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Aims: This research aimed to explore alterations in the local gyrification index

(GI) and resting-state functional connectivity (RSFC) in type 2 diabetes mellitus

(T2DM) patients with mild cognitive impairment (MCI).

Methods: In this study, 126 T2DM patients with MCI (T2DM-MCI), 154

T2DM patients with normal cognition (T2DM-NC), and 167 healthy controls

(HC) were recruited. All subjects underwent a battery of neuropsychological

tests. A multimodal approach combining surface-based morphometry (SBM)

and seed-based RSFC was used to determine the structural and functional

alterations in patients with T2DM-MCI. The relationships among the GI, RSFC,

cognitive ability, and clinical variables were characterized.

Results: Compared with the T2DM-NC group and HC group, T2DM-MCI

patients showed significantly reduced GI in the bilateral insular cortex.

Decreased RSFC was found between the left insula and right precuneus,

and the right superior frontal gyrus (SFG). The altered GI was correlated

with T2DM duration, global cognition, and episodic memory. The mediation

e�ects of RSFC on the association between GI and cognition were not

statistically significant.

Conclusion: Our results suggest that GI may serve as a novel neuroimaging

biomarker to predict T2DM-related MCI and help us to improve the

understanding of the neuropathological e�ects of T2DM-related MCI.
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Introduction

The global prevalence of type 2 diabetes mellitus (T2DM)

has increased in the past 50 years (Bellary et al., 2021). Previous

studies have indicated that T2DM is associated with an increased

risk of mild cognitive impairment (MCI) involving various

cognitive domains, such as attention, executive function, and

memory (Li, 2015; Li et al., 2019). MCI is defined as a slight

cognitive dysfunction that is measurable in cognitive tests but

does not affect daily living yet (Petersen et al., 2018). However,

T2DM promotes the progression of MCI to more severe stages,

such as dementia (Cukierman et al., 2005). Therefore, early

identification and detection of alterations in T2DMpatients with

MCI may help clinicians take early prevention measures.

Magnetic resonance imaging (MRI) has been shown to be

a valuable tool for investigating the structural and functional

changes in the brains of patients with T2DM. To date, the

majority of structural MRI studies have focused on the volumes

in specific brain regions using the voxel-based morphometry

(VBM) approach (Rosenberg et al., 2018). However, compared

to the traditional VBM method, surface-based morphometry

(SBM) could improve the reliability of cortical analyses owing

to its increased spatial acuity in the processing step (Coalson

et al., 2018). Furthermore, VBM results could be partly driven

by differences in surface-based measures (e.g., cortical thickness

and gyrification) (Hutton et al., 2009). Therefore, an increasing

number of studies are using the SBM approach to study various

neurological disorders (e.g., Alzheimer’s disease and Parkinson’s

disease) (Sterling et al., 2016; Nunez et al., 2020).

Gyrification index (GI), the degree and pattern of cortical

folding, is an important and distinguishing characteristic of

the human cerebral cortex. The greater GI means the larger

neuron number and the lower communication costs of the

cortex within limited space (Gautam et al., 2015). Moreover, GI

has been suggested to be specifically influenced by genetic and

environmental factors (Zilles et al., 2013). A study reported that

regular meditation practice might alter the GI of specific brain

regions, suggesting that lifestyle factors may have a modulating

Abbreviations: AVLT-LTDR, the auditory verbal learning test-long time

delay recall test; BMI, body mass index; BNT, the Boston naming test; BIR,

brain insulin resistance; CDT, the clock drawing test; CSF, cerebrospinal

fluid; CVFT, the category verbal fluency test; FPG, fasting plasma glucose;

GI, gyrification index; HbA1c, glycosylated hemoglobin; HC, healthy

controls; HDL, high-density lipoprotein; LDL, low-density lipoprotein;

MCI, mild cognitive impairment; MFG, middle frontal gyrus; MMSE,

Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment;

MRI, magnetic resonance imaging; ROIs, regions of interest; RSFC,

resting-state functional connectivity; SBM, surface-based morphometry;

SFG, superior frontal gyrus; T2DM, type 2 diabetes mellitus; TC, total

cholesterol; TG, Triglyceride; VBM, voxel-based morphometry; WMH,

white matter hyperintensities.

impact on gyrification. Another study enrolling 70 patients with

Parkinson’s disease (PD), suggested the accelerated decrease of

GI occurs shortly after PD diagnosis and becomes prominent

in the later stages (Sterling et al., 2016). Therefore, GI could

reflect ongoing cortical neurodegeneration throughout disease

progression. Given all of that, GI might offer a more sensitive

and objective measurement for studying the cognitive decline in

T2DM patients. It is somewhat surprising that only one study,

to date, has explored the gyrification changes in patients with

T2DM (Crisostomo et al., 2021). However, whether and how

gyrification is associated with cognition in T2DM patients with

MCI remains unclear.

