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Purpose: Previous research suggests that diabetic optic neuropathy (DON) can cause 
marked anatomical and functional variations in the brain, but to date altered functional 
synchronization between two functional hemispheres remains uncharacterized in DON 
patients. Voxel mirrored homotopic connectivity (VMHC) is a voxel-based method to 
evaluate the synchronism between two mirrored hemispheric by determining the functional 
connectivity between each voxel in one hemisphere and its counterpart. In this study, we aim 
to assess abnormal changes in interhemispheric functional connectivity in DON patients via 
the VMHC method.
Methods: The study included 28 adult DON patients (12 male, 16 female) and 28 healthy 
controls (12 male, 16 female) who were closely matched for sex and age. Participants were 
examined using resting-state functional magnetic resonance imaging. The VMHC method 
was applied to investigate the abnormal state in bilateral hemispheres in DON patients and 
the same regions in healthy controls, as well as the receiver operating characteristic (ROC) 
curves were used to evaluate characteristics. Associations between altered VMHC values in 
distinct cerebral regions and clinical features were assessed via correlational analysis.
Results: Markedly lower VMHC values were evident in the right temporal inferior, the left 
temporal inferior, the right mid-cingulum, the left mid-cingulum, the right supplementary motor 
region, and the left supplementary motor region in DON patients compared with healthy 
controls. ROC curve analysis suggested that the application of VMHC is reliable for the 
diagnosis of DON.
Conclusion: Anomalous interhemispheric functional connectivity in specific brain areas 
caused by DON may indicate neuropathologic mechanisms of vision loss and blurry vision in 
patients with DON.
Keywords: diabetes, diabetic optic neuropathy, magnetic resonance imaging, resting-state 
functional MRI

Introduction
Diabetes is a chronic illness that threatens the health and quality of life of the 
elderly. It is associated with many long-term complications including nephropathy, 
neuropathy, and retinopathy.1 Clinically, diabetic patients exhibit specific defects in 
visuospatial construction and visual memory, central nerve involvement can lead to 
many uncomfortable symptoms such as optic disc edema and optic disc 
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angiogenesis (Figure 1), which progress to intraocular 
hemorrhage, cataract, retinal detachment, and optic atro-
phy in severe cases.2

The incidence of diabetic optic neuropathy (DON) is 
high. In the early stage, papilledema predominates and 
some papillae only exhibit different degrees of toning, 
which can easily go unnoticed in the clinic.3 To date, the 
pathogenesis of DON has not been completely explained. 
One widely held theory is metabolic abnormality theory. 
The optic nerve pertains to the central nerve, which has the 
same high sensitivity as the brain tissue and is vulnerable 
to internal damage. The main mechanisms of pathogenesis 
involve increased vascular permeability around the optic 

papilla, increased leakage, and some histopathological 
changes.4 Diabetes leads to metabolic disorders, toxic 
effects of metabolites, and destruction of the microvascu-
lar barrier, resulting in abnormal blood flow, vascular 
structure, and hemodynamics, leading to the insufficient 
blood supply and oxygen composition of the optic nerve, 
thus disrupting its normal nutrient metabolism.5 Growing 
evidence suggests that there is a positive association 
between diabetes and optic neuropathy. As well as affect-
ing blood vessel structure, diabetes affects the functioning 
of neurons and glial cells, and the metabolism of the 
retina, which eventually gives rise to the development of 
apoptotic death of retinal ganglion cells6 (Figure 2).

Figure 1 Example of diabetes optic neuropathy seen on fluorescence fundus angiography (A) and fundus camera (B).

Figure 2 Relationship between magnetic resonance imaging and DON. Diabetes may cause DON. Once DON occurs, it may affect the function of vision and lead to 
abnormal nerve activity in areas of the brain that are related to visual discrimination. 
Abbreviation: DON, diabetes optic neuropathy.
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Functional magnetic resonance imaging (fMRI) is 
a specialized imaging modality that was first used by Biswal7 

