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Editorial on the Research Topic
 Multimodal magnetic resonance imaging methods to explore the visual pathway and brain network changes in blindness disease




Diseases leading to blindness, such as glaucoma, diabetic retinopathy, optic neuritis and hereditary optic neuropathy, are a global problem. These diseases reduce visual acuity or are related to visual field defects, which results in severe morbidity in affected individuals.

Clinical imaging research related to blindness has shifted from the focus on the orbit to the changes in the structure and function of the brain. According to the symptoms and sensory dysfunctions of many eye diseases, the structure and function of the brain has been affected. FMRI is a non-invasive technique that can reveal these corresponding changes in the brain. It also provides a large amount of evidence of the structural and functional changes of the visual pathway after vision loss, and shows how the visual pathway is affected by eye diseases. More importantly, the development of algorithms and analysis enables us to discover new and valuable biomarkers from the current data. These advanced methods, combined with ophthalmological examination, enable researchers to infer the underlying mechanism of clinical manifestations from different aspects. It might provide new insights into the neuronal characteristics of visual impairment, identify the disease characteristics objectively and accurately, and provide promising therapies on this basis.

In this Research Topic, we collected 16 articles on a broad spectrum of blindness diseases. The authors introduced new imaging indicators, classified them by using machine learning, reviewed the literature and made contributions to this Research Topic. In this editorial, we give an overview of these different articles and group them according to the study design.


Regional indictors

Hu et al. and Liang et al. explored the fractional amplitude of low-frequency fluctuation (fALFF) changes of patients with comitant exotropia and dry eye disease, respectively, compared to healthy controls (HC). ROC curve showed high diagnostic value of fALFF for distinguishing disease from HC.

Xiao et al. and Liu et al. examined the regional homogeneity (ReHo) changes in patients with retinal vein occlusion and with severe obesity and meibomian gland dysfunction, respectively. Fu et al. applied ReHo and functional connectivity (FC) method to assess the altered local and remote connectivity in primary angle-closure glaucoma (PACG). The accuracy of ReHo to distinguish PACG from HC is good by using the support vector machine (SVM) method.

Chen, Zhong, et al. and Wen et al. used the degree centrality (DC) and SVM method to determine the potential neuropathological mechanism of primary angle-closure glaucoma (PACG) and with early blindness caused by nystagmus, respectively. The accuracy of DC to distinguish PACG from HC is certain.



Dynamic regional indictors

Ji, Cheng, et al. and Chen, Ye, et al. used ReHo and the amplitude of low-frequency fluctuation (ALFF) combined with sliding window method to evaluate the changes of dynamic neural activity in patients with high myopia and comitant exotropia, respectively, which was helpful to the diagnosis of the diseases. However, by using dALFF map as the classification feature and the SVM method, the discrimination of CE from HC was not good.



Functional connectivity and large-scale network indictors

Homotopic connectivity as a key feature of the brain, is also a research hotspot. Qi et al., Cheng et al., and Chen, Hu, et al. applied voxel-mirrored homotopic connectivity (VMHC) method to evaluate the changes of FC between hemispheres in patients with thyroid-associated ophthalmopathy, high myopia, and comitant exotropia relative to HC, respectively. Moreover, Qi et al. and Chen, Hu, et al. took the VMHC as the classification feature, SVM method had achieved good performance in distinguishing patients from HC.

Ji, Shi, et al. used independent component analysis (ICA) to detect the changes of FC and functional network connectivity (FNC) within and between resting-state networks (RSNs) in patients with high myopia. It was found that the default mode network and cerebellar dysfunction were related to visual, cognitive and motor balance deficits.



Literature review

Two literature reviews by Sujanthan et al. reviewed the efforts made by visually-driven fMRI (Sujanthan et al.) and rs-fMRI (Sujanthan et al.) on optic neuropathy, respectively, covered the changes of region activity, FC, and FNC. These papers emphasized the importance of multidimensional representation of optic neuropathy.

Last but not least, Sun et al. reported that clinical, radiologic characteristics of Leber's hereditary optic neuropathy (LHON) associated with multiple-related diseases, especially different subtypes of optic neuritis (ON), which were exhibited with idiopathic orbital inflammatory syndrome (IOIS) and compression optic neuropathy for the first time in this cohort. This condition may be a distinct entity with an unusual clinical and therapeutic profile.

In short, in the current Research Topics, most articles are devoted to describing the characteristics of blindness diseases in a single modality. We imagine that it is possible to integrate the information among multi-dimensional modalities and provide a comprehensive description of a specific disease in future. In addition, with the large-scale data, machine learning and artificial intelligence will help to understand the mechanism, to diagnose accurately, and to optimize treatment of blindness.
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More and more studies showed that strabismus is not simply an ocular disease, but a neuro-ophthalmology disease. To analyze potential changes in brain activity and their relationship to behavioral performance in comitant strabismus patients and healthy controls. Our study recruited 28 patients with comitant strabismus and 28 people with matched weight, age range, and sex ratio as healthy controls. Using resting-state functional magnetic resonance imaging, we evaluated fALFF to compare spontaneous brain activity between comitant strabismus and healthy controls. We did hospital anxiety and depression scale questionnaires for these patients. We found significantly lower fALFF value in comitant strabismus patients compared with controls in the left frontal superior medial gyrus and the right middle cingulum. In the latter region, fALFF was significantly negatively correlated with the hospital anxiety and depression scale, as well as the duration of disease. Receiver operating characteristic curve analysis indicated that the fALFF method has clear potential for the diagnosis of comitant strabismus patients. These results revealed abnormal spontaneous activity in two brain regions of comitant strabismus patients, which may indicate underlying pathologic mechanisms and may help to advance clinical treatment.

Keywords: fractional amplitude of low-frequency fluctuation, comitant strabismus, brain changes, depression and anxiety, resting-state functional magnetic resonance imaging


INTRODUCTION

Strabismus is an eye disorder characterized by vertical, horizontal or rotational deviation of one eye relative to the other, and can lead to binocular visual impairment and amblyopia, further result in neuropathology outcomes, such as depression and anxiety (Chia et al., 2010; Feng et al., 2015). More and more studies showed that strabismus is not simply an ocular disease, but a neuro-ophthalmology disease (Jackson et al., 2006; Cumurcu et al., 2011; Alpak et al., 2014). According to a meta-analysis, the prevalence of strabismus was about 2.0%, regardless of age or sexual difference (Hashemi et al., 2019). In another study conducted in Eastern China, strabismus prevalence was 5.65% (320 out of 5,667) in preschool students aged 36-72 months, among the 320 strabismus students, 302 were diagnosed as comitant strabismus (CS) (Chen et al., 2016). Comitant strabismus is the most common type of strabismus characterized by constant angle of strabismus (deviation) in all directions of gaze (Robaei et al., 2006). With either eye used for fixation, the deviation angle remains unchanged. The etiology and pathophysiology of CS is complex and remains unclear. Several risk factors may have contributed to the onset or progress of CS, such as family history, systemic disease, genetic syndrome, dysfunction of extraocular muscles, as well as neuromuscular imbalance (Gunton et al., 2015). Stereopsis impairment and abnormal eye position are the main clinical manifestations of strabismus in adults. Meanwhile, CS children may suffer more severe complication. In addition to disabling diplopia and cosmetic consequence, it may further impair learning ability and result in psychosocial problem (Jackson et al., 2006; Chia et al., 2010). Other studies also showed psychiatric problems in CS patients, such as anxiety and depression (Cumurcu et al., 2011; Alpak et al., 2014). At present, surgical treatment is the most effective method of strabismus correction, which may be important not only for visual correction but also to improve cosmetic and social anxiety, especially in some groups of patients, such as graduates (Estes et al., 2020).

