics and provides an esti-
mate of the amount of fluid in the PVS [26]. In our compar-
ative analysis of PVS volumetric statistical models across
individuals, raw PVS volume was extracted and standard-
ized as a ratio to total intracranial volume (TIV) multiplied
by 1,000 (PVS volume / TIV x 10%).

DTI-ALPS Index Calculation.

The DTI-ALPS index was calculated from diffusion-
weighted imaging data using the DTIFIT tool of the FMRIB
Software Library (FSL). Preprocessing steps included for-
mat conversion, brain extraction, eddy current correction,
and diffusion tensor calculation. The slice level was set at
the level of the lateral ventricular body, where the deep
medullary veins run perpendicular to the ventricular body.
On the color-coded fractional anisotropy (FA) maps, spheri-
cal regions of interest (ROIs) with a diameter of 5 mm were
manually placed using FSLeyes. ROIs were positioned
bilaterally on projection fibers (superior and posterior
corona radiata), association fibers (superior longitudinal
fasciculus), and subcortical fibers at the same axial level.

For each ROI, diffusivity values along the x- axis (right-
left, Dxx), y- axis (anterior- posterior, Dyy), and z- axis
(inferior- superior, Dzz) were extracted.

The ALPS index was then calculated as follows: ALPS
index=mean (Dxxassoc, Dxxproj) / mean (Dzzassoc, Dyy-
proj). The same two raters independently placed ROIs on
the color-coded FA maps of 30 random participants. The
ICC for the ALPS index was 0.88 (95% CI: 0.79-0.93)
for inter-rater and 0.91 (95% CI: 0.84-0.95) for intra-rater
reliability.

All image analyses were performed by investigators
blinded to participants’ clinical status, glycemic control
group, and neuropsychological test results.
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Statistical analysis

Statistical analyses were performed using SPSS 25.0
(Released 2017, IBM, Armonk, NY, USA) and GraphPad
Prism 10.2.0 (GraphPad Software, Boston, Massachusetts,
USA, www.graphpad. com). For all analyses, a two-tailed
p<0.05 was considered statistically significant, and false
discovery rate (FDR) correction was applied with signifi-
cance defined as q<0.05.

Description and between-group comparisons

The Kolmogorov—Smirnov test was used to test data nor-
mality. Continuous variables were presented as mean val-
ues (SD). Student’s t tests were performed to compare the
differences in normally distributed continuous data and
Mann—Whitney U tests were used to compare non-normally
distributed data. FDR correction was carried out based on
the overall number of pairwise comparisons of cognitive
performance.

Correlation analysis

Spearman rank correlations were performed to assess the
relationship between each pair of variables. We performed a
series of partial Spearman rank correlation analyses to exam-
ine the association between cortical thickness, MRI indices,
and cognitive performance measures, with age, gender, edu-
cation, blood pressure and blood lipids as covariates. The
FDR method was used to correct for all correlation analyses
at the level of q<0.05.

Fig. 2 Flow diagram of the partici-
pant enrollment process. T2DM,
Type 2 diabetes mellitus; HCs,
healthy controls; MRI, Magnetic
Resonance Imaging

105 patients were recruited from

the Department of Endocrinology | £ : .
of Nanjing First Hospital between Initial Screemng
March 2022 and January 2025

Clinical Evaluation

Mediation analysis

Mediation analysis is of critical importance in mechanistic
research, as it elucidates the intermediary pathways through
which an exposure influences an outcome, enabling the
decomposition of total effects into direct and indirect com-
ponents. Using SPSS PROCESS 4.3, we tested glymphatic
metrics as mediators between HbA 1c and cortical thickness.
Gender, age, education level and hypertension, and dyslipid-
emia were included as covariates in the mediation analysis.
Significance was determined by 95% bootstrap confidence
intervals that excluded zero (based on 5,000 resamples).

Results
Demographic and clinical features

Initially, 101 patients with T2DM and 105 HCs were
recruited. Four T2DM participants were excluded because of
suffering from psychiatric illnesses, and five were excluded
for visual and auditory impairments. Among the 105 HCs,
six were excluded for the fact that the head is not fixed dur-
ing the MRI scan. Ultimately, 54 patients with poorly con-
trolled T2DM, and 38 patients with well-controlled T2DM
and 99 HCs were included in the study (Fig. 2).