Most T2DM-associated neuroimaging studies were

performed by single-modal MRI, but the heterogeneity of

those studies makes it difficult to draw firm conclusions

between T2DM-related MCI and neuroimaging markers. A

meta-analysis suggested multimodal MRI method would be a

powerful tool to overcome the inconsistencies across different

studies (Rosenberg et al., 2018). Previous studies have shown

that the structure of the human brain is closely related to its

function, and multimodal neuroimaging approaches are more

effective in exploring structural and functional changes in the

brain simultaneously (Biessels and Reijmer, 2014; Rosenberg

et al., 2018). Thus, based on the combination of GI and RSFC

analysis, our work may provide insight into the underlying

pathogenic mechanisms in T2DM patients with MCI. In the

current study, we hypothesized the following: (1) Altered local

gyrification and RSFC could be observed in the T2DM-MCI

group when compared with the T2DM-NC group and HC

group. (2) The altered GI would be related to cognitive ability

and clinical variables in patients with T2DM-MCI.

Materials and methods

Subjects

This study was approved by the ethics committee of the

Affiliated Drum Tower Hospital of Nanjing University Medical

School and conducted between January 2017 and June 2020.

All patients with T2DM were recruited at the outpatient and

inpatient departments of the Affiliated Drum Tower Hospital

of Nanjing University Medical School. T2DM participants were

divided into two groups: the T2DM-MCI group (n = 126) and

the T2DM-NC group (n = 154). T2DM diagnosis was based on

the latest American Diabetes Association criteria (Harreiter and

Roden, 2019).MCIwas diagnosed based on the criteria proposed

by the National Institute on Aging–Alzheimer’s Association

(NIA-AA) work groups: (1) a reported decline in cognitive

function (self/informant/clinician report); (2) objective evidence

of impairment in one or more cognitive domains, which

were assessed by the Montreal Cognitive Assessment (MoCA)

in our study; (3) preservation of normal activities of daily
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living (ADL), measured by ADL questionnaire; (4) absence

of dementia (Albert et al., 2011). Participants without T2DM

and cognitive impairment were defined as healthy controls,

and they were recruited from a free clinic or the community

during the same time (between January 2017 and June 2020).

All participants have provided written informed consent. All

participants were right-handed and were aged between 45

and 80 years. The exclusion criteria for all subjects were as

follows: (1) age<45 years. (2) Diabetes other than T2DM (e.g.,

prediabetes and T1DM). (3) Acute metabolic complications

such as diabetic ketoacidosis. (4) The major macrovascular

and microvascular complications such as stroke, cardiovascular

disease, renal insufficiency, and diabetic neuropathy. (5) History

of other neurological diseases that may affect cognition (e.g.,

Alzheimer’s disease and epilepsy). (6) Contraindications forMRI

and/or inability to undergo cognitive tests or failure to complete

the assessment.

Demographic and clinical data

Participants’ demographic data (i.e., age, gender, education,

height, and weight), lifestyle factors (i.e., drinking and smoking),

body mass index (BMI) ([weight in kg]/[height in m]2), and

T2DM duration were obtained from questionnaires and medical

records. Hypertension was defined as systolic blood pressure

(SBP)≥140 mmHg, diastolic blood pressure (DBP)≥90 mmHg,

or a history of hypertension or indicated by a record of

anti-hypertensive therapy. Smokers were defined as those who

smoked at least once (one or more cigarettes at a time) in the

preceding year, and drinkers were defined as those who drank

alcohol for more than 2 days (one or more glasses at a time) a

week. The levels of glycosylated hemoglobin (HbA1c), fasting

plasma glucose (FPG), total cholesterol (TC), triglyceride (TG),

low-density lipoprotein (LDL), and high-density lipoprotein

(HDL) were measured in a standard laboratory within 1 day of

the MRI scans.

