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Objective: To investigate spontaneous neuronal activity changes in patients with central retinal artery occlusion (CRAQO) using the
resting-state functional magnetic resonance imaging (fMRI) and detect whether these brain functional alterations can represent an
objective biomarker of clinical response using a machine learning algorithm.

Methods: Eighteen patients with CRAO and eighteen healthy controls (HCs) were recruited. The regional homogeneity (ReHo) method
of resting-state fMRI was conducted to evaluate the synchronous brain activity alterations between two groups. Differences of ReHo
values between two groups were compared using the independent two-sample f-test. The support vector machine algorithm was to
distinguish patients of CRAO from HCs based on the two groups’ whole-brain ReHo patterns. The accuracy, sensitivity, and specificity
for the classification were calculated. The classification performance was evaluated using the non-parametric permutation test.
Results: Compared to HCs, individuals with CRAO showed significantly lower ReHo in the right cerebellum and precuneus.
Meanwhile, significant higher ReHo values were observed in the left superior temporal gyrus, postcentral gyrus, and precentral
gyrus in the CRAO group compared to HCs. Furthermore, our results suggested that 77.78% individuals with CRAO could be
successfully distinguished from HCs by the machine learning, with a sensitivity of 72.22% and a specificity of 83.33%, respectively.
The area of receiver operating characteristic curve was calculated to be 0.85.

Conclusion: This study uncovered individuals with CRAO exhibited disturbed synchronous neuronal activities in multiple brain areas
using neuroimaging techniques. The ReHo variability could distinguish individuals with CRAO from HCs with high accuracy.
Keywords: central retinal artery occlusion, functional magnetic resonance imaging, regional homogeneity, machine learning, support
vector machine

Introduction

Central retinal artery occlusion (CRAO) is an ophthalmic emergency which is analogous to an acute stroke of the eye." It
typically presents as severe, painless and sudden visual loss in the affected eye. Typical early-phase characteristics
include retinal swelling, a cherry red spot in the macula, edema and whitening of retinal inner layers. Later phase
observations include thinning and atrophy of the inner retinal layers, further vessel attenuation and flattening of the
foveal depression.” The incidence of CRAO has been estimated at 1 to 2/100,000 people per year.” Because CRAO is
common in the elderly and the prevalence of CRAO is likely to increase with an aging global population, proper
management of incident CRAO is also crucial in terms of the public health burden.?

Neuroimaging studies have increasingly showed that the optic nerve atrophy and damage would lead to transsynaptic
neurodegenerative changes the visual pathway, including functions in the visual cortex.* Anatomically, the central retinal
artery arises from the ophthalmic artery, the first intracranial branch of internal carotid artery which provides the main
blood supply to the brain.” Thus, the brain and retina share the same arterial supply. Moreover, CRAO and stroke have
multiple overlapping systemic risk factors, such as hyperlipidemia, diabetes mellitus, and hypertension.® Several studies
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have reported an association between retinal artery occlusion and stroke and found that retinal artery occlusion increases
the risk for subsequent stroke.” CRAO is regarded as an early warning for subsequent stroke. Nowadays, the principle of
CRAO treatment is based on quick reperfusion of the retina and restoration of oxygen delivery, with an effective
treatment window of within four to six hours. However, the final visual acuity of 90% of non-arteritic CRAO patients
without cilioretinal artery sparing is 20/400 or even worse;® and only one-third of ophthalmologists transfer patients with
incident CRAO to an emergency department for immediate evaluation.”

Functional magnetic resonance imaging (fMRI) methods have been applied to explore the alterations in spontaneous
brain activity in human brain.'® Regional homogeneity (ReHo) analysis can be conducted to explore the homogeneity of
brain activity by calculating the synchronization or functional coherence of a specific voxel with its nearest voxels. This
method has discovered alterations in homogeneity of neural activity in multiple vision-related diseases.'''> Compared to
other techniques commonly used in fMRI (such as amplitude of low-frequency fluctuation, independent component
analysis-derived network-based functional connectivity and seed-based functional connectivity), ReHo has been shown
to have advantages of high test-retest stability and can be used as a stable indicator for measuring resting brain activity
even under the random noise interference.'® Furthermore, ReHo offers the possibility to search for abnormalities in the
whole brain functional connectome without predefining region of interests. Biousse et al reported that acute cerebral
infarctions were found in 27% to 76.4% of CRAO patients and emphasized the need to assess patients with isolated acute
retinal ischemia urgently with brain imaging.'* Nevertheless, the underlying mechanism of CRAO and changes of
spontaneous brain activity remain unknown.

Recently, an increasing number of studies have applied multivariate machine learning techniques to neuroimaging
datasets to predict and characterize diseases.'® In our previous study, we also successfully applied this method to classify
patients with iridocyclitis from HCs utilizing the functional connectivity of primary visual cortex fMRI data.'® In the
current study, we aimed to utilize machine learning method to classify patients with CRAO from HCs on the basis of
ReHo brain abnormalities.

Based on previous studies and the apparent-impaired visual function in CRAO, we hypothesized that patients with
CRAO might have spontaneous neuronal activity abnormalities in specific brain regions such as visual information
processing and cognition-related areas. We attempted to uncover how CRAO affects brain function using the ReHo
method and to obtain a better understanding of neurobiology of CRAO at the level of the brain network. Furthermore, we
aim to explore the utility of ReHo in the classification of individuals diagnosed with CRAO and examine the predictive
power to understand the predictive range of this technique.

Materials and Methods

Participants

Eighteen patients with CRAO and 18 HCs matched with age, sex, and educational level were recruited in the current
study. This study was performed in accordance with Declaration of Helsinki. All subjects were informed with the whole
study procedures and provided with the written informed consent.

The inclusion criteria for patients with CRAO were: (1) subjects with a painless, sudden monocular loss of visual
acuity and peripheral vision; (2) slow segmental blood in distal arteries on fluorescein fundus angiography; (3) the diffuse
retinal whitening in the infarcted edematous retina on the typical funduscopic; (4) right-handed. The exclusion criteria for
individuals with CRAO were as below: (1) history of psychiatric diseases or psychotropic drug use; (2) history of ocular
trauma or vitreoretinal surgery; (3) presence of other ophthalmic diseases; (4) presence of systemic diseases (including
hypertension, diabetes, and heart disease).

The inclusion criteria for HCs were as below: (1) no other ocular diseases; (2) no history of medications or alcohol
abuse; (3) right-handed; (4) no abnormalities in brain structures on magnetic resonance imaging; (5) no magnetic

resonance imaging contraindications; (6) binocular visual acuity >1.0.
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Ethical Statement

The research protocol adhered to the tenets of the Declaration of Helsinki and was approved by the institutional review
board of Jiangxi Provincial People’s Hospital. All subjects provided written informed consent to participate in the study.
All research procedures in the guidelines outlined in the Declaration of Helsinki were followed.

Ophthalmic Examinations

All subjects in the current study underwent systemic ophthalmic assessments and other related clinical measurements
including fundus photographs, fundus fluorescein angiography and optical coherence tomography. Data including gender,
age, best-corrected visual acuity, intraocular pressure treatment strategies and comorbidities were recorded from the
medical charts. The LogMAR values of the best-corrected visual acuity of both eyes were measured in two groups using
the LogMAR table.

MRI Parameters

Both T1-weighted and whole-brain functional magnetic resonance imaging scanning were performed on a 3.0 T GE MR
750W scanner (GE Healthcare) with a standard head coil. All subjects were instructed to stay awake with their eyes
closed until the entire scanning was over. The entire scanning time was about 15 minutes. The three-dimensional spoiled
gradient-recalled echo sequence was set to obtain the anatomical TI1-weighted images with following parameters:
repetition time/echo time, 8.5 ms/3.3 ms; field of view, 240x240 mm?; gap, 0 mm; thickness, 1.0 mm; acquisition
matrix, 256 x 256; and flip angle, 12°. In addition, the gradient-recalled echo-planar imaging sequence was set to acquire
the whole-brain fMRI data with following parameters: repetition time/echo time, 2000 ms/25 ms; field of view,
240x240 mmz; gap, 1.2 mm; thickness, 3.0 mm; acquisition matrix, 256 x 256; and flip angle, 90°.

fMRI Data Preprocessing

The rest preprocessing steps were conducted as following steps. [1] Convert the original DICOM files to the NIFTT format.
[2] Exclude the first ten volumes of each functional time series. The rest 230 volumes of fMRI data were modified by taking
the slicing time effects, head-motion corrected and realigned. fMRI data from individuals whose head-motion having head
rotation over 1.5 or maximum displacement in any direction over 2.0 mm would be discarded. [3] Registered subjects’ T1-
weighted images to the mean fMRI data.'” All data had been normalized to the standard Montreal Neurological Institute
(MNI) space. Then, the time courses detrend and linear regression analysis were conducted. The latter step was to exclude
nuisance covariates. Finally, the FMRI data were ban pass-filtered (0.01-0.08Hz).

ReHo Calculation
In the present study, we calculated the ReHo values for subjects’ functional data by using the REST toolbox. ReHo
values represent the local synchronization between the spontaneous activity of a specific voxel and its nearest neighbor-

ing voxels.

Classification Machine Learning Analysis

The individual subject mean ReHo maps would serve to be inputs for the multivariate classification machine learning
analyses. The support vector machine (SVM) algorithm for binary classification implemented on the Pattern Recognition
for Neuroimaging Toolbox was performed to measure the diagnostic prediction in individuals with CRAO."® During the
training process, the leave-one-out cross-validation procedure was used to perform validation to examine the model’s
estimation power. Statistical significance of the accuracy calculations was determined by permutation testing. The total
accuracy, sensitivity, specificity, and area under the receiver operating characteristic curve (AUC) were calculated to
evaluate the algorithm’s performance for classifying the patients with CRAO and HCs.
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Statistical Analysis

Clinical data collected from subjects were analyzed by the SPSS 20.0 software (P < 0.05 indicates statistical signifi-
cance). The independent two-sample ¢-test and Chi-square test were applied to evaluate the differences in the baseline age
and sex between two groups. The one-sample #-test and two-sample independent #-test were conducted to analyze ReHo
maps within and between groups using the SPM 12 software. The statistical threshold of multiple comparison correction
for significance was set by using the Gaussian Random Field (GRF) correction (voxel-level: P < 0.01, GRF correction,
cluster-level: P < 0.05).

Results

Demographics and Visual Measurements

The statistic results of demographic and clinical measurements are exhibited in Table 1. There are no significant
differences between age, sex, or educational level between the CRAO group and HCs group. By contrast, significant
statistically differences were detected in the best-corrected visual acuity between these two groups (P < 0.01).

Comparisons of ReHo Values Between the CRAO Group and HCs Group

Figure 1 displays the intra-group comparisons of ReHo values within the CRAO (Figure 1A) and HCs groups
(Figure 1B) respectively, which shows the spatial distribution of ReHo signal values of patients with CRAO and HCs.
Compared to HCs, individuals with CRAO showed significantly lower ReHo value in the right cerebellum and
precuneus. Meanwhile, significant higher ReHo values were observed in the left superior temporal gyrus, postcentral
gyrus, and precentral gyrus in the CRAO group compared to HCs (voxel-level: P < 0.01, GRF correction, cluster-level:
P < 0.05) (Figure 2 and Table 2). The altered mean ReHo values changes between two groups is shown in Figure 3.
However, there was no significance between the mean ReHo values of distinct brain areas and the current clinical data
(P > 0.05).

Support Vector Machine Classification Results

The machine learning classification results based on ReHo are exhibited in Figure 4. The confusion matrix (Figure 4A)
revealed the specific assignments of different predictions for each subject and showed a diagonal pattern of classification.
The accuracy is the total number of correctly classified test samples from every leave-one-out cross-validation set divided
by the total number of test samples. For the whole-brain ReHo map total classification accuracy was 77.78% with
a sensitivity of 72.22% and a specificity of 83.33% (p < 0.01). A receiver operating characteristic curve of the binary
classifiers was generated to evaluate the system’s performance on distinguishing individuals with CRAO from HCs
(Figure 4B) and the AUC was 0.85. The SVM finds what is known as the maximum margin decision boundary, which is
the hyperplane that is furthest from the least discriminating features of the discriminated categories. Normalized decision
function values are plotted for CRAO and HCs participants (Figure 4C). Furthermore, in order to assign classification
power to specific locations in the brain, PRoNTo takes the linear SVM models and recovers model weights and
transforms the weights vector into a map in the original image space. Thus, the weight map exhibited the contribution
of each voxel in the image for the linear predictive function (Figure 4D).

Table | Demographic and Clinical Measurement in CRAO and HCs Groups

CRAO Group HCs Group t-value p-value
Age (years) 49.67+8.76 48.28+10.28 0.44 0.67
Sex (male/female) 10/8 177 N/A 0.80
Educational level (years) 10.28+2.74 11.06£3.10 0.80 0.43
Handedness 18 R 18 R N/A N/A
Best-corrected visual acuity-oculus Dexter 0.61+£0.47 1.07+0.08 —4.10 <0.01
Best-corrected visual acuity-oculus sinister 0.52+0.45 1.07+0.08 =5.11 <0.01

Abbreviations: R, right; N/A, not applicable.
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Figure | The anatomical distribution of ReHo was exhibited at the group level in CRAO and HCs groups in a typical frequency band. The one-sample t-test result of ReHo
maps within the CRAO (A) and HCs (B). The color bar reflects the t values.
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HO0O06
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Figure 2 Brain regions with significantly different ReHo values in individuals with CRAO versus HCs. The color scale reflects the t values. Red indicates higher ReHo
indices, and blue indicates low ReHo indices.
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Table 2 Brain Regions with Significant Differences in ReHo Values Between CRAO and HCs Groups

Condition Brain Regions Cluster Size MNI Coordinates t-Score of Peak

(Voxels) Voxels

X y z

CRAO<HGCs | Right cerebellum 468 57 —66 -39 —4.9443
CRAO<HGCs | Right precuneus 452 6 —66 36 —4.4813
CRAO>HCs | Left superior temporal gyrus | 296 —42 15 -15 5.0195
CRAO>HCs | Left postcentral gyrus 34 =51 -9 27 3.7815
CRAO>HCs | Left precentral gyrus 114 —48 3 24 3.5449

Abbreviation: MNI, Montreal Neurological Institute.

Discussion
To the best of our knowledge, this is the first study that combined ReHo technique and machine learning have been
applied to evaluate the spontaneous neuronal activities and investigate its predictive validity in patients with CRAO.

Interestingly, our results showed that patients with CRAO exhibited significantly decreased ReHo in the right
cerebellum. The cerebellum is known to interact functionally with the frontal eye fields and take part in visuomotor,
memory, and higher cognitive function. It is also reported that the cerebellum showed connections with premotor, motor,
and posterior parietal cortices. Previous studies have uncovered that dysfunction of the cerebellum is associated with
bipolar disorder, depression, and mode disorders. CRAO serves a harbinger of cardiovascular and cerebrovascular events,
and more recent studies using fMRI have identified changes in cerebellum function that correlate with ischemia stroke.'”
However, very few studies have used fMRI as an outcome measure for CRAO. Thus, we speculated that individuals with
CRAO might lead to the cognitive dysfunction and visuomotor coordination impairment.

Compared with HCs, patients with CRAO exhibited higher ReHo in the left precentral gyrus and postcentral gyrus.
The precentral gyrus is the motor region which manages the opposite side half body to move at will and controls the
movement frequency and quantity.>® The post central gyrus serves as the primary somatosensory cortex, which takes an
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Figure 3 The mean ReHo signal values between the CRAO and HCs group. Data are presented as meanz standard deviation.
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important role in various sensory perceptions.”’ Increased ReHo suggests that the functional neuronal activity and its
adjacent neurons are more temporally synchronous in CRAO patients and indicates the adaptive alterations of these
neurons to achieve a specific function.

Previous studies have observed that there are multiple brain regions display higher activity during the resting state
than task performance, which consist of the default-mode network (DMN).?* In this study, we demonstrated that the
ReHo value was significantly reduced in the CRAO group. Decreased synchrony within this brain area may be associated
with impairment in the processes of self-evaluation and emotion. In addition, precuneus is a crucial component of the
parieto-occipital pathway and an important part of the dorsal visual stream. It is also associated with visuospatial
processing.”® A previous study discovered that an increase volume in the precuneus in a group with primary open-angle
glaucoma.?* Therefore, our results suggested the dysfunction of visuospatial processing occurs in patients with CRAO.

Notably, we present the first machine learning study to predict the diagnosis of CRAO and HCs using the
neuroimaging data modalities. The multivariate machine learning analysis uncovered that ReHo features were able to
classify the CRAO group with AUC of 0.85, which suggest that distinct patterns of ReHo maps may be helpful in
classifying individual patient populations with CRAO versus HCs.
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However, there are some limitations in this study. First, the sample size of the study is relatively small due to the
stringent inclusion criteria. Further work with expanding number of subjects is needed to validate current results and
obtain more reliable findings. Second, physiological indicators including respiratory rate, individual blood oxygen levels,
and heart rate could be potential confounding factors on spontaneous neuronal activities that were not excluded. Third,
the study was performed with a single time frame and did not investigate longitude alterations. Thus, a longitudinal study
with multi-modal fMRI analytic approaches should be conducted to explore the dynamic changes within local neuronal
activity over time in the future research.

In conclusion, we present the first study to explore the alterations of spontaneous brain activity within patients with
CRAO and HCs and utilize machine learning analyses to predict accurately the classification of CRAO. The ReHo
variability could classify patients with CRAO from HCs with substantial accuracy. These findings might provide helpful
information to understand the underlying mechanisms of CRAO and indicated that ReHo could be applied as a biomarker
for identifying CRAO.
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