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Abstract. The aim of the present study was to investigate the 
altered spontaneous brain activity in patients with corneal 
ulcer (CU) through the amplitude of low‑frequency fluctua-
tion (ALFF) technique and the association with their visual 
performance. A total of 40 patients with CU and 40 healthy 
controls (HCs) matched for sex, age and educational level 
were enrolled. Resting-state functional magnetic resonance 
imaging (rs-fMRI) was performed to examine the probands. 
Spontaneous cerebral activity variations were investigated 
using the ALFF technique. The average ALFF values of the 
CU patients and the HCs were classified by utilizing receiver 
operating characteristic (ROC) curves. Contrary to HCs, 
the CU patients had significantly lower ALFF values in the 
left cerebellar anterior lobe, right middle frontal gyrus and 
left middle frontal gyrus, but higher ALFF values in the 
right cerebellar inferior lobe, left cerebellar inferior lobe, left 
inferior temporal gyrus, right fusiform gyrus, left superior 
frontal gyrus, right angular gyrus and bilateral superior frontal 
gyrus. ROC curve analysis of each brain region indicated that 
the accuracy of ALFF value specificity between the CU and 
HCs of the area under the curve was perfect. In conclusion, 
abnormal spontaneous activities were detected in numerous 
brain regions of CU patients, which may provide useful 

information for understanding the dysfunction of CU. These 
activity changes in brain regions may be used as effective 
clinical indicators for CU.

Introduction

Corneal ulcer (CU) is a common ophthalmological disease 
and is one of the prime causes of monocular blindness world-
wide, particularly in developing countries (1). CU, including 
infectious and non-infectious CU, is the prime cause of 
corneal opacity and the fourth largest cause of blindness in the 
world (2). The clinical manifestations include blurred vision, 
pain, photophobia and lacrimation, as well as obvious visual 
impairment (3,4).

Ophthalmic examination may indicate disappearance 
of the corneal luster, a decrease in transparency or ulcer 
formation (5). Severe cases may cause corneal perforation, 
intraocular infection or even blindness (6).

Functional magnetic resonance imaging (fMRI) is a 
method for detecting brain changes (7,8), and may be utilized 
to enhance the current knowledge on ophthalmological 
diseases. fMRI is a neuroimaging research technique for 
exploring the brain and central nervous system; it may be used 
for monitoring the spontaneous neuronal activity of the human 
brain and provide novel explanations for the pathophysiology 
of certain conditions (9). It is suitable for the study of central 
mechanisms, since it does not require any radioactive tracers, 
and it may detect and accurately locate spontaneous neuronal 
activity in the human brain by combining functional with 
structural imaging (10). Amplitude of low‑frequency fluctua-
tion (ALFF) is one of the useful resting-state fMRI analytic 
methods for assessing the activity of brain regions during 
rest (11). Studies have demonstrated that the ALFF performs 
well based on its test-retest reliability (9,12). The ordinary 
calculation and reliable feature of the ALFF measurement 
make it an appropriate and helpful tool for analyzing 
resting-state fMRI data of disease characteristics. In previous 
studies by our group, the ALFF method has been successfully 
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used to assess the neurological status in certain eye diseases, 
including optic neuritis (13), glaucoma (14) and comitant 
strabismus (15). ALFF is considered a reliable and sensitive 
measurement that may be applied to accurately assess sponta-
neous neural activity.

The aim of the present study was to investigate the 
altered spontaneous brain activity and its association with 
the behavioral performance in CU patients by using ALFF 
technology and provide a potential neural mechanism 
underlying the pathogenesis of CU.

Patients and methods

Subjects. A total of 40 CU patients examined at the First 
Affiliated Hospital of Nanchang University (Nanchang, China) 
between April 2016 and June 2017 were enrolled in the present 
study.

The diagnostic criteria for CU were as follows: i) A history 
of corneal trauma; ii) corneal infiltration, turbidity, local 
tarnish, tissue defects and mixed congestion; iii) symptoms of 
irritation, including increased sensitivity to light, lacrimation 
decreased vision and eye secretions, and iv) anterior chamber 
empyema in the patients with severe disease.