The three groups showed no significant differences in
sex, age, education, triglycerides, total cholesterol, and LDL
levels. Diabetes duration did not differ significantly between
the poorly controlled and well-controlled T2DM groups.
Compared with the well-controlled T2DM group, the poorly

101 age-matched HCs were recruited
from nearby communities between
March 2022 and January 2025
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controlled T2DM group had higher HbAlc, higher fasting
glucose, higher BMI, and lower HDL level.

T2DM patients performed worse than HCs on most
neuropsychological tests, and the poorly controlled T2DM
group exhibited the worst cognitive performance. Specifi-
cally, the poorly controlled T2DM group showed signifi-
cantly worse cognitive performance than HCs on CFT-delay
and TMT-B (p<0.05). Through one-way ANOVA analysis,
there were no significant differences between the poorly
controlled T2DM group and the well-controlled T2DM
group, and between the well-controlled T2DM group and
HCs. Detailed demographic and clinical characteristics are
presented in Table 1.

Between-group comparisons of cortical thickness
and glymphatic function

We found that diabetic subjects had significantly reduced
cortical thickness in six brain regions, including the insula,
fusiform gyrus, pars triangularis, supramarginal gyrus, mid-
dle temporal gyrus, and precentral gyrus, compared with
HCs. Cortical thickness was further diminished in poorly
controlled T2DM patients and well-controlled T2DM indi-
viduals relative to HCs (p<0.05), no significant differences
were observed between the poorly controlled and well-con-
trolled T2DM groups (Fig. 3). Detailed cortical thickness
data are shown in Table 1.

As shown in Table 2, intergroup comparisons of MRI
indices by one-way ANOVA analysis reflecting glymphatic

Table 1 Demographic and char-
acteristics of all participants

Data are represented as

mean=+ SD. * Indicates signifi-
cant differences among the three
groups (p<0.05). * Indicated
significant differences between
poorly controlled T2DM

and well- controlled T2DM
(»<0.05). ® Indicated signifi-
cant differences between poorly
controlled T2DM and healthy
controls. € Indicated significant
differences between well-
controlled T2DM and healthy
controls. T2DM, type 2 diabetes
mellitus; HCs, healthy controls;
BMI, body mass index; HbAlc,
hemoglobin Alc; LDL-C, low-
density lipoprotein cholesterol;
HDL-C, high-density lipoprotein
cholesterol; MMSE, Mini-Men-
tal State Examination; MoCA,
Montreal Cognitive Assessment;
VEFT, Verbal Fluency Test; CFT,
Complex Figure Test; CFT-delay,
Complex Figure Test-delayed
recall; TMT-A, Trail-Making
Test Part A; TMT-B, Trail-Mak-
ing Test Part B; AVLT, Auditory
Verbal Learning Test; AVLT-
delay, Auditory Verbal Learn-
ing Test-delayed recall; CDT,
Clock-Drawing Test; DST, Digit
Span Test; DSST, Digit Symbol
Substitution Test; L, left; R, right
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Poorly controlled ~ Well-controlled HCs p