Previous studies showed brain changes in depressed patients, such as enhanced default mode network connectivity with ventral striatum, lower cortical thickness in the left frontal brain regions (Fonseka et al., 2016; Hwang et al., 2016). Another study found declined insular volume in patients with social anxiety (Kawaguchi et al., 2016). As mentioned above, depression and anxiety disorders were also revealed in CS patients, thus brain abnormalities may also exist in CS patients.

In fact, animal studies on strabismus have already revealed functional alterations in the visual cortex and connection changes between brain regions. Studies on strabismic monkeys demonstrated both structural (neuron loss) and functional (reduced metabolic activity) alterations in the primary visual cortex (Crawford and von Noorden, 1979; Adams et al., 2013). Moreover, Schmidt and Lowel (2006) made strabismus animal model via cats, they found that functional maps in area 17 were affected by experience-dependent manipulations, while those in area 18 remain still (Schmidt and Lowel, 2006).

With the development in magnetic resonance imaging technique, we are able to evaluate the human brain changes functionally and anatomically in resting-state (Biswal, 2012). The resting-state functional magnetic resonance imaging (rs-fMRI) method can provide important information about brain activity and it is widely used to investigate spontaneous functional magnetic resonance imaging signals (Zang et al., 2004; Wang et al., 2012; Song et al., 2021). Compared to task-based fMRI, rs-fMRI analyses signal without any specific task or an input, thus patients who have difficulty in accomplishing the task, i.e., pediatric patients, can still undergo rs-fMRI (Smitha et al., 2017).

The amplitude of low-frequency fluctuations (ALFF) is a common rs-fMRI technique used to investigate spontaneous brain activity at rest via measuring the blood-oxygen level-dependent (BOLD) signals (Logothetis et al., 2001; Zuo et al., 2010; Huang et al., 2015; Shao et al., 2015). ALFF reflects the amplitude of signal fluctuations in a single time series per voxel, not unlike the concepts of “power” or “energy” used in electroencephalogram studies. Statistically, it reflects the mean deviation, standard deviation or variance of signals in a given frequency band, which are all relative values. In contrast, fractional ALFF (fALFF) is a normalized parameter that reflects the contribution of specific low-frequency oscillations relative to the entire frequency range. It is less sensitive to physiological noise than that in ALFF method, indicating that fALFF may detect abnormal brain activities with higher sensitivity and specificity (Zou et al., 2008). The fALFF method has already been applied to study potential neuropathological mechanisms of ophthalmologic diseases such as monocular blindness, different kinds of glaucoma (Li et al., 2014, 2020; Fang et al., 2020; Wang et al., 2021), as well as neurogenic diseases like narcolepsy, idiopathic epilepsy and Parkinson’s disease (Qiao and Niu, 2017; Tang et al., 2017; Xiao et al., 2018). But to our knowledge it has not been used in CS. In this study, we used the fALFF method to investigate the relationship between CS and brain activity.



MATERIALS AND METHODS


Subjects

Twenty-eight patients with comitant strabismus and another twenty-eight healthy controls were recruited from the First Affiliated Hospital of Nanchang University. The diagnostic criteria of comitant strabismus were: (1) congenital strabismus; (2) stereovision defect (no visual fusion); (3) in the case of alternating strabismus, the strabismus angles were equal; (4) best corrected visual acuities > 1.0 in both eyes.

Twenty-eight healthy controls (HCs) were recruited, matched in terms of age range, sex ratio and education level and with uncorrected or best corrected visual acuity of 1.0 or better.

Participants who met any of the following conditions were excluded from the study: (1) acquired or incomitant strabismus, concealed oblique, and amblyopia, as well as diplopia; (2) history of intraocular or extraocular eye surgery; (3) history of eye diseases (infection, inflammation, ischemic diseases); (4) history of refractive error (myopia higher than −1.5D, hyperopes or anisometropes); (5) history of mental health disorders (such as anxiety disorder, obsessive-compulsive disorder, depression or schizophrenia), diabetes, cerebral infarction or cardiovascular diseases; (6) history of addictions (alcohol and/or drugs); (7) abnormality of brain parenchyma shown by MRI; 8) contraindication for MRI scanning.

All research methods were approved by the committee of the medical ethics of the First Affiliated Hospital of Nanchang University and were in accordance with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. All subjects were explained the purpose, method, potential risks and signed an informed consent form.



Administration of Hospital Anxiety and Depression Scale

The Hospital Anxiety and Depression Scale (HADS) is a simple yet reliable tool for assessing anxiety and depression (Snaith, 2003). For participants who were illiterate or were unable to read due to visual impairment, an investigator read the questionnaire aloud. In all participants, an investigator verbally explained the purpose of the questionnaire and its confidential nature.



Magnetic Resonance Imaging Scanning

Magnetic resonance imaging scanning was performed using a 3T MR scanner (Trio, Siemens, Munich, Germany). The subjects were in the supine position, wearing earplugs to reduce noise during scanning, and were required to stay awake with eye closed and maintain quiet breathing throughout the scanning period of 15 minutes. The range of head movement during scanning was < 3mm, and the head rotation range was <2.5°. The structural images were obtained using single-shot gradient-recalled echo planar imaging sequence with following parameters: repetition time/echo time = 1900/2.26 ms, flip angle = 9°, field of view = 250 × 250 mm, matrix = 256 × 256, slice thickness/gap = 1.0/0.5 mm, images = 176. Besides, each participant underwent three-dimensional metamorphic gradient echo pulse planar imaging with parameters as follows: repetition time/echo time = 2000/40 ms, flip angle = 90°, field of view = 220 × 220 mm, matrix = 64 × 64, slice thickness/gap = 4.0/1.0 mm, images = 240. 30 axial slices were obtained at each time point. The whole scanning time was 8 minutes and no substantial lesions of the brain were found.



