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Purpose: To investigate alternations in spontaneous brain activities reﬂected by functional
connectivity density (FCD) in patients with corneal ulcer (CU) using resting-state functional
connectivity (rsFC).
Methods: We recruited 24 patients with CU (12 males, 12 females), and 24 healthy controls
(HCs; 12 males, 12 females) matched for age, gender and education status. Functional
magnetic resonance imaging examinations were performed on all subjects in a resting state
and the following parameters determined: rsFC, long-range FCD (longFCD) and short-range
FCD (IFCD). Receiver operating characteristic (ROC) curves were then used to differentiate
patients with CU from HCs.
Results: Compared with HCs, CU patients showed signiﬁcantly reduced rsFC values in the
right cerebellum posterior lobe gyrus, right middle frontal gyrus/inferior frontal gyrus/superior frontal gyrus and left inferior parietal lobule/precuneus. Signiﬁcantly reduced longFCD
values were found in the right hippocampus/inferior temporal gyrus and the left inferior
temporal gyrus. Moreover, compared with HCs, IFCD values were signiﬁcantly reduced in
the left inferior temporal gyrus/middle temporal gyrus, left limbic lobe/medial frontal gyrus,
and left precuneus/limbic lobe, but were signiﬁcantly increased in the right insula/superior
temporal gyrus, left superior temporal gyrus/inferior frontal gyrus/insula, right superior
temporal gyrus/postcentral gyrus, and left precentral gyrus.
Conclusions: Patients with CU exhibited alterations in spontaneous brain activities in
several brain areas. These novel ﬁndings may help to reveal the neuropathological mechanisms underlying CU.
This study provides a direction for further exploration of underlying neural mechanisms of
CU and facilitate the clinical diagnosis and treatment of CU.
Keywords: functional connectivity density, corneal ulcer, spontaneous brain activities

Introduction
Corneal ulcer (CU) is an inﬂammatory disease caused by weakened corneal defense,
and the invasion of exogeneous or endogenous pathogenic factors. A range of factors
are known to contribute to CU, including infection by bacteria, virus and fungi,
autoimmune diseases and the spread of inﬂammation from adjacent tissue .1
As a leading global reason for visual impairment and blindness, CU tends to occur
in marginalized populations.2 In India, approximately 2 million people develop CU
each year.3 CU is associated with a range of eye symptoms, including ophthalmodynia,
photophobia, tears, spasm of the eyelid and impaired vision.1 Currently, Gram stain, slit
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lamp and the culture of corneal samples are the main diagnostic methods for CU; however, these methods lack
sensitivity.4–6 At present, the administration of antibiotics
remains the predominant treatment for controlling the infection associated with CU, and topical eye dropping is an
effective method with which to relieve eye symptoms.7–9 If
pharmacological treatment fails to work, or corneal perforation occurs, then corneal transplantation is the recommended
alternative.
Resting-state functional magnetic resonance imaging
(fMRI), a functional brain imaging examination technique,
can be utilized to investigate changes of functional connectivity (FC) in the brain in a resting state.9 This technique has a number of advantages, including precise
positioning, the lack of radioactive injury, and the ability
to combine functional and anatomic imaging. Thus far,
resting-state fMRI has been successfully applied to investigate neurological conditions in certain ocular diseases,
such as optic neuritis,10 primary angle-closure glaucoma11
and unilateral acute open globe injury.12
Resting-state functional connectivity (rsFC) analysis is
an effective method with which to estimate spontaneous
functional activity via FC, and measures temporal relevance
between the blood oxygen level-dependent (BOLD) signals
of two brain areas which occur in turn.13 Through functional
connectivity density (FCD) mapping of voxels across the
whole brain, long-range (longFCD) and short-range FCD
(IFCD) can be separately calculated, which contributes to
the evaluation of functional information of the whole brain.
As the alternations of FCD can reﬂect the spontaneous neural
activities, it can be applied to reveal the functional connections between different brain areas. According to previous
studies, rsFC has been widely used to explore the abnormal
FCD alternations in several diseases, including Alzheimer’s
disease,14 Parkinson’s disease,15 depression16 and primary
open-angle glaucoma.17
The purpose of this study was to utilize the rsFC
method to evaluate alterations in resting-state longFCD
and IFCD values in CU patients with rsFC values as a
standard. We hypothesized that this study may provide
evidence which could reveal the underlying neural
mechanisms of CU patients.