T2DM group T2DM group (n=99) Value

(n=54) (n=38)
Demographics
Sex (Male/Female) 30/24 21/17 56/43 0.654
Age (years) 57.51+7.84 58.74+7.50 56.83+7.02 0.134
Duration (years) 10.37+5.38 9.87+£5.24 - 0.243
Education (years) 11.76+2.74 11.89+2.31 11.40+2.07 0.265
BMI (kg/m?) 26.07+2.89% 25.18+2.84° 2432+2.15 0.012%
HbAlc (%) 9.23+1.28% 6.80+£0.63¢ 5.50£0.17 <0.01%*
Fasting glucose (mmol/L) 9.01+2.75% 6.45+1.43°¢ 5.41+0.34 <0.01*
Triglycerides (mmol/L) 1.85+1.41 1.81+0.93 1.32+0.99 0.234
Total cholesterol (mmol/L) 4.98+1.33 4.84+0.89 4.624+0.99 0.325
LDL-cholesterin (mmol/L) 2.76+1.01 2.64+0.68 2.69+0.83 0.132
HDL-cholesterin (mmol/L) 1.23+0.39°¢ 1.25+0.29% 1.35+£0.32 <0.01%*
Dyslipidemia 39(74.1%) 20(65.8%) 21(38.4%) <0.01*
Hypertension 36(66.7%) 20(52.6%) 18(18.2%) <0.01*
Neuropsychological assessments
MMSE 28.82+0.80 28.91+£0.96 29.05+1.14 0.135
MoCA 27.02+1.91 27.37+1.42 26.92+1.67 0.234
VET 14.28+4.06 14.39+£3.17 14.73+£3.24 0.165
CFT 33.66+2.02 34.67+£1.58 34.52+1.78 0.129
CFT-delay 18.17+4.55° 19.25+5.41 21.76+5.92 0.004*
TMT-A 75.79+27.15 72.94+30.67 66.23+16.19 0.256
TMT-B 199.24+53.56° 197.53+52.65 168.13+47.29 0.012*
AVLT 34.63+7.27 34.84+7.17 35.28+6.81 0.134
AVLT-delay 6.76+2.45 7.06+£2.22 6.73+£2.40 0.236
CDT 3.55+0.50 3.57+£0.57 3.49+0.54 0.257
DST 11.28+1.74 11.34+1.89 11.58+1.84 0.311
DSST 67.76+8.06 67.87+7.81 69.74+8.93 0.325
Cortical thickness
Insula (L) 2.52+0.11° 2.5240.13¢ 2.64+0.14 0.015%*
Fusiform gyrus (L) 2.71+£0.20° 2.73+0.24° 2.86+0.18 0.028*
Pars triangularis (L) 2.25+0.18° 2.26+0.16° 2.354+0.17 0.011*
Insula (R) 2.97+0.19° 3.01+0.15¢ 3.11£0.18 0.007*
Fusiform gyrus (R) 2.54+0.15° 2.614+0.19¢ 2.69+0.15 0.012%*
Supramarginal gyrus (R) 2.48+0.13° 2.50+0.19¢ 2.63+0.16 0.032*
Middle temporal gyrus (R) 2.78+0.16° 2.79+1.38¢ 2.89+0.16 0.014*
Precentral gyrus (R) 2.34%0.18° 2.35+0.15° 2.45+0.17 0.008*
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Table 2 Comparison of CPV, PVS and ALPS index among three groups
Poorly controlled Well-controlled T2DM group HCs p Value
T2DM group (n=38) (n=99)
(n=>54)
TIV (mL) 1356.74+168.83 1341.57+£191.00 1355.87+149.21 0318
R-CPV (mL) 1.19+0.36° 1.15+£0.42¢ 1.00+0.42 0.029*
R-CPV/TIV*10° 1.04+0.53° 0.99+0.52¢ 0.70+0.25 0.031*
L-CPV (mL) 1.32+0.40° 1.24+0.42¢ 1.09+0.43 0.022*
L-CPV/TIV*10? 0.90+0.26 0.10+0.29° 0.80+0.26 0.023*
PVS volume (mL) 0.67+0.29% 0.52+0.19 0.44+0.21 0.015*
PVS volume/TIV*10° 0.50+0.28% 0.40+0.16 0.30+0.14 0.012*
DTI-ALPS index 1.55+0.91° 1.56+1.13 1.61+1.17 0.014*

Data were represented as mean+standard deviation. * Indicates significant differences among the three groups (p<0.05). * Indicated sig-
nificant differences between poorly controlled T2DM and well-controlled T2DM (p<0.05). ® Indicated significant differences between poorly
controlled T2DM and healthy controls. © Indicated significant differences between well-controlled T2DM and healthy controls. T2DM, type 2
diabetes mellitus; HCs, healthy controls; TIV, total intracranial volume; CPV, choroid plexus volume; PVS, perivascular spaces; DTI-ALPS,
diffusion tensor image analysis along the perivascular space; L, left; R, right

function revealed that the poorly controlled T2DM group
and the well-controlled T2DM group had significantly
higher CPV values compared to the HCs (p<0.05), but no
significant differences between the poorly controlled and
well-controlled T2DM groups. The poorly controlled T2DM
group showed significantly enlarged PVS values compared
to both the well-controlled T2DM group and the healthy
control group (p<0.05), whereas no significant difference
was observed between the well-controlled T2DM group
and healthy controls. Additionally, the poorly controlled
T2DM group demonstrated significantly lower DTI-ALPS
index values relative to HCs (p<0.05), but no significant
differences were detected between the poorly controlled and
well-controlled T2DM subgroups, nor between the well-
controlled T2DM group and HCs (Fig. 4).