Rs-FMRI Data Processing

For data acquisition and processing, MRIcron1 was employed to classify functional data and eliminate incomplete data. Statistical Parametric Mapping (SPM8)2 was used to preprocess rs-fMRI images. The processing protocols were as follows: (1) the original data were converted to Neuroimaging Informatics Technology Initiative (NIFTI) format; (2) The first 10 functional images were removed to balance the signal; (3) slice timing and head motion correction; (4) normalization of rs-fMRI images to the standard Montreal Institute of Neurology (MNI) templates and resampled to 3 × 3 × 3mm voxels; (5) image smoothing with a 6-mm full-width-half-maximum (FWHM) Gaussian to reduce spatial noise; (6) regression of covariates including six head movement parameters, mean framewise displacement, and average signals from white matter, cerebrospinal fluid, and global brain activity; (7) removal of linear trends.



fALFF Analysis

The fALFF method was used to analyze the fMRI data. The Resting-State fMRI Data Analysis Toolkit (REST)3 was used to convert time series data into the frequency domain and calculate the power spectrum. The fALFF value was calculated as the ratio of the low-frequency range (0.01–0.08 Hz) to the power spectrum of the entire frequency range (0–0.25 Hz). In addition, the fALFF value was normalized to the whole-brain mean fALFF to reduce inter-subject variability, and a band-pass filtering of 0.01-0.08 Hz was used to minimize deviation from heartbeats and respiratory rhythm.



Statistical Analysis

Brain areas with significant changes in frequency or overall fALFF were selected as regions of interest (ROIs). Two-sample t-tests were used to compare fALFF values at the ROIs between the CS and HC groups with sex and age as covariates to control for these factors. Receiver operating characteristic (ROC) curves were also used to assess sensitivity of the discrimination between mean fALFF values in the two groups. In addition, Pearson’s correlation was used to assess the relationship between fALFF and both disease duration and HADS score. Analyses were conducted using SPSS version 13.0 statistical software for Windows (SPSS, IBM Corp., United States), and statistical figures were generated by GraphPad Prism 8 software (the GraphPad Software, Inc. La Jolla, CA, United States). * meant P value < 0.05 and was considered statistically significant in all cases.




RESULTS


Demographics and Visual Measurements

No significant between-group differences were found (Table 1) in sex (p > 0.99), age (p = 0.324), weight (p = 0.585), handedness (p > 0.99), best-corrected VA-DE (p = 0.256), or best-corrected VA-FE (p = 0.212) between CS and HCs.


TABLE 1. The conditions of participants included in the study.

[image: Table 1]


RsfMRI-FALFF Results and Brain Regions

Significantly lower fALFF values were found in the CS compared with HC group in the Frontal_Sup_Medial_L and the Cingulum_Mid_R brain regions (p = 0.012 and p = 0.039, respectively) (Figures 1, 2). Corresponding voxels and coordinate are demonstrated (Table 2).


[image: image]

FIGURE 1. Significant differences in fALFF values between the CS group and HCs. The brain regions with different fALFF values are the Frontal_Sup_Medial_L and the Cingulum_Mid_R. The red areas denote higher fALFF brain regions and blue areas denote lower fALFF brain regions.



[image: image]

FIGURE 2. Significantly altered fALFF values in patients with CS compared with HCs. The significantly altered regions were located in the Frontal_Sup_Medial_L and the Cingulum_Mid_R. Red and blue areas denote regions with higher and lower fALFF, respectively (A). Statistical thresholds were set at P, 0.01 (two sample t-test, corrected for false discovery rate) with a minimum cluster size of 75 voxels (B, p = 0.012 and p = 0.039 respectively). *p < 0.05.



TABLE 2. Brain regions with significant differences in brain activities between CS and HCs.
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ROC Curve Analysis

ROC curve analysis was conducted using fALFF values of the two brain regions found to differ between the groups. The areas under the ROC curves were 0.960 (p < 0.001; 95% CI: 0.899-1.000) for Frontal_Sup_Medial_L and 0.929 (p < 0.001; 95% CI: 0.843-1.000) for the Cingulum_Mid_R (Figure 3).


[image: image]

FIGURE 3. ROC curve analysis of the fALFF values for altered brain regions. The area under the ROC curve were 0.960, (p < 0.001; 95% CI: 0.899-1.000) for Frontal_Sup_Media l_L, and 0.929, (p < 0.001; 95% CI: 0.843-1.000) for Cingulum_Mid_R.




Correlation Analysis of the fALFF Values and Clinical Measurements in Comitant Strabismus Patients

Mean Cingulum_Mid_R fALFF values in CS patients were negatively correlated with duration of the disease (r = −0.803, p < 0.0001) and with HADS score (r = −0.829, p < 0.0001) (Figures 4A,B). While in the Frontal_Sup_Medial_L, the fALFF values showed no correlation with duration of the disease (r = −0.156, p = 0.429) or HADS score (r = −0.126, p = 0.523) (Figures 4C,D).
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FIGURE 4. Correlation between the fALLF values of the two brain regions and course and HADS. In the CS group, the fALFF value of the Cingulum_Mid_R showed a negative correlation with the course (A, r = –0.803, p < 0.0001). The fALFF value of the Cingulum_Mid_R showed a negative correlation with the HADS (B, r = –0.829, p < 0.0001). The fALFF values of Frontal_Sup_Medial_L showed no correlation with the course of the disease (C, r = –0.156, p = 0.429) or HADS score (D, r = –0.126, p = 0.523).





DISCUSSION

The fALFF method can provide information about spontaneous brain activity, is considered to represent the process of spontaneity as well as function, and has been successfully applied in patients with ophthalmic and neurogenic diseases (Table 3). To our knowledge, however, this method has not previously been used in patients with comitant strabismus. In the present study, compared with healthy controls, significantly lower fALFF values were found in two brain regions, the left frontal lobe (Frontal_Sup_Medial_L) and the right cingulum (Cingulum_Mid_R), in patients with comitant strabismus. In addition, correlation analysis showed significant negative correlation between the fALFF values of the Cingulum_Mid_R and the duration of CS, as well as HADS score.


TABLE 3. fALFF method applied in ophthalmologic and neurogenic disease.
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While the fALFF method has not previously been used to assess spontaneous brain activities in patients with comitant strabismus, fMRI has been used with other analysis methods in research on comitant strabismus. Huang et al. used regional homogeneity (ReHo) methods to analyze brain activity in comitant strabismus and found significantly increased ReHo values in several brain areas, including the cingulate gyrus (Huang et al., 2016). In another ALFF study, congenital comitant strabismus patients showed significantly higher ALFF values in some brain regions, while lower values were found in others, such as the frontal gyrus (Tan et al., 2016). Previous research by our group measured degree centrality (DC) values in comitant exotropia strabismus patients and found contrasting changes in different brain regions, such as increased DC values in the bilateral anterior cingulate, and decreased values in part of the frontal gyrus (Tan et al., 2018). There are still similar fMRI studies using different methods, such as voxel-based morphometry study,(Ouyang et al., 2017) and pseudo-continuous arterial spin labeling study (Huang et al., 2018), which we may not discuss in detail here. These findings are in broad agreement with those of the present study, with abnormal activity in some brain regions of patients with comitant strabismus.

The frontal lobe is a large part of the brain comprising four subcortical circuits. Lesions in each circuit manifest different disorders, such as voluntary movement, behavioral status, and mental activity disorders (Krudop and Pijnenburg, 2015). Besides, some part of the frontal lobe is important in integrating visual function, the frontal eye field (FEF) is located in the frontal cortex and has the function of triggering eye movements and influencing their accuracy or latency. Previous studies in monkeys have found that the FEF may play an important role in controlling eye movements (Kovelman et al., 2015). In addition, research has shown that the left middle frontal gyrus is associated with strabismus and amblyopia (Thompson et al., 1996). Specifically, lower ALFF values were in the left middle frontal gyrus in strabismic amblyopia than in controls, suggesting abnormal FEF function in this condition. Three brain regions including the Frontal_Sup_Medial_L have been identified as functional candidate hubs in the process of network information transmission (Min et al., 2018). Our finding of significantly lower fALFF value in left Frontal Sup Medial region in comitant strabismus may therefore suggest abnormal network transmission in this condition.