as a means of quantifying spontaneous changes in functional 
connectivity (FC) in specific brain tissues of patients with 
specific conditions. It is radiotracer-free and non-invasive, 
and it can be used to accurately evaluate alteration associated 
with regional cerebral blood flow and assess spontaneous 
intrinsic neural activity in the brain. Salvador et al reported 
that the visual outcome has a strong correlation with interhemi-
spheric synchrony.8 Due to advantages such as precise posi-
tioning and a relative lack of radioactivity, many ophthalmic 
diseases studies have utilized resting-state fMRI, including 
those investigating monocular blindness,9 primary angle- 
closure glaucoma,10 and acute eye pain.11 Four main fMRI 
methods have been developed to date: degree centrality, inde-
pendent component analysis, regional homogeneity, and 
voxel-mirrored homotopic connectivity (VMHC). The 
VMHC technique is a concise way to analyze interhemispheric 
synchrony, which is suited to evaluating altered states in the 
same regions of bilateral hemispheres and provides an imaging 
basis for the pathophysiology of DON.12 It has been 
suggested13 that the intention of VMHC is associated with 
the degree of regional functional specialization. The regional 
discrimination reflects different extents of lateralization of 
function in the brain correspond with the various developmen-
tal paths of homotopic connectivity.14 Functional disorder of 
the cerebra may cause abnormal neuronal synchrony, and is to 
the disadvantage of the neural information processing accord-
ingly. Liang et al15 have demonstrated that altered VMHC 
values in lingual and fusiform gyruses were detected in 

strabismic amblyopia and anisometropic patients. These obser-
vations suggest that specific changes involving interhemi-
spheric connections may reflect the clinical manifestation of 
pathological damage.16

The VMHC method has also been used in many studies 
of ocular diseases (Table 1) including early blindness,17 

corneal ulcer,18 acute open globe injury,19 comitant 
exotropia,20 and diabetic nephropathy retinopathy.21 

Despite this, to date very little is known about interhemi-
spheric functional synchronization changes in DON 
patients. In the current study, the VMHC method was 
used to analyze hemispheric FC and its mirrored counter-
part with the time-series of the corresponding voxel. As far 
as we know, this study is the first to investigate interhemi-
spheric changes in DON patients via the VMHC method.

At last, the receiver operating characteristic (ROC) 
curve was applied to describe the accuracy of our diag-
nostic tests. As well as the area under the curve (AUC) 
provides an overall sight to evaluate the property of this 
test. ROC curves have been extensively acknowledged as 
credible means for comparing and evaluating the accuracy 
of radiologic imaging.22 Moreover, the ROC curve and 
AUC are superior to other test facilities because of the 
independence of the prevalence of disease and it can 
summary measures of accuracy.23 The AUC serves as 
a single measure to reflect the reliability and validity of 
the test to distinguish patients with healthy controls.24 The 
AUC value is intermediate between 0 and 1, in these 
bounds, the higher the AUC value, the better the exam.

Table 1 VMHC Method Applied in Ophthalmological and Neurogenic Diseases in the Literature

Author, Year Disease Brain Areas (Refs.)

UDs>NCs UDs<NCs

Hou et al, 2017 Early blindness MTG, MFG, ITG [17]

Shi et al, 2019 Corneal ulcer LING/CAL, PreCG/PoCG, MFG [18]

Ye et al, 2018 Unilateral acute open globe injury CAL, Ling, Cun, MOG [19]

Zhang et al, 2018 Comitant exotropia STG,MFG PreCG, IPL, SPL [20]

Shao et al, 2018 Left eye monocular blindness Insula,MFG Cun/CAL/LING [47]

Shao et al, 2018 Right eye monocular blindness Cun/CAL/LING, M1/S1,SPL [47]

Dong et al, 2019 Acute eye pain LING/CAL, PreCG/PosCG,MFG [48]

Wang et al, 2020 Diabetic nephropathy retinopathy BMTG, BMOG, BMFG [21]

