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Purpose: To explore the functional connection strength (FCS) changes of brain networks in

diabetic retinopathy (DR) patients and uncover the underlying mechanism.

Methods and Materials: Twenty-one patients with DR and 21 age- and sex-matched

healthy controls were enrolled from August 2012 to September 2014. Subjects were scanned

using 3T MR with blood-oxygen-level dependent (BOLD) and 3-dimension fast spoiled

gradient echo (3D-FSPGR) sequences. MR data was analyzed via preprocessing and func-

tional network construction. After a group comparison, components of brain networks with

significant group differences were extracted and the FCS of the brain network was evaluated.

The brain areas were compared between patients and controls. P-values less than 0.05 were

considered statistically significant. Connection strength was evaluated with alphasim,

P<0.01.

Results: The component maps of altered brain networks with quantified FCS were obtained

in DR patients, demonstrating more disconnections mainly in the bilateral Heschl's gyrus, left

cuneus, left occipital lobe, bilateral amygdala, left parahippocampal, bilateral fusiform, and

left superior parietal in the patients group compared to the healthy controls (P<0.01), while

compensations may occur in the frontal-cingulum region, as well as among the right caudate,

left thalamus, left inferior temporal lobe, and middle orbital frontal lobe.

Conclusion: Brain network connections, decreased in the brain areas of which in charging

with cognition and visual function, suggests that DR patients might have cognitive decline

and visual function loss. However, there might be a frontal compensatory circle in patients

with DR.

Keywords: resting-state functional MRI, brain networks, functional connection strength,

diabetic retinopathy

Introduction
Diabetic retinopathy (DR) is the most common complication of diabetes. Patients who

have DR are 25-times more likely to become blind than the general population.1

Researchers found some metabolite changes in optically relevant brain areas (visual

cortex and optic radiation) and in non-optically relevant brain areas (frontal white

matter) of DR patients by MR spectrum.1,2 The brain is one of the targets for diabetic

end organ damage and brain damage is a major complication of diabetes.

Recently there was a study using resting-state functional MRI, based on the

amplitude of the low-frequency fluctuations algorithm.3 They found that DR patients

showed spontaneous cerebral activity abnormalities in many brain regions that were

associated with cognitive impairments. In our previous study, the correlation analysis

between clinical indexes and brain network indexes in patients with DRwere studied. It
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was found that brain functional networks were altered, spe-

cifically in the areas of visual function and cognition, and

these alterations correlated with extensive clinical indexes,

suggesting that brain networks changes might reflect the

severity of visual weakness and cognitive decline in DR

patients.4 There is some evidence that proves the correlation

between DR and cognitive dysfunction,5–7 suggesting a near

3-fold increased risk of cognitive impairment in patients with

DR compared to those without.

Brain networks analysis is a non-invasive method that

mathematically describes anatomical and functional orga-

nization in terms of graphs or networks, which comprise

nodes (vertices) and edges (links) between pairs of nodes.6

A connection expresses the existence and/or strength of a

relationship, interaction, or dependency between two

nodes in the network. Weighted connections contain infor-

mation about functional connection strength (FCS). FCS is

a voxel-wise data-driven graph-theoretical approach for

identifying brain subnetworks and quickly calculating the

total number of functional connections. It is simply an

average of connectivities within the domain. The FCS

value of the voxel directly reflects the capability of func-

tional connectivity between different voxels, and the vox-

els with higher FCS values are considered to indicate more

powerful functional connections with other voxels and

transmit more information.8,9 Compared with other meth-

ods, FCS can measure all the functional connection values

of each voxel and largely avoid artificial factors. FCS

obtained increased concern recently and there have been

a few studies about FCS.10–12 However, it has not been

used in brain networks analysis of DR patients yet.

In the present study, it was hypothesized that DR

patients beared FCS alterations of certain brain regions

of networks. This study aimed to evaluate the FCS

changes of brain networks in DR patients. With the present

study of FCS, a novel index would probably be added to

the brain network research of DR patients. This may bring

some new interesting insights and shed new light on the

underlying mechanism of cerebral injury in patients

with DR.

Materials and Methods
Subjects
After obtaining approval of the Medical Ethics Review

Committee and obtaining informed consent in accordance

with the Declaration of Helsinki, 21 patients with DR and

21 healthy volunteers were enrolled in this study from

August 2012 to September 2014, which are in conformity

with the previous study.4 Ten men and 11 women from

39–76 years old (mean age 55.9±9.7) were included in the

DR group and compared to sex-matched subjects from

37–74 years old (mean age 55.4±9.0) in the control

group. There were no statistically significant differences

in age or gender between the two groups (P>0.05).

Subjects were recruited into the study based on a

clinical history of diabetes with unclear vision, and subse-

quently these subjects underwent a thorough history and

physical examination, including an ophthalmic examina-

tion. Inclusion criteria for the DR group were: (1) con-

firmed history of DM and (2) ocular fundus abnormalities

observed by fundus fluorescein angiography (FFA). The

control group consisted of age- and sex-matched healthy

volunteers without clinical evidence or history of DR.

Exclusion criteria for all subjects were: (1) a brain

abnormality detected on a routine non-contrast MRI exam-

ination, (2) neurological or neurosurgical disease identified

by history or examination, (3) evidence of systemic dis-

ease including hypertension and hypercholesterolemia, (4)

evidence of psychological and psychiatrical diseases, (5)

use of alcohol, caffeine, or nicotine within the last

3 months, and (6) left-handed.

Details of sample characteristics are provided in Table 1.

Several clinical indexes of patients with DR were recorded,

including DM type, clinical DR grade, duration of DM,

hemoglobin A1c, mini-mental state examination, type of

diabetes treatment, as well as the sex and age.

The severity of DR was graded from 0–4 according to the

Scottish Grading Protocol:13 grade 0 - patients with DM but

without eye disease; grade 1 - mild non-proliferative back-

ground DR with microaneurysms, flame exudates, >4 blot

hemorrhages in one or both hemifields, and/or cotton wool

spots; grade 2 - moderate non-proliferative background DR

with >4 blot hemorrhages in one hemifield; grade 3 - severe

non-proliferative DRwith >4 blot hemorrhages in both hemi-

fields, intra-retinal microvascular anomalies, venous beading

(preproliferative DR); and grade 4 - proliferative DR with

neovascularization of the disk, neovascularization of the

retina elsewhere, vitreous hemorrhage, retinal detachment.

MRI Acquisition
A 3T MR system (Signa HDxt, GE Healthcare, Milwaukee,

WI) with an 8-channel array head coil was used. Subjects

were scanned supine and head-first with cushions placed

symmetrically on both sides of the head to reduce motion.

Resting-state BOLD and three-dimensional fast spoiled
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gradient recalled (3D-FSPGR) sequences were obtained. A

condition of eyes-closed wakefulness was ensured through-

out the acquisition of each resting-state BOLD examination.

Additionally, the subjects were instructed to not engage in

any specific thinking activities. The scan parameters of the

BOLD sequence were: repetition time (TR)/echo time (TE)

2000/30 ms, field of view (FOV) 256 mm×256 mm, matrix

64×64, slices 33, slice thickness 4 mm without slice gap,

number of signal averages (NEX) 1, scan time 8 minutes. A

3D-FSPGR sequence was used for structural data acquisition

with: TR/TE/inversion time (TI) 10.77/4.89/400 ms, FOV

256 mm × 256 mm, slice 1.0 mm without slice gap, matrix

256×256, NEX 1, flip angle 15°, bandwidth 15.63 Hz, scan

time 4 minutes 41 seconds.

Data Post-Processing
Standard professional data post-processing software, Data

Processing Assistant for Resting-state fMRI (DPARSF 3.2

advanced edition, http://restfmri.net/forum/DPARSF), was

used for data analysis. DPARSF is a plug-in software based

on statistical parametric mapping (SPM 8, http://www.fil.ion.

ucl.ac.uk/spm), which runs on a matrix laboratory platform

(MATLAB R2012a). Graphvar (GraphVar beta version 0.62)

is applied for functional brain connectivity analyses, which is

a user-friendly graphical-user-interface (GUI)-based toolbox

(MATLAB) for comprehensive graph-theoretical analyses of

brain connectivity, including network construction and char-

acterization, statistical analysis on network topological mea-

sures, and interactive exploration of results.

Preprocessing

Preprocessing included data format conversion, removal of

the first 10 time points, slice timing, realignment, normal-

ization, smoothing with a 4 mm full width at half-maximum

(FWHM) Gaussian kernel, removal of linear trends in the

data, and filtering (0.06–0.11 Hz),14 and then removal of

nuisance covariate effects. Three patients’ data, with head

translation larger than 1.5 mm or head rotation larger than 2°,

were excluded. Covariates including head motion para-

meters, as well as gray matter, white matter, and cerebrosp-

inal fluid, were regressed out for preprocessed images, and

then the brain was divided into 90 regions defined by the

anatomical automatic labeling (AAL) template. Finally, the

time series of each brain region was extracted.

Functional Network Construction

Correlation matrices were generated based on time series

signals and Pearson correlation was used to evaluate the

relationship among the time series by r-values, from which

Table 1 Detailed Clinical Data of Each Patient with DR

Series Gender Age DM Type Grades of DR Duration of

DM (years)

HbA1c (%) MMSE Pre-Admission Treatment

1 f 62 2 0 11 7 18 Novo30R+Sitagliptin

2 m 65 2 0 10 14.6 23 Glipizide

3 f 62 2 0 8 8.5 28 Metformin+Sulfonylurea

4 m 72 2 0 15 10.8 29 Acarbose

5 m 51 2 2 10 9.3 25 Acarbose+Repaglinide

6 f 39 2 2 10 9.2 29 Novo30R

7 f 48 2 1 6 9.6 29 Levovir25

8 m 54 2 4 10 9.89 21 Untreated

9 m 61 2 1 17 6.8 27 Novo30R

10 f 49 2 1 2 5.9 25 Novo30R+Metformin

11 f 50 2 1 1 16.8 19 Levovir25

12 f 76 2 3 16 12.2 25 Levovir25+Acarbose

13 m 51 2 0 16 5.8 25 Metformin+Sulfonylurea

14 m 45 2 3 7 7.8 25 Acarbose+Sulfonylurea

15 m 43 2 0 2 12.2 28 Levovir25+Acarbose

16 f 62 2 2 10 10.7 29 Levovir25

17 m 60 2 0 12 10.6 26 Metformin+Repaglinide

18 f 56 2 0 2 6.2 27 Untreated

19 m 50 2 0 5 11.1 29 Glargine+Sitagliptin

20 f 50 2 1 10 6.5 26 Novo30R

21 f 68 2 0 10 8.2 27 Metformin+Sulfonylurea
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a 90×90 correlation matrix could be obtained for each sub-

ject. For the connectivity matrices that entail correlation

strengths (r), we transformed the correlation values into

z-values using Fisher´s r to z transformation, as the r dis-

tribution was not a Gaussian distribution. In order to compare

network properties between the patient and control groups,

for each test adjacency matrix, a group of numbers ranging

from 0.1–0.5 with intervals of 0.01 were selected as the

threshold value,14 to obtain each association matrix. Then,

functional brain networks of the two groups were built under

a series of different thresholds.

Statistics
The correlation strengths were derived from random time

series (pairwise null-model distribution) of any two nodes.

Therefore, 21 iterations were set for generating the pairwise

null-model distributions against which the original r-value

was tested. To test against random groups, 21 repetitions

were set. The differences in network measures between

randomized groups were calculated resulting in a permuta-

tion distribution of difference under the null hypothesis (for

ANOVA also the F-value deriving from each repetition was

computed). The actual between-group difference in network

measures (and for ANOVA also the F-value) was then placed

in the corresponding permutation distribution and a P-value

was calculated based on its percentile position. The brain

areas with significant differences between patients and the

control group were extracted. P-values less than 0.05 were

considered statistically significant. Adjustments for the mul-

tiple comparisons performed were made via a Bonferroni

correction. FCS was evaluated with Alphasim with a P-

value less than 0.01. In a FCS graph, identified Graph-

Components (nodes) and lines with different thickness

between nodes (edges/links) were shown.

Results
The FCS of brain networks was significantly decreased

between nine nodes (bilateral amygdala, left parahippo-

campal, left cuneus, left superior/middle/inferior occipital

lobe, left fusiform, and left superior parietal lobe) and left

Heschl’s gyrus, and between three nodes (left amygdala

and bilateral fusiform) and right Heschl's gyrus, in the

patients group compared to in healthy controls (p<0.01),

as shown in Figures 1 and 2 and Table 2. Additionally, the

FCS was significantly increased, mainly among multiple

nodes of the bilateral frontal lobe, among the cingulum

and frontal lobe, and between the right caudate and right

orbital part of the middle frontal lobe, left thalamus, and

left orbital part of the middle frontal lobe, and the left

inferior temporal gyrus and left orbital part of the middle

frontal lobe (Table 3), which formed a complicated net-

work, as shown in Figures 3 and 4.

Discussion
In the present study, it is demonstrated that there were

increased and decreased FCS of brain networks in DR

patients. Decreased FCS (patients group compared with

controls group) involved the nodes of visual cortex, audi-

tory cortex, and limbic system, while increased FCS

involved the nodes mainly in the frontal lobe and cingu-

lum, which forms a circuit containing disconnection and

compensatory networks. It emphasizes on the underlying

circuit differing from the former study on the correlation

study between brain networks and clinical indexes.4 There

are some new insights into retinal physiology, suggesting

that the retinal dysfunction in DR patients may be viewed

as a change in the retinal neurovascular unit.15 The neuro-

vascular unit is supposed to be altered in the patients with

DR, with changes in neural function and neurotransmitter

metabolism and loss of blood–brain barrier. The neural

function changes may be the critical underlying mechan-

ism of brain network alterations in DR patients and it may

elucidate the physical basis of the brain network circuit.

The bilateral Heschl’s gyri are the most important two

nodes among the decreased networks in the patients group.

Heschl’s gyri are part of the primary auditory cortex and they

are frequently reported as being anatomically asymmetric.16,17

It is demonstrated that the Heschl’s gyri are involved in many

kinds of functions. Basically, they are mainly correlated with

acoustic processing with temporal and spectral acoustic

information.18 However, the functions of bilateral Heschl’s

gyri are also asymmetric. It is reported that larger volumes of

left Heschl’s gyrus were associated with larger extents of rate-

related cortex on the left, and larger volumes of right Heschl’s

gyrus related to larger extents of spectral-related cortex on the

right, which may be in relation to known microanatomical

asymmetries of Heschl’s gyrus.18 A meta-analysis showed

that the Heschl’s gyrus structure changes related to the func-

tions, as the left Heschl’s gyrus related to the sound temporal

or phonological processing and the right gyrus to the sound

tonal or musical processing.17

The FCS was decreased in DR patients between left

Heschl’s gyrus and the ipsilateral visual cortex (left cuneus

and left occipital lobe), which suggested the connection

weakening in auditory and visual function. There was a

study on anatomical–functional relation of Heschl’s gyrus
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by measuring the tonotopic subfield of the primary auditory

cortex by 7T MR. It was interesting that the data revealed a

previously unknown organizational parallel with the visual

cortex.19 The visual cortex is a junction for integration

of temporally-extended auditory and visual inputs.20

Retinopathy-induced impaired vision is suggested to be the

initial factor leading to the visual functional network change

and the disorder of visual and auditory function.

The FCS was decreased in DR patients among Heschl’s

gyri, bilateral fusiform gyri, amygdala, left superior parietal

gyrus, and left parahippocampal. Numerous studies have

proved that retinopathy was not only correlated with visual

cortex impairment, but also with cognitive dysfunction or

dementia.6,21,22 A resting-state functional connectivity study

demonstrated that the hippocampus, parietal cortices, and the

lateral temporal cortical regions were the predominant com-

ponents of the default-mode network,23 which is highly con-

sistent with the results of the present study. Interestingly,

Figure 1 Twelve nodes. The connection strength of brain networks among these nodes significantly decreases more in the patient group than in the control group. The line

thickness between nodes indicates the strength of the computed measure on the respective link, quantified with marked number.

Figure 2 Three-dimensioned views by BrainNet Viewer; respectively, sagittal, axial,

and coronal views, showing the same nodes as in Figure 1.
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Tzourio-Mazoyer et al16 observed a significant interaction

between Heschl’s gyrus asymmetry and cognitive abilities.

Decreased functional connectivity was found in the patients

with Alzheimer’s disease, which were mainly located

between the amygdala and the regions that are included in

the default mode, in the context of conditioning and extinc-

tion networks.24 Moreover, it has been reported that the

fusiform gyrus is an important brain area involved in facial

cognition and the left parahippocampal is the principal region

of neuronal degeneration in Alzheimer’s disease.25 Golby

et al26 demonstrated that there were prominent deficits in a

higher-order fusiform gyrus and parahippocampal, and the

activation in these two regions were correlated with explicit

memory performance. In addition, Mion et al27 observed that

the degree of semantic deficit was related to dysfunction of

the fusiform/parahippocampal gyrus.

The compensatory networks of DR patients were pre-

dominantly located in the frontal lobe and cingulum, as

well as in the caudate, thalamus, and temporal gyrus. The

frontal lobe is responsible for a number of higher-order

cognitive functions, including planning, decision-making,

and abstraction, and thus is a primary candidate for dys-

function in many neurodevelopmental and neuropsychia-

tric disorders. The frontal lobe circuit was discussed in

autism and traumatic axonal injury.28,29 Researchers

reported some brain regions with network alterations of

DR patients involving the frontal lobe. In the present

study, multiple brain regions in the frontal lobe were

found with increased brain connectivity, mainly located

inside the frontal lobe and between the frontal lobe and

cingulum, suggesting that there might be a frontal com-

pensatory circle in patients with DR.

There are several limitations in the study. First of all, the

small sample size and heterogeneity of patients may lead to

less reliable results, and the sample size needs to be expanded

in the further study. Also, intra-individual differences are not

considered in the statistical analysis, which may affect the

results of the analyses. Additionally, correlation study

between connectivity strength and medical factors is not

contained in the present study, which needs further research

with a considerable sample size. Finally, the clinical trial

design with the pure DM group (DM patients without DR)

Table 2 The Connection Strength of Brain Networks and Its P-
Value Among Different Brain Regions Between Healthy Controls

and DR Patients

Connected Brain Regions Connection Strength P-value

Heschl_L-ParaHippocampal_L 0.182 0.003

Heschl_L-Amygdala_L 0.213 0.001

Heschl_L-Amygdala_R 0.213 0.008

Heschl_L-Cuneus_L 0.201 0.007

Heschl_L-Occipital_Sup_L 0.175 0.004

Heschl_L-Occipital_Mid_L 0.186 0.009

Heschl_L-Occipital_Inf_L 0.178 0.005

Heschl_L-Fusiform_L 0.228 0.010

Heschl_L-Parietal_Sup_L 0.221 0.002

Heschl_R-Amygdala_L 0.241 0.002

Heschl_R-Fusiform_L 0.231 0.006

Heschl_R-Fusiform_R 0.233 0.005

Table 3 The Connection Strength of Brain Networks and Its P-
Value Among Different Brain Regions Between Healthy Controls

and DR Patients

Connected Brain Regions Connection

Strength

P-

value

Frontal_Sup_Orb_L-Frontal_Sup_L −0.226 0.008

Frontal_Sup_Orb_L-Frontal_Sup_R −0.210 0.005

Frontal_Sup_Orb_R-Frontal_Sup_R −0.259 0.005

Frontal_Mid_L-Frontal_Sup_Orb_L −0.233 0.000

Frontal_Mid_R-Frontal_Sup_R −0.268 0.001

Frontal_Mid_Orb_L-Frontal_Sup_L −0.289 0.001

Frontal_Mid_Orb_L-Frontal_Sup_R −0.290 0.000

Frontal_Mid_Orb_L-Frontal_Mid_L −0.272 0.003

Frontal_Mid_Orb_L-Frontal_Mid_R −0.233 0.003

Frontal_Mid_Orb_R-Frontal_Sup_R −0.238 0.002

Frontal_Sup_Medial_L-

Frontal_Mid_Orb_L

−0.284 0.005

Frontal_Sup_Medial_R-

Frontal_Mid_R

−0.233 0.004

Frontal_Sup_Medial_R-

Frontal_Mid_Orb_L

−0.282 0.004

Frontal_Sup_Medial_R-

Frontal_Mid_Orb_R

−0.208 0.008

Rectus_L-Frontal_Mid_R −0.202 0.008

Cingulum_Ant_L-Frontal_Mid_L −0.173 0.008

Cingulum_Ant_L-Frontal_Mid_R −0.144 0.006

Cingulum_Ant_L-

Frontal_Mid_Orb_R

−0.172 0.005

Cingulum_Ant_R-

Frontal_Mid_Orb_R

−0.196 0.000

Cingulum_Mid_L-Frontal_Mid_L −0.210 0.004

Cingulum_Mid_R-Frontal_Sup_R −0.174 0.009

Cingulum_Mid_R-Frontal_Mid_L −0.187 0.006

Cingulum_Mid_R-

Frontal_Mid_Orb_R

−0.149 0.002

Cingulum_Post_R-

Frontal_Mid_Orb_L

−0.191 0.008

Caudate_R-Frontal_Mid_Orb_R −0.175 0.008

Thalamus_L-Frontal_Mid_Orb_L −0.179 0.006

Temporal_Inf_L-Frontal_Mid_Orb_L −0.255 0.007
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needs to be further perfected to eliminate DMeffects on brain

networks from DR patients.

In conclusion, FCS were decreased in the brain areas

which were in charge of cognition and visual function. This

suggests that DR patients might have cognitive decline and

visual function loss. However, there might be a frontal com-

pensatory circle in patients with DR.
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Figure 3 Nineteen nodes. The connection strength of brain networks among these nodes significantly increases more in the patient group than in the control group. The

line thickness between nodes indicates the strength of the computed measure on the respective link, quantified with marked number.

Figure 4 Three-dimensioned views by BrainNet Viewer; respectively, sagittal, axial,

and coronal view, showing the same nodes as in Figure 3.
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