The cingulate cortex, as an important part of the limbic system, has three major divisions. Each division is in charge of different functions: the anterior for emotion states such as depression and anxiety, the middle for decision making and response selection, and the posterior for visuospatial orientation (Vogt, 2019). Shinoura et al. (2013) found improved visual memory after tumorectomy, along with aggravating anxiety disorder. Since the tumors were located just above the right dorsal anterior cingulate cortex (ACC), they speculated the improvement mainly came from the compression of the right dorsal ACC. In another ReHo study by our group, we found increased ReHo values in cingulate cortex in patients with strabismus and amblyopia (SA), indicating that cingulate gyrus played a compensatory role in the progress of SA (Huang et al., 2016). Meanwhile, contradictory to the studies mentioned above, our present study found reduced fALFF values in the Cingulum_Mid_R of patients with comitant strabismus. Since patients in our study all have a normal best-corrected visual acuity (BCVA), which means amblyopia patients were excluded in the study, subject differences may explain the contradiction. Further studies with more grouped patients are needed to clarify our findings. The alteration of these two brain regions and its potential impact were summarized as follow (Table 4).


TABLE 4. Brain regions alternation and its potential impact.
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A negative correlation was also found between fALFF values of this region and the HADS score in patients with CS. As is well known, emotion plays an important role in most diseases, and as outlined above this brain region is related to depression, pain, and anxiety. On this basis, we hypothesized that patients with CS have anxiety and depression, and this was confirmed by HADS score analysis.

As mentioned above, animal experiments on strabismus displayed primary visual cortex change (Crawford and von Noorden, 1979; Adams et al., 2013). While in our present study, no significant difference was found in primary visual cortex. Since patients in our study all have a normal best-corrected visual acuity (BCVA), which means amblyopia patients were excluded in the study, we thought this may partially explain why no difference was found in primary visual cortex.

Some previous anatomical studies have shown a relationship between the Frontal_Sup_Medial_L and the Cingulum_Mid_R (Bubb et al., 2018; Xiao et al., 2018). In the present study, activity in both of these regions was reduced in patients with comitant strabismus. Their relationship suggests the possibility that the frontal lobe injury affected the cingulate gyrus through fibrous connections, causing secondary changes in the latter, and thus triggering symptoms of anxiety and depression. We further speculated that comitant strabismus, resulting from extraocular muscle dysfunction, leads to visual impairment, further contributing to anxiety and depression and alterations in brain activity (Figure 5).


[image: image]

FIGURE 5. Relationship between MRI images and clinical manifestations in CS. Strabismus results from extraocular muscle dysfunction, leads to visual impairment, further result in anxiety and depression and alterations in brain activity.


This study has some limitations. First, the sample size was not sufficiently large to subdivide patients into groups representing levels of visual acuity, strabismus angle, periods of disease development, and other variables. Larger sample rsfMRI studies may help better understand the explicit changes in brain activity and CS at different levels of severity or at different categories. Second, strabismus may cause psychological distress related to cosmesis, and this may have some impact on brain activity. Therefore, psychological factors should be considered to exclude the impact of emotional state. Finally, our study only showed microstructural changes in many brain regions in CS patients. Whether brain activity changes are secondary to strabismus or are the cause of strabismus remains unknown. In the future, larger, more in depth studies may help to address this question.



CONCLUSION

In conclusion, our study found significant abnormalities in two brain regions (Frontal_Sup_Medial_L and Cingulum_Mid_R) in patients with comitant strabismus. ROC analyses indicated high accuracy of the fALFF method for diagnosing CS patients. Correlation analyses demonstrated that changes in Cingulum_Mid_R might help the severity of CS and predicted the incidence of depression in the CS patients. In the future, further investigations are needed to form a comprehensive understanding of the neuropathological mechanisms of comitant strabismus.
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Aim: Resting state functional magnetic resonance imaging (rs-fMRI) was used to analyze changes in functional connectivity (FC) within various brain networks and functional network connectivity (FNC) among various brain regions in patients with high myopia (HM).

Methods: rs-fMRI was used to scan 82 patients with HM (HM group) and 59 healthy control volunteers (HC group) matched for age, sex, and education level. Fourteen resting state networks (RSNs) were extracted, of which 11 were positive. Then, the FCs and FNCs of RSNs in HM patients were examined by independent component analysis (ICA).

Results: Compared with the HC group, FC in visual network 1 (VN1), dorsal attention network (DAN), auditory network 2 (AN2), visual network 3 (VN3), and sensorimotor network (SMN) significantly increased in the HM group. FC in default mode network 1 (DMN1) significantly decreased. Furthermore, some brain regions in default mode network 2 (DMN2), default mode network 3 (DMN3), auditory network 1 (AN1), executive control network (ECN), and significance network (SN) increased while others decreased. FNC analysis also showed that the network connection between the default mode network (DMN) and cerebellar network (CER) was enhanced in the HM group.

Conclusion: Compared with HCs, HM patients showed neural activity dysfunction within and between specific brain networks, particularly in the DMN and CER. Thus, HM patients may have deficits in visual, cognitive, and motor balance functions.

Keywords: high myopia, resting state network, independent component analysis, functional connectivity, functional network connectivity


1. INTRODUCTION

High myopia refers to myopia of −6 diopter or worse, a common eye disease worldwide (Morgan et al., 2012). By 2050, the estimated number of individuals with myopia or HM will reach 4.758 billion (49.8% of the total population) (Holden et al., 2016). In the past two decades, the incidence of HM has been increasing worldwide, particularly in Asia (Morgan et al., 2018). There are many reasons for HM, including genetic factors, environmental factors, and birth season (Wu et al., 2016); environmental factors can be divided into outdoor activities, close work, education, sex, age, and urban environment (Xiang and Zou, 2020). The typical pathological features of HM include diffuse or patchy chorioretinal atrophy, posterior staphyloma, varicella fissure, Fuchs spot, chorioretinal neovascularization, fovea (Ohno-Matsui et al., 2015), and ocular shape changes; the most important pathological changes are ocular shape changes, which can affect the optical power of the eye (Huang et al., 2018). Importantly, these pathological changes often lead to gradual decline in vision (Saw, 2006). In addition, the foveal avascular area increases in HM patients, while the vascular density decreases; these changes are closely related to fundus lesions (Min et al., 2020). HM can also induces various specific complications, including cataract formation, peripheral retinal tear-induced retinal detachment, myopic foveoschisis, macular hole with or without retinal detachment, peripapillary deformation, dome-shaped macula, choroidal/scleral thinning, myopic choroidal neovascularization, glaucoma, and potential blindness (Ikuno, 2017). Although the current ophthalmic examination enables a clear diagnosis of HM and its complications, there have been few studies of whether myopia can lead to changes in brain activity. In addition, Zhang X. W. et al. (2020) reported that HM patients had different amplitude of low-frequency fluctuations and default mode networks (DMNs), implying that cognitive function is influenced by HM. However, the pathophysiological mechanism by which HM causes changes in cognitive function remains unclear.