Correlation analysis
Cortical thickness and cognitive performance

In the poorly controlled T2DM group, left insula cortical
thickness positively correlated with DSST score (r=0.282,
p=0.039). No significant correlations were observed in HCs

(Fig. 5).

Glymphatic function MRl indices and cognitive
performance

In the poorly controlled T2DM group, right CPV positively

correlated with TMT-A score (r=0.351, p=0.009), while
PVS negatively correlated with MoCA score (r = -0.424,
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p=0.002), and DTI-ALPS negatively correlated with
TMT-A score (r = -0.464, p=0.012). No significant corre-
lations were observed in the well-controlled T2DM or HC

(Fig. 6).

@ Springer

L-Insula

Glymphatic function MRl indices and cortical thickness in
patient groups

In the poorly controlled T2DM group, left CPV negatively
correlated with left insula cortical thickness (r = -0.301,
»=0.026). In the well-controlled T2DM, left CPV nega-
tively correlated with left insula cortical thickness (r =
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-0.340, p=0.037). No significant correlations were observed
in HCs (Fig. 7).

Mediation analysis

Figure 8 illustrates the simple mediation analysis, using
the HCs as a reference. In both poorly and well-controlled
T2DM groups, left CPV showed associations consistent
with a significant mediating role in the relationship between
HbA 1c and left insula cortical thickness (poorly controlled:
indirect effect=—0.019, 95% CI=-0.0495 to —0.0050;
well-controlled: indirect effect=—0.012, 95% CI=—0.0308
to —0.0020).

Discussion

This study establishes a multidimensional assessment
framework for glymphatic function in T2DM by integrat-
ing three complementary MRI metrics, including CPV, peri-
vascular spaces PVS, and the DTI-ALPS index. Through
an HbAlc-stratified analysis, we identify an associative
pattern consistent with a metabolic—glymphatic—neuro-
structural link, in which CPV shows associations sugges-
tive of a mediating role between chronic hyperglycemia and
insular cortical thinning. These findings are consistent with
the view that glymphatic dysfunction may extend beyond
a localized phenomenon and could contribute to neurode-
generative processes in T2DM, potentially serving as an

associative bridge between systemic metabolic dysregula-
tion and structural brain decline.

The glymphatic system facilitates CSF circulation
through perivascular pathways mediated by Aquaporin-4
(AQP-4) channels. Specifically, the pathway then directs
fluid to venous perivascular and perineuronal spaces, ulti-
mately clearing solutes from the neuropil to meningeal
and cervical lymphatic vessels [12]. In our study, T2DM
patients exhibited increased CPV and PVS compared with
HCs, while the DTI-ALPS index was reversed. The lack of
statistically significant differences between the poorly and
well-controlled T2DM groups in most imaging measures
likely reflects a combination of limited statistical power
(modest sample size), the chosen HbAlc cutoff that may
not capture a true threshold effect, and comparable disease
duration between groups, which may have led to convergent
glymphatic alterations despite different recent glycemic
levels. Nonetheless, the exclusive presence of significant
glymphatic-cognitive correlations in the poorly controlled
subgroup supports the clinical relevance of glycemic con-
trol for glymphatic function.

By comparing our research findings with previous studies
on the glymphatic system in T2DM, the direction of changes
in the three glymphatic indicators was largely consistent
with earlier reports [27, 28], while certain differences were
also identified. For instance, previous studies found signifi-
cant correlations of CPV and ALPS with the MoCA score
[29, 30], whereas our study revealed significant correlations
of CPV and ALPS with TMT-A, and between PVS and the
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Fig. 8 Mediation analysis of
HbAlc, glymphatic function,

and cortical thickness in diabetic
groups. X, the poorly controlled
T2DM group; X,, the well-con-
trolled T2DM group. ? Indicates
significant mediation effects; °
Indicates significant direct effects.
T2DM, Type 2 diabetes mellitus;
HbAlc, hemoglobin Alc; CPV,
choroid plexus volume; L, left; R,
right