were matched for age, gender, and education status. All
patients with CU were diagnosed in the Ophthalmology
Department of the First Afﬁliated Hospital of Nanchang
University. The inclusion criteria of CU patients were: (1)
obvious inﬁltration and necrosis in the cornea as demonstrated by a slit lamp (Figure 1); (2) a duration of CU
>2 weeks; (3) neither of the eyes showed any other ocular
disease (such as cataracts, glaucoma, strabismus, retinal
degeneration, or optic neuritis).
Patients with CU were excluded from the study if they
had: (1) ocular trauma or ocular surgery; (2) cardiovascular diseases (such as hypertension and heart disease); (3)
psychiatric diseases (such as anxiety disorders,
Alzheimer’s disease or depression disorders); and (4) conditions which may affect rsFC and FCD values. The inclusion criteria for HCs were as follows: (1) no ocular disease
and a naked eye or corrected visual acuity (VA) >1.0; (2)
no abnormalities in the brain parenchyma diagnosed by
cranial MRI; (3) no neurological or psychiatric disorders;
(4) no eye diseases which may lead to corneal impairment;
(5) no history of addiction (such as drug and alcohol); and
(6) are able to undergo MRI scanning.
This study was approved by the Medical Ethics
Committee of the First Afﬁliated Hospital. All methods
used in the study followed the tenets of the Declaration of
Helsinki and complied with the principles of medical
ethics. All of the subjects volunteered to participate in
the protocol and understood the purpose, methods, and
potential risks involved. All of the subjects provided
signed and informed consent prior to recruitment.

Materials and methods
Subjects
We recruited 24 patients with CU (12 males, 12 females),
and 24 healthy controls (HCs; 12 males, 12 females) who
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MRI data acquisition
A 3.0 Tesla MR scanner (Siemens, produced in Berlin,
Germany) was used to perform all MRI examinations. T1and T2-imaging sequences were implemented with the
following parameter (TR =1,900 ms, TE =2.26 ms, thickness =1.0 mm, gap =0.5 mm, FOV =250 mm ×250 mm,
matrix =256×256, ﬂip angle =9°, 176 sagittal slices).13 A
gradient echo-planar imaging sequence in the resting-state
scan session was applied to acquire 240 functional
volumes, using the following parameters: repetition time
(TR) =2,000 ms; echo time =30ms; slice gap =1 mm;
matrix size =64*64 and ﬂip angle (FA) =90°. Using interleaved acquisition, we also obtained 35 oblique slices
which were parallel to the AC-PC line. A sagittal
FSPGR-BRAVO sequence was utilized to acquire T1weighted images with the following parameters:
TR =8.208 s; inversion time (T1) =450ms; TE =3.22 ms;
FOV =240*240 mm; voxel size =0.5mm*0.5 mm*1 mm
and FA=12°.

Data analysis
MRIcro software (www.MRIcro.com) was used to ensure
data quality. The ﬁrst 10 images were deleted to avoid probable instability. Preprocessing of the remaining data was
performed with the Data Processing & Analysis for Brain
Imaging (DPABI 2.1, http://rfmri.org/DPABI) toolbox which
was based on MATLAB2010a (Mathworks, Natick, MA,
USA). Participants were asked to keep their body still until
the scan had been completed. On account of recent research
showing that higher-order models beneﬁt from the removal
of head motion effects, we deleted the potential effect of head
motion using the Friston 24 head motion parameters model
(6 head motion parameters, 6 head motion parameters from
the previous time point, and 12 corresponding squared
items).18,19 Linear regression was then performed to remove
variables from other sources. Following head motion correction, the functional images were normalized spatially to the
Montreal Neurological Institute (MNI) space. Then, bandpass ﬁltering (0.01–0.1 Hz), and linear attenuation, were
applied to the time series of each voxel to reduce the effect
of low frequency drift, breathing, cardiac noise and linear
attenuation of the time series.