In recent years, resting state functional magnetic resonance imaging (rs-fMRI) has been widely used to analyze changes in brain network function among HM patients. Functional magnetic resonance imaging (fMRI) uses blood oxygen level-dependent (BOLD) signals that measure blood oxygen levels in the brain, which are determined by the amounts of oxygenated and deoxygenated hemoglobin. By measuring the strengths of these signals, fMRI can reflect the excitation states of neurons in the brain (Azeez and Biswal, 2017). The main advantage of rs-fMRI is that the signal can be repeatedly captured in a short period of time because BOLD signals do not require an external tracer; they provide comparisons of changes in the concentrations of oxygenated and deoxygenated hemoglobin during functional hyperemia (Hyder and Rothman, 2012). Although rs-fMRI is a non-interventional technique, it can accurately and reliably locate specific cortical areas of brain activity in space and time; it can simultaneously perform repeated scans of the target and track signal changes in real time. Using this technology, Zhai et al. (2016) demonstrated that FC was significantly reduced between the ventral attention and frontoparietal control networks in HM patients. Nelles et al. (2010) demonstrated that frontoparietal network activation was greater in ametropic patients than in normal controls. In a previous study, we showed that the low-frequency fluctuation amplitude was significantly reduced in the bilateral inferior frontal gyrus of HM patients, implying that HM patients have language comprehension and attention control disorders (Huang et al., 2016). However, the above studies have not performed sufficiently comprehensive neuroimaging analyses of spontaneous neural activity and brain network function changes in HM patients.

Independent component analysis (ICA) is a mathematical tool that can separate a series of mutually independent source signals from an observed mixture of unknown source signals, thereby solving the blind source separation problem. Electroencephalogram signals meet most assumptions of ICA (Urrestarazu and Iriarte, 2005); thus, ICA is particularly suitable for analyses of changes in brain network function among HM patients. In recent years, ICA technology has been widely used in studies of neuropsychiatric diseases, including brain network research in patients with stroke, Parkinson’s disease, and other diseases (Zhu et al., 2014, 2021). To our knowledge, the present study represents the first use of ICA to study spontaneous brain activity in HM patients, then to explore the relationship of spontaneous brain activity with behavioral performance in those patients.



2. PARTICIPANTS AND METHODS


2.1. Participants

This study included 82 HM patients and 59 healthy controls (HCs) who underwent examinations from August 2021 to December 2021 in the Department of Ophthalmology at the First Affiliated Hospital of Nanchang University. All participants were matched for age, sex, and education level. Individuals with brain diseases were excluded on the basis of medical history and physical examination findings. All participants underwent examinations in the same setting, and provided written informed consent to be included in the study. All procedures were performed in accordance with the Declaration of Helsinki; ethical approval was obtained from the Medical Ethics Committee of the First Affiliated Hospital of Nanchang University (Jiangxi Province, China).

The inclusion criteria for HM patients were: binocular vision of −6 diopters or worse; corrected visual acuity better than 1.0; and the completion of MRI-related examinations, optical coherence tomography, ultrasonography, and other ophthalmic examinations. The exclusion criteria for HM patients were: binocular vision of better than −6 diopters; history of ocular trauma or ophthalmic surgery; and/or neurological disorders and cerebral infarction.

Healthy controls were randomly selected from Nanchang City on the basis of their age, sex, and education level. All HCs met the following requirements: no eye diseases; no major diseases, such as neurological disorders or cerebral infarction; uncorrected vision or visual acuity better than 1.0; and the completion of MRI-related examinations, optical coherence tomography, ultrasonography, and other ophthalmic examinations.



2.2. fMRI Data Acquisition

All MRI data were obtained using a 3-TeslaTrio magnetic resonance imaging scanner system (Trio Tim, Siemens Medical Systems, Erlangen, Germany). These data included conventional T2-weighted imaging (T2WI) and fluid-attenuated inversion recovery (FLAIR) imaging for diagnostic and radiological assessment, along with high-resolution T1-weighted imaging (T1WI) for cortical surface complexity analyses. In this study, three-dimensional high-resolution T1WI parameters were as follows: repetition time/echo time = 1900/2.26 ms; field of view = 215 × 230 mm; matrix = 240 × 256; and 176 sagittal slices with thickness of 1.0 mm. Turbo spin echo-imaging sequence for T2WI scans was performed using the following parameters: repetition time/echo time = 5100/117 ms; field of view = 240 × 240 mm; matrix = 416 × 416; number of excitations = 3; echo train length = 11; and 22 axial slices with thickness of 6.5 mm. FLAIR imaging was performed using the following parameters: repetition time/echo time/inversion time = 7000/79/2500 ms; 50 slices; 240 × 217 matrix; and 0.43 × 0.43 × 2 mm3 voxels.



2.3. fMRI Data Processing

Statistical parameter mapping (SPM 12)1 was performed using the brain imaging data processing and analysis toolbox (DPABI2). Raw data were preprocessed as follows. First, the initial 10 time points of fMRI data were deleted to maintain the signal balance. Second, images were converted from DICOM format to NIFTI format. Third, slice timing correction, head motion correction, and interference covariate removal were performed for the remaining data. During preconditioning, if the participant’s head movement showed x-axis, y-axis, or z-axis rotation of >2.5° or >2.5 mm, the participant was excluded. Fourth, a single three-dimensional Bravo image was registered to the fMRI mean data; T1-weighted images were analyzed using the exponential Lie Algebra (DARTEL) toolbox to improve the spatial accuracy of fMRI data standardization. Fifth, the standardized data were resected at a resolution of 3 × 3 × 3 mm within the Montreal Neurological Institute (MNI) space. Finally, an isotropic Gaussian kernel of 6 × 6 × 6 mm full width at half maximum was used for spatial smoothing to reduce spatial noise and errors caused by spatial standardization.



2.4. Independent Component Analysis

Using group ICA of fMRI toolbox [GIFT (Calhoun et al., 2001)] software3 (version 3.0b), ICA was conducted to convert the preprocessed data into independent components. The process was as follows. First, the software estimated 36 independent components and calculated the spatial correlation of BOLD signals by using the minimum description length criterion. Second, all data for each participant were simplified. The compressed data set of each participant was joined into a group; the aggregated data set was dimensionally reduced using principal component analysis. Third, the independent components of each participant were reverse-reconstructed by ICA at the group level. Fourth, components of the brain network were screened using the following criteria: the spatial coordinates of the peak value of the brain network were located in the gray matter of the brain; there were no obvious blood vessels in the distribution of the brain network; and the brain network signal was a low frequency signal (0.1–0.25 Hz). Seven RSNs were identified in this study: VN, AN, DMN, SN, DAN, SMN, and ECN.



