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Abstract

Objectives Type 2 diabetes mellitus is associated with in-
creased risk for dementia. Patients with impaired cognition
often show default-mode network disruption. We aimed to
investigate the integrity of a default-mode network in diabetic
patients by using independent component analysis, and to
explore the relationship between network abnormalities,
neurocognitive performance and diabetic variables.

Methods Forty-two patients with type 2 diabetes and 42 well-
matched healthy controls were included and underwent
resting-state functional MRI in a 3 Tesla unit. Independent
component analysis was adopted to extract the default-mode
network, including its anterior and posterior components. Z-
maps of both sub-networks were compared between the two
groups and correlated with each clinical variable.

Results Patients showed increased connectivity around the
medial prefrontal cortex in the anterior sub-network, but de-
creased connectivity around the posterior cingulate cortex in
the posterior sub-network. The decreased connectivity in the
posterior part was significantly correlated with the score on
Complex Figure Test-delay recall test (r=0.359, p=0.020),
the time spent on Trail-Making Test-part B (r=-0.346, p=
0.025) and the insulin resistance level (r=—0.404, p=0.024).
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Conclusion Dissociation pattern in the default-mode network

was found in diabetic patients, which might provide powerful

new insights into the neural mechanisms that underlie the

diabetes-related cognitive decline.

Key points

* Type 2 diabetes mellitus is associated with impaired
cognition

* Default- mode network plays a central role in maintaining
normal cognition

* Network connectivity within the default mode was disrupted
in type 2 diabetes patients

* Decreased network connectivity was correlated with cogni-
tive performance and insulin resistance level

* Disrupted default-mode network might explain the impaired
cognition in diabetic population

Keywords Type 2 diabetes mellitus - Cognition - Default
mode network - Insulin resistance - Resting-state functional
MRI

Abbreviations

T2DM  Type 2 diabetes

FMRI Functional magnetic resonance imaging
BOLD  Blood oxygenation level-dependent
ICN Intrinsic connectivity network
DMN Default-mode network

aDMN  Anterior DMN

pDMN  Posterior DMN

FC Functional connectivity

MPFC Medial pre-frontal cortex

ACC Anterior cingulate cortex

PCC Posterior cingulate cortex

AD Alzheimer’s disease

ICA Independent component analysis
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MMSE  Mini-Mental State Examination
HAM-D Hamilton Depression Rating Scale
OGTT  Oral glucose tolerance test

IR Insulin Resistance

AVLT Auditory Verbal Learning Test
CFT Complex Figure Test

VFT Verbal Fluency Test

TMT Trail Making Test

CDT Clock Drawing Test

FLAIR  Fluid-attenuated inversion recovery
WMH White matter hyperintensity

MNI Montreal Neurological Institute

IC Independent component
ROI Region of interest

FDR False discovery rate
IPL Inferior parietal lobule
SFG Superior frontal gyrus

Introduction

Type 2 diabetes mellitus (T2DM) is associated with acceler-
ated cognitive decline [1] and is a risk factor for dementia [2].
Recently, an increasing number of studies have provided sig-
nificant insights into the structural and functional changes in
the diabetic brain [3—5], which suggests the potential for neu-
roimaging to assist in understanding the pathways that might
link T2DM to cognitive decrements.

Resting-state functional magnetic resonance imaging (rs-
fMRI) has enabled the evaluation of brain functional architec-
ture on the basis of blood oxygenation level-dependent
(BOLD) signal, which represents the spontaneous neuronal
activity at baseline state [6]. Resting-state networks, namely
intrinsic connectivity networks (ICNs), are defined as brain
regions with highly correlated time courses of low-frequency
(<0.1 Hz) BOLD signal fluctuations [7]. Among these net-
works, the default-mode network (DMN) is the most widely
studied and well-characterized one. Consisting of the medial
pre-frontal cortex (MPFC), anterior cingulate cortex (ACC),
posterior cingulate cortex (PCC) and precuneus [8], DMN is
suggested as a major contributor to the normal cognitive func-
tioning [9]. Reduction of intrinsic connectivity of the DMN
has been observed in a number of mental disorders such as
Alzheimer’s disease (AD), autism, schizophrenia and hepatic
encephalopathy [8, 10—-12], which suggests its potential as a
biomarker for clinical application. Given the impaired cogni-
tive functioning in diabetic patients, we hypothesized that
there might also be alterations in DMN connectivity in this
population.

Independent component analysis (ICA), one of the
multiple-regression methods, is a robust technique based on
blind source separation that captures the essential components
of multivariate rs-fMRI signals [13]. It helps to separate the

whole-brain signal fluctuations from physiological noise and
automatically capture the entire DMN as a single major com-
ponent [14]. In comparisons with other analytical methods
such as the seed-based method, ICA is proved to decrease
the heterogeneity of DMN pattern by avoiding the a-priori
seed selection, thus raising the reliability and reproducibility
of the results [2].

In the present study, we adopted the ICA method to auto-
matically identify DMN and explore its connectivity in T2DM
patients. We aimed to evaluate (1) whether T2DM is associ-
ated with disrupted DMN compared with the healthy controls;
and (2) whether the functional connectivity (FC) changes in
the DMN are correlated with worse neurocognitive perfor-
mance and T2DM-related parameters.

Methods
Participants

This study was approved by the local ethics committee and
conducted between November 2012 and November 2013.
Written informed consent was obtained from all participants.
All subjects were between 50 and 75 years of age, right-
handed and without any MR contraindication. A total of 43
patients were recruited by advertisements and met the latest
criteria of T2DM [15]. All patients had a diabetes duration of
at least 1 year. They were in close self-monitoring and rou-
tinely treated with various hypoglycaemic agents; none had
any history of hypoglycaemic episodes. Healthy controls (n=
42) were also recruited through advertisements and were
matched with T2DM patients with respect to age, sex and
education. Exclusion criteria for both groups included an in-
dication of dementia based on a Mini-Mental State Examina-
tion (MMSE) score<24 [16], history of depression based on
the Hamilton Depression Rating Scale (HAM-D) score>7
[17], other psychiatric or neurological disorder unrelated to
diabetes, a past history of alcohol or substance abuse, and
brain lesions such as tumour or stroke. According to previous
studies [18], we intentionally did not exclude subjects with
vascular risk factors to raise the generalizability of our results.

Biometric measurement was performed at 8:00 a.m. All
participants were recorded with detailed history of hyperten-
sion, smoking, medication and vascular disease. Laboratory
parameters, such as fasting plasma glucose (FPG), fasting
HbA 1c, insulin and cholesterol were obtained and measured
with standard laboratory testing. Subsequently, an oral glu-
cose tolerance (OGTT) test (75 g dextrose monohydrate in
250 mL water) was performed on all healthy controls and
patients without receiving treatment (n=8) to verify the diag-
nosis and severity of T2DM. Control subjects with fasting
blood glucose level >7.0 mmol/L or 2-h postprandial glucose
level>7.8 mmol/L after OGTT test were excluded. During the

@ Springer



3240

Eur Radiol (2015) 25:3238-3246

interview, blood pressure was measured at three different time
points and averaged. Hypertension was defined as previously
described [19]. HOMA-IR was used to determine the level of
insulin resistance (IR) for all subjects, except for those with
insulin treatment. Diabetic complications including the reti-
nopathy and peripheral neuropathy were also measured to
get a full picture of glycemic control in T2DM patients, using
the same methods and criteria described elsewhere [20, 21].

Neuropsychological assessment

All participants performed an extensive neurocognitive exam-
ination covering several cognitive domains. All tests took ap-
proximately 60 min to complete. No medication was allowed
immediately before the cognitive assessment. The MMSE and
the HAM-D were used for excluding possible dementia and
depression, respectively [16, 17]. The Auditory Verbal Learn-
ing Test (AVLT) and Rey-Osterrieth Complex Figure Test
(CFT) (both included immediate recall and delayed recall
tasks) were used for assessing episodic memory regarding
either verbal or visual information [22, 23]. The Verbal Flu-
ency Test (VFT) examines the semantic memory [24]. The
Trail Making Test, parts A and B (TMT-A and TMT-B), was
primarily used to evaluate attention and psychomotor speed
[25]. The Clock Drawing Test (CDT) draws on a number of
cognitive domains such as executive function and working
memory [26].

Image acquisition and assessment

MRI data were acquired using a Siemens Verio 3.0-T system
(Siemens, Erlangen, Germany) with a 12-channel head coil.
All subjects had to refrain from taking medication before the
MR. During imaging, subjects were covered with eye masks,
instructed to remain awake and keep their heads still. Soft
pads were used to reduce head movement and headphones
were used to reduce noise. Functional images were obtained
interleaved by using a gradient-recalled echo-planar (GRE-
EPI) sequence (repetition time 2000 ms, echo time 25 ms, flip
angle of 90°, field of view 240 mmXx240 mm, acquisition
matrix=64x64). A total of 240 whole-brain volumes were
collected on 36 oblique slices with 4-mm thickness. Structural
images were obtained by using a high-resolution T1-weighted
3D magnetization-prepared rapid gradient-echo imaging (3D
MPRAGE) (176 slices, repetition time 1900 ms, echo time
2.48 ms, slice thickness 1.0 mm, flip angle of 9°, inversion
time 900 ms, field of view 250%250 mm, in-plane resolution
256%256) for image registration and functional localization.
Fluid-attenuated inversion recovery (FLAIR) images were ob-
tained with the following parameters: repetition time 8500 ms,
echo time 94 ms, 20 slices with 5-mm thickness, voxel size
1.3x0.9x5 mm”.
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The white matter hyperintensity (WMH) on the FLAIR
images was assessed using the age-related white matter chang-
es scale [27]. Participants with a rating score of above one
(confluence of lesions or diffuse involvement of the entire
region) were excluded. Lacunar infarct was also assessed as
well-defined areas of >2 mm with signal of cerebrospinal
fluid.

Functional image processing and identification of DMNs

FMRI data preprocessing was carried out using SPM8 (Sta-
tistical Parametric Mapping, http://www.fil.ion.ucl.ac.uk/
spm/). The following procedures were applied: slice timing
adjustment; realignment for head motion correction (subjects
with head motion >2.0-mm translation or >2.0° rotation were
excluded); spatial normalization to standard Montreal
Neurological Institute (MNI) template with a resampling vox-
el size of 3x3x3 mm?; spatial smoothing with a Gaussian
kernel of 4 mm.

ICA was conducted using the Informix algorithm in the
Group ICA of fMRI Toolbox (GIFT) software (Medical Im-
age Analysis Lab, University of New Mexico, Albuquerque,
NM, USA; http://icatb.sourceforge.net/). The number of
independent components (ICs) was determined by using the
minimum description length criteria and the mean dimension
estimation was 25. Then, the averaged IC number was used
for each subject for I[CA decomposition. For each IC, the time
courses correspond to the waveform of a specific pattern of
coherent brain activity, and the intensity of this pattern of brain
activity across the voxels is expressed in the associated spatial
map. To display voxels relevant to each particular IC, the
intensity values in each map were converted to z values. As
previously described [12], the final DMN component was
identified by visual inspection on the basis of periodic tempo-
ral fluctuation, spatial pattern, and distinct peak of power
spectrum at low-frequency (<0.1 Hz) range.

Statistical analysis

The differences of clinical variables and cognitive perfor-
mance between patients and the control group were examined
by independent two-sample ¢ test for continuous variables and
X2 test for proportions. Each comparison was performed with
the SPSS software (version 18.0; SPSS, Inc., Chicago, IL,
USA). P<0.05 was considered to be statistically significant.

To assess the within-group integrity of the best-fit compo-
nents, one-sample z-tests were performed on the spatial maps of
DMN for each group by using REST-Statistical Analysis (writ-
ten by Chaogan Yan, www.restfmri.net) [28]. P values less than
0.05 were considered statistically significant. Multiple
comparisons were performed by the relatively conservative
false discovery rate (FDR) criterion to acquire the most signif-
icant results that mainly contain the DMN regions.
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To explore the between-group differences, two-sample #-
tests were performed on the spatial maps of the DMN in a
voxel-by-voxel manner. To restrict the comparison to the
voxels within the DMN only, we applied a mask that was
created by combining the results obtained from one-sample
t-test in each group. To exclude the possible confounding
effects, age, sex and education level were included as covari-
ates. Statistical threshold was set with P<0.05, combined with
a minimum cluster size of 49 voxels for the anterior DMN,
and 43 voxels for the posterior DMN for multiple comparison
correction, resulted in a corrected P<0.05. To reflect the in-
trinsic abnormality of T2DM as much as possible, a less con-
servative correction was chosen that is determined by Monte
Carlo simulation (AlphaSim program in AFNI, http://afni.nih.
gov/afni/docpdf/AlphaSim.pdf) with the following
parameters: single voxel, P =0.05; full width at half
maximum, 4 mm; with the one-sample #-test results as the
mask.

To investigate the relationship between DMN connectivity
and clinical variables, Pearson correlation analyses were per-
formed in a region of interest (ROI)-wise manner. Specifically,
the ROI was defined as a spherical region within 6 mm of the
peak activation in each brain region that differed significantly
between the two groups. Then the mean z values of each ROI
were correlated against the cognitive performance and T2DM-
related variables in each patient. All analyses were performed
using the SPSS software. P values<0.05 were considered sta-
tistically significant. To reduce the chance of type I error, a
Bonferroni correction was performed for multiple
comparisons.

To explore the effects of treatment modality in patients
group, DMN pattern was first compared between patients with
and without insulin therapy [29]. Next, we also explored the
effects of diabetic complications by comparing the DMN pat-
tern among the patients with neuropathy, retinopathy and
those without complications. Finally, to determine whether
these intergroup varieties could explain the DMN differences
between T2DM patients and healthy controls, FC values were
extracted from brain regions that differed significantly be-
tween groups and compared among all these sub-groups of
patients.

Results
Participant information

One T2DM patient was excluded because of excessive head
movement. Therefore, a total of 84 participants (42 T2DM
patients and 42 healthy controls) were included in the final
data analysis. Demographic and cognitive characteristics of all
participants are presented in Table 1. Among the patients, 11
were treated with insulin, while the remainder were treated

with either oral hypoglycaemic agents (n=23)or dietary re-
striction only (n=8). Clinical variables did not differ signifi-
cantly between patients with and without insulin treatment,
but the former tended to perform worse on several cognitive
tests (supplementary Table 1). Comparing the diabetic and
control groups, no significant differences were observed in
terms of the total cholesterol, WMH loads and lacunar in-
farcts, and body mass index (BMI). However, patients per-
formed significantly worse on the TMT-B and CFT-delayed
recall tests, which mainly involved cognitive domains of ex-
ecutive function, processing speed and spatial episodic mem-
ory. Correlation analyses indicated that disease duration and
HOMA-IR, instead of hyperglycaemic indices themselves
(FPG and HbA1c), were the main contributors to these im-
paired performance (Supplementary Table 2).

Spatial patterns of DMN

Among the 25 components estimated during the data process-
ing, two components were identified as the two sub-networks
of DMN. A one-sample #-test showed the typical spatial pat-
tern of each sub-network in both groups (P<0.05, FDR
corrected) (Fig. 1). In the control group, the anterior DMN
(Fig. 1, lower row) displayed functional connectivity (FC)
mainly in the MPFC areas, as well as in the PCC/precuneus
and small inferior parietal lobules (IPL) clusters. The
posterior DMN (Fig. 1, lower row) showed FC within
the PCC, precuneus and bilateral IPL regions, but also
included a small part of MPFC. The DMN pattern of
the patients largely included the same brain regions as
the healthy controls.

Group differences in DMN

Compared with the healthy controls, patients showed in-
creased FC in the anterior DMN region and decreased FC in
the posterior DMN region (P<0.05, AlphaSim corrected).
Specifically, the increased connectivity mainly involved bilat-
eral superior frontal gyrus (SFG) (Fig. 2A). The decreased
connectivity included the PCC and the precuneus (Fig. 2B).
A detailed list of brain regions with aberrant FC in each sub-
network is presented in Table 2.

DMN connectivity map was further compared between pa-
tients under insulin and non-insulin treatment, and between
those with different diabetic complications. No significant dif-
ference was observed among these sub-groups of patients.
Similarly, FC values extracted from the frontal region and
the posterior regions also showed no significant difference
among these sub-groups (Fig. 3A and B). However, insulin-
treated patients suffered more functional alterations than those
under non-insulin therapy, as shown in Fig. 3A.
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Table 1 Demographic, clinical
and cognitive characteristics

Characteristics T2DM Patients Control subjects P value
(n=42) (n=42)
Age (years) 60.4+7.0 58.2+6.3 0.14
Sex (male) 23 (55) 14 (33) 0.08
Education (years) 9.6+3.8 10.2+2.3 0.35
Disease duration (years) 9.4+47 -
Fasting glucose (mmol/L)* 7.8+2.1 55+04 <0.01
2-h postprandial glucose (mmol/L)? 15.5+£4.2 (n=8) 6.5+1.7 <0.01
HbA1c (%)( mmol/mol)* 7.941.6 (62.7+17.4) 5.6+0.3 (37.8+3.6) <0.01
HOMA-IR? 34+2.0 2.5+1.3 0.03
Blood pressure
Systolic (mmHg) 136.6+14.7 132.7+15.0 0.23
Diastolic (mmHg) 85.8+11.3 86.8+11.4 0.70
Triglycerides (mmol/L) 1.46+0.80 1.41£0.87 0.77
Total cholesterol (mmol/L) 53+1.1 52+0.9 0.69
BMI (kg/m?) 24.7+2.9 24.0+2.8 0.29
White matter lesions 1 (0-6) 0 (0-7) 0.28
Lacunar infarcts 9(21) 5(12) 0.38
Cognitive performance
MMSE 28.3+1.1 28.7+1.2 0.11
Trail Making Test-A(s) 67.8422.3 62.2+15.1 0.16
Trail Making Test-B(s)* 178.1£56.0 149.3+51.7 0.01
Auditory Verbal Memory Test 59+14 6.5+£2.0 0.08
Auditory Verbal Memory Test-Delay 57425 63+2.2 0.20
Recall
Clock Drawing Test 3.3+0.6 3.5+0.5 0.10
Complex Figure Test-Immediate Recall 343+1.5 349+14 0.07
Complex Figure Test-Delayed Recall® 13.3£59 17.7+6.0 <0.01
Verbal Fluency Test 16.843.8 17.5£3.1 0.55
Hamilton Depression Rating Scale 1.7£1.0 1.2+0.8 0.20

Data are represented as mean+SD, n (%) or median (range). T2DM, type 2 diabetes mellitus

2 P value <0.05

Anterior DMN

// \
|

-
» |

{ \

\
\

Healthy Controls

Posterior DMN

L

Healthy Controls

Fig. 1 Results of one-sample t-test of the two components representing
the default-mode sub-networks in patients and healthy groups (£<0.05,
FDR corrected). Representative images of the anterior default-mode net-
work (DMN) (upper row) and the posterior DMN (lower row) in healthy
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default-mode network; T2DM, type 2 diabetes
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Fig. 2 Comparison of default-mode network (DMN) sub-networks be-
tween type 2 diabetes mellitus (T2DM) patients and healthy controls. (A)
Compared with the healthy controls, patients with T2DM showed signif-
icantly increased FC (red colour) within the anterior DMN sub-network,
predominantly in the right and the left SFG. (B) Decreased FC (blue
colour) was found in the posterior sub-network of the DMN, which was

Correlation analysis

FC strength in the pDMN was positively correlated with the
CFT-delay and TMT-B performance, and negatively correlat-
ed with the insulin resistance level (Fig. 4). Specifically, the
hypoconnectivity in the PCC region was related to higher
insulin resistance level (r=—0.404, p=0.024) (Fig. 4B), while
the mean z value in the precuneus had positive correlations
with the CFT-delay score (r=0.395, p=0.020) and negative
correlations with the time spent on TMT-B (r=-0.346, p=
0.025) (Fig. 4C and D). No such correlations were observed
in the control group (Supplementary Table 2). The treatment
modality (with and without insulin) did not alter the signifi-
cance of the associations between clinical variables and imag-
ing parameters (Supplementary Table 3).

Table 2 Brain regions with significant differences on default-mode
network (DMN) connectivity between type 2 diabetes mellitus (T2DM)
patients and healthy controls

Brain region BA MNI coordinates  Cluster 7 value
—— ssize
X Y Z
Anterior DMN
R superior frontal gyrus 9 18 33 42 188 +4.89
L superior frontal gyrus 8 —-12 39 48 73 +3.15
Posterior DMN
Precuneus 31 -15 —-69 18 84 -3.40
Posterior cingulate cortex 30 9 48 3 82 —4.08

BA, Brodmann area; MNI, Montreal Neurological Institute; X, Y, Z,
coordinates of primary peak locations in the MNI space; L indicates the
left; R indicates the right; positive #-values: T2DM > control subjects;
negative t-values: T2DM < control subjects

Comparisons were performed at P <0.05, corrected for multiple
comparisons

mainly located around the retrosplenial regions such as the PCC and the
precuneus. Pictures on the left column are masks of the two sub-
components of DMN, obtained by combining results of one-sample #-test
in each group, thresholding at P<0.05 (FDR corrected). Colour scale
represents z-values. FC, functional connectivity; SFG, superior frontal
gyrus; PCC, posterior cingulate cortex

Discussion

Using the ICA method, we demonstrated a disrupted pattern
of resting-state DMN in T2DM patients. Compared with
healthy controls, T2DM patients showed increased FC within
the aDMN regions while decreased FC within the pDMN
regions. These functional alterations were related to the im-
paired cognitive performance and the increased insulin resis-
tance level.

Evidence from recent fMRI studies suggested that the
DMN anterior and posterior sub-networks interact in a dy-
namic equilibrium, which is important in the maintenance of
normal cognition functioning [30]. However, with advancing
age, this equilibrium is disrupted and these sub-networks de-
velop greater independence from each other, thus resulting in
their reciprocal changes [31]. Similar changes were also ob-
served in other mental disorders, including Alzheimer’s dis-
ease, ApoE 4 allele carriers, traumatic brain injury, major
depression, epilepsy and autism [12, 31-36], suggesting that
multiple disorders are linked to some analogous disruption of
the DMN. Our study, for the first time, suggested this disso-
ciation pattern in T2DM patients. Given its consistency across
different mental disorders, this DMN dissociation pattern
might be a potential imaging biomarker to identify T2DM
patients with cognitive impairment. Furthermore, recent neu-
roimaging studies revealed that DMN changes could predict
treatment response in mental disorders such as schizophrenia
[37]. Therefore, this disrupted DMN signature also holds great
potential to provide prognostic information for T2DM-
associated cognitive decline.

Decreased connectivity was predominantly located in the
PCC and the precuneus. These regions are the central nodes of
the brain, the impairments of which are frequently treated as
the early signs of cognitive impairment [38]. Neural dysfunc-
tion in these regions has been reported in the diabetic
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Fig. 3 Default-mode network (DMN) connectivity differences among
different patients sub-groups and healthy controls. (A). The mean FC
values extracted from the frontal regions in the diabetic group were sig-
nificantly higher than the control group, while the mean FC values of the
occipital lobe were significantly lower. There is a trend that patients with
insulin treatment suffered more functional alterations than those without,

population. For example, decreased neural intensity and co-
herence were detected around the precuneus regions [39]; de-
creased connectivity between the PCC and other nodes within
the DMN was also observed [40]. Together with these previ-
ous findings, our results provided further evidence for the
neural dysfunction in diabetes. Being correlated with cogni-
tive performance, hypoconnectivity in these posterior regions
might provide important insights into the neural mechanism
underlying the impaired cognition in diabetic population. On
the other hand, significantly increased connectivity was found
in the bilateral superior frontal gyrus (SFG). Increased SFG
activation has been reported previously in several depression-
related fMRI studies, given that it is responsible for the mod-
ulation of emotional behavior and self-referential processing

Fig. 4 Correlations between a
clinical parameters and the mean
z value extracted from
significantly different brain
regions. (A) Spherical regions of
interest (ROIs) located in the
precuneus and the PCC, and their
coordinates of peak activation.
(B) The mean z value of the ROI
extracted from the PCC was
negatively related to insulin
resistance (R=0.404, P=0.024).
(C) The mean z value of the ROI
extracted from the precuneus was
positively correlated with the
CFT-delayed recall scores in the 0.8
diabetic group (R=0.395,

P=0.020). (D) The mean z value 061 Proo . ¢
of the ROI extracted from the 04
precuneus had negativ.e L)
correlations with the time spent
on the TMT-B (R=-0.346,
P=0.025). CFT, complex figure -

test; TMT-B, trail making test- 02 ® o .
part B; PCC, posterior cingulate o . .
cortex

Precuenus
(x=-15,y=-69,2z=48)

Precuneus

0.2 ° e

0.0 . =" e ..~f.

Mean Z Value

W Neuropathy
2.5 - [ Retinopathy
[ZZ4 Without Complications *
[ Healthy Controls

LSFG Precuneus

although the differences were not significant. (B) The mean FC value
extracted from the frontal and the occipital lobe did not differ between
the patients with and without diabetic complications. FC, functional con-
nectivity; RSFG, right superior frontal gyrus; LSFG, left superior frontal
gyrus; PCC, posterior cingulate cortex

[41]. T2DM is known to be associated with an increased risk of
depression, which could lead to impaired self-consciousness
and depressive symptoms [42]. We thus assume that the in-
creased MPFC connectivity might be an early change that oc-
curs before clinically measurable depression. Further studies
including depressive T2DM patients are of particular interest
to determine the clinical significances of our results.

Our results showed no correlations between the glycaemic
control and functional changes, which was inconsistent with a
previous PET/CT study [43]. It is important to note that
whether hyperglycaemia is an independent risk factor for im-
paired cognition is still under debate [44]. As ‘diabetic en-
cephalopathy’ is a multifactorial condition [45], the
hyperglycaemia per se may not be the most important

b
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contributor for the cognitive impairment. In the current results,
IR was independently correlated to DMN alterations
(Fig. 4B). Recently, IR has been recognized as a promising
determinant for cognitive decline, as it is tightly associated
with Alzheimer’s disease-like pathology [1]. Consistent with
previous imaging studies [46, 47], our results suggested that
IR might be more sensitive to detect neural alterations over
other glycaemic indices. In addition, patients having insulin
treatment suffered more functional abnormalities than those
without (Fig. 3A). This is in accordance with previous large-
scale clinical studies [48] supporting that insulin-treated pa-
tients have a higher risk for dementia, which is possibly me-
diated by more severe pathological changes and direct effects
of insulin. A critical direction for future work is to explore the
mechanism underlying T2DM associated cognitive decline.
Further research with longitudinal design and less heteroge-
neity are warranted to achieve this goal.

We note that our study has several limitations. First, this
study was limited to a relatively small sample size by using
advertisement recruitment, which may to some extent reduce
the generalizability of the results. Second, most of the included
patients were variously medicated, making it difficult to deter-
mine whether some of our results were secondary to possible
effects of medication. Medication-naive subjects should be in-
cluded in future studies to exclude such effects. Finally, we did
not measure the serum glucose level just before the MR. Further
studies should take it into consideration to better eluci-
date the relationship between glycaemic control and
neural dysfunction.

In conclusion, the DMN connectivity was altered in T2DM
patients, which was associated with impaired cognition and
increased insulin resistance. In contrast to standard cognitive
tests, using DMN as a potential screening tool for cognitive
decline offers us an opportunity to observe the living brain in a
non-invasive way. Future perspectives include application of
fMRI techniques in longitudinal studies to define the evolu-
tion of DMN connectivity with the progression of T2DM, as
well as the effects of various therapeutic approaches on central
nervous system plasticity.
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