The inclusion criteria for CU patients was as follows: i) A 
duration of CU of at least 14 days, ii) no abnormality of brain 
parenchyma on craniocerebral MRI, iii) right-handedness, 
iv) no foreign implant in the body and v) fMRI was performed 
prior to CU surgery. The exclusion criteria were as follows: 
i) Long-term medical treatment for blindness, ii) a history 
of surgery in bilateral eyes, iii) bilateral late blindness, 
iv) bilateral congenital blindness and v) psychiatric disorders 
(including bipolar disorder, depression and sleep disorder) 
and vi) cerebral infarction-associated diseases (e.g., cerebral 
infarction, cerebral hemorrhage or cerebral vascular malfor-
mations). A total of 40 healthy control subjects (HCs) that 
were matched with the corresponding CU group in terms of 
age, sex and education status were also recruited. All of the 
participants fulfilled the following criteria: i) MRI findings 
without apparent deformities in the brain parenchyma; ii) no 
psychiatric disease, cerebral infarction or cardiovascular 
disease; iii) no drugs or alcohol addiction; iv) capable of 
undergoing MRI examination.

The present study was in accordance with the 
Declaration of Helsinki and was formally approved by the 
Medical Ethics Committee of the First Affiliated Hospital 
of Nanchang University. All volunteers provided written 
informed consent.

MRI parameters. MRI was performed using a Trio 3-Tesla 
MR scanner (Siemens AG, Munich, Germany). All of the 
subjects were instructed to keep their eyes closed while 
awake and maintain natural breathing during the scan (14). 
A 3-dimensional spoiled gradient recalled-echo pulse 
sequence was applied to acquire the functional data with the 
parameters set as follows: Acquisition matrix, 256x256; field 
of view, 250x250 mm; echo time, 2.26 msex; repetition time, 
1,900 msec; thickness, 1.0 mm; gap, 0.5 mm; flip angle, 9˚). 
A total of 240 functional images (acquisition matrix, 64x64; 
field of view, 220x220 mm; thickness, 4.0 mm; gap, 1.2 mm; 
repetition time, 2,000 msec; echo time, 30 msec; flip angle, 

90 ;̊ axial views, 29. A total of 176 structural images were 
thereby obtained and the examination lasted for 15 min.

fMRI data analysis. Functional data analysis was performed 
using a method described in a previous study by our 
group (15). First, MRIcro software (Nottingham University) 
was applied to remove any incomplete data. During magne-
tization equilibration, the first 15 time‑points were discarded. 
Data Processing Assistant for advanced edition of resting-state 
(rs)-fMRI software (DPARSFA 4.0; http://rfmri.org/DPARSF) 
was used for head motion correction, spatial normalization, 
slice timing, data conversion into the digital imaging commu-
nications in medicine format, and full-width smoothing with 
a Gaussian kernel of 6x6x6 mm3 at half-maximum, based on 
the rs-fMRI data analysis toolkit (REST; http://www.restfmri.
net) and Statistical Parametric Mapping software (SPM; 
http://www.fil.ion.ucl.ac.uk/spm). Subjects were excluded if 
they had 1.5 angular motion or the maximum offset of x, y 
or z direction exceeded 1.5 mm during the fMRI examina-
tion. The number of patients in the CU group and the HC 
group was originally 46. After removal of certain patients 
due to head motion and the consequent removal of respective 
control individuals to maintain equal group sizes, 40 patients 
remained in each group. Although it is not a one-to-one 
correspondence, it has consulted a statistical expert to indicate 
that it has no effect on the study. The Friston six head-motion 
parameters were used to regress out head-motion effects 
based on previous literature that revealed that higher-order 
models were more effective (16,17). Furthermore, linear 
regression was applied to remove other various sources of 
spurious covariates and their temporal derivatives, including 
the signal from a ventricular region of interest and a region 
centered in the white matter (18). It is worth noting that in 
the data of the present study, the global signal did not shrink 
as was the case in previous studies by our group (9,19,20), 
which may be due to the debated elimination of global signals 
during the resting-state data pre-processing (21,22). After the 
head motion correction, the fMRI images were normalized to 
the space standard of the Montreal Institute of Neurological 
Institute (23) using a standard echo plane imaging template, 
and at the same time, the images were resampled with a reso-
lution of 3x3x3 mm. After pre-treatment, the time series of 
each voxel was linearly decreased in order to reduce the low 
frequency drift, heart noise and physiological high-frequency 
respiration, along with linear detrending of the time series. 
In order to reduce the global impact of variability across the 
participants, the ALFF of each voxel was divided by the global 
mean ALFF value for each participant.