Calculation of long- and short-range FCD
calculation maps
FCD maps contained long-and short-range FCD maps; the
short-range FCD was also referred to as local FCD

Neuropsychiatric Disease and Treatment 2019:15

Zhu et al

(IFCD). Participants were assessed in gray matter (GM)
when using FCD maps. Based on Pearson correlation
between the time course of given voxels and other voxels,
the number of functional connections of the given voxels
was considered as the degree of nodes in binary graphs.
Computation of IFCD and longFCD values was carried out
using Brainwaver toolbox (http://cran.rproject.org/src/con
trib/Archive/brainwaver). For each node of the network,
several measures of connectivity can be estimated. Nodal
and local efﬁciency, which are the well-adapted metrics to
estimate the performance of small-world brain functional
networks, were estimated.20 At ﬁrst, whole brain functional connectivity between the given voxel and other
voxels was deﬁned by the correlation threshold r>0.25.14
In the current study, the IFCD voxels met the correlation
threshold of r>0.25 inside their neighborhood (anatomical
distance ≤14 mm) and those with an anatomical distance
>14 mm were ﬁnally deﬁned as longFCD. To enhance
normality, the IFCD and longFCD maps were converted
to Z scores. Finally, a 6×6×6 mm3 full-width Gaussian
kernel was applied to spatially smoothen the IFCD and
longFCD maps at half-maximum with Statistical
Parametric Mapping SPM8 (The MathWorks, Inc.,
Natick, MA, USA).

Ophthalmic testing
All subjects were tested with a Snellen vision chart. The
test condition was that all subjects were kept 5 meters
standing away from the vision chart and their gaze was
maintained parallel with the line of 1.0 on vision chart.

Statistical analysis
Clinical variables were analyzed using SPSS 16.0 software
(SPSS, Chicago, IL, USA) and an independent sample ttest (P<0.05 represented signiﬁcant differences). rsFC,
longFCD and IFCD values were extracted from the subjects within each group and the differences between CU
patients and HCs were evaluated using a one-sample t-test
(P<0.05). The SPM8 toolkit was used to create a linear
model. Two sample t-tests were used to assess differences
in CBF maps between the CU group and the HC group
(voxel-level was P<0.01, Gaussian random ﬁeld theory
(GRF) corrected, and P<0.05 was considered to be statistically signiﬁcant).
The receiver operating characteristic (ROC) curve
method was used to analyze the mean rsFC, longFCD
and IFCD in different brain areas between the two groups.
The relationships between mean rsFC, longFCD and IFCD
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in different brain areas from the patients in the CU group,
and the clinical features of these patients, were investigated by Pearson correlation (P<0.05 was considered to be
statistically signiﬁcant).

Results
Demographic and visual measurements
There were no signiﬁcant differences in in terms of weight
(P=0.911) or age (P=0.941) between CU patients and
HCs; however, there were signiﬁcant differences in bestcorrected VA-left (P<0.001) and best-corrected VA-right
(P<0.001). The mean duration of CU was 26.75±7.92 days
(Table 1).

rsFC and FCD analysis
Compared with HCs, patients with CU presented with signiﬁcantly lower rsFC values in the right cerebellum posterior
lobe gyrus (CPLG), the right middle frontal gyrus/inferior
frontal gyrus/superior frontal gyrus (MFG/IFG/SFG) and the
left inferior parietal lobule/precuneus (IPL/P) (Table 2,
Figures 3A and 4A). Signiﬁcantly reduced longFCD values
were detected in the right hippocampus/inferior temporal
gyrus (H/ITG) and the left inferior temporal gyrus (ITG)

(Table 3, Figures 2A, 3B, and 4B). Moreover, compared
with HCs, IFCD values were signiﬁcantly lower in the left
inferior temporal gyrus/middle temporal gyrus (ITG/MTG),
the left limbic lobe/medial frontal gyrus (LL/MFG), and the
left precuneus/limbic lobe (P/LL), but signiﬁcantly higher in
the right insula/superior temporal gyrus (I/STG), the left
superior temporal gyrus/inferior frontal gyrus/insula (STG/
IFG/I), the right superior temporal gyrus/postcentral gyrus
(STG/PG), and the left precentral gyrus (PG) (Table 4,
Figures 2B, 3C, and 4C).

Receiver operating characteristic curve
analysis
We speculated that differences in rsFC, longFCD and
IFCD values might represent feasible diagnostic biomarkers with which to distinguish between our CU and HC
groups. We used the ROC curve method to conﬁrm this
this assumption, using the mean rsFC and FCD values
from different regions of the cerebrum. An area under
the curve (AUC) value of 0.5–0.7 implies low accuracy,
while AUC values of 0.7–0.9 imply medium accuracy, and
AUC values >0.9 imply high accuracy.21 Our analysis for
rsFC yielded the following AUC values: 0.849 for the

Table 1 Demographic information and visual measurements of CU patients and HCs
Condition

CU patients

HCs

t

P-value*

Male/female
Age (years)

12/12
51.92±5.35

12/12
52.46±4.95

N/A
0.074

>0.99
0.941

Weight (kg)

58.42±4.916

59.17±4.479

0.113

0.911

Handedness
Duration of CU (days)

22R
26.75±7.92

22R
N/A

N/A
N/A

>0.99
N/A

Best-corrected VA-left eye

0.288±0.045

1.092±0.047

12.29

<0.001

Best-corrected VA-right eye

0.292±0.043

1.096±0.052

11.98

<0.001

Notes: Data presented as number or mean ± standard deviation. *Independent t-tests comparing the two groups (P<0.05).
Abbreviations: CU, corneal ulcer; HCs, healthy controls; N/A, not applicable; R, right; VA, visual acuity.

Table 2 The binarized rsFC differences between CU patients and HCs
Brain regions of peak coordinates

Voxel

BA

size

MNI

t-score of peak

coordinates

voxel

X

Y

R/L

Z

Cerebellum Posterior Lobe Gyrus

209

Cerebellum 8/Crus2

30

−75

−45

−3.81

R

Middle Frontal Gyrus/Inferior Frontal Gyrus/Superior

265

9/46/8

45

33

36

−4.44

R

Frontal Gyrus
Inferior Parietal Lobule/Precuneus

385

40/7

−39

−45

39

−4.00

L

Notes: Between-group differences in binarized rsFC at a threshold of r=0.3. We used thresholds of two-tailed voxel-wise P<0.01 and cluster-level P<0.05, corrected for
multiple comparisons by AlphaSim to determine the signiﬁcant group differences.
Abbreviations: rsFC, resting-state functional connectivity; CU, corneal ulcer; HCs, healthy controls; R, right; L, left; BA, Brodmann’s area; MNI, Montreal neurological
institute; N/A, not applicable.
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Table 3 The binarized longFCD differences between CU patients and HCs
Brain regions of peak coordinates

Voxel size

BA/AAL

MNI coordinates

Hippocampus/Inferior Temporal
Gyrus

98

20/37

39

−18

Inferior Temporal Gyrus

85

20/21

−36

−15

t-score of peak voxel

R/L

−18

−4.38

R

−24

−4.38

L

Notes: Between-group differences in binarized longFCD at a threshold of r=0.3. We used thresholds of two-tailed voxel-wise P<0.01 and cluster-level P<0.05, corrected for
multiple comparisons by AlphaSim to determine the signiﬁcant group differences.
Abbreviations: longFCD, long-range functional connectivity density; CU, corneal ulcer; HCs, healthy controls; R, right; L, left; BA, Brodmann’s area; MNI, Montreal
neurological institute; N/A, not applicable.

right cerebellum posterior lobe gyrus (CPLG); 0.892 for
the right middle frontal gyrus/inferior frontal gyrus/superior frontal gyrus (MFG/IFG/SFG); and 0.939 for the left
inferior parietal lobule/precuneus (IPL/P) (Figure 5A). The
AUCs for longFCD were 0.703 for the left inferior temporal gyrus (ITG), and 0.773 for the right hippocampus/
inferior temporal gyrus (H/ITG) (Figure 5B). The AUC
values for IFCD were 1.000 for the left inferior temporal
gyrus/middle temporal gyrus (ITG/MTG), 0.890 for the
left limbic lobe/medial frontal gyrus (LL/MFG), 0.764

A

longFCD
L

R

for the left precuneus/limbic lobe (P/LL), 0.592 for the
right insula/superior temporal gyrus (I/STG), 0.812 for the
left superior temporal gyrus/inferior frontal gyrus/insula
(STG/IFG/I), 0.536 for the right superior temporal gyrus/
postcentral gyrus (STG/PG) and 0.736 for the left precentral gyrus (PG) (Figure 5C and D).

Discussion
To our knowledge, this is the ﬁrst study to explore the
effects of CU on alterations in brain functionality using

B

IFCD
L

R

CU patients

CU patients

(k/k0)
L

-3

2

HCs

(k/k0)
R

L

-3

2

R

HCs

Figure 2 One sample t-test differences of CU patients and HCs in binarized longFCD and IFCD. The red areas denote higher values and the blue areas denote lower values.
(A) Signiﬁcant longFCD differences were observed in the right hippocampus/inferior temporal gyrus, left inferior temporal gyrus. The means of altered longFCD between
the CU patients and HCs (voxel level P<0.01 and cluster level P<0.05, Gaussian random ﬁeld (GRF) theory corrected). (B) Signiﬁcant IFCD differences were observed in the
left inferior temporal gyrus/middle temporal gyrus, left limbic lobe/medial frontal gyrus, left precuneus/limbic lobe, right insula/superior temporal gyrus, left superior
temporal gyrus/inferior frontal gyrus/insula, right superior temporal gyrus/postcentral gyrus, left precentral gyrus. The means of altered IFCD between the patients with CU
and HCs (voxel level P<0.01 and cluster level P<0.05, Gaussian random ﬁeld (GRF) theory corrected).
Abbreviations: longFCD, long-range functional connectivity density; IFCD, short-range functional connectivity density; CU, corneal ulcer; HCs, healthy controls; L, left; R, right.
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rsFC of ROI_L
-60

-57

-54

-51

-48

-45

-42

-39

(T value)
-3.8

longFCD
-29

-26

-23

-20

-17

-14

-11

-7

(T value)
-4.3

-2.6
-2.7

rsFC of ROI_R
+5

+12

+19

+26

+33

+40

+47

+54

(T value)
-4.4

-2.6

C

IFCD
-28

-18

-8

+2

+12

+22

+32

+42

(T value)
5.3

-4.7

Figure 3 Binarized rsFC, longFCD and IFCD differences between two groups. (A) Binarized rsFC differences between CU patients and HCs. The red areas denote higher
values, and the blue areas denote lower values. (B) Binarized longFCD differences between CU patients and HCs. The red areas denote higher values, and the blue areas
denote lower values. (C) Binarized IFCD differences between CU patients and HCs. The red areas denote higher values, and the blue areas denote lower values.
Abbreviations: rsFC, resting-state functional connectivity; longFCD, long-range functional connectivity density; IFCD, short-range functional connectivity density; CU,
corneal ulcer; HCs, healthy controls; ROI, different regions of interest; L, left; R, right.

resting-state functional connectivity (rsFC) methodology
and investigate the relationship between fMRI and clinical behavior. Compared with HCs, patients with CU
showed signiﬁcantly reduced rsFC values in the right
cerebellum posterior lobe gyrus (CPLG), the right middle frontal gyrus/inferior frontal gyrus/superior frontal
gyrus (MFG/IFG/SFG) and the left inferior parietal
lobule/precuneus (IPL/P) with impaired visual function
(Figure 6). Signiﬁcantly reduced longFCD values were
also detected in the right hippocampus/inferior temporal
gyrus (H/ITG) and the left inferior temporal gyrus (ITG)
(Figure 7). In addition, compared with HCs, patients
with CU presented with signiﬁcantly lower IFCD values
in the left inferior temporal gyrus/middle temporal gyrus
(ITG/MTG), the left limbic lobe/medial frontal gyrus
(LL/MFG), and the left precuneus/limbic lobe (P/LL),
but signiﬁcantly higher IFCD values in the right insula/
superior temporal gyrus (I/STG), left superior temporal
gyrus/inferior frontal gyrus/insula (STG/IFG/I), right
superior temporal gyrus/postcentral gyrus (STG/PG)
and left precentral gyrus (PG) with impaired visual
function (Figure 8).
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The middle frontal gyrus (MFG) is part of the frontal
gyrus. The MFG is not only involved in language
processing,22 but is also responsible for inhibitory errors23
and attention.24,25 A range of diseases are associated with
dysfunction in the MFG, such as attention deﬁcit hyperactivity disorder (ADHD)26 and schizophrenia.27 Previous
studies have shown that dysfunction of the frontal gyrus is
evident in patients suffering from depression.24 In addition, eye pain and corneal symptoms appear to be related
to depression in some individuals.28,29 In agreement with
these ﬁndings, we found that rsFC values in the right MFG
were signiﬁcantly decreased in patients with CU, thus
indicating abnormal functionality of the MFG. We therefore speculated that MFG dysfunction might be associated
with the depression which occurs in patients with CU.
As a component of the parietal lobule, the inferior
parietal lobule (IPL) is known to contribute to language
learning30 and the selection of information relating to
visual space.31 Previous studies have shown that the
volume of white matter is reduced in the left IPL in
patients with concomitant exotropia.32 Moreover, Ding
et al.33 demonstrated that rsFC were reduced in the IPL
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Figure 4 Binarized rsFC, IFCD and longFCD of between-group differences in different brain regions. (A) Binarized rsFC value of between-group differences in different
brain regions. The red bar denotes the rsFC value of CU patients, the blue bar denotes the rsFC value of HCs. (B) Binarized longFCD value of between-group differences in
different brain areas. The red bar denotes the longFCD value of CU patients, the blue bar denotes the longFCD value of HCs. (C) Binarized IFCD value of between-group
differences in different brain areas. The red bar denotes the IFCD value of CU patients, the blue bar denotes the IFCD value of HCs.
Abbreviations: rsFC, resting-state functional connectivity; longFCD, long-range functional connectivity density; IFCD, short-range functional connectivity density; CU,
corneal ulcer; HCs, healthy controls; L, left; R, right; CPLG, Cerebellum Posterior Lobe Gyrus; MFG/IFG/SFG, Middle Frontal Gyrus/Inferior Frontal Gyrus/Superior Frontal
Gyrus; IPL/P, Inferior Parietal Lobule/Precuneus; H/ITG, Hippocampus/Inferior Temporal Gyrus; ITG, Inferior Temporal Gyrus; ITG/MTG, Inferior Temporal Gyrus/Middle
Temporal Gyrus; I/STG, Insula/Superior Temporal Gyrus; LL/MFG, Limbic Lobe/Medial Frontal Gyrus; STG/IFG/I, Superior Temporal Gyrus/Inferior Frontal Gyrus/Insula;
STG/PG, Superior Temporal Gyrus/Postcentral Gyrus; PG, Precentral Gyrus; P/LL, Precuneus/Limbic Lobe.

Table 4 The binarized IFCD differences between CU patients and HCs
Brain regions of peak coordinates

Voxel size

BA

MNI coordinates
X

Y

t-score of peak voxel

R/L

Z

Inferior Temporal Gyrus/Middle Temporal Gyrus

161

20/21

−51

−15

−21

−3.97

L

Insula/Superior Temporal Gyrus

186

22/13

45

3

−3

5.33

R

Limbic Lobe/Medial
Frontal Gyrus

176

11/32/47

−18

30

−15

−3.88

L

Superior Temporal Gyrus/Inferior Frontal Gyrus/Insula

270

22/13/38

−45

21

−12

4.94

L

Superior Temporal Gyrus/Postcentral Gyrus
Precentral Gyrus

289
179

13/6
6/4

39
−60

−27
0

18
30

4.88
5.01

R
L

Precuneus/Limbic Lobe

450

7/31

−3

−75

21

−4.33

L

Notes: Between-group differences in binarized IFCD at a threshold of r=0.3. We used thresholds of two-tailed voxel-wise P<0.01 and cluster-level P<0.05, corrected for
multiple comparisons by AlphaSim to determine the signiﬁcant group differences.
Abbreviations: IFCD, short-range functional connectivity density; CU, corneal ulcer; HCs, healthy controls; R, right; L, left; BA, Brodmann’s area; MNI, Montreal
neurological institute; N/A, not applicable.

of patients with amblyopia, thus reﬂecting dysfunction in
this region of the brain. In our present study, we detected
lower rsFC values in the left IPL of patients with CU
compared with HCs, which might indicate defects in spatial selectivity.

Neuropsychiatric Disease and Treatment 2019:15

The inferior temporal gyrus (ITG) is located in the
anterior part of the temporal lobe and is involved in the
classiﬁcation of visual shape34 and visual memory.35
Previous research has illustrated that three-dimensional
structures, deﬁned by binocular disparity, were responded
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Figure 5 ROC curve analysis of the mean rsFC, IFCD and longFCD values for altered brain regions. (A) The area under the ROC curve were 0.849, (P<0.001; 95% CI:
0.730–0.968) for CPLG, MFG/IFG/SFG 0.892 (P<0.001; 95% CI: 0.806–0.978), IPL/P 0.939 (P<0.001; 95% CI: 0.867–1.000). (B) The area under the ROC curve was 0.703
(P<0.05; 95% CI: 0.554–0.852) for ITG, H/ITG 0.773 (P<0.001; 95% CI: 0.633–0.912). (C) The area under the ROC curve was 1.000 (P<0.001; 95% CI: 1.000–1.000) for ITG/
MTG, LL/MFG 0.890 (P<0.001; 95% CI: 0.739–0.952), P/LL 0.764 (P<0.001; 95% CI: 0.623–0.905). (D) The area under the ROC curve was 0.592 (P>0.05; 95% CI: 0.428–
0.756) for I/STG, STG/IFG/I 0.812 (P<0.001; 95% CI: 0.686–0.939), STG/PG 0.536 (P>0.05; 95% CI: 0.370–0.703), PG 0.736 (P<0.001; 95% CI: 0.591–0.881).
Abbreviations: AUC, area under the curve; rsFC, resting-state functional connectivity; longFCD, long-range functional connectivity density; IFCD, short-range functional
connectivity density; ROC, receiver operating characteristic; Cl, conﬁdence interval; CPLG, Cerebellum Posterior Lobe Gyrus; MFG/IFG/SFG, Middle Frontal Gyrus/Inferior
Frontal Gyrus/Superior Frontal Gyrus; IPL/P, Inferior Parietal Lobule/Precuneus; H/ITG, Hippocampus/Inferior Temporal Gyrus; ITG, Inferior Temporal Gyrus; ITG/MTG,
Inferior Temporal Gyrus/Middle Temporal Gyrus; I/STG, Insula/Superior Temporal Gyrus; LL/MFG, Limbic Lobe/Medial Frontal Gyrus; STG/IFG/I, Superior Temporal Gyrus/
Inferior Frontal Gyrus/Insula; STG/PG, Superior Temporal Gyrus/Postcentral Gyrus; PG, Precentral Gyrus; P/LL, Precuneus/Limbic Lobe.

by the ITG with visual selectivity.36,37 Abnormalities in
the ITG are known to play a role in a range of diseases,
including Alzheimer’s disease,38 optic neuritis10 and
blindness.39 In our present study, we found that patients
with CU had reduced long FCD values in the right ITG.
Furthermore, decreased IFCD and longFCD values were
both observed in the left ITG. The evaluation of FCD, as a
useful aspect of rs-fMRI studies, may help to reveal alterations in the brain function of CU patients. Thus, lower
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FCD values in the bilateral ITG might reﬂect damage in
this region of the brain; consequently, patients with CU
may have defects in visual selectivity and visual memory.
The medial frontal gyrus (MFG), including the frontal
eye ﬁeld (FEF), is located in the middle of the frontal
gyrus and is associated with empathy.40 Dysfunction in
the MFG is known to occur in several psychiatric disorders. For example, Myung et al.41 showed that patients
with adjustment disorder, also had a signiﬁcant reduction
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3

1

Decreased rsFCD
Impaired visual function

2

Figure 6 The mean rsFC values of altered brain regions in the CU group. The sizes of the spots denote the degree of quantitative changes. compared with the HCs, the
rsFC values of the following regions were decreased to various extents: 1 - middle frontal gyrus/inferior frontal gyrus/superior frontal gyrus (BA9/46/8, t=−4.44), 2 - inferior
parietal lobule/precuneus (BA40/7, t=−4.00), 3 - cerebellum posterior lobe gyrus (t=−3.81).
Abbreviations: rsFC, resting-state functional connectivity; CU, corneal ulcer; HCs, healthy controls; BA, Brodmann’s area.