Cognitive tests

Cognitive tests for all participants were completed by

a professional neuropsychologist within 1 day of the MRI

scans. As used in previous studies (Chen et al., 2019; Huang

et al., 2020), the Mini-Mental State Examination (MMSE) and

Montreal Cognitive Assessment (MoCA) were conducted to

evaluate global cognition. In addition, the five cognitive domains

and each raw test were (1) episodic memory: the auditory verbal

learning test-long time delay recall (AVLT-LTDR) test and the

visual reproduction-delay recall (VR-DR) test, (2) visual-spatial

ability: the VR-copy (VRC) test and the clock drawing test

(CDT), (3) executive function: the trail making test (TMT)B-A

and the Stroop color and word test (SCWT)C-B, (4) language

ability: the category verbal fluency test (CVFT) and the Boston

naming test (BNT), and (5) processing speed: the TMTA and

the SCWTB. Each raw test score was standardized into Z-scores

and averaged to obtain one composite Z-score, which represents

the overall performance of global cognition and five cognitive

domains. Z-score could be computed as follows:

Z =
x− x

S

where x is the raw scores, x is the mean of raw scores, and

S is the standard deviation. It is noteworthy that the results

from the SCWT and TMT, which represent time, were inversely

transformed to maintain consistency.

Magnetic resonance imaging acquisition

All MRI scans were acquired using a 3.0-T scanner

(Philips, the Netherlands) equipped with a 32-channel head coil.

The examination protocol included a three-dimensional T1-

weighted sequence (3D T1) [repetition time (TR)= 9.8ms; echo

time (TE) = 4.6ms; flip angle (FA) = 8◦; number of slices =

192; acquisition matrix = 256 × 256; thickness = 1.0mm; and

FOV= 250 x 250 mm2]; a three-dimensional fluid-attenuated

inversion recovery (FLAIR) sequence [TR = 4,500ms, TE =

333ms, number of slices = 200, voxel size = 0.95 × 0.95 ×

0.95 mm3, and acquisition matrix = 270 × 260]; and a BOLD

sequence, including 230 volume (TR = 2,000ms, TE = 30ms,

FA = 90◦, number of slices = 35, acquisition matrix = 64 ×64,

FOV = 230 × 230 mm2, and thickness = 4.0mm). Participants

were asked to keep their eyes closed and not to fall asleep or think

about anything in particular during the scan.

GI analysis

The CAT12 toolbox (http://dbm.neuro.uni-jena.

de/cat/) based on SPM12 (http://www.fil.ion.ucl.ac.

uk/spm/software/spm12/) software was used to process

and analyze all 3D T1-weighted images. CAT12 sets a processing

pipeline for SBM, which allows the estimation of the gyrification

index based on the absolute mean curvature approach (Luders

et al., 2005). This tool has been previously used and validated in

cortical studies in many neurological and psychiatric diseases.

We used default settings in the process and analysis steps,

and the east Asian brains ICBM space template was used for

preprocessing steps. Processing included two procedures for

quality assurance. First, all images were visually checked for

artifacts (prior to preprocessing); second, all images underwent

statistical quality control and inter-subject homogeneity after

segmentation. The latter procedure again included a visual

inspection for potential artifacts that were newly introduced.
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GI maps were calculated based on the absolute mean curvature

approach (Dahnke et al., 2013). Extraction of the cortical surface

contributed to the construction of a mesh of the central surface

(i.e., the surface between the gray matter/white matter border

and the gray matter/CSF boundary). Then, we calculated the

local absolute mean curvature of the central surface by averaging

the mean curvature values from each vertex point within 3mm

from a given point. Finally, 15mm full width at half maximum

(FWHM) was applied to smooth the GI maps.

RSFC analysis

Preprocessing

The original functional image data were analyzed

using DPABI (for Data Processing and Analysis of Brain

Imaging, http://rfmri.org/dpabi) (Yan et al., 2016) and SPM12.

Preprocessing included the following steps: (1) removal of the

first 10 volumes for magnetization equilibrium, (2) slice-timing

correction was performed to correct the acquisition time delay

between slices, (3) head motion correction, (4) realignment,

(5) spatial normalization of the realigned images to standard

MNI space, (6) sampling of the normalized images to 3 ×

3 × 3 mm3 and smoothing with a 6-mm full width at half

maximum (FWHM) isotropic Gaussian kernel, (7) temporal

bandpass filtering (0.01–0.08Hz), and (8) elimination of

nuisance variables (head motion parameters and WM signals,

CSF signals, and global signals).

Seed-based RSFC analysis

Referencing previous literature, clusters showing significant

between-group differences in GI analysis were extracted as seed

regions (Wang et al., 2018). First, the peak coordinate for

each significant cluster obtained from GI analysis was selected

to create 5-mm radius regions of interest (ROIs). Then, we

calculated Pearson’s correlation between the mean time course

of each seed and the time series of each of the remaining voxels

throughout the whole brain to generate the FC map. Next, the

FC maps were further converted to z-values using Fisher’s z

transformation for standardization. Finally, functionality images

for each subject were ultimately obtained.