Abbreviations: UD, unusual disease; NC, normal controls; MTG, middle temporal gyrus; MFG, medial frontal gyrus; ITG, inferior temporal gyrus; LING, lingual; CAL, 
calcarine; PreCG, Precentral; PosCG, postcentral gyrus; Cun, Cuneus; MOG, Middle Occipital Gyrus; IPL, inferior parietal lobule; SPL, superior parietal lobule; M1, primary 
motor cortex; S1, primary somatosensory cortex; BMTG, bilateral middle temporal gyrus; BMOG, bilateral middle occipital gyrus; BMFG, bilateral medial frontal gyrus.
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Methods
Study Design and Subjects
In total, 56 adults (28 healthy individuals and 28 DON 
patients) were selected randomly from the Department of 
Ophthalmology of the First Affiliated Hospital of Nanchang 
University in Nanchang, China. The standard used to diag-
nose DON25 were (a) an explicit history of diabetes; (b) 
optic disc edema (non-specific congestive edema), or optic 
nerve atrophy and ischemic optic neuropathy; (c) sudden 
loss of vision and visual field defects, the foundation of 
visual impairment was not obvious clinically, no standard 
measures were discovered in the visual field examination, 
and visual field examination showed physiological blind 
spot enlargement; (d) leaky fluorescence, low fluorescence, 
and obscure fluorescence were present in some early stages 
of part or full optic nipples as determined via fluorescein 
fundus angiography; (e) non-existence of other diseases that 
may induce optic disc edema (eg, optic nerve trauma and 
systemic lesions); and (f) optic disc edema was resolved or 
treated after approximately 6 months. All healthy controls 
were required to have no neurological or psychiatric dis-
eases, no eye disorders, and normal brain parenchyma as 
determined by MRI. The two groups were matched for age, 
weight, sex, and educational level.

All methods used in this research have got approval 
from the medical ethics of the First Affiliated Hospital of 
Nanchang University and were in accord with the Helsinki 
declaration (1964) and its amendments. Moreover, all of 
the participated subjects and their statutory guardians were 
notified about the methods, process, purposes, and poten-
tial risks of the study before the study started as well as 
provided an informed consent form.

MRI Data Acquisition
A 3-Tesla MRI scanner with an eight-channel head coil 
(Trio, Siemens AG, Munich, Germany) was applied to 
scan all subjects. During the fMRI, all subjects remained 
conscious. The detailed description and parameters are 
reported by a previous study.26

fMRI Data Preprocessing
The collected fMRI figures were entered into the Data 
Processing Assistant for Resting-State fMRI Advanced 
(DPARSFA; http://rfmri.org/DPARSFA) and Statistical 
Parametric Mapping (SPM8; refer to http://www.fil.ion. 
ucl.ac.uk/spm) with MATLAB 2013a (Mathworks, 
Natick, MA, USA).

VMHC Analysis
To improve normality, the VMHC mapping data were 
transformed into z values via a Fisher z-transformation 
using REST software (http://resting-fmri.sourceforge.net). 
A random-effects two-sample t-test with VMHC as the 
covariate was used to compare the two groups and identify 
VMHC differences in a voxel-wise manner (false discov-
ery rate corrected, p < 0.05, and cluster > 20).

Statistical Analysis
The t-test for independent samples was used to analyze 
cumulative clinical measurements via SPSS version 16.0 
(SPSS Inc., Chicago, IL, USA). Changes in the z map evi-
dently after transforming VMHC mapping data in the DON 
group and the healthy controls were assessed via independent 
sample t-tests by the SPM8 toolkit. The average differences 
in the VMHC values derived from different brain areas in 
DON patients and the healthy controls were used to generate 
ROC curves. In the DON group, correlations between clin-
ical characteristics and the VMHC values derived from spe-
cific brain areas were assessed via Pearson’s correlational 
analysis. p < 0.05 was regarded as statistically significant.

Results
Demographic and Visual Measurements
There were no statistically significant differences in sex, 
age, weight, or handedness between the DON group as 
well as the healthy control group. There were significant 
differences in the right eye (p = 0.017) and the left eye 
(p = 0.022) best-corrected visual acuity between the two 

Table 2 Conditions of Participants Included in the Study

Condition DON HCs t P-value*

Male/female 12/16 12/16 N/A >0.99

Age (years) 58.85±5.72 57.56±5.83 0.471 0.954

Weight (kg) 65.32±7.76 62.52±9.14 0.214 0.874

Handedness 28R 28R N/A >0.99

Duration of 
DON (days)

48.42±5.84 N/A N/A N/A

Best-corrected 
Va-left eye

0.40±0.28 1.05±0.20 −4.032 0.022

Best-corrected 
Va-right eye

0.25±0.12 1.05±0.15 −3.643 0.017

Notes: *P <0.05 Independent t-tests comparing two groups. 
Abbreviations: DON, diabetic optic neuropathy; HCs, healthy controls; N/A, not 
applicable.
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groups. The mean duration of DON was 48.42 ± 5.84. 
Further details are shown in Table 2.