Decreased longFCD
Impaired visual function

2

1

Figure 7 The mean longFCD values of altered brain regions in the CU group. The sizes of the spots denote the degree of quantitative changes. Compared with the HCs, the longFCD
values of the following regions were decreased to various extents: 1 - inferior temporal gyrus (BA20/21, t=−4.38), 2 - hippocampus/inferior temporal gyrus (BA20/37, t=−4.38).
Abbreviations: longFCD, long-range functional connectivity density; CU, corneal ulcer; HCs, healthy controls; BA, Brodmann’s area.

in gray matter volume in the right medial frontal gyrus.
Moreover, Tan et al.12 demonstrated that the amplitude of
low-frequency ﬂuctuation (ALFF) signal values in the
bilateral MFG were lower in patients with strabismus,
which might indicate alterations in the local synchronization of spontaneous brain activities. In the current study,
we found that CU patients had reduced IFCD values in the

Neuropsychiatric Disease and Treatment 2019:15

left MFG. Therefore, we speculate that CU might be
associated with dysfunctional activity in the MFG.
The precuneus lies on the front of the occipital lobe
and is responsible for episodic memory42 and
consciousness.43 Previous studies have shown that the
precuneus also contributes to the encoding of spatial locations and visuospatial mental operations.44,45 In the current
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Increased IFCD
2

Decreased IFCD
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5

Impaired visual function
7

1

3
6

Figure 8 The mean IFCD values of altered brain regions in the CU group. The sizes of the spots denote the degree of quantitative changes. Compared with the HCs, the
IFCD values of the following regions were increased to various extents: 1 - insula/superior temporal gyrus (BA22/13, t=5.33), 2 - precentral gyrus (BA6/4, t=5.01), 3 superior temporal gyrus/inferior frontal gyrus/insula (BA22/13/38, t=4.94), 4 - superior temporal gyrus/postcentral gyrus (BA13/6, t=4.88), whereas the IFCD values of the
following regions were decreased: 5 - precuneus/limbic lobe (BA7/31, t=−4.33), 6 - inferior temporal gyrus/middle temporal gyrus (BA20/22, t=−3.97), 7 - limbic lobe/medial
frontal gyrus (BA11/32/47, t=−3.88).
Abbreviations: IFCD, short-range functional connectivity density; CU, corneal ulcer; HCs, healthy controls; BA, Brodmann’s area.

study, we found that CU patients showed lower IFCD
values in the precuneus; this was consistent with rsFC
values and may reﬂect the fact that damage in the precuneus is related to dysfunctional spatial orientation in CU
patients.
The superior temporal gyrus (STG) locates in the temporal lobe and is responsible for language comprehension,46
auditory processing,47 and visual search.48 Previous studies
have reported that STG dysfunction might be associated
with a range of diseases, including schizophrenia,49
Alzheimer’s disease,50 adult concomitant exotropia
strabismus51 and unilateral acute open-globe injury.52 In
our present study, we found that IFCD values in the STG
were signiﬁcantly increased in patients with CU, indicating
that CU might be related to abnormal function in the STG.
The insula lies in the lateral sulcus and is known to
play an important role in emotion and cognition.53–55
Grecucci et al.56 previously demonstrated that hyperactivation of the insula was responsible for emotional regulation. Furthermore, previous studies have found that the
insula also contributes to pain-related processing.57 We
observed that patients with CU presented with higher
IFCD values in the insula, which might suggest that the
compensation mechanism in the insula deals with ocular
pain and negative emotion during CU. Therefore, we speculate that CU might be responsible for hyper-functional
activity in the insula.
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Conclusion
We found that patients with CU exhibited abnormal neural
activities in speciﬁc brain areas, as evidenced by clear
variation in binarized rsFC, longFCD and IFCD values.
These ﬁndings might provide some useful insight with
which to identify speciﬁc mechanisms associated with
the functional brain activity alterations in patients
with CU.
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