HbA1c

MoCA score. This divergence suggests that glymphatic
dysfunction in T2DM may preferentially affect process-
ing speed/attention (TMT-A) rather than global cognition,
highlighting a domain-specific effect. These discrepancies
may be attributable to several factors, including differences
in sample characteristics (e.g., age, education, vascular risk
profile, and medication status), variations in imaging proto-
cols and quantification methods for CPV, ALPS and PVS.
Admittedly, we did not collect information on medication
use among the study participants, a factor that may affect
metabolic control and brain imaging outcomes.

The primary significance of this work lies in delineat-
ing a sequential pathway from hyperglycemia to cortical
atrophy via glymphatic dysfunction. The finding that CPV
exhibits associations consistent with a mediating role in
the relationship between HbAlc and insular thinning sug-
gests a novel pathological model suggesting that sustained
metabolic disturbance compromises choroid plexus func-
tion, which in turn impairs glymphatic clearance, ultimately
leading to neuronal loss and cortical thinning. This cascade
bridges systemic metabolism with brain microstructure.
Furthermore, the observation that glymphatic-cognitive cor-
relations were significant only in the poorly controlled sub-
group underscores the modifiable nature of this risk pathway
and highlights intensified glycemic management as a poten-
tial strategy to preserve glymphatic function and cognitive
health [4, 31]. The region-specific cortical thinning in the
insula and middle temporal gyrus, linked to attention/execu-
tive and memory functions respectively [32, 33], offers cli-
nicians tangible neuroanatomical biomarkers for predicting
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domain-specific cognitive impairments in T2DM, advanc-
ing the field toward precision neurology. Our core finding is
that CPV mediates the relationship between chronic HbAlc
and insular cortical thinning. The insula serves as a hub for
autonomic, interoceptive, and metabolic regulation, and its
structural integrity is critical for cognitive processes such
as attention, processing speed, and executive function. In
our study, left insular cortical thickness correlated with
DSST performance—a measure of information processing
speed—exclusively in the poorly controlled T2DM group.
This aligns with the insula’s role in integrating metabolic
signals and guiding behavioral responses.

Existing evidence suggests an association between vas-
cular risk factors, glymphatic dysfunction, and cognitive
decline. Yuan et al. reported that early-onset hypertension
independently predicts brain atrophy, particularly in the
frontal, occipital, and temporal lobes. Zhang et al. demon-
strated that cumulative elevation and increased variabil-
ity in serum uric acid levels are associated with a lower
DTI-ALPS index, which in turn mediates the relationship
between uric acid levels and cognitive performance. Taken
together, these findings indicate that vascular risk fac-
tors may impair cognitive function through two pathways:
directly inducing brain parenchymal atrophy, and indirectly
compromising the glymphatic clearance of metabolic waste.
In the present study, only traditional cardiovascular risk fac-
tors such as hypertension and dyslipidemia were included as
covariates in the correlation analyses [34, 35].

In the well-controlled T2DM group, the correlation
between right supramarginal gyrus cortical thickness and
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CFT performance, although nominally significant in unad-
justed analysis, became non-significant after adjusting for
hypertension and dyslipidemia. In contrast, the remaining
correlation and mediation analyses, including the mediating
role of choroid plexus volume between HbAlc and insu-
lar cortical thinning, showed only modest attenuation and
retained statistical significance. Several considerations help
contextualize this observation. The supramarginal gyrus, as
part of the posterior parietal cortex, may be more sensitive
to vascular burden (e.g., white matter hyperintensities or
microangiopathy) compared with the insula, which might
exhibit a stronger metabolic-glymphatic linkage. The fact
that the core mediation pathways and other glymphatic-cog-
nitive correlations remained significant despite covariate
adjustment supports the robustness of the primary findings.
Therefore, the loss of significance for this specific bivari-
ate correlation does not undermine the overall mechanis-
tic model but rather suggests that the relationship between
supramarginal thickness and visuospatial function in well-
controlled T2DM may be partially confounded by comor-
bid vascular conditions, warranting further investigation in
larger, more homogenous cohorts.

Our findings extend and refine the existing literature.
They build directly upon our previous work implicating
the Papez circuit and glymphatic dysfunction in T2DM-
associated cognitive impairment [ 16]. While the prior study
emphasized circuit-specific disruption, the current multi-
metric glymphatic profiling connects this dysfunction to
whole-brain cortical integrity, offering a broader perspective
on neurostructural decline. We corroborate prior reports of
PVS associations with cognition in T2DM and replicate the
established link between cortical thinning and cognitive def-
icits [36]. Importantly, our study advances the field through
an integrative approach that combines cortical morphomet-
ric measures and glymphatic biomarkers. This approach
is novel for T2DM research, especially given that cortical
thickness mapping, a key morphometric measure, shows
greater sensitivity to laminar-specific neuronal alterations
than volumetric analyses [37]. The parallels we observed
between CPV enlargement and cortical thinning in T2DM
and similar phenomena in Alzheimer’s disease research
[14, 38] provide empirical support for shared comorbidity
mechanisms, suggesting glymphatic dysfunction as a com-
mon conduit linking T2DM to heightened AD risk. Our dis-
covery of a novel association between CPV and information
processing speed (TMT-A) further expands the known cog-
nitive repertoire affected by glymphatic alterations, aligning
with the insula’s role in information execution as supported
by resting-state functional connectivity studies [39]. Our
finding that CPV exhibits associations consistent with a
mediating role in the relationship between HbAlc and insu-
lar cortical thickness aligns with and suggests a potential

structural and clearance interpretation of these phenomena,
though causal conclusions cannot be drawn from the current
cross-sectional design.

Several limitations of this study must be acknowledged to
contextualize the findings and guide future research. Firstly,
the cross-sectional design precludes establishing temporal
precedence, and the mediation model, although informative,
cannot definitively prove causation. For instance, chronic
hyperglycemia is well known to induce vascular endothelial
dysfunction and microangiopathy, which could compromise
perivascular clearance and lead to cortical thinning without
primary glymphatic failure. Future studies combining longi-
tudinal imaging, molecular profiling, and pharmacological
or genetic manipulations in animal models are essential to
validate the causal architecture and to discriminate glym-
phatic-specific effects from vascular, inflammatory, and met-
abolic confounders. Secondly, the well-controlled T2DM
subgroup was smaller than the other groups, which may
limit statistical power for some subgroup analyses. How-
ever, the total sample (N=191) provided adequate overall
power, and the main mediation findings were robust, as they
relied on HbAlc as a continuous measure across all T2DM
patients (N=92). Thirdly, the sample characteristics and
uncontrolled variables (e.g., medication status) may limit
generalizability. Future studies with comprehensive phar-
macotherapy documentation are needed to clarify whether
certain medications modify the observed associations.

Mechanistically, chronic hyperglycemia may promote
choroid plexus enlargement through oxidative stress, and
chronic inflammation, which disrupt blood-CSF barrier
integrity and alter CSF secretion. An enlarged choroid
plexus could impair glymphatic clearance by altering CSF
pulsatility or composition, leading to accumulation of neu-
rotoxic metabolites in the insular cortex — a region highly
vulnerable to metabolic insult due to its rich autonomic and
interoceptive networks [40]. This hypothesis is consistent
with our observation that CPV negatively correlates with
insular thickness. Future studies integrating CSF biomark-
ers and animal models are required to validate these pro-
posed pathways.

In conclusion, this study provides a paradigm-shifting
perspective by innovatively synthesizing a triad of glym-
phatic biomarkers to map the complex interplay between
glymphatic clearance, cortical integrity, and cognitive
decline under varying glycemic states. Our evidence reveals
that the severity of glymphatic impairment and its subse-
quent impact on cognition are intricately tied to glycemic
control, reaching clinical significance primarily in poorly
controlled patients. By identifying associations consistent
with a mediating role of glymphatic dysfunction in the
relationship between HbAlc and neuroatrophic changes,
we have successfully linked upstream metabolic insults to
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downstream clinical manifestations. These findings offer
high-value neuroanatomical biomarkers for the early detec-
tion of diabetic cognitive impairment, paving the way for
precision-targeted interventions in the emerging field of dia-
betic neurology.
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