Voxel-Mirrored Homotopic Connectivity 
Differences
Compared with healthy controls, the DON group shows 
lower VMHC values in the bilateral inferior temporal 
cortex, bilateral mid-cingulum, and bilateral supplemen-
tary motor area. The means of altered VMHC values in 
those brain areas in both groups are shown in Figure 3, and 
further details are shown in Table 3.

Correlational Analysis of Eye Parameters 
and VMHC Values
In the DON group, the VMHC values derived from the mid- 
cingulum were negatively correlated with best-corrected 

visual acuity in the left eye (r = 0.7913; p < 0.0001) (Figure 
4A). Similarly, best-corrected visual acuity in the right eye 
was negatively correlated with the VMHC values derived 
from the supplementary motor area (r = 0.4080; p = 0.0003) 
(Figure 4B, Table 4). It can be inferred that with the improve-
ment of best-corrected visual acuity in the left eye, the mean 
VMHC value derived from the mid-cingulum gradually 
decreases. With the improvement of best-corrected visual 
acuity in the right eye, the mean VMHC value derived 
from the supplementary motor area gradually decreases.

Receiver Operating Characteristic 
Curves
To compare differences between the DON group as well as the 
healthy control group in different brain regions, changes in the 
mean VMHC values were investigated as potential clinical 

Figure 3 Spontaneous brain activity in patients with diabetes optic neuropathy (DONs) versus healthy controls (HCs). (A and B) Significant activity differences were observed in 
the right temporal inferior area, left temporal inferior area, right cingulum mid area, left cingulum mid area, right supp motor area, and left supp motor area. Red or yellow denote 
higher voxel mirrored homotopic connectivity(VMHC) values. P<0.01 for multiple comparisons using Gaussian random field theory (z>2.3; P<0.01; cluster >40 voxels, AlphaSim 
corrected). (C) Mean values of altered VMHC values between the two groups. 
Abbreviations: TI, temporal inf; CM, cingulum mid; SM, supp motor; VMHC, voxel mirrored homotopic connectivity; HCs, healthy controls; DON, diabetes optic neuropathy.
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markers.27 The areas under ROC curves (AUCs) were 0.858 
for bilateral inferior temporal cortex, 0.835 for bilateral mid- 
cingulum, and 0.813 for the bilateral supplementary motor area 
(Figure 5).

Discussion
With the increasing incidence of diabetes around the 
world, growing attention has been paid to diabetic retino-
pathy, but not enough attention has been paid to DON.28 

This study is the first to determine changes in hemispheric 

FC in specific brain areas and their mirrored counterparts 
in DON patients. Compared with healthy controls, the 
VMHC values derived from the temporal inferior cortex, 
mid-cingulum, and supplementary motor area were signif-
icantly lower in the DON group (Figure 6).

The inferotemporal (IT) is located in the latter half of 
the ventral visual pathway. The previous study has demon-
strated that ablation of bilateral IT cortex could cause 
a severe obstruct in the learning process of tasks that 
need visual recognition or discrimination ability. Based 
on the previous behavioral and anatomical discoveries, 
the IT cortex is deemed to play an important role in object 
vision.29 Another previous study determined that the ante-
rior part of the IT cortex participates in the final stage of 
the visual pathway, which plays a major role in object 
recognition.30 IT cortex neurons have big visual receptive 
fields and exhibit selective reactions to stimulus features 
such as size, contrast, color, and shape.31 In previous 
studies monkeys with IT, lesions have exhibited deficien-
cies in visual discrimination.31,32 A previous study sug-
gested that the convergent input onto single inferotemporal 
neurons from diffusely separated retinal regions provide 
a mechanism for stimulating equally from various brain 
regions of the visual field, and the visual discrimination 
insufficiency after the IT damage may be due to the lack of 
the above-mentioned mechanism.33 Early electrophysiol-
ogy and pathology researches in macaques indicated the 
importance of the IT region in high-level object vision 
process and behavioral deficiencies to object recognition 
after the injury of the IT cortex.34 Ghita et al35 investigated 
visually evoked potentials and surmised that diabetes leads 
to changes in visual signal transmission and central pro-
cessing and that persistent high glycemic values could 
produce a progressive increase in the delay of the visual 

Table 3 Brain Areas with Significantly Different VMHC Values Between HCs and DON

Brain Areas MNI Coordinates

X Y Z BA Peak Voxels T value

HCs>DON

RTI 48 −6 −33 21 49 4
LTI −48 −6 −33 21 49 4

RCM 3 −18 39 24 34 4.9

LCM −3 −18 39 24 34 4.9
RSM 6 −9 57 24 49 4.1

LSM −6 −9 57 24 49 4.1

Abbreviations: HCs, healthy controls; DON, diabetic optic neuropathy; RTI, right temporal inf; LTI, left temporal inf; RCM, right cingulum mid; LCM, left cingulum mid; 
RSM, right supp motor; LSM, left supp motor.

Table 4 Conversion Between the Five-Level Classification 
Method and Snellen and Log MAR

Five-Level Classification Snellen Snellen Log MAR

3.0 5/500 0.01 2

4.0 5/50 0.1 1

4.1 5/40 0.12 0.9

4.2 5/32 0.15 0.8

4.3 5/25 0.2 0.7

4.4 5/20 0.25 0.6

4.5 5/16 0.3 0.5

4.6 5/13 0.4 0.4

4.7 5/10 0.5 0.3

4.8 5/8 0.6 0.2

4.9 5/6 0.8 0.1

5.0 5/5 1.0 0.0

5.1 5/4 1.2 −0.1

5.2 5/3 1.5 −0.2

5.3 5/2.5 2.0 −0.3
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signal. In the present study, significantly lower VMHC 
values were derived from the inferior temporal cortex in 
DON patients, indicating that impaired interhemispheric 
FC in the visual cortex may explain vision deterioration in 
DON patients.

The cingulate mainly participates in internally engen-
dered sections of eye movement. Sikes et al36 also discov-
ered cingulate neurons in rabbits, which participated in the 
course of quick-phase eye movements during nystagmus. 
Another research reported that the frontal, parietal, and 
cingulate cortex contribute to a functional anatomical 

system, which may lead the eyes and the directing attention 
to motorial or resting targets.37 These results suggest that the 
cingulate cortex may involve in various high-order cognitive 
oculomotor functions. In the current study, DON patients 
exhibited markedly lower VMHC values in the mid- 
cingulum, suggesting that interhemispheric FC obstruction 
may be a useful clinical marker for the diagnosis of DON.

The supplementary motor area is located behind the 
superior frontal gyrus and is approximately equivalent to 
the medial part of Brodmann’s area 6.38 The supplementary 
eye field (SEF) is related in the anterior part of the supple-
mentary motor area and is participated in the preparation and 
implementation of saccadic and pursuit eye movements.39 

A previous study40 on behaving monkeys has indicated that 
SEF takes part in spatial attention and saccade production. 
The frontal impairment that includes the SEF may lead to 

Figure 4 The VMHC results of brain activity in the DON group. (A)The mean VMHC value of the mid cingulum showed a negative correlation with the left best-corrected 
VA (r=0.7913, P<0.0001). (B)The best-corrected VA of the right eye negatively correlated with VMHC signal values of the supp motor area (r=0.4080, P=0.0003). 
Abbreviations: VMHC, voxel mirrored homotopic connectivity; DON, diabetes optic neuropathy; HC, healthy control; VA, visual acuity.

Figure 5 ROC curve analysis of mean VMHC values for altered brain regions. 
Notes: The area under the ROC curve for VMHC values: RTI/LTI (0.858), RCM/ 
LCM (0.835), and RSM/LSM (0.813). 
Abbreviations: ROC, receiver operating characteristic; VMHC, voxel-mirrored 
homotopic connectivity; RTI, right temporal inferior; LTI, left temporal inferior; 
RCM, right cingulum mid; LCM, left cingulum mid; RSM, right supp motor; LSM, left 
supp motor.

Figure 6 The voxel mirrored homotopic connectivity (VMHC) results of brain 
activity in the DON group. Compared with the healthy controls (HCs), the VMHC 
of the following regions in the DON group were decreased to various extents: 1, 
right cingulum mid area (t=4.9); 2, left cingulum mid area (t=4.9); 3, right supp 
motor area (t=4.1); 4, left supp motor area (t=4.1); 5, right temporal inferior area 
(t=4); 6, left temporal inferior area (t=4). The sizes of the spots denote the degree 
of quantitative changes.
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significant disorders to induce saccade sequences when the 
visual cues lack.41 Patients with SEF lesions also show pur-
suit obstacles, especially for predictable stimulus.42 In the 
present study, markedly lower VMHC values were detected 
in supplementary motor areas in DON patients, implying 
impaired interhemispheric FC (Table 5).

In our study, we have also found that the VMHC 
values derived from the mid-cingulum of DON patients 
were negatively correlated with best-corrected visual 
acuity in the left eye, and the best-corrected visual acuity 
in the right eye was also negatively correlated with the 
VMHC values of the supplementary motor area. 
A previous study demonstrated that the retinal nerve 
fiber layer thickness (RNFLT) in normal eyes exists 
a significant asymmetry between the left and right eye. 
The RNFLT was markedly thinner in the left than in the 
right eye in the temporal cortex, as well as thinner in the 
right eye than in the left eye in an inferior-nasal part.43 

Besides, Michele et al assessed the optic nerve head in 
patients with Chiari I malformation (CMI) using the spec-
tral-domain optical coherence tomography (OCT) method 
and observed that the RNFL thickness in patients with 
CMI44 reduced due to the damage of the retinal nerve 
fibers. Similarly, the two correlations of the left and right 
eyes in this research may also be due to different own 
signal pathways of both eyes, as well as the influence 
of DON.

ROC curve analysis is a distinct statistical method used 
to investigate abnormal changes associated with medical 
disorders. When the AUC value is >0.7 the accuracy can 
be considered high.45 In the current study, the AUC values 
of each brain region were all >0.7 in the ROC curve 
analysis, suggesting high diagnostic accuracy of specific 
VMHC differences for the identification of DON. In con-
clusion, results demonstrated by our study indicate that 
abnormal changes in the inferior temporal cortex, mid- 
cingulum, and supplementary motor area may be useful 

clinical markers for the diagnosis of DON. The results of 
the study also offer a possible explanation for the visual 
impairments that appeared in DON patients. The group 
sizes were small, which compromised the statistical 
power of the study. Notably, the “matched pairs” design 
reduced the effects of the small sample sizes, however, at 
least to an extent.

Conclusion
DON patients exhibited abnormal FC between correspond-
ing brain areas in the present study. DON is relatively 
common in clinical practice, but due to its diverse and non- 
specific fundus manifestations—and sometimes complete 
lack of any obvious abnormality in the optic disc observed 
under the ophthalmoscope—sometimes it is often ignored 
because of the coexistence of severe diabetic retinopathy. In 
a previous study, diabetes duration and diabetic retinopathy 
severity were both risk factors for DON in patients with 
diabetic retinopathy.46 Changes in VMHC values can be 
useful for the clinical diagnosis of DON, and also constitute 
an innovative parameter via which to investigate relation-
ships between DON and interhemispheric connections.

Data Sharing Statement
All data generated or analysed during this study are 
included in this published article.

Ethics Statement
All methods used in this research have got approval from the 
medical ethics of the First Affiliated Hospital of Nanchang 
University (CDYFY-LL2017021) and were in accord with 
the Helsinki declaration (1964) and its amendments. 
Moreover, all of the participated subjects and their statutory 
guardians were notified about the methods, process, pur-
poses, and potential risks of the study before the study 
started as well as provided an informed consent form.

Table 5 Brain Regions Alternation and Its Potential Impact

Brain Regions Experimental Result Brain Function Anticipated Results

Temporal inf DONs<HCs Object vision29 Deficit in visual discrimination or recognition

Cingulum mid DONs<HCs Eye movement49 Reflects visual impairment

Supp motor DONs<HCs Saccadic and pursuit eye movements39 Deficits in saccade sequences generation

Abbreviations: HCs, healthy controls; DON, diabetes optic neuropathy; HCs, healthy controls; DON, diabetes optic neuropathy.
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