2.5. Statistical Analysis

SPSS version 20.0 software (SPSS Inc., Chicago, IL, United States) was used for statistical analysis. The means and standard deviations of sex, age, and axial length were determined in the HM and HC groups.




3. RESULTS


3.1. Demographics and Visual Measurements

This study included 89 HM patients (41 men and 48 women, mean age 26.23 ± 5.462 years) and 59 HCs (24 men and 35 women, mean age 25.78 ± 3.102 years). Demographic characteristics are shown in Table 1.


TABLE 1. Demographic and clinical characteristics of HM and HC groups.
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3.2. Spatial Pattern of Resting State Networks in Each Group

Figure 1 shows the typical spatial pattern in each RSN in the HM group. The visual network (VN) comprised the middle occipital gyrus, superior occipital gyrus, temporal-occipital regions, and fusiform gyrus; the auditory network (AN) comprised the bilateral middle and superior temporal gyrus. The cerebellar network (CER) comprised the cortex and medulla (parietal nucleus, intermediate nucleus, and dentate nucleus); the DMN comprised the posterior cingulate cortex, precuneus, medial prefrontal cortex, inferior parietal lobule, and lateral temporal cortex. The sensorimotor network (SMN) comprised the precentral gyrus, postcentral gyrus, and supplementary motor area; the salience network (SN) comprised the anterior insula and dorsal anterior cingulate cortex. The executive control network (ECN) comprised the dorsolateral frontal cortex and posterior cingulate cortex; the dorsal attention network (DAN) comprised the inferior parietal cortex, frontal eye motor area, auxiliary motor area, insular lobe, and dorsolateral prefrontal cortex.


[image: image]

FIGURE 1. Typical spatial patterns of each RSN in HM group: visual network (VN), auditory network (AN), cerebellar network (CER), default mode network (DMN), sensorimotor network (SMN), saliency network (SN), executive control network (ECN), and dorsal attention network (DAN).




3.3. Resting State Network Changes in the High Myopia Group

Figure 2 shows the functional connectivity in each RSN in HM group. In VN1, the functional connectivity of the right middle occipital gyrus increased; in AN1, the functional connectivity of the left middle temporal gyrus decreased, while the functional connectivity of the left superior temporal gyrus increased. In DMN1, the functional connectivities of the left caudate nucleus and right anterior cingulate gyrus both decreased. In SN, the functional connectivity of the left middle occipital gyrus decreased, while the functional connectivity of the left insula increased. In DAN, the functional connectivity of the left parietal inferior gyrus region increased. In DMN2, the functional connectivities of the right medial superior frontal gyrus and right middle cingulate gyrus increased, while the functional connectivity of the left middle cingulate gyrus decreased. In AN2, the functional connectivity of the left central posterior gyrus region increased; in VN3, the functional connectivity of the right talar fissure region increased. In DMN3, the functional connectivity of the left precuneus region decreased, while the functional connectivities of the left angular gyrus and right precuneus region both increased. In SMN, the functional connectivities of the left posterior central gyrus and right anterior central gyrus both increased. In ECN, the functional connectivity of the right middle temporal gyrus decreased, while the functional connectivities of the left middle frontal gyrus, left inferior parietal gyrus, and left medial superior frontal gyrus all increased. The changes of RSN in HM group are shown in Table 2.


[image: image]

FIGURE 2. In the HM group, 11 brain regions of RSNs were significantly different (P < 0.01; GRF correction, cluster-level P < 0.05): visual network 1 (VN1), auditory network 1 (AN1), default mode network 1 (DMN1), significance network (SN), dorsal attention network (DAN), default mode network 2 (DMN2), auditory network 2 (AN2), visual network 3 (VN3), default mode network 3 (DMN3), sensorimotor network (SMN), and executive control network (ECN). BrainNet Viewer images show increased (warm colors) and decreased (cool colors) FC connectivities in the HM group.



TABLE 2. Intranetwork FCs of RSNs in the HM group.
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3.4. Analysis of Functional Network Connections in the High Myopia Group

Figure 3 shows that functional connections of brain networks in HM group were analyzed by FNC technique. Network connections between DMN and CER were enhanced in the HM group (P < 0.05).


[image: image]

FIGURE 3. (A) Analysis of whole-brain functional network connectivity intensity allowed calculation of differences between HM and HC groups (P < 0.05, two-sample t-test). Yellow lines represent better functional connectivity than in HC group, while blue lines represent weaker functional connectivity than in HC group. (B) Group averaged static functional connectivity between independent component pairs was computed using overall resting state data. Values in the correlation matrix represent Fisher’s z-transformed Pearson correlation coefficients.





4. DISCUSSION

To our knowledge, this is the first exploration of the changes and clinical characteristics of FC and FNC in the RSNs of HM patients. We found that, in HM patients, FC levels increased in VN1, AN2, DMN1, DMN2, DMN3, and SN; FC levels decreased in AN1 and ECN; and FC levels in DAN, VN3, and SMN both increased and decreased. Furthermore, the FNC of HM patients increased between DMN, AN, VN, SN, DAN, and SMN.

The VN is located in the occipital cortex at the temporal lobo-occipital junction, which has an important role in visual information processing (Wang et al., 2008). The main pathological changes in the VN of HM patients are excessive increase in ALM, the presence of posterior staphyloma, and multiple retinal and choroidal lesions (Liu et al., 2010; Ohno-Matsui et al., 2015). In addition, HM patients exhibit abnormalities in the visual cortex (Mirzajani et al., 2011). Zhang et al. (2021) reported that the response to spatial frequency visual stimuli was significantly reduced in HM patients; moreover, the resting state FC density between the superior limbic gyrus and the anterolateral prefrontal cortex was significantly reduced. Cheng et al. (2020) showed that FC density in the posterior cingulate cortex/anterior lobe region was significantly reduced in HM patients. Zou et al. (2021) demonstrated increased FC density between the VN and AN in patients with chronic migraine. Here, we found increased FC density in the right middle occipital gyrus and right talus fissure in HM patients. Taken together, the current and previous results show that long-term HM may lead to changes in FC density in the VN. Therefore, we speculate that HM patients have impaired visual function.

The AN is located in the temporal lobe and has an important role in auditory information processing. There is increasing clinical evidence that HM patients have impaired hearing function. Zhai et al. (2016) showed that FC density in the inferior temporal gyrus significantly decreased in HM patients. In addition, MRI analysis of chronic migraine patients showed that FC decreased in the AN, resulting in auditory disorders such as speech phobia (Moseley and Vlaeyen, 2015; Cordier and Diers, 2018). Zhou et al. (2019) demonstrated that FC density between the right inferior temporal gyrus and the right anterior central gyrus was enhanced in patients with tinnitus, while the right middle frontal gyrus showed a decrease in FC density between the bilateral cingulate gyrus and the left anterior central gyrus. Furthermore, we found showed that FC density in the left middle temporal gyrus of AN1 decreased in HM patients, while the FC density in the left superior temporal gyrus increased; additionally, FC density increased in the left postcentral gyrus region of AN2. Therefore, we speculate that HM patients have problems with auditory function. The specific underlying neural mechanism is unclear; we plan to investigate it in future studies.

The DMN consists of multiple brain regions, including the medial prefrontal cortex, posterior cingulate cortex, inferior parietal cortex, and anterior lobe (Raichle, 2015). The DMN has been linked to a wide range of neuropsychiatric disorders, including Alzheimer’s disease, autism, schizophrenia, and epilepsy. The DMN has an important role in self-referential thinking and reflection because it shows consistently high blood oxygen-dependent activity during rest (Raichle et al., 2001). There is increasing evidence that disorders of the central nervous system can lead to DMN abnormalities. Zuo et al. (2018) reported that when the brain shifts from a resting state to a low load state, FC density increases in the DMN; the VN also strengthens its interactions with other brain networks. Zhu et al. (2017b) showed that FC density in front of the DMN decreased in areca-dependent patients. Here, we found that FC density in the left caudate nucleus and the right angular gyrus of DMN1 decreased in HM patients; in DMN2, the FC density in the right medial superior frontal gyrus and the middle region of the right cingulate gyrus both increased, while the FC density in the middle region of the left cingulate gyrus decreased. Additionally, the FC density in the left angular gyrus and the right precuneus region of DMN3 increased, whereas the FC density in the left precuneus region decreased. Therefore, we speculate that HM patients have cognitive function impairment.

The SN, located in the dorsal anterior cingulate gyrus and anterior insula, guides behavior by participating in recognition of the most relevant stimuli (Menon and Uddin, 2010); it has an important role in the detection and location of explicit inputs and task control (Zhou et al., 2018). Zhang et al. (2019) demonstrated that the cortisol stress response level is associated with increasing FC density in the SN. The SN is also a key network for the detection of behavior-related stimuli, as well as the coordination of responses to such stimuli. Wang et al. (2016) reported that FC density in the SN decreases in schizophrenic patients, while the time of internal connection in the SN increases in a dynamic manner. Therefore, Sn dysfunction may be caused by the reduction of internal connection stability in the network. We found that FC density increased in the left insular region of the SN and decreased in the left middle occipital gyrus region of the SN in HM patients. Overall, the current and previous results indicate that long-term neurological disease may lead to changes in FC density in the SN. Therefore, we speculate that HM patients have impaired attention and working memory function.

The SMN is composed of subcortical areas such as the cerebellum, basal ganglia, and thalamus (Middleton and Strick, 2000), which can regulate bilateral body balance and control movement (Serrien et al., 2002). Liu et al. (2016) showed that movement disorders in stroke patients are related to abnormal FC density in the SMN or sensorimotor cortex. Acupuncture in stroke patients can increase FC density between the DMN and SMN (Cai et al., 2018). Zhang et al. (2018) reported that FC density in the SMN decreased in patients with lower limb amputation; FC changes in the brain revealed subcortical SMN abnormalities after amputation, highlighting the role of subcortical areas in SMN reorganization after lower limb amputation. In the present study, we found that FC density in the left postcentral gyrus and right precentral gyrus regions of the SMN increased in HM patients. Therefore, we speculate that HM patients have poor body balance and exhibit motor control disorders.

The DAN is composed of connected areas among the bilateral intraparietal sulcus, central anterior sulcus, and superior frontal sulcus (i.e., frontal eye movement area), which can provide top-down attention orientation. Thus, when the DAN is activated in daily life, it supports focused and efficient work. Xia et al. (2015) reported that FC density in the DAN of type 2 diabetes mellitus patients increased or decreased among regions, reflecting neurobehavioral defects in such patients. Wang et al. (2019) showed that FC density in the DAN decreased in patients with Alzheimer’s disease and mild cognitive impairment. Functional interactions between the DAN and DMN are dynamic at all stages of life; changes in FC density in the DAN may affect DMN function. Here, we found that FC density in the left inferior parietal gyrus of DAN increased in HM patients. Therefore, we speculate that HM patients exhibit impaired concentration and attention orientation.

The ECN is composed of the medial prefrontal cortex, cingulate gyrus, and posterior parietal cortex; these areas participate in activity inhibition and emotion, as well as multiple higher cognitive tasks, including adaptive cognitive control (Seeley et al., 2007). Zhu et al. (2018) demonstrated that FC density in the ECN decreased in patients who abstain from alcohol for an extended period; this FC density provided critical information for identifying alcoholism. Zhang Z. et al. (2020) showed that FC density in the right ECN decreased in patients with right frontal lobe epilepsy, while the FC density in the left ECN increased. These results suggest that repeated seizures and sustained epilepsy-related damage may lead to interaction disorders of core brain regions in the ECN, affecting network stability and consistency; these changes may lead to overall functional decline. Our study found that FC density in the left middle frontal gyrus, left inferior parietal gyrus, and left medial superior frontal gyrus of the ECN increased in HM patients, while the FC density in the right middle temporal gyrus decreased. Therefore, we speculate that HM patients experience obstacles to adaptive cognitive control.

Traditionally, HM is regarded as a visual impairment disorder; however, our FNC analysis showed that the network connection between the DMN and CER is enhanced in HM patients, indicating that visual impairment in HM patients may cause impairments in cognitive and balance functions. Zhang D. et al. (2020) showed that the network connection between the DMN and CER was weakened in patients with type 2 diabetes mellitus; this particularly affected the network connection between the bilateral cerebellar region IX and the right wedge/precuneus. The precuneus is the key hub of the DMN, with a vital role in emotional management (Sheline et al., 2009); the CER is also involved in emotional management. An abnormal connection between the left cerebellum and the posterior cortex/anterior lobe of the cingulate gyrus may be predictive of suicidal behavior in depressed adolescents (Zhang et al., 2016). Wang et al. (2017) studied the resting states of the cerebellar hemisphere and its subregions in 228 healthy adults; they found that network connections in various parts of the cerebellum were related to the DMN. Previous studies have shown that patients with alcoholism have weakened connections within the DMN, as well as between the DMN and other networks (including the CER) (Müller-Oehring et al., 2015; Zhu et al., 2017a). Wang et al. (2014) showed that visual loss can cause changes in high-level cognitive networks. Based on the above findings, we speculate that HM patients experience difficulty with cognitive and balance functions.

There were some limitations in this study. First, it constituted a small experimental analysis; we could not conclusively determine whether HM patients have non-visual dysfunctions (e.g., cognitive and balance functions); additional studies are needed to investigate these relationships. Second, although all participants underwent fMRI in the absence of any task requirement, the direct flow signals were presumably affected by physiological noise. Third, HM patients may have visual impairment complications (e.g., omental detachment, macular hole, and macular hemorrhage), which may cause changes in brain function that could influence the results of fMRI.



5. CONCLUSION

Through analyses of the FC within each brain network and the FNC between brain networks of HM patients and HCs, we found that HM patients may have defects in visual, cognitive, and motor balance functions, suggesting that abnormalities in FC may contribute to clinical symptoms in HM patients. Our results provide new insights concerning the pathophysiological mechanisms in HM. Furthermore, our report may support the use of rs-fMRI as a valuable, non-invasive examination of HM patients in regular clinical practice.
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Purpose: The primary angle-closure glaucoma (PACG) is an irreversible blinding eye disease in the world. Previous neuroimaging studies demonstrated that PACG patients were associated with cerebral changes. However, the effect of optic atrophy on local and remote brain functional connectivity in PACG patients remains unknown.

Materials and Methods: In total, 23 patients with PACG and 23 well-matched Health Controls (HCs) were enrolled in our study and underwent resting-state functional magnetic resonance imaging (rs-fMRI) scanning. The regional homogeneity (ReHo) method and functional connectivity (FC) method were used to evaluate the local and remote brain functional connectivity. Moreover, support vector machine (SVM) method was applied to constructing PACG classification model.

Results: Compared with the HC, PACG patients showed increased ReHo values in right cerebellum (CER)_8, left CER_4-5, and right CER_8. In contrast, PACG patients showed decreased ReHo values in the bilateral lingual gyrus (LING)/calcarine (CAL)/superior occipital gyrus (SOG) and right postcentral gyrus (PostCG). The ReHo value exhibited an accuracy of 91.30% and area under curve (AUC) of 0.95 for distinguishing the PACG patients from HC.

Conclusion: Our study demonstrated that the PACG patients showed abnormal ReHo value in the cerebellum, visual cortex, and supplementary motor area, which might be reflect the neurological mechanisms underlying vision loss and eye pain in PACG patients. Moreover, the ReHo values can be used as a useful biomarker for distinguishing the PACG patients from HCs.

Keywords: primary angle-closure glaucoma, functional magnetic resonance imaging, regional homogeneity, functional connectivity, support vector machine


INTRODUCTION

Glaucoma is the second leading cause of blindness globally; the number of patients with glaucoma is expected to increase to 79.6 million by 2020 (Quigley and Broman, 2006). Patients with glaucoma exhibit high intraocular pressure and optic atrophy. Glaucoma can be stratified into open-angle and closed-angle types. The risk factors for glaucoma include genetic (Wiggs and Pasquale, 2017) and environmental components (Lowe, 1972). Although medications and surgical procedures are the primary treatments for glaucoma, there is no effective treatment for advanced glaucoma. Neuroimaging studies have increasingly shown that the glaucoma causes optic nerve atrophy and damage to the visual pathway, including the visual cortex (Gupta et al., 2006; Gupta and Yucel, 2007).

The loss of retinal ganglion cells (RGCs) is the most important pathological change in PACG. The optic atrophy leads to transsynaptic neurodegenerative changes in visual pathways (Nucci et al., 2015; Mancino et al., 2018). Functional magnetic resonance imaging (fMRI) methods have been extensively used to detect abnormalities in brain structure and function in glaucoma patients. Wang et al. demonstrated that PACG patients had significantly lower fractional amplitude of low-frequency fluctuation (fALFF) values in the left cuneus, middle temporal gyrus, and right precentral gyrus; they had higher fALFF values in the bilateral superior frontal gyrus (Wang Q. et al., 2021). Chen et al. reported that the PACG patients showed increased short-range functional connectivity density (FCD) in the left inferior frontal gyrus (IFG)/insula/parahippocampal gyrus and right IFG/insula; they had decreased short-range FCD in the occipital lobe/cuneus/precuneus/superior parietal lobe/postcentral lobe (Chen et al., 2019). In an analysis of high-tension glaucoma patients, Wang et al. found the decreased functional connectivity (FC) within the visual network (Wang et al., 2020a). Moreover, Wang et al. demonstrated that primary open-angle glaucoma (POAG) patients had reduced cerebral blood flow (CBF)–functional connectivity strength (FCS) coupling and an altered CBF/FCS ratio in the visual cortex, salience network, default mode network (DMN), and dorsal attention network (Wang R. et al., 2021). Thus, glaucoma mainly causes abnormal function in the visual cortex. Additionally, glaucoma is accompanied by changes in brain structure. Wang et al. reported that high-tension glaucoma patients showed morphological reductions in visual and non-visual areas throughout the brain (Wang et al., 2020b). Furlanetto et al. reported that glaucoma patients had smaller optic nerve dimensions and shorter lateral geniculate nuclei compared to healthy controls (HCs) (Furlanetto et al., 2018). To our knowledge, the previous neuroimaging studies demonstrated that the glaucoma patients were accompanied by vision and vision-related brain region dysfunction. There have been few studies regarding the synchrony of neural activity changes in PACG patients. Thus, we assume that the PACG patients might be associated with abnormal local and remote brain functional connectivity.

The resting human brain exhibits homogeneous neural activity, which has an important role in visual function (Costa et al., 2017). Recently, fMRI has been used to investigate the changes in spontaneous neural activity in the human brain. Regional homogeneity (ReHo) analysis can be used to investigate the homogeneity of neural activity by measuring the functional coherence or synchronization of a particular voxel with its nearest voxels (Zang et al., 2004). ReHo analysis has revealed changes in the homogeneity of neural activity in vision-related diseases such as iridocyclitis (Tong et al., 2021) and dysthyroid optic neuropathy (Jiang et al., 2021). In addition to its high spatial and temporal resolution, ReHo analysis provides robust repeatability. In contrast to other fMRI technologies, ReHo method is data-driven technology without preliminary assumption. Moreover, the ReHo method can reflect the neural activity of the whole brain. Thus, ReHo analysis is suitable for non-invasive exploration of changes in neural activity within the brain. In recent years, the combined development of MRI and machine learning technology has provided powerful diagnostic tools. MRI-related machine learning has been successfully applied for accurate clinical classification and diagnosis of many diseases (Han et al., 2019; Niu et al., 2021). Support vector machine (SVM) is a popular tool for fMRI data analysis. SVM can provide a unique solution with a good out-of-sample generalization and an implicit implementation of non-linear classification using the kernel technique. SVM has been used to perform supervised classifications of specific brain functional states/disorders in a variety of task conditions. However, to our knowledge, there have been few studies concerning MRI-related machine learning in PACG patients.

Thus, the present study was performed to investigate the changes in the homogeneity of neural activity in PACG patients. We have investigated the changes in remote FC in PACG patients by region of interest (ROI) analysis by means of the ReHo technique. Moreover, a SVM method was used to determine whether aberrant ReHo could reliably distinguish PACG patients from HCs.



MATERIALS AND METHODS


Participants

In total, 23 patients with PACG (10 men and 13 women) were enrolled from the Department of Ophthalmology, Jiangxi Provincial People’s Hospital. The diagnostic criteria of PACG were: (1) the intraocular pressure is greater than 21 mmHg in both eyes; (2) optic disc/cup area > 0.6; (3) typical vision field defect (paracentric obscura, arcuate obscura, nasal ladder, fan-shaped field defect, and peripheral field defect); (4) without any other ocular diseases (high myopia, optic neuritis, strabismus, amblyopia, cataracts, and retinal degeneration). The diagnosis of PACG was conducted by two experienced ophthalmologists. All glaucoma patients underwent anterior chamber angioscopy to make sure the front corner is open. The exclusion criteria of PACG were: (1) advanced PACG patients are associated with severe eye pain; (2) PACG patients with history of surgery; (3) PACG patients with glaucoma-related eye complications such as neovascular glaucoma POAG, secondary glