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Purpose: Brain function in patients with acute eye pain (EP) has not been extensively studied.
An understanding of the alterations in short-range functional connectivity density (shortFCD)
and long-range functional connectivity density (longFCD) in patients with EP remains elusive.
The aim of the present study was to compare the functional connectivity density (FCD) between
patients with EP and healthy controls (HCs) using resting-state functional connectivity.
Methods: A total of 40 patients with EP (26 males and 14 females) and 40 HCs (26 males
and 14 females) of similar age underwent functional magnetic resonance (MR) examination
at the resting state. The shortFCD and longFCD values were compared using the one-sample
t-test. The differences between patients with EP and the HCs were evaluated using receiver
operating characteristic (ROC) curves.

Results: In the patients with EP, significantly reduced shortFCD values were observed in the
left posterior lobe of the cerebellum, right inferior parietal lobule, and left anterior lobe of the
cerebellum, and significantly reduced longFCD values were observed in both the left and
right posterior lobe of the cerebellum. Significantly increased shortFCD values were also
observed in both superior frontal gyri (Brodmann area 6), and increased longFCD values
were observed in the left inferior temporal gyrus and left superior frontal gyri (Brodmann
area 11). Compared with the HCs, less reduction was noted among the shortFCD values of
patients with EP in the right posterior lobe of the cerebellum, right supramarginal gyrus, left
middle temporal gyrus, bilateral superior frontal gyri, and bilateral caudate nuclei.
Conclusion: EP patients shown variation of binarized shortFCD and long FCD in brain
areas including premotor cortex, ventral cortical visual system, newest part of the cerebel-
lum, cerebellum control unconscious proprioception, inhibition of involuntary movement,
somatosensory association cortex, nucleus involving reward system and ventral cortical
visual system which might provide an explanation of brain functional compensation for
chronic eye pain and visual impairment in the EP patients.

Keywords: eye pain, magnetic resonance imaging, functional connectivity density

Introduction

Eye pain (EP) is a common symptom of ophthalmopathy. It can occur in various eye
diseases, such as keratitis, corneal ulcers, and keratoconjunctivitis sicca (dry eye
syndrome). The cornea is one of the most sensitive tissues in the human body that is
innervated with sensory nerve fibers by 70-80 long ciliary nerves via the trigeminal
nerve of the eye. Research has shown that corneal infections are extremely painful
because the density of pain receptors in the cornea is 300—-600 times higher than that in
skin and 20—40 times higher than that in dental pulp.'
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The trigeminal nerve is the largest cranial nerve that
controls facial sensation and motor functions such as bit-
ing and masticating. It has three branches: the ophthalmic
(V1), maxillary (V2), and mandibular (V3). The cornea
processes sensory information through parallel pathways
of the central nervous system. Sensation is either touch-
position or pain-temperature. Patients with corneal per-
foration have pain-temperature sensation, which is the
anatomical basis of this study.’

Previous studies have been mainly focused on brain
function as it relates to body sensations. However, little
research has been conducted on the alterations in brain
function in patients with EP.

Resting-state functional connectivity analysis is an
effective method to evaluate spontaneous functional recov-
ery. Up to now, our team has successfully applied functional
connectivity density (FCD) to the research of various eye
diseases, such as glaucoma,” eye pain® and corneal ulcer.*
In order to further explore the changes of brain function in
patients with ocular pain, we conducted this study.

The present study explored variations in the resting-
state shortFCD and longFCD in patients with EP. These
findings might enhance our understanding of the under-
lying brain responses in patients with EP.

Materials and Methods

Subjects

A total of 26 male patients and 14 female patients with EP
was recruited from the Ophthalmology Department of the
First Affiliated Hospital of Nanchang University in Jiangxi
province of China. All patients with EP were diagnosed
with corneal infection by two experienced ophthalmolo-
gists. The inclusion criteria were: young patients with EP,
with a mean + standard deviation in duration of EP of 25.75
+5.65 days and a period of monocular deprivation of no less
than 1 month. The exclusion criteria were: 1) the presence
of other eye diseases, eye trauma, or previous ophthalmic
surgery; 2) mental disorders (depression or delusions) or
other systemic diseases, such as diabetes, cardiovascular
diseases, or any brain diseases; 3) other disorders associated
with eye pain (glaucoma, uveitis, etc.).

A total of 40 healthy controls (HCs, 26 males and 14
females) of similar age, sex ratio, and educational level was
included in the study. All HCs met the following require-
ments: 1) normal brain parenchyma on cranial magnetic
resonance imaging (MRI); 2) visual acuity>1.0, without
any other ocular disease (dry eye, strabismus, amblyopia,

cataracts, glaucoma, optic neuritis, or retinal degeneration,
etc.); 3) no mental disorders (depression or delusions); 4)
feasibility for MRI scanning (no cardiac pacemaker or
implantation of metal devices); and 5) no cardiovascular
diseases.

All research protocols were approved by the Medical
Ethics Committee of the Ophthalmology Department of the
First Affiliated Hospital of Nanchang University. All parti-
cipants were informed of the purpose, methodology, and
potential risks of the study, and gave informed consent.

MRI Data Acquisition

The MRI was performed using a 3.0 Tesla system (Magnetom
TRIO, Siemens Medical). The high-resolution TI- and
T2-imaging sequences used the following parameters: repeti-
tion time = 1900 ms; echo time =2.26 ms; thickness = 1.0 mm;
gap = 0.5 mm; field of view = 250 mm % 250 mm; matrix =256
x 256; flip angle = 9°; 176 sagittal slices.

During the resting-state scan, 240 functional volumes were
collected by a gradient echo-planar imaging sequence utilizing
the following parameters: repetition time = 2000 ms; echo
time = 30 ms; slice gap = | mm; flip angle = 90°; matrix size =
64 x 64; and 35 oblique slices parallel to the AC-PC line were
obtained with interleaved acquisition. A sagittal fast spoiled
gradient echo brain volume imaging (FSPGR-BRAVO)
sequence was used to obtain high-resolution T1-weighted
anatomical images with the following parameters: repetition
time = 8.208 s; inversion time = 450 ms; echo time = 3.22 ms;
flip angle = 12°; field of view = 240 x 240 mm; voxel size =
0.5mm % 0.5 mm % 1 mm.

Data Analysis

The MRIcro software (www.MRIcro.com) was used to

ensure data quality. Because the initial MRI signal might
have been unstable, the first 10 time points of the functional
images were discarded to allow the subjects to adapt to the
scanning environment. All software is based on MATLAB
2010a software platform for data processing, preprocessing
of the remaining data was performed using the Data
Processing & Analysis for Brain Imaging (DPABI 2.1,
http://rfmri.org/DPABI) This
included Digital and Communications in

toolbox. preprocessing

Imaging
Medicine standard form conversion, slice timing, head
motion correction, and spatial standardization. Participants
with a maximum translation of more than 1.5 mm in the x, y,
or z directions, and a motion rotation of more than 1.5° were
rejected.
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Head motion effects were regressed from the data, based
on the results of recent studies, which showed that higher-
order models can benefit from the removal of head motion
effects.”® Linear regression was used to remove other
sources of spurious covariates, along with their temporal
derivatives, including the global mean signal, and white
matter and cerebrospinal fluid signals. After head motion
correction, the functional MRI images were spatially nor-
malized to the standard Montreal Neurological Institute
space and re-sampled at a resolution of 3 x 3 x 3 mm’.
After preprocessing, time-band-pass filtering (0.01-0.1 Hz)
was applied to the time series of each voxel to reduce low-
frequency drift, physiological high-frequency breathing and
cardiac noise, and time-series linear depolarization.

Calculation of Long- and Short-Range
FCD Calculation Maps

The FCD maps of each individual were calculated in
a gray matter mask, including shortFCD and longFCD
maps. Based on the Pearson’s correlations between the
time processes of a given voxel and other voxels, the
number of functional connections of a given voxel was
considered as one degree of a node in a binary graph. The
detailed steps in computing the shortFCD and longFCD
values have been previously described.’

Firstly, we defined functional connectivity between
a given voxel and other voxels in the whole brain, with
a correlation threshold of r > 0.25. We adopted the
threshold of r = 0.3 to calculate the FCD maps.
Secondly, the shortFCD and longFCD were defined on
the basis of the neighborhood strategy. Thus, we defined
voxels that met a correlation threshold of r > 0.25 within
their neighborhood (radius sphere < 6 mm) as shortFCD,
and those outside of their neighborhood (radius sphere
> 6 mm) as longFCD. To improve normality, the
shortFCD and longFCD maps were divided by the
mean value for the whole brain of each subject and
the values were converted to Z-scores. Furthermore, the
shortFCD and longFCD maps were spatially smoothed
using the SPM8 (The MathWorks, Inc., Natick, MA,
USA) with a Gaussian kernel of 6 x 6 x 6 mm® full-
width at half-maximum.

Ophthalmic Testing

The Snellen Visual Acuity chart was used for visual tests.
All subjects stood 5 m from the chart and their line of gaze
was parallel to an acuity of 1.0.

Statistical Analysis

The cumulative clinical measurements were analyzed
using an independent sample #-test and the SPSS version
16.0 software (SPSS Inc, Chicago, IL, USA). A one-
sample 7-test was performed to analyze the spatial distri-
bution of shortFCD and longFCD values between patients
with EP and HCs.

Statistical analysis of the general linear model was
performed using the SPMS8 toolkit. Differences in the
shortFCD and longFCD between the patients with EP
and HCs were evaluated using two-sample f-tests (two-
tailed, voxel-level p< 0.01, Gaussian random field theory
correction, cluster-level p< 0.05). The mean shortFCD and
longFCD values in the different brain regions of both
experimental groups were analyzed using ROC curves.
Pearson’s correlation analysis was used to evaluate the
relationship between the mean shortFCD and longFCD
values in different brain regions in the EP group.
A p-value< 0.05 was considered to indicate statistical

significance.

Results

Demographics and Visual Measurements
No significant differences were noted in weight (p = 0.892) or
age (p = 0.824), while the best-corrected visual acuity-Right
(p=0.009) and best-corrected visual acuity-Left (p = 0.007) in
patients with EP were statistically significant reduced. The
mean + standard deviation of the duration of EP was 25.75 +
5.65 days. See Table 1 for details.

Spatial Distribution of FCD

Compared with HCs, patients with EP showed signifi-
cantly reduced shortFCD values in the left posterior lobe
of the cerebellum, right inferior parietal lobule, and left
anterior lobe of the cerebellum, as well as significantly
reduced longFCD values in both left and right posterior
lobe of the cerebellum, right Cuneus.
shortFCD  values
right posterior cerebellum of lobe, left middle temporal

Significantly
increased were also observed in
gyrus (Brodmann area 20, 21), right supramarginal gyrus
(Brodmann area 40), both superior frontal gyri (Brodmann
area 6), both caudate, lift medial frontal gyrus (Brodmann
area 9, 32), and increased longFCD values were observed
in the left inferior temporal gyrus and left superior
frontal gyri (Brodmann area 11,9,32). (Tables 2 and 3,
Figures 1-5)
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Table |1 Conditions of Participants Included in the Study

Condition EP HCs t P-value*
Male/Female 26/14 26/14 N/A >0.99
Age (years) 5125546 | 51.98+5.18 | 0.251 0.824
Weight (kg) 63.12+7.35 | 63.89+6.73 | 0.181 0.892
Handedness 40R 40R N/A >0.99
Duration of keratitis (days) | 25.75+5.65 N/A N/A N/A
Best-corrected Va-left eye 0.56+0.25 1.05+0.28 —3253 [ 0.009
Best-corrected Va-right eye | 0.59+0.19 1.03+0.35 —3.546 | 0.007

Note: *P <0.05 Independent t-tests comparing two groups.
Abbreviations: EP, eye pain; HCs, healthy controls; N/A, not applicable.

Receiver Operating Characteristic Curve
We identified brain regions with different shortFCD and
longFCD values between the EP and HC groups. The
closer the area under the curve (AUC) was to 1, the
more favorable the diagnosis. An AUC of 0.5~0.7 indi-
cated low accuracy; that of 0.7~0.9 indicated moderate
accuracy; and that above 0.9 indicated high accuracy
(Figures 3-5).

The results of AUC analysis of the binarized
shortFCD values were as follows: 0.899 for the right
posterior lobe of the cerebellum; 0.965 for the left middle
temporal gyrus; 0.892 for the right supramarginal gyrus;
0.915 for the bilateral superior frontal gyri (Brodmann
area 11); 0.917 for the bilateral caudate nuclei; 0.840 for
the left medial frontal gyrus; 0.826 for the bilateral super-
ior frontal gyri (Brodmann area 6); 0.830 for the left
posterior lobe of the cerebellum; 0.802 for the left ante-
rior lobe of the cerebellum; and 0.804 for the right
inferior parietal lobule (Figure 6). The results of the
AUC analysis of the binarized longFCD values were:
0.870 for the left inferior temporal gyrus; 0.811 for the
left superior frontal gyri (Brodmann area 11); 0.863 for
the left superior frontal gyri (Brodmann area 9, 32);
0.859 for the right posterior lobe of the cerebellum;
0.870 for the left posterior lobe of the cerebellum; and
0.792 for the right cuneus (Figure 7).

Table 2 The Binarized IFCD Differences Between Patients with EP and HCs

Brain Regions of Peak Coordinates R/IL BA Voxel Size t-Score of Peak Voxel MNI Coordinates
X, Y,Z
Cerebellum Posterior Lobe R N/A 590 5.4909 —12 -27 —63
Cerebellum Posterior Lobe L N/A 228 —4.3757 -6 —57 —42
Cerebellum Anterior Lobe L N/A 141 —3.5998 —33 54 -33
Middle Temporal Gyrus L 20, 21 266 5.5915 —69 —33 21
Supramarginal Gyrus R 40 128 5.1345 69 —48 30
Superior Frontal Gyrus L R 11 399 5.4389 -21 54 -21
Caudate L, R N/A 261 5.5407 —18 —21 24
Inferior Parietal Lobule R 40 82 —4.5024 51 -33 24
Medial Frontal Gyrus L 9, 32 73 5.4052 -9 42 36
Superior Frontal Gyrus L, R 6 75 42237 -31572

Notes: Between-group differences in binarized IFCD thresholded at r=0.3. We used thresholds of two-tailed voxel-wise p < 0.0l and cluster-level p < 0.05, corrected for

multiple comparisons by AlphaSim to determine the significant group differences.

Abbreviations: R, right; L, left; BA, Brodmann’s area; MNI, montreal neurological institute; N/A, not applicable.

Table 3 The Binarized longFCD Differences Between Patients with Keratitis and HCs

Brain Regions of Peak Coordinates R/IL BA Voxel Size t-Score of Peak Voxel MNI Coordinates

X, Y, Z
Cerebellum Posterior Lobe R N/A 96 —5.1663 6 —69 —42
Cerebellum Posterior Lobe L N/A 164 —4.5447 —18 —66 —18
Inferior Temporal Gyrus L 21 97 44171 —66 —6 —24
Superior Frontal Gyrus L I 83 3.9292 -1251 -18
Cuneus R 17, 18 77 —3.8409 12 -78 12
Superior Frontal Gyrus L 9,32 139 5.4664 —12 39 39

Notes: Between-group differences in binarized IFCD thresholded at r=0.3. We used thresholds of two-tailed voxel-wise p < 0.0l and cluster-level p < 0.05, corrected for

multiple comparisons by AlphaSim to determine the significant group differences.

Abbreviations: R, right; L, left; BA, Brodmann’s area; MNI, montreal neurological institute; N/A, not applicable.
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Figure | One sample t test differences of patients with EP and HCs in Binarized shortFCD. Significant shortFCD differences were observed in left IFG, MFG right superior
frontal gyri, left posterior lobe of the cerebellum, anterior lobe of the cerebellum Thalamus, right posterior lobe of the cerebellum, Brainstem, insula, P. C. Cuneus, Cuneus;
the red areas denote higher shortFCD values. The blue areas denote lower shortFCD values. The means of altered shortFCD between the patients with EP and HCs (voxel
level p< 0. 01 and cluster level p< 0.05, Gaussian random field (GRF) theory corrected).

Abbreviations: EP, eye pain; HCs, healthy controls; L, left; R, right.

Patients with eye pain
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Figure 2 One sample t test differences of patients with keratitis and HCs in Binarized long FCD. Significant longFCD differences were observed in bilateral superior frontal gyri, MFG,
left posterior lobe of the cerebellum, IFG, right posterior lobe of the cerebellum, Cuneus, insula; the red areas denote higher longFCD values. The blue areas denote lower longFCD
values. The means of altered longFCD between the patients with keratitis and HCs (voxel level p< 0.01 and cluster level p< 0.05, Gaussian random field (GRF) theory corrected).

Abbreviations: HCs, healthy controls; L, left; R, right.
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Figure 3 Binarized shortFCD differences between patients with keratitis and HCs. The red areas denote higher Binarized shortFCD values. The blue areas denote lower

Binarized shortFCD values.
Abbreviations: HCs, healthy controls; L, left; R, right.
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Figure 4 Binarized longFCD differences between patients with keratitis and HCs. The red areas denote higher Binarized longFCD values. The blue areas denote lower

Binarized longFCD values.
Abbreviations: HCs, healthy controls; L, left; R, right.
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Figure 5 Binarized shortFCD value and longFCD value of between-group differences in different brain areas. The red bar denotes the shortFCD or longFCD value of patients
with keratitis, the blue bar denotes the shortFCD or longFCD value of normal controls. In (A) LR-SFG (left): Brodmann’s area | |, LR-SFG (right): Brodmann’s area 6. In (B)

L_SFG (left): Brodmann’s area | 1. L_SFG (right): Brodmann’s area 9, 32.

Abbreviations: shortFCD, short-range Functional Connectivity Density; longFCD, long-range Functional Connectivity Density; HCs, healthy controls; L, left; R, right; CPL,
cerebellum posterior lobe; CAL, cerebellum anterior lobe; IFG, inferior frontal gyrus; SFG, superior frontal gyrus; MFG, middle frontal gyrus.

Discussion

The present study explored the alterations in functional
connectivity density in patients with EP. We found that
compared with the HCs, patients with EP showed signifi-
cantly increased shortFCD values in both the right and left
superior frontal gyri (Brodmann 6), as well as increased
longFCD values in the left inferior temporal gyrus and left
superior frontal gyri (Brodmann area 11) (Figure 8). Patients
with EP also showed significantly reduced shortFCD values
in the left posterior lobe of the cerebellum, right inferior
parietal lobule, and left anterior lobe of the cerebellum, and
significantly reduced longFCD values in both left and right
posterior lobe of the cerebellum. Compared with the HCs,
patients with EP also showed less reduction in shortFCD

values in the right posterior lobe of the cerebellum, right
supramarginal gyrus, left middle temporal gyrus, bilateral
superior frontal gyri, and bilateral caudate nuclei (Figure 9).

The superior frontal gyri accounts for about one-third
of the frontal lobe of the human brain. Goldberg et al®
observed that the superior frontal gyri associated with
self-awareness and coordination of movements perceived
by the sensory system. The superior frontal gyri believed
to contribute to improved cognitive function, especially
working memory. Brodmann area 6 (BA6) is part of the
frontal cortex in the human brain. It is situated just
anterior to the primary motor cortex (BA4), and is com-
posed of the premotor cortex, and medially, the supple-
mentary motor area. This large area of the frontal cortex
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Figure 6 ROC curve analysis of the binarized shortFCD values for altered brain regions.

Notes: (A) The areas under the ROC curve were 0.899 (p <0.00195% CI: 0.814-0.985) for RCPL, LMTG 0.965 (p <0.001; 95% CI: 0.923—1.000), RSG 0.892 (p <0.001; 95%
Cl: 0.797-0.987), BSFG 0.915 (p <0.001; 95% CI: 0.835-0.995), BC 0.917 (p <0.001; 95% CI: 0.836-0.997), LMFG 0.840 (p <0.001; 95% ClI: 0.730-0.950), BSFG 0.826
(p <0.001; 95% CI: 0.710-0.943). (B) The areas under the ROC curve were 0.830 (p <0.001; 95% Cl: 0.716-0.944) for LCPL, LCAL 0.802 (p <0.001; 95% Cl: 0.670-0.934),
RIPL 0.804 (p <0.001; 95% Cl: 0.677-0.931).

Abbreviations: ROC, receiver operating characteristic; RCPL, right cerebellum posterior lobe; LMTG, left middle temporal gyrus; RSG, right supramarginal gyrus; BSFG,
bilateral superior frontal gyrus; BC, bilateral caudate; LMFG, left medial frontal gyrus; LCPL, left cerebellum posterior lobe; LCAL, left cerebellum anterior lobe; RIPL, right
inferior parietal lobule.
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Figure 7 ROC curve analysis of the binarized long FCD values for altered brain regions.

Notes: (A) The areas under the ROC curve were 0.870 (p <0.001; 95% ClI: 0.771-0.969) for LITG, LSFG 0.811 (p <0.001; 95% ClI: 0.685-0.937), LSFG 0.863 (p <0.001; 95%
Cl: 0.762-0.964). (B) The areas under the ROC curve were 0.859 (p <0.00195% CI: 0.754-0.964) for RCPL, LCPL 0.870 (p <0.001; 95% Cl: 0.772—-0.967), RC 0.792
(p <0.001; 95% Cl: 0.660-0.923).

Abbreviations: ROC, receiver operating characteristic; LITG, left inferior temporal gyrus; LSFG, left superior frontal gyrus; RCPL, right cerebellum posterior lobe; LCPL,
left cerebellum posterior lobe; RC, right cuneus.
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Increased IFCD

@ Decreased IFCD

Figure 8 The shortFCD results of brain activity in the EP group. Compared with the
HCs, the shortFCD of the following regions were increased to various extents: |-cere-
bellum posterior lobe (t=5.4909); 2- | right inferior Parietal Lobule (t=—4.5024);
3-cerebellum Anterior Lobe (t=—3.5998); 4- superior Frontal Gyrus (t=4.2237) in EP
patients.

Notes: The sizes of the spots denote the degree of quantitative changes.
Abbreviations: shortFCD, short-range Functional Connectivity Density; EP, eye
pain; HCs, healthy control.

@ Increased longFCD
@ Decreased longFCD

Figure 9 The longFCD results of brain activity in the EP group. Compared with the
HCs, the shortFCD of the following regions were increased to various extents:
|-cerebellum posterior lobe (t=—5.1663); 2-superior frontal gyrus (t=5.4664);
3-Inferior Temporal Gyrus (t=4.4171) in EP patients.

Notes: The sizes of the spots denote the degree of quantitative changes.
Abbreviations: longFCD, long-range Functional Connectivity Density; EP, eye pain;
HCs, healthy control.

is thought to play an important role in the planning of
complex, coordinated movements.

The significant increase in shortFCD values in the superior
frontal gyri (Brodmann area 6) of patients with EP indicated
that corneal infection can stimulate the planning of complex
and coordinated movements in the brain. The mechanism by
which this occurs needs further investigation. Brodmann area
11 is a cytologically defined brain region, associated with deci-
sion-making,” rewards processing,'’ planning, reasoning, and
encoding new information into long-term memory.""

As the duration of disease increases, EP can occur
repeatedly, especially for conditions like keratitis, which
is characterized by a relatively long period of illness lead-
ing to recurrent EP. New recurrence of EP stimulates the

long-term memory, and thereby stimulates Brodmann area
11 of the superior frontal gyri. This may explain the
underlying mechanism of the increased longFCD values
in the superior frontal gyri (Brodmann area 11).

The inferior temporal gyrus is located beneath the middle
temporal gyrus, and is connected to the inferior occipital
gyrus. This region is one of the advanced areas of visual
processing, is related to the representation of complex object
features, and may also be involved in facial perception.'? The
inferior temporal cortex is also known as the inferior tem-
poral gyrus, as it is located in a specific region of the human
temporal lobe.'> The patients with EP showed decreasing
visual acuity. As the final position of the ventral cortical
visual system, the inferior temporal gyrus would have com-
pensated for the reduction in visual acuity in patients with EP.
This may explain the mechanism by which significantly
increased longFCD values were observed in patients with EP.

The posterior lobe of the cerebellum, or neocerebellum,
refers to the lower part of the primary fissure of the cere-
bellum. It plays an important role in fine motor coordina-
tion, especially in the inhibition of unconscious motion via
inhibitory neurotransmitters, such as gamma-aminobutyric
acid.'* The posterior lobe of the cerebellum receives input
mainly from the brainstem (ie, the reticular formation and
inferior olivary nucleus) and cerebral cortex.'

Information from sensorimotor associative cortices
passes several points in the brain stem and enters the poster-
ior part of the cerebellum via the intermediate peduncle.'®
There are anatomical connections between the posterior
lobe of the cerebellum and other brain regions with higher
cognitive function. Patients with EP have difficulty com-
pleting fine movements because of a reduction in visual
acuity and visual field defects. The reduced longFCD values
in the posterior lobe of the cerebellum of patients with EP
indicate a reduction in fine motor function.

The inferior parietal lobule (subparietal district) is located
below the horizontal part of the intraparietal sulcus, and
behind the lower part of the postcentral sulcus. It is involved
in the interpretation of emotional perception and sensory
information during facial stimulation.'” The inferior parietal
lobule is also associated with language, mathematical opera-
tions, and body images, especially the supramarginal gyrus
and angular gyrus. The mechanism by which the shortFCD
values in the inferior parietal lobule were reduced in patients
with EP needs further investigation.

The anterior lobe of the cerebellum is responsible for
mediating unconscious proprioception. Non-conscious pro-
prioception is transmitted to the cerebellum. An unconscious
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reaction is seen in the proprioceptive reflex of the human
body, or righting reflex. In the event the body tilts in any
direction, the person will raise his/her head to keep the eyes
level with the horizon. To our knowledge, no previous study
has evaluated the righting reflex in patients with EP. The
cerebellum controls calibration, reduction of eye instability,
and maintenance of ocular alignment.'® A reduction in the
visual acuity of one eye can affect eye alignment and fixation.
Patients with EP have difficulty with ocular alignment. This
might explain a possible mechanism by which the signifi-
cantly reduced values were observed in the anterior lobe of
the cerebellum of patients with EP.

The caudate nucleus is one of the structures that comprise
the dorsal striatum, which is part of the basal ganglion.' It
plays an important role in various non-motor functions, includ-
ing inhibitory motor control.?° Previous research has shown
the inhibitory nature of the caudate nucleus and its ability to
inhibit the tendency of an animal to move forward without
resistance.”' We observed less reduction among the shortFCD
values in patients with EP than in the HCs. This indicates the
inhibitory function of the caudate nucleus is reduced in patients
with EP. However, the underlying mechanism needs further
investigation. Earlier research has also indicated the caudate
nucleus is involved in the neural pathway of spatial neglect in
patients affected by chronic pain.*?

The supramarginal gyrus is part of the parietal lobe. This
area of the brain is also known as Brodmann area 40. The right
supramarginal gyrus seems to play a central role in empathy.
When this structure malfunctions, or when quick judgments
are made, empathy becomes severely limited.** Research has
shown that destroying the neurons in the right supramarginal
gyrus causes humans to project emotions on to others, thereby
inhibiting their empathy. In addition, this kind of interference
also causes people to be more self-centered, mainly because
they cannot perceive the emotions of others around them.**
We found significantly less reduction in shortFCD values in
the supramarginal gyrus of patients with EP than that of HCs.
Although to our knowledge, no previous study has investi-
gated empathy in patients with EP, the present results indicate
that such studies are necessary, as they could help to determine
the mechanism of variation in empathy in such patients.

It can be seen from the results that the brain regions
where FCD changes are not symmetrically distributed, but
mostly concentrated in the left brain. We speculate that
this may be because our subjects are all right-handed.

Patients with EP are consistently affected by chronic
pain, which stems from infections of the cornea. Drug
therapy is often the preferred treatment for chronic pain,

although side effects and high costs limit long-term use.
As an adjunct to the traditional treatment of chronic pain,
the use of inexpensive, safe, and self-managed non-drug
therapies, such as mirror therapy”” is also recommended.
The present study found less reduction in the shortFCD
values of the right supramarginal gyrus in patients with EP.
The supramarginal gyrus is part of the somatosensory associa-
tion cortex, which interprets tactile sensory data and is asso-
ciated with sensory space and limb location. It also participates
in the recognition of the postures and gestures of other indivi-

duals, and is therefore, part of the mirror neuron system.26’27

Limitations

However, our study has some limitations. Firstly, the sam-
ple size was relatively small. Secondly, subjects are gen-
erally older. Thirdly, We did not use multi-modal fMRI
methods to explore the neurological mechanism of EP
patients. Fourthly, the correlation between connectivity
and clinical scores was not performed for the incomplete
data. What’s more, the severity of pain were not measured.
Finally, the onset time of the EP patients was not exactly
the same, which might affect the accuracy of the results.

Conclusion

In summary, this study indicated that EP patients shown
variation of binarizedshortFCD and long FCD in brain areas
including premotor cortex, ventral cortical visual system, new-
est part of the cerebellum, cerebellum control unconscious
proprioception, inhibition of involuntary movement, somato-
sensory association cortex, nucleus involving reward system
and ventral cortical visual system which might provide an
explanation of brain functional compensation for chronic eye
pain and visual impairment in the EP patients.
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