CSVD imaging markers

Lacune was defined as a round or ovoid cavity (generally

they are 3–15mm in diameter). On FLAIR images, lacunes

generally have a central CSF-like hypointensity with a

surrounding rim of hyperintensity, but the rim is not always

present (Wardlaw et al., 2013). In addition, the volumes of white

matter hyperintensities (WMH) were automatically calculated

by the Wisconsin WMH Segmentation Toolbox (W2MHS,

https://sourceforge.net/projects/w2mhs) on 3D T1 and FLAIR

images (Ithapu et al., 2014). WMH results included three items:

total white matter hyperintensity (TWMH), periventricular

white matter hyperintensity (PVWMH), and deep white matter

hyperintensity (DWMH).

Statistical analysis

Patients’ demographic, clinical, and cognitive data (e.g.,

age, sex, education, BMI, HbA1c, LDL, global cognition, and

five cognitive domains) were analyzed with SPSS 22. First,

the Shapiro–Wilk test was used to determine the normality

of the continuous data. When data were normally distributed,

a one-way analysis of variance (ANOVA) or independent

sample t-test was conducted to detect differences between

the three groups. If the assumption of normality was not

met, a nonparametric Kruskal–Wallis H-test was performed

to compare between-group differences. Additionally, a chi-

square test was conducted to estimate group differences in

dichotomous variables (e.g., gender, hypertension, smoking,

and drinking). The statistical significance level was set at p <

0.05. The GI/RSFC differences among the three groups were

detected by ANOVA in the CAT12/SPM12 statistical module

[familywise error (FWE) correction, p < 0.05]. Variables that

were significant in univariate analysis were entered into GI and

RSFC analysis as covariates (education, FPG, and PVWMH).

In addition, some variables (age and gender) were known to

be associated with cognitive function, so they were also taken

as covariates too. When there was a significant between-group

effect, we performed post-hoc pairwise comparisons (Bonferroni

corrected) to determine differences between every pair of

groups. Pearson’s correlation was conducted to explore the

correlation among GI, clinical data, and cognitive scores in

the T2DM-MCI group and T2DM-NC group, and statistical

significance was set at P < 0.05. In addition, mediation analysis

was performed to examine the mediating effect of RSFC on

the association between GI and cognition (global cognition and

episodic memory), controlling for age, gender, education, FPG,

and PVWMH. IBM SPSS PROCESS (v3.2, model 4) was used for

mediation analysis. The bootstrapping method (based on 5,000

resamples) was conducted to estimate the corresponding 95%

confidence interval (CI). The mediation effect was considered

to be significant if the bootstrap 95% CI of the β coefficient did

not include zero.

Result

Demographic and clinical data

Demographic and clinical data for participants of the three

groups are summarized in Table 1. Participants in the T2DM-

MCI group had higher levels of HbA1c (P < 0.001) and lower

levels of education (P< 0.001) than participants in the two other
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TABLE 1 Demographic, clinical, and cognitive data for participants of the three groups.

HC T2DM-NC T2DM-MCI t/F/χ2 value P-value

(n = 167) (n = 154) (n = 126)