Statist ical analysis. Values are expressed as the 
mean ± standard deviation. Variables of the demographic and 
clinical features of the CU and HC groups were compared 
using SPSS software version 20.0 (IBM Corp., Armonk, 
NY, USA) via an independent-samples t-test. The statistical 
threshold of the voxel level for multiple comparisons according 
to the Gaussian random field (GRF) theory was set at a level of 
P<0.05. Furthermore, AlphaSim was corrected at a cluster size 
of >40 voxels and a significance level of P<0.01. All ALFF 
maps were z‑transformed with Fisher's r‑to‑z transformation to 
reduce the influence of individual variation for group statistical 
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comparisons and the independent t-test was used to compare 
group differences in the zALFF maps using the GRF method 
to correct for multiple comparisons and regressed covariates of 
age and sex with Statistical Parametric Mapping 12 software 
(The MathWorks, Inc.; two-tailed, voxel-level P<0.01, GRF 
correction, cluster-level P<0.05). The regions of the cerebrum 
with a distinctly different mean ALFF value between the CU 
subjects and HCs were analyzed using receiver operating 
characteristic (ROC) curves.

Results

Demographics and disease characteristics. No statisti-
cally significant differences were present between the HC 
and CU groups in body weight (P=0.892) or age (P=0.824), 
as indicated in Table I. The mean duration of CU was 
25.75±5.65 days (Table I).

Differences in ALFF. In contrast to those of HCs, ALFF 
values of the CU patients were significantly lower in the left 

cerebellar anterior lobe, right middle frontal gyrus and left 
middle frontal gyrus, but higher in the right cerebellar inferior 
lobe, left cerebellar inferior lobe, left inferior temporal gyrus, 
right fusiform gyrus, left superior frontal gyrus, right angular 
gyrus and bilateral superior frontal gyrus (Figs. 1 and 2; 
Table II).

ROC curve analysis. The mean ALFF values of different brain 
regions were analyzed using the ROC curve method. The area 
under the ROC curve (AUC) represented the diagnosis rate. 
The AUC of ALFF values in different brain regions was as 
follows: i) CUs>HCs (Fig. 3A): Right cerebellar inferior lobe, 
0.760 (P<0.001); left cerebellar inferior lobe, 0.828 (P<0.001); 
left inferior temporal gyrus, 0.754 (P<0.001); right fusiform 
gyrus, 0.771 (P<0.001); left superior frontal gyrus, 0.812 
(P<0.001); right angular gyrus, 0.807 (P<0.001); bilateral supe-
rior frontal gyrus, 0.785 (P<0.001); ii) CUs<HCs (Fig. 3B): 
Left cerebellar anterior lobe, 0.848 (P<0.001); right middle 
frontal gyrus, 0.778 (P<0.001); and left middle frontal gyrus, 
0.773 (P<0.001).

Table I. Characteristics of participants included in the study. 

Parameter CU group (n=40) HCs (n=40) t P-value

Males/females 26/14 26/14 N/A >0.99
Age (years) 51.25±5.46 51.98±5.18 0.251 0.824
Body weight (kg) 63.12±7.35 63.89±6.73 0.181 0.892
Right-handedness (n) 40 40 N/A >0.99
Duration of CU (days) 25.75±5.65 N/A N/A N/A

Sex was analyzed using the Chi‑square test, while age and weight were analyzed using independent t‑tests. HCs, healthy controls; N/A, not 
applicable; CU, corneal ulcer.

Table II. Brain areas with significantly different ALFF values between groups.

 MNI coordinates
 -----------------------------------
Comparison of ALFF L/R Brain region X Y Z BA Peak voxels T-value P-values

UDs<HCs         
  1 L Cerebellar anterior lobe -36 -51 -27 / 61 -5.35 P<0.001
  2 R Middle frontal gyrus 30 -6 54 6 19 -4.5773 P<0.001
  3 L Middle frontal gyrus -24 -9 51 6 18 -4.1103 P<0.001
UDs>HCs         
  1 R Cerebellar inferior lobe 21 -69 -60 / 94 5.557 P<0.001
  2 L Cerebellar inferior lobe -36 -72 -57 / 218 5.786 P<0.001
  3 L Inferior temporal gyrus -57 -48 -27 20 24 4.4602 P<0.001
  4 R Fusiform gyrus 51 -36 -27 18 16 4.4716 P<0.001
  5 L Superior frontal gyrus -18 57 3 9 25 4.8905 P<0.001
  6 R Angular gyrus  48 -63 39 39 16 5.2397 P<0.001
  7 B Superior frontal gyrus 0 -21 78 6 132 4.8908 P<0.001

An independent-samples t-test was applied to obtain P-values for comparisons between CUs and HCs. ALFF, amplitude of low-frequency 
fluctuation; BA, Brodmann area; CU, corneal ulcer; HCs, healthy controls; MNI, Montreal Neurological Institute; L, left; R, right; B, bilateral; 
/, brain areas have no clear BA division.
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Discussion

The middle frontal gyrus (Fig. 4), which is involved in attention 
control (24) and working memory (25), comprises one-third 
of the frontal lobe. Chronic CU patients, appear to have diffi-
culty avoiding inattention due to the impaired vision. Certain 
previous studies have indicated that depressed individuals 

had dysfunction in the middle frontal gyrus (26,27). Visual 
impairment may directly affect physical function and perfor-
mance through decreased ability to see where to walk and 
visualize the location of objects in space (28). Low vision has 
been associated with increased disability. Bruce and Hoff (29) 
indicated that disability may lead to depression. In support 
of these results, the present study indicated a decrease of 

Figure 1. Significant differences in spontaneous brain activity between the CU group and HCs. Differences were observed in the left cerebellum anterior lobe, 
right middle frontal gyrus, left middle frontal gyrus, right cerebellar inferior lobe, left cerebellar inferior lobe, left inferior temporal gyrus, right fusiform 
gyrus, left superior frontal gyrus, right angular gyrus and bilateral superior frontal gyrus. The red areas denote brain regions with higher ALFF and the blue 
areas denote brain regions with lower ALFF [P<0.001 for multiple comparisons using Gaussian random field theory (z>2.3; P<0.001; cluster, >13 voxels; 
Alphasim corrected)]. ALFF, amplitude of low‑frequency fluctuation; HCs, healthy controls; L, left; R, right; CU, corneal ulcer. 
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the ALFF value in the left/right middle frontal gyrus of CU 
patients, which may also be associated with depression. The 

depression caused by CU might result in middle frontal gyrus 
dysfunction.

Figure 2. Means of altered spontaneous brain activity compared between the CU group and HCs. The statistical threshold was set at voxel with P<0.01 for 
multiple comparisons using family‑wise error correction (z>2.3; P<0.01; cluster, >40 voxels). *P<0.05. HCs, healthy controls; CU, corneal ulcer; ALFF, 
amplitude of low‑frequency fluctuation; RCIL, right cerebellum inferior lobe; LCIL, left cerebellum inferior lobe; LITG, left inferior temporal gyrus; RFG, 
right fusiform gyrus; LSFG, left superior frontal gyrus; RAG, right angular gyrus; BSFG, bilateral superior frontal gyrus; LCAL, left cerebellum anterior lobe; 
RMFG, right middle frontal gyrus; LMFG, left middle frontal gyrus. 

Figure 3. ROC curve analysis of the mean ALFF values for altered brain regions. (A) The area under the ROC curve for the RCIL was 0.760 (P<0.001; 95% CI, 
0.650-0.862), that for the LCIL was 0.828 (P<0.001; 95% C,: 0.741-0.915), that for the LITG was 0.754 (P<0.001; 95% CI, 0.651-0.857), that for the RFG was 
0.771 (P<0.001; 95% CI, 0.670-0.872), that for the LSFG was 0.812 (P<0.001; 95% CI, 0.721-0.904), that for the RAG was 0.807 (P<0.001; 95% CI, 0.708-0.906) 
and that for the BSFG was 0.785 (P<0.001; 95% CI, 0.684-0.885) [CUs>HCs]. (B) The area under the ROC curve was 0.848 (P<0.001; 95% CI, 0.763-0.933) 
for the LCAL, while that for the RMFG was 0.778 (P<0.001; 95% CI, 0.679-0.877) and that for the LMFG 0.773 (P<0.001; 95% CI, 0.674-0.873) [CUs<HCs]. 
ALFF, amplitude of low‑frequency fluctuation; HCs, healthy controls; CU, corneal ulcer; ROC, receiver operating characteristic; RCIL, right cerebellar 
inferior lobe; LCIL, left cerebellar inferior lobe; LITG, left inferior temporal gyrus; RFG, right fusiform gyrus; LSFG, left superior frontal gyrus; RAG, right 
angular gyrus; BSFG, bilateral superior frontal gyrus; LCAL, left cerebellar anterior lobe; RMFG, right middle frontal gyrus; LMFG, left middle frontal 
gyrus.
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The anterior lobe is a part of the cerebellum that mediates 
unconscious proprioception. The present study demonstrated 
that the ALFF value in the left anterior cerebellar lobe in the 
CU group was significantly reduced.

Traditionally, the function of the cerebellum is considered 
to be movement coordination (30). However, with the develop-
ment and application of neuroimaging technology in recent 
years, the understanding on the role of cerebellum, particularly 
the cerebellar inferior lobe, has expanded to include emotional 
processing (31). Previous studies have indicated that patients 
with social anxiety examined by positron emission tomog-
raphy had abnormal signals in the cerebellum, which was 
characterized by increased cerebral blood flow and led to the 
conclusion that the cerebellum is associated with anxiety (32). 
This is in line with the present results. Therefore, the high 
ALFF value of the cerebellar inferior lobe may be the result of 
anxiety in patients.

The inferior temporal gyrus (ITG), located on the lateral 
and inferior surface of the temporal neocortex, may be 
regarded as the language formulation central area and tertiary 
visual association cortex. Its functions include visual percep-
tion, cognitive language and memory (33). ITG is an important 
area of association that promotes cognitive processing and 
regulation of emotions. In addition, compared with HCs, 
patients with somatoform pain disorder exhibit increased 
activation of the temporal region, suggesting that the temporal 
region activity may be associated with physical pain (34).

The fusiform gyrus is located at the midsole of the visual 
cortex (35), fusiform face area. Previous studies have indicated 
that the fusiform gyrus is involved in the visual cognitive 
function of facial recognition (36). Face recognition areas have 
separate brain processing areas, and individuals with agnosia 
are likely to retain the ability to recognize faces at the same 
time. The possible explanation may be that their normal object 
recognition neural pathways is impaired, but the fusiform 
gyrus face area is not (37). Jiang et al (38) indicated that face 
classification in visual scenes may begin with the high‑order 
region of the right fusiform gyrus, which is consistent with the 
observation that the ALFF value is increased in the fusiform 
gyrus. It may be assumed that blurred vision and ulceration 
caused by CUs affect facial recognition of patients.

The angular gyrus (ANG) is an important associative 
region in the back of the brain above the Wernicke region and 
at the apex occipital lobe (39). In terms of response and percep-
tion, attention is sensitive to trial history. Although the basis 
of the sensory motor interactions remains to be elucidated, 
from a cognitive and neurologic perspective, converging solid 
evidence from various methods suggested that the right ANG 
may be of great importance (40,41).

The superior frontal gyrus (SFG), accounts for one third 
of the frontal lobe of the human brain, is bounded laterally 
by the superior frontal sulcus. Studies including fMRI experi-
ments have indicated that the superior frontal gyrus is engaged 
in self-awareness (42) and laughter (43). In the present study, 
ALFF values in CU patients were markedly higher in bilateral 
SFG, which suggested intrinsic brain activation in this area. 
The ALFF method has been successfully applied in ophthal-
mological diseases, as outlined in an overview of previous 
studies provided in Table III, and has a huge development 
prospect.

ROC curve analysis provides a statistical method to 
distinguish diseased from healthy subjects. The accuracy is 
considered perfect for AUC values of 0.7-0.9, while values 
between 0.5 and 0.7 indicate moderate predictability and 
those <0.5 indicate that the discrimination ability is low. 
The ROC curve analysis of the present study indicated that 
the AUCs of each brain region were >0.7, which suggested 
that these specific ALFF differences have a proper diag-
nostic accuracy in characterizing CU. In a word, the present 
results illustrated that the ALFF method may be a sufficient 
biomarker of fMRI for the basic research and study of eye 
diseases. In conclusion, the present study indicates the 
presence of brain activity disorders in CU patients. These 
novel results may offer significant information to explain the 
potential neural effects of CU.
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