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Abstract
Aim To explore the topological organization alterations of functional connectomes in type 2 diabetes (T2DM) 
patients with and without mild cognitive impairment (MCI), and compare these with structural connectomes 
changes.

Methods Twenty-six T2DM patients with MCI (DM-MCI), 26 without cognitive impairment (DM-NC), and 28 healthy 
controls were included. Diffusion tensor imaging (DTI) and resting-state functional MRI images were acquired. 
Networks were constructed and graph-theory based network measurements were calculated. The global network 
parameters and nodal efficiencies were compared across the three groups using one-way ANOVA and a false-
discovery rate correction was applied for multiple comparisons. Partial correlation analyses were performed to 
investigate relationships between network parameters, cognitive performance and clinical variables.

Results In the structural connectome, the DM-MCI group exhibited significantly decreased global efficiency (Eglob) 
and local efficiency (Eloc) compared to the DM-NC and control groups. In the functional connectome, the DM-MCI 
group exhibited increased Eloc and clustering coefficient (Cp) compared to the controls. No significant differences 
were found in Eglob, Eloc, or Cp between the DM-NC and the control group, both in structural and functional 
connectomes. Nodal efficiencies decreased in some brain regions of structural and functional networks in the 
DM-MCI and DM-NC groups, but increased in five regions in functional network, some of which were involved in the 
default-mode network.

Conclusion Unlike the consistently decreased global properties and nodal efficiencies in the structural connectome 
of T2DM patients, increases in Eloc, Cp, and nodal efficiencies in the functional connectome may be viewed as a 
compensatory mechanism due to functional plasticity and reorganization. Altered nodal efficiency can hint at 
cognitive decrements at an early stage in T2DM patients.
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Introduction
Type 2 diabetes mellitus (T2DM) can affect multiple 
organs and tissues, including the heart, eyes, kidneys, 
vasculature, and peripheral nerves, as a result of pro-
longed hyperglycemia [1]. Complications such as brain 
alterations have attracted intense attention due to their 
increasing prevalence. The first clinical manifestation of 
diabetic encephalopathy is concealed cognitive impair-
ment. As the disease progresses, T2DM is associated 
with a heightened risk of developing dementia by up to 
50% [2] and has been observed to correlate with a range 
of cognitive dysfunctions, including compromised atten-
tion, processing speed, motor skills, executive functions, 
and verbal memory [3], all of which can significantly 
diminish the quality of life. Therefore, recognizing early 
changes in the brain associated with diabetic encepha-
lopathy is essential for comprehending the underlying 
pathophysiological mechanisms. Moreover, such recog-
nition could be instrumental in devising early interven-
tion strategies aimed at forestalling the onset of dementia 
and mitigating the progression of the disease.

The most common approaches for assessing the cog-
nitive function of patients with T2DM remain neu-
ropsychological tests such as the Montreal Cognitive 
Assessment (MoCA) and the Mini-Mental State Exami-
nation (MMSE) [4]. However, when cognition decline 
develops to such an extent that it can be detected clini-
cally, widespread white matter (WM) alternations usually 
exist and are typically irreversible because of exacerbated 
metabolic syndrome. Neuroimaging studies have docu-
mented T2DM-induced cerebral morphological atrophy 
[5, 6], reduced microstructural integrity revealed by dif-
fusion abnormalities [7], and functional or metabolic 
changes [8, 9]. Recently, it has been proposed that the 
human brain can be topologically modeled as an integra-
tive and complex network, referred to as a connectome. 
The clinical disability and cognitive deficits observed in 
neurological disorders can be elucidated from the per-
spective of the brain’s topology [10, 11]. Topological 
organization alterations refer to the changes in the struc-
tural and functional connectivity patterns of the brain 
networks, including altered nodal centrality, connectiv-
ity strength and small-world architecture. These altera-
tions can impact the information interaction within the 
network and are indicative of the brain’s functional and 
structural integrity. Therefore, analyzing network topol-
ogy in patients with T2DM, particularly at the earliest 
stage of cognition decline, is helpful for comprehending 
the underlying mechanism and identifying potential bio-
markers for cognitive impairment.

Graph-theory based research has revealed disrup-
tions in the topological organization of both structural 
and functional brain networks in individuals with T2DM 
[12–14]. However, it remains unclear whether there are 

structural and functional network differences between 
T2DM patients with normal cognition and those with 
cognitive impairment, and how the functional network 
changes due to structural modifications, highlighting the 
importance of integrated structural and functional net-
work investigations in patients with T2DM. In this study, 
we aimed to examine the alterations in the topological 
organization of both structural and functional connec-
tomes among T2DM patients with and without cognitive 
impairment, as well as healthy controls, by employing 
a combination of diffusion tensor imaging (DTI) and 
resting-state functional MRI (rs-fMRI) with graph theo-
retical analysis. Furthermore, we sought to delineate 
the relationships between network metrics and clinical 
assessments. The purposes of the current study were to 
investigate: (1) whether structural and functional net-
works are already modified in T2DM patients during the 
stage of normal cognition; (2) the disparities in the struc-
tural and functional networks between T2DM patients 
with normal and impaired cognition; (3) the variations 
in the nature of alterations between structural and func-
tional networks; and (4) the correlation between network 
metrics and clinical parameters.

Subjects
Participants
This cross-sectional study was approved by the Insti-
tutional Review Board of Tongji Medical College, 
Huazhong University of Science and Technology. The 
study subjects comprised 28 T2DM patients (52–72 
years, 18 females) with mild cognitive impairment (DM-
MCI), and 28 age-, sex-, and education-matched T2DM 
participants (51–72 years, 18 females) with normal cog-
nition (DM-NC) who were recruited from July 2020 to 
December 2022. The diagnosis of T2DM was based on 
standard criteria from the American Diabetes Associa-
tion [15]. All participants in the study were examined by 
qualified physicians to confirm their clinical diagnosis 
and ensure their suitability for inclusion in the study. All 
of the participants were right-handed. Family history, 
clinical symptoms, use of a hypoglycemic medication, 
and complications were all meticulously documented. 
Blood biochemistry, lipids, cholesterol, plasma glucose, 
glycosylated hemoglobinA1c (HbA1c), and body mass 
index (BMI) measurements were all carefully performed. 
Additionally, 28 healthy volunteers (50–70 years, 18 
females) without a family history of diabetes, who had 
fasting glucose under 7.0 mmol/L and a HbA1c level 
under 6.0%, were enrolled from the general population 
as the healthy control (HC) group. The exclusion criteria 
included lesions in the brain, such as cerebral infarction, 
hemorrhage, tumors, or vascular malformation; history 
of stroke, epilepsy, trauma, or brain surgery; history of 
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autoimmune disease or tumors; contraindication to MRI 
examination; and other types of diabetes.

Neuropsychological assessments
All of the participants underwent comprehensive physi-
cal, neurological, and neuropsychological assessments by 
qualified physicians, including the MoCA, MMSE, activ-
ity of daily living (ADL) test, Hachiski test and auditory 
verbal learning test (AVLT).  The inclusion criteria for the 
DM-MCI group were as follows: (a) decline of memory 
started after clinical T2DM diagnosis; (b) both MoCA 
and MMSE scores ≤ 27; and (c) absence of any other 
physical or mental conditions that might cause cognitive 
impairment. The inclusion criteria for the DM-NC group 
were as follows: (a) no complaints of memory decline, as 
confirmed by family members; and (b) both MoCA and 
MMSE scores ≥ 27. The Hachiski test was performed to 
rule out vascular dementia (n = 0).

Materials and methods
MRI data acquisition
Images were acquired on a 3-Tesla MRI scanner (Dis-
covery MR750, GE Healthcare, Waukesha, WI, USA) 
equipped with a 32-channel head coil. High-resolution 
anatomical images were obtained using sagittal 3D 
T1-weighted brain-volume imaging (BRAVO) sequence 
(TR/TE/TI = 8.2/3.2/450 ms, slice thickness = 1  mm, 
matrix size = 256 × 256 × 160, FOV = 25.6 × 25.6 cm2, 
and NEX = 1) to exclude possible lesions specified in 
the exclusion criteria. DTI data were acquired using 
a single-shot diffusion-weighted echo planar imaging 
sequence. Parameters are as follows: TR/TE = 8500/66.3 
ms, FOV = 25.6 × 25.6 cm2, matrix size = 128 × 128, slice 
thickness = 2 mm, number of slices = 70, 64 diffusion gra-
dient directions, b-value = 1000  s/mm2. Functional MRI 
images were acquired axially using a gradient-echo echo 
planar imaging sequence with the following parameters: 
TR = 2000 ms, TE = 35.0 ms, FOV = 24.0 × 24.0 cm2, matrix 
size = 64 × 64, slice thickness = 4.0  mm without spacing, 
acquisition bandwidth = 250  kHz, and flip angle = 90°. In 
total, 240 volumes were acquired interleaved from head 
to foot, with a scan time of 8 min.

Data preprocessing
The preprocessing procedures of DTI data included 
data conversion from DICOM to NIfTI, brain extrac-
tion, realignment, corrections of eddy current and head 
motion, reconstruction of diffusion tensor (fractional 
anisotropy, mean diffusivity, and eigenvalues) and trac-
tography. The Pipeline for Analyzing Brain Diffusion 
Images (PANDA) toolbox [16] based on the FMRIB Soft-
ware Library (version 5.0, http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/) was used to carry out these processes. The fol-
lowing rs-fMRI data preprocessing steps were conducted 

with the Data Processing & Analysis of Brain Imaging 
toolkit DPABI [17] (v3.0, www.nitrc.org/projects) and 
SPM12 (www.fil.ion.ucl.ac.uk/spm) software: the first 10 
volumes were removed, taking into account the magneti-
zation equilibrium; slice timing, head motion correction, 
and brain extraction were performed; then, a detrending 
procedure was performed to remove linear trends from 
the image time series, and the data were filtered at the 
0.01–0.1-Hz band to remove the effects of low-frequency 
drift and high-frequency noise. Two subjects in the DM-
MCI group and two subjects in the DM-NC group were 
excluded after eddy current and motion corrections 
(unqualified head motion).

Brain network construction
Structural connectome: The 90 (45 for each hemisphere) 
regions of interest (ROIs) from the Automated Anatomi-
cal Labeling (AAL) template [18] were defined as net-
work nodes. Diffusion MRI tractography was performed 
using the Diffusion Toolkit software (http://www.track-
vis.org/dtk/) with a standard method. The detailed pro-
cedures have been described in a previous study [12]. 
Then, a fiber-number-weighted 90 × 90 structural con-
nectivity matrix was constructed for each participant. To 
ensure the consistency of the brain parcellation maps, all 
rs-fMRI images were co-registered with the b0 images, 
with which the individual T1-weighted images were also 
co-registered in the DTI space. Functional connectome: 
Based on the brain parcellation map and co-registered 
rs-fMRI images, the mean rs-fMRI time series was calcu-
lated by averaging over the time series of all voxels within 
each ROI. To measure the inter-regional resting-state 
functional connectivity, the Pearson correlation coeffi-
cient of the mean time series between every pair of ROIs 
was calculated and the corresponding significance levels 
were estimated. A p < 0.05 threshold was applied with 
Bonferroni correction. A weighted 90 × 90 functional 
connectivity matrix was constructed (Fig. 1). The proce-
dures were performed using the DPABI software (v3.0, 
www.nitrc.org/projects).

Network analysis
Next, we analyzed the global network metrics, includ-
ing global efficiency (Eglob), local efficiency (Eloc), clus-
tering coefficient (Cp), shortest path length (Lp), and 
small-word parameters (λ, γ, σ). The Cp is a measure of 
local network connectivity and quantifies the extent that 
neighboring brain regions are connected. A network with 
a high Cp contains densely connected local clusters. Eloc 
is closely related to Cp, it reflects the average efficiency 
of local clusters. The Lp is a measure of global network 
connectivity and represents the shortest average number 
of connections between any two brain regions. A net-
work is considered highly efficient if the Lp is relatively 

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
http://www.nitrc.org/projects
http://www.fil.ion.ucl.ac.uk/spm
http://www.trackvis.org/dtk/
http://www.trackvis.org/dtk/
http://www.nitrc.org/projects
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short, and this is reflected (also inversely related) in the 
graph measure Eglob [13]. To determine the regional char-
acteristics of the structural and functional networks, 
we also computed the nodal efficiency in patients with 
T2DM and controls. When calculating these metrics of 
the functional network, the area under the curve (AUC) 
was calculated [19–21], which was sensitive at detecting 
topological alterations and provided a summarized sca-
lar for the characterization (the AUCs were calculated 
for each parameter over the entire sparsity range in this 
study [0.1 ≤ Sp ≤ 0.34]). The network analyses were per-
formed and visualized using GRETNA [22] and BrainNet 
Viewer [23] software. The flowchart of structural network 
construction is shown in Fig. 1.

Statistical analysis
Differences in demographic and clinical data were com-
pared using SPSS 22.0 (IBM, Armonk, NY) software by a 
two-tailed Student’s t-test, one-way analysis of variance 

(ANOVA), or Pearson’s chi-squared test, as appropriate. 
Differences in topologic network parameters among the 
three groups were analyzed using a general linear model. 
Age and sex were included as covariates. The global net-
work parameters and nodal efficiencies were compared 
across the three groups using one-way ANOVA with a 
statistical significance set at p < 0.05; a false-discovery 
rate (FDR) correction was employed for multiple com-
parisons for nodal properties. Partial correlation analyses 
were applied to explore the relationship between different 
clinical and network measurements. Age and sex were 
included as covariates in the partial correlation analysis. 
The correlation coefficient R and p-values were calcu-
lated with a statistical significance level set at p < 0.05.

Results
Demographic characteristics
No group difference was noted in age or sex among 
the three groups. The DM-MCI group exhibited lower 

Fig. 1 Flowchart of construction of the structural and functional networks. The 90 (45 for each hemisphere) regions of interest (ROI) from the automated 
anatomical labeling (AAL) template were defined as the network nodes. The deterministic tractography method was applied to the diffusion MRI data 
to reconstruct the fiber pathways between the 90 ROIs in the brain. Functional connectivity between every two nodes was computed by extracting the 
rs-fMRI time series and calculating the correlation between the two nodes. The weighted and binary networks were created. The connection matrix and 
3D-dimensional representation of the structural and functional networks are shown schematically
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MMSE and MoCA scores than the controls and the 
DM-NC group (p < 0.001). The DM-MCI group had 
a higher level of HbA1c (7.9 ± 1.5%) and longer dura-
tion (8.5 ± 7.4 years) than the DM-NC group (7.0 ± 1.3%, 
p = 0.022 and 4.9 ± 4.4 years, p = 0.044, accordingly). 
Details for other demographic and clinical characteristics 
were documented in Table 1.

Global network properties
Both the structural and functional networks of the three 
groups showed prominent small-world properties (λ ≈ 1, 
γ > 1, and σ > 1). No significant intergroup differences in 
economical small-world organization between any two of 

the DM-MCI, DM-NC and control groups were detected 
(p > 0.05). In the structural connectome, the DM-MCI 
group exhibited significantly decreased Eglob (p = 0.003 
and 0.015) and Eloc (p = 0.012 and 0.039) values compared 
to the controls and DM-NC group, as well as increased 
Lp (p = 0.009) values compared to the controls. How-
ever, in the functional connectome, the DM-MCI group 
exhibited significantly increased Eloc (p = 0.043) and Cp 
(p = 0.029) values compared to the controls. No signifi-
cant differences in Eglob, Eloc, Cp, or Lp, for both struc-
tural and functional networks, were found in the DM-NC 
group compared to the controls (Fig. 2).

Group differences in nodal efficiency
Significant group differences in nodal efficiency (p < 0.05, 
FDR corrected) were found in several regions for the 
functional network, as distributed in the frontal, pari-
etal, temporal, and occipital cortices. In the DM-MCI 
group, the nodal efficiency was found to be reduced at 
four nodes compared to that in the controls, restricted 
to the left supramarginal gyrus (SMG.L), hippocampus 
(HIP.L), the right superior occipital gyrus (SOG.R), and 
fusiform gyrus (FFG.R), as well as reduced at three nodes 
compared to that in the DM-NC group, located in the 
right inferior temporal gyrus (ITG.R), FFG.R, and the left 
median cingulate and paracingulate gyri (DCG.L). The 
DM-NC group exhibited reduced nodal efficiency in the 
left middle occipital gyrus (MOG.L) and SOG.R com-
pared to the controls. Further, increased nodal efficiency 
was found in the regions located in the left postcentral 
gyrus (PoCG.L) and middle temporal gyrus (MTG.L) of 
the DM-MCI group compared to the controls and in the 
left PoCG.L and MOG.L compared to the DM-NC group. 
Increased nodal efficiency in the HIP.L and ITG.L was 
found in the DM-NC group compared to the controls 
(Fig.  3). Intergroup differences in nodal efficiency for 
the structural network, which had partially been docu-
mented in detail in our previous study, were presented in 
Supplementary Figure.

Correlations between network metrics and clinical 
measurements
In the structural network of all patients with T2DM, 
the diabetes durations were negatively correlated with 
the Eglob (R = − 0.411), and positively correlated with Cp 
(R = 0.395). Increased HbA1c levels were correlated with 
Lp (R = 0.433), while MMSE scores were positively cor-
related with lambda (λ, R = 0.448). In the functional net-
work, the small world properties (lambda and sigma, λ 
and σ) were correlated with diabetes duration and HbA1c 
levels (R = − 0.372 and 0.420, respectively). HbA1c lev-
els also correlated with Lp and Eglob (R = − 0.507 and 
R = 0.479, all p < 0.05, age and sex as covariates) (Fig. 4).

Table 1 Demographic and clinical data of the participants
Clinical 
information

DM-MCI
(n = 26)

DM-NC
(n = 26)

HC
(n = 28)

χ2/F/T 
value

p-val-
ue a

Sex (female: male) 18:8 18:8 18:10 0.203 0.904#

Age (years) 61.7 ± 5.7 58.6 ± 5.9 59.9 ± 6.0 1.877 0.167†

Formal education 
(years)

10.9 ± 3.4 11.6 ± 3.3 11.5 ± 2.7 0.295 0.746†

Hypertension b 5 (19.2) 3 (11.5) 4 (14.3) 0.667 0.797#

Hyperlipidemia c 4 (15.4) 2 (7.7) 4 (14.3) 0.897 0.761#

Body-mass index 
(kg/m2)

23.5 ± 2.6 22. 7 ± 2.4 24.0 ± 1.9 2.522 0.087†

Diabetes duration 
(years)

8.5 ± 7.4 4.9 ± 4.4 - 2.235 0.044

Insulin ever 
treated

3 (11.5) 1 (3.8) - 0.271 0.603#

Family history d 5 (19.2) 8 (30.8) 0.923 0.337#

Complication (pe-
ripheral nerve and 
vascular lesions; 
retinopathy)

4 (15.4) 1 (3.8) 0.885 0.347#

HbA1c (%) 7.9 ± 1.5 7.0 ± 1.3 5.3 ± 0.4 2.367 0.022
Fasting glucose 
(mmol/L)

10.0 ± 2.2 10.4 ± 3.3 5.29 ± 0.75 −0.552 0.583

Post-prandial glu-
cose (mmol/L)

13.9 ± 4.4 15.4 ± 4.5 8.1 ± 1.0 −1.230 0.224

MoCA 25.3 ± 1.2 28.1 ± 0.7 28.7 ± 1.1 −10.57 < 
0.001

MMSE 25.6 ± 1.9 28.5 ± 1.0 28.5 ± 1.0 −7.109 < 
0.001

AVLT 30.3 ± 7.9 35.6 ± 9.3 37.8 ± 8.1 −2.096 0.043
Hachiski 1.9 ± 0.93 2.0 ± 1.03 0.67 ± 0.57 –0.421 0.676
ADL (Barthel 
index)

99.6 ± 1.3 99.5 ± 2.5 100 ± 0 0.627 0.839†

Data are expressed as the mean ± standard deviation or percentage (%)
ap-values labeled with # were obtained using a Pearson chi-squared test (two-
sided), and those labeled with † were obtained using an ANOVA test. Other p-
values were obtained using a two-tailed Student’s t-test between the DM-MCI 
and DM-NC groups
b Hypertension: systolic pressure range of 140–159 mmHg or diastolic pressure 
range of 90–99 mmHg. Patients with moderate and severe hypertension were 
excluded
c Hyperlipidemia was defined as cholesterol > 5.7 mmol/L or triglyceride > 1.7 
mmol/L
d Family history is defined as immediate family members with T2DM within 
three generations
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Furthermore, nodal efficiencies of the following brain 
regions were found having significant correlations with 
the HbA1c level (the right SMA, CAL and FFG), disease 
duration (the right IOG and PoCG), and neuropsycho-
logical assessments (the left PoCG and the right ITG, IPL 
and PAL) (Fig. 5).

Discussion
By combining DTI and rs-fMRI with graph theoretical 
analysis, in this study, we investigated the topological 
alterations of both the structural and functional con-
nectomes in T2DM patients with and without MCI. We 
made several observations. First, both the structural 
and functional networks showed alterations in patients 
with T2DM, including during the normal-cognition 
stage. However, the network changes appeared more 
pronounced in the DM-MCI group compared to the 
DM-NC group. Second, the decreased nodal efficiencies 
of the structural and functional networks were detected 
in frontoparietal, temporal and occipital lobes, whereas 

the nodal efficiencies of functional network showed 
increased changes in the T2DM groups within several 
brain regions, suggesting a possible compensatory mech-
anism of the functional network in the stage of cognition 
decline. Third, the extent of network changes was corre-
lated with disease severity in patients with T2DM. Some 
previous studies [24] have also explored the topological 
alterations of the brain’s functional network in T2DM 
patients using graph theory approaches. There are some 
differences in our study. First, we conducted a combina-
tion analysis including both the structural and functional 
networks within the same cohort of T2DM patients, pro-
viding a comparative analysis of the variations between 
them. Second, in the correlation analysis with clinical 
variables, we expanded the scope to include global net-
work properties (Eglob, Eloc, Cp and Lp) as well as nodal 
efficiencies, with all the T2DM patients, including those 
with normal cognition, brought into the correlation 
analysis.

Fig. 2 Group differences in the global network metrics of the structural and functional connectomes. The bar and error bar represent the mean values 
and standard deviations of the network properties in each group after removing the effects of age and sex. (A) Significantly reduced global efficiency 
and local efficiency and an increased shortest path length of the structural networks were observed in the DM-MCI patients relative to both the DM-NC 
and controls. (B) Increased local efficiency and clustering coefficient of functional networks in the DM-MCI patients compared to the controls. *p < 0.05; 
**p < 0.01
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Although the small-world properties were preserved 
in the DM-MCI patients, some global network proper-
ties of the structural networks were significantly altered 
compared to the controls. The decreased Eglob and Eloc 
and increased Lp of the DTI networks exhibited in the 
DM-MCI group implied that the cognitive impairment 
stage of patients with T2DM was characterized by dis-
rupted topological organization and integration in the 
structural connectome, underpinning changes in the 
functional connectome. Similar topological abnormali-
ties in T2DM were discovered in earlier studies using 
graph analysis based on DTI networks [25, 26]. Further-
more, we included the DM-NC group, whose cognition 
status and scores were normal in clinical assessments. In 
these patients, the structural network properties exhib-
ited intermediate values between the DM-MCI and 

controls. In previous study we detected WM alterations 
in DM-NC patients [27]. We concluded that WM alter-
nations and decreased global/local efficiency had been 
emerging, although the between-group difference in net-
work metrics had not reached statistical significance.

Unlike the consistent findings in the structural net-
work by previous studies, the analyses of the functional 
network showed inconsistent results. Decreased Eglob and 
increased Lp measurements revealed a decreased net-
work efficiency [28]. Moreover, an increased efficiency 
(measured by increased Eglob, Eloc, and Cp) in the func-
tional network has been reported in T2DM [13, 19–21]. 
According to our findings, the DM-MCI group showed 
significantly elevated Eloc and Cp compared to the con-
trols. The combination of higher Eloc and Cp reflects 
high local specialization of the brain in information 

Fig. 3 Distributed brain regions with significant differences of the functional brain connectivity in nodal efficiency among the three groups. The node 
sizes indicate the significance of between-group differences in the nodal efficiency. The nodes in blue showed reduced efficiency in the DM-MCI and 
DM-NC groups compared to the controls, and decreased efficiency in the DM-MCI group compared to the DM-NC group (p < 0.05, corrected); the nodes 
in red showed increased efficiency in the DM-MCI group compared to the DM-NC and control groups (p < 0.05, corrected). Abbreviations: MOG: Middle 
occipital gyrus; HIP: Hippocampus; ITG: Inferior temporal gyrus; SOG: Superior occipital gyrus; PoCG: Postcentral gyrus; DCG: Median cingulate and parac-
ingulate gyri; FFG: Fusiform gyrus; SMG: Supramarginal gyrus; MTG: Middle temporal gyrus
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processing, as well as greater efficiency in synchroniz-
ing neuronal activity. The finding that the functional net-
works were “better” organized in T2DM than controls 
is not unique [13, 19–21]. This suggests a compensatory 
mechanism of the whole-brain functional network dur-
ing the stage of cognition decline, which was associated 
with functional plasticity and increased connections.

In addition to the global network metrics, the analyses 
of nodal properties also provided some insights, particu-
larly between DM-NC and controls, where the global 
network properties did not exhibit a significant differ-
ence. Decreased nodal efficiencies in the structural net-
work were observed in brain regions, such as the middle 
frontal gyrus and posterior cingulate gyrus, which were 
part of the default-mode network (DMN) and may 
involve cognitive functions [29]. The reduced nodal effi-
ciency may assist with the early identification of T2DM-
related MCI before it is reflected by neuropsychological 
assessments. In contrast to the continually decreased 
nodal efficiencies in the structural network, in the func-
tional network, some regions with increased nodal effi-
ciencies were detected in both DM-NC and DM-MCI 
patients. We speculated that at (or even before) the emer-
gence of clinically apparent MCI, the brain functional 
network may have already been reorganized as a com-
pensatory mechanism to counteract the slight cognitive 
decrements.

Currently, the diagnosis of diabetes-related MCI is 
primarily made based on the clinical symptoms and 
neuropsychological tests. However, the commonly used 
neuropsychological scales in the clinical diagnosis of 
T2DM-related MCI lacks specificity and sensitivity, and 
is likely biased by the patient’s educational background, 
degree of cooperation, and the subjectivity of the clini-
cians [30]. Therefore, biomarkers that effectively suggest 
the existence of MCI will help to identify and intervene at 
early stage of MCI, delay the occurrence of dementia, and 
improve the quality of life of patients with T2DM.

This study has several limitations that warrant dis-
cussion. First, the sample size was relatively moderate, 
which may limit generalization of the results. Second, 
this study was a single time-point and cross-sectional. 
Given the dynamic development of MCI, a longitudinal 
study tracking the same patients with T2DM would be 
better able to demonstrate the dynamic network changes 
to potentially predict the cognitive decline. Finally, 
despite finding alterations in global network metrics and 
nodal efficiency in some regions, it remains difficult to 
develop a classifier to identify an individual with MCI 
due to the high inter-subject variability in the network 
metrics and regions with altered nodal efficiency. We are 
enlisting more volunteers to gain a more comprehensive 
conclusion.

Fig. 4 Correlations between network metrics and clinical variables in patients with T2DM. Plots showing the linear correlation between the value-altered 
network metrics. a: Structural connectome (SC); b: Functional connectome (FC) (p < 0.05, R denotes Pearson’s correlation coefficient with age and sex as 
covariates). Cp: clustering coefficient; Lp: shortest path length. MMSE: Mini-Mental State Examination
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Fig. 5 Regions with significant correlations between the nodal efficiencies of functional connectome and clinical variables (a) HbA1c levels and dis-
ease duration; (b) cognitive tests scores) in T2DM patients. The regions were overlaid on the brain surface at the axial view. The node sizes indicate the 
significance of the correlations between the nodal efficiencies and clinical variables. Abbreviations: SMA: Supplementary motor area; PoCG: Postcentral 
gyrus; FFG: Fusiform gyrus; CAL: Calcarine fissure and surrounding cortex; IOG: Inferior occipital gyrus; PAL: Lenticular nucleus, pallidum; ITG: Inferior tem-
poral gyrus; IPL: Inferior parietal, but supramarginal and angular gyri. L = left; R = right. MoCA: Montreal Cognitive Assessment; MMSE: Mini-Mental State 
Examination
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Conclusions
The disrupted topological organization of structural and 
functional connectomes were detected in T2DM patients 
with MCI or with clinically manifested normal cognition. 
Furthermore, network changes appeared more severe in 
the DM-MCI compared to the DM-NC group. We con-
ducted combined structural and functional network 
studies in a T2DM patient group dataset. Unlike the con-
sistently decreased global properties and nodal efficien-
cies of the structural network, the Eloc and Cp, as well as 
the nodal efficiencies in some regions (such as postcen-
tral gyrus, inferior/middle temporal gyrus), increased 
in the functional network. These findings revealed that, 
in the process of cognition decline, the efficiency of the 
functional network had somewhat improved, which may 
have been due to a compensatory mechanism whereby 
the ability for local and remote information processing 
is enhanced due to brain functional plasticity and reor-
ganization. The alteration of the functional connectome 
exhibited more complexity than the structural connec-
tome. Altered nodal efficiency may hint at cognitive dec-
rements in the early stage in patients with T2DM, before 
it is captured by neuropsychological assessments.
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