Age (years) 61.79 (15) 62.14 (14) 61.66 (12) 0.367 0.873

Gender (male, %) 84 (50.30%) 93 (60.39%) 59 (46.83%) 5.850 0.054

Education (years) 12 (6) 9 (4) 9 (3) 15.642 <0.001a,b

T2DM duration (years) - 6.41± 5.03 7.93± 6.93 176.214 0.034b

BMI (kg/m2) 24.68± 4.37 25.09± 3.18 24.04± 2.74 1.908 0.151

HbA1c (%) 5.3 (0.9) 6.5 (0.9) 6.6 (1.6) 217.188 <0.001a,b

FPG (mmol/L) 4.98± 0.68 6.04± 1.74 6.27± 2.14 29.443 <0.001a,c

TC (mmol/L) 4.48± 1.14 4.29± 0.97 4.02± 1.74 2.149 0.183

TG (mmol/L) 1.41± 0.73 1.43± 0.78 1.47± 1.14 0.313 0.852

HDL (mmol/L) 1.31± 0.45 1.22± 0.36 1.32± 0.44 1.748 0.276

LDL (mmol/L) 2.60± 0.94 2.48± 0.78 2.23± 0.65 2.175 0.094

Hypertension (n, %) 97 (58.08%) 98 (63.64%) 84 (66.67%) 1.844 0.398

Smoking (n, %) 42 (25.15%) 51 (33.11%) 34 (26.98%) 4.533 0.399

Drinking (n, %) 50 (29.94%) 47 (30.52%) 27 (21.43%) 3.599 0.165

TIV (cm3) 1431.8± 211.6 1466± 204.1 1434± 196.42 1.484 0.347

TWMH volume (ml) 3.10± 2.13 3.37± 2.25 3.73± 2.51 2.738 0.066

PVWMH volume (ml) 0.77± 0.58 0.86± 0.61 0.97± 0.68 3.594 0.028a

DWMH volume (ml) 2.33± 1.55 2.53± 1.69 2.76± 1.84 2.389 0.093

Lacunes (number) 1.17± 1.25 1.37± 1.69 1.29± 1.63 0.748 0.474

Z-Global cognition 0.44± 0.49 0.29± 0.55 −0.71± 1.02 108.872 <0.001a,b

Z-Executive function 0.57± 121.36 5.0± 56.95 6.47± 63.53 0.181 0.835

Z-Processing speed −4.20± 17.13 −3.95± 19.60 −2.58± 18.61 0.307 0.736

Z-Episodic memory 0.27± 0.73 0.13± 0.70 −0.41± 0.79 32.602 <0.001a,b

Z-Language function 0.23± 0.61 0.17± 0.70 −0.41± 0.82 34.481 <0.001a,b

Z-Visual-spatial ability 0.14± 0.62 0.11± 0.53 −0.27± 1.09 12.554 <0.001a,b

P < 0.05 had statistical significance.
aCompare HC group to T2DM-MCI group, bCompare T2DM-NC group to T2DM-MCI group, cCompare HC group to T2DM-NC group.

BMI, body mass index; FPG, fasting plasma glucose; TC, total cholesterol; TG, triglyceride; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TIV, estimated total intracranial

volume; TWMH, total white matter hyperintensity; DWMH, deep white matter hyperintensity; PVWMH, periventricular white matter hyperintensity.

groups. Participants in the T2DM-MCI group and T2DM-NC

group had higher FPG levels than participants in the HC group

(P < 0.001), but there was no significant difference in FPG levels

between the two T2DM groups. The T2DM-MCI group had a

larger volume of PVWMH than the HC group. Participants in

the T2DM-MCI group performed worse than participants in the

other two groups on assessments of global cognition (P< 0.001),

episodic memory (P < 0.001), visual-spatial ability (P < 0.001),

and language ability (P < 0.001). In addition, there was no

significant difference in these indices (HbA1c, education, global

cognitive function, working memory, visual-spatial ability, and

language ability) between participants in the T2DM-NC and HC

groups. No significant differences were observed in age, gender,

BMI, TC, TG, HDL, LDL, hypertension, smoking, drinking,

TIV, TWMH volume, DWMH volume, executive function, or

processing speed among the three groups. The T2DM duration

in the T2DM-MCI group was significantly longer than that in

the T2DM-NC group (P= 0.034). In addition, the raw scores of

each cognitive test for participants of the three groups are shown

in Supplementary Table S1.

GI analysis and seed-based RSFC analysis

In the GI analysis among three groups, two clusters located

in the bilateral insula revealed a group effect (Figure 1).

Cluster 1 is located in the left insula (cluster size = 239

vertices, peak MNI coordinates: x = −29, y = −19, z = 29,

and cluster-level p<0.001). Cluster 2 is located in the right

insula (cluster size = 114 vertices, peak MNI coordinates:

x = 38, y = −21, z = 32, and cluster-level p = 0.023)

(Table 2). Post-hoc analyses in three clusters showed decreased

GI in the T2DM-MCI patients compared to the T2DM-

NC group and HC group. We did not observe significant

differences between participants in the T2DM-NC and HC

groups (Supplementary Figure S1).
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FIGURE 1

Clusters with significant group di�erences in GI analysis. Corrected for age, gender, education, FPG, and PWMH (FWE corrected, p < 0.05).

TABLE 2 Clusters with significant group di�erences in GI analysis.

Cluster Brain regions Cluster size

(number of vertex)

Peak MNI coordinates p-value

(cluster-level)

p-value

(peak-level)

x y Z

1 Left insular cortex 239 −29 −19 29 <0.001 0.001

2 Right insula cortex 114 38 −21 32 0.023 0.027

Reported clusters survived FWE correction at P < 0.05, using age, education, FPG, and PWMH as covariates.

MNI, Montreal Neurological Institute.

Seed-based RSFC analysis

As mentioned above, clusters showing significant between-

group differences in GI analysis were extracted as seed regions.

In the RSFC analysis among three groups, decreased RSFC was

found between left insular and right precuneus (cluster size =

116 voxels, peak MNI coordinates: x = 9, y = −48, z = 75,

and cluster-level p<0.001), and right SFG (cluster size = 188

voxels, peakMNI coordinates: x= 21, y= 9, z= 60, and cluster-

level p<0.001) when used cluster 1 as seed region (Figure 2,

Table 3). Post-hoc analysis showed (1) RSFC between the left

insular and right SFG, and right precuneus in the T2DM-MCI

group was significantly decreased when compared to the T2DM-

NC group and HC group, and (2) no significant differences in

RSFC were observed between T2DM-NC group and HC group

(Supplementary Figure S2). Moreover, no significant differences

in RSFC were observed among the three groups when we used

cluster 2 as the seed region.

Correlational analysis and mediation
analysis

Correlation analyses were conducted in the T2DM-MCI

group. Between the two clusters showing significant between-

group differences in GI analysis, only the GI of cluster 1 was

significantly correlated with the duration of T2DM (r = −0.21,

P = 0.02). The GI of cluster 1 was positively correlated with

global cognition (r =0.25, P = 0.005), and episodic memory (r

= 0.24, P= 0.007). In addition, the RSFC between the left insula

and right SFG was positively correlated with global cognition

(r =0.25, P = 0.004) (Figure 3). Moreover, the T2DM duration

was not correlated with any cognitive domains. No significant

correlations between GI and the level of HbA1c were observed,

and the GI of cluster 2 was not correlated with any cognitive

domains. We also conducted correlation analysis in the T2DM-

NC group, and the results showed that 1) GI of cluster 1 was

significantly correlated with the duration of T2DM (r = −0.17,
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FIGURE 2

Clusters with significant group di�erences in RSFC analysis. Corrected for age, gender, education, FPG, PWMH, and TIV (FWE

corrected, p < 0.05).

TABLE 3 Clusters with significant group di�erences in RSFC analysis.

Cluster Brain regions Cluster size

(number of voxel)

Peak MNI coordinates p-value

(cluster-level)

p-value

(peak-level)

x y z

A Right SFG 188 21 9 60 <0.001 <0.001

B Right Precuneus 116 9 −48 75 <0.001 <0.001

Reported clusters survived FWE correction at P < 0.05, using age, education, FPG, PWMH, and TIV as covariates.

MNI, Montreal Neurological Institute; SPG, superior parietal gyrus.
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FIGURE 3

Correlational analysis in the T2DM-MCI group. (A) Correlation analysis between T2DM duration and GI of cluster 1. (B) Correlation analysis

between GI of cluster 1 and global cognition. (C) Correlation analysis between GI of cluster 1 and episodic memory. (D) Correlation analysis

between RSFC of cluster A and global cognition.

P = 0.04), and 2) GI of cluster 1 was positively correlated with

episodic memory (r= 0.19, P= 0.02) (Figure 4).

The mediation effects of RSFC on the associations of GI

with cognitive function were assessed in the T2DM-MCI group.

After controlling for age, gender, education, FPG, and PVWMH,

the mediation effects of RSFC on the association between GI

and global cognition and episodic memory were not statistically

significant (p > 0.05) (Figure 5).

Discussion

To our knowledge, this is the first study to combine

GI and RSFC approaches to reveal the neural basis of

T2DM-related MCI. First, compared with T2DM-NC and

HC groups, participants in the T2DM-MCI group showed

significantly decreased GI in the bilateral insular cortex. Second,

using the clusters derived from the GI analysis as seed

regions, decreased RSFC was found between left insular and

right SFG and right precuneus in the T2DM-MCI group.

Third, the aberrant GI of the left insula was negatively

correlated with T2DM duration, and it was positively correlated

with global cognition and episodic memory. Fourth, the

RSFC between the left insula and right SFG was positively

correlated with episodic memory. Our findings provide valuable

information that may improve the present understanding

of T2DM-related neuroimaging alterations in the central

neural system.
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FIGURE 4

Correlational analysis in the T2DM-NC group. (A) Correlation analysis between T2DM duration and GI of cluster 1. (B) Correlation analysis

between GI of cluster 1 and episodic memory.

Putative mechanisms of aberrant GI and
RSFC

There are several possible explanations for the

decreased gyrification in patients with T2DM-MCI. First,

the “tension-based” theory proposed that white matter

connectivities (both cortico-cortical and cortico-subcortical)

produce local tension, which brings interconnected brain

regions together and creates folding (Van Essen, 1997). Altered

cortico-cortical and cortico-subcortical networks have been

reported frequently in patients with T2DM in previous studies

(Hsu et al., 2012; Zhang et al., 2014). It is reported that disrupted

fiber pathways result in gyrification changes in the monkey

brain (Goldman and Galkin, 1978). Second, the “differential

tangential expansion” theory postulated that diverse rates of

growth between cortical layers led to buckling of the cortical

surface and then resulted in the folding of the cortex (Richman

et al., 1975). Although no direct evidence of diverse cortical

layer growth rates in T2DM has been provided, many studies

have reported reductions in gray matter volume and thickness

in T2DM patients (Rosenberg et al., 2018). We speculate that

gray matter atrophy underlies changes in gyrification. Third,

environmental factors like diet were also found to have an effect

on cortical gyrification, probably due to abnormalities in cell

death that normally occurs during neural pruning (Gautam

et al., 2015). In addition, we did not observe altered GI in other

brain regions except the insula. T2DM may cause damage in

specific brain regions, and the insula may be one vulnerable

target. Therefore, compared with other brain regions, altered

GI might be more easily observed in the insula. A 5-year

longitudinal study indicated that neurovascular coupling

of the insula decreased more severely than in other brain

regions in patients with T2DM (Damer and Creutz, 1994).

A T2DM-associated study showed increased gyrification was

found in the temporal lobes, posterior lobe, parietal lobe, and

occipital lobe, and decreased gyrification was in the temporal

lobe (Crisostomo et al., 2021). This study reported clusters

different from our study, revealing that other brain regions

may be affected by T2DM. However, the aforementioned

study only included two groups of participants (T2DM group

vs. control group), and the sample size was relatively small.

Longitudinal studies are needed in the future to confirm our

current results.

Current evidence has shown that disorders of RSFC could be

detected frequently in various resting-state networks in T2DM

patients, such as the default mode network (DMN), salience

network (SN), dorsal attention network (DAN), and frontal-

parietal control network (FPCN) (Macpherson et al., 2017; Chau

et al., 2022; Meng et al., 2022). The insula is the core region

of SN, and SFG and precuneus are frequently reported regions

of DMN (Cavanna and Trimble, 2006; Li et al., 2013), thus, it

is reasonable that the decreased RSFC between the insula and

SFG and precuneus could be detected in patients with T2DM.

Cerebrovascular changes, BIR, cerebrospinal fluid (CBF), and

inflammation may serve as key risk factors for decreased RSFC

in patients with T2DM (Cherbuin and Walsh, 2019; Xue et al.,

2019).

It is worth noting that differences in the GI/RSFC were

not significant between participants in the HC and T2DM-NC

groups, suggesting that significant changes in the GI/RSFC in

those brain regions may occur during the later stages of the

T2DM. Another study on PD also suggested the accelerated

decrease of gyrification becomes prominent in later stages

(Sterling et al., 2016), which is similar to our results.
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FIGURE 5

Mediation analysis. Mediating e�ects of RSFC in the associations of GI with global cognition (A) and episodic memory (B). Mediation models

were adjusted for age, gender, education, FPG, and PWMH. For each connection, the β coe�cient and corresponding 95% confidence interval

(CI) are shown. * represents the significant pathway (p < 0.05).

Correlation analysis and mediation
analysis

Type 2 diabetes mellitus duration and glycemic control

are widely measured to reflect the severity of the disease. We

found that the GI of the left insula was negatively correlated

with the T2DM duration. However, there was no significant

correlation between GI and HbA1c. Current studies have

confirmed a significant correlation between T2DM duration and

aberrant brain structure (gray matter thickness, gray matter

volume, mean diffusivity, etc.) (Rosenberg et al., 2018). Chronic

hyperglycemia (a long course of T2DM) may trigger a complex

interplay between biochemical and systemic factors, leading

to alterations in the GI in the cortex. HbA1c was used as

a standard measure in clinical practice to monitor glycemic

control. Some studies reported that the relationship between

HbA1c and cognitive performance was either absent or weak

(Cukierman-Yaffe et al., 2009). HbA1c only reflected glycemic

control in the most recent course (8–12 weeks), which may not

accurately predict the damage to the brain structure during a

longer course of T2DM.

Our study showed that the GI of the insula cortex correlated

with cognition in the T2DM-MCI group. Similarly, recent

studies also reported that increasing gyrification of the bilateral

insula was associated with higher levels of global cognition and

memory function in the elderly population (Kinno et al., 2019;

Lamballais et al., 2020). The insula has been recently proposed to

serve as a “hub” for cognitive and affective integration (Critchley,

Frontiers in AgingNeuroscience 10 frontiersin.org

https://doi.org/10.3389/fnagi.2022.934071
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Shao et al. 10.3389/fnagi.2022.934071

2005). Indeed, as an important brain region, the bilateral insular

cortex has been shown to be involved in cognitive ability inmany

studies. A study suggested that higher gyrification shortens

the distance between various white matter tracts in adjacent

brain regions, which would be a prominent way to increase

signaling speed and cortical communication, thus aiding in

better cognition (Green et al., 2018). In addition, we also found

that the GI of the insula cortex was correlated with cognition

in the T2DM-NC group. It is suggested that the GI of the

insula is closely related to the cognition of patients with T2DM,

whether patients with T2DM have MCI or not. Combined with

the correlation analysis in the T2DM-MCI group, we speculated

that the accelerated decrease of GI occurs shortly after T2DM

diagnosis and becomes prominent in later stages.

Our study further found decreased RSFC between the

left insula and right SFG and precuneus in the T2DM-MCI

group. In particular, the insular cortex has been demonstrated

to play a crucial role in coordinating interactions between

several neurocognitive networks that maintain normal cognitive

function (Uddin, 2015). Disrupted functional connectivity of

the insular cortex may contribute to the pathogenesis and

development of cognitive impairment in patients with T2DM

(Zhang et al., 2021). The SFG and precuneus are frequently

reported regions of the DMN (Cavanna and Trimble, 2006; Li

et al., 2013). As the DMN participates in the process of adaptive

cognitive control and multiple advanced cognitive tasks, it has

been verified by many previous studies to be implicated in

deficits of various cognitive domains.

The mediation effects of RSFC in the brain structure–

cognition association are occasionally reported in the previous

literature (Hanly et al., 2022; Yang et al., 2022). Although it is

biologically plausible to hypothesize that abnormal GI might be

linked to cognitive function via affecting RSFC, our study did

not observe a significant mediation effect. This suggests that GI

and RSFC might alter in a concurrent process, which deserves

further investigation.

Multimodal MRI approach

The multimodal MRI approach could verify the true nature

and etiology of imaging abnormalities in T2DM patients more

effectively (Biessels and Reijmer, 2014). A few studies used a

multimodal neuroimaging approach, but different modal images

were processed and discussed separately, leading to a lack of

interconnection in the results. In the current study, GI and RSFC

analyses were considered two interrelated analytical methods,

and the clusters showing group effects in GI analysis were then

used as seed regions to conduct RSFC analysis. The multimodal

imaging approach would be a promising tool to develop a body

of understanding in the area of T2DM.

Limitation

There are some limitations to our study. First, our cross-

sectional and correlational design limited our ability to make

firm causal inferences about cognitive ability, clinical variables,

and the observed imaging abnormalities. In addition, the sample

size of our study is relatively small, and large-scale and multiple-

center longitudinal studies are needed in the future to drawmore

accurate and convincing conclusions. Second, some studies

employed different methodologies for measuring GI (Schaer

et al., 2008), while our current study applied the absolute mean

curvature approach, which has been performed in a range of

applications and thus might not be completely comparable with

the findings of other studies. Third, cerebrospinal fluid was

used to define the etiologic subtypes of MCI strictly. However,

cerebrospinal fluid was not available for many participants.

Patients in this study were recruited based on clinical criteria, so

it is difficult to completely rule out the possibility of Alzheimer’s

disease which is related to the present result. This is the

general limitation of research in this field (Gao et al., 2019;

Zhang et al., 2019). Fourth, more subgroups (MCI-Non-T2DM

and T2DM-dementia) should be involved in a future study

to explore more meaningful results in patients with T2DM.

Despite these limitations, we believe our results exhibit reliable

information that is necessary for understanding the underlying

neuropathological mechanisms of T2DM-related MCI.

Conclusion

Using a multimodal approach of GI and RSFC analysis,

this study investigated the roles of structural and functional

change patterns in the brains of patients with T2DM-MCI.

Taken together, our results suggested that the GI may act as

a potential biomarker to assess and to better understand the

neuropathology of T2DM-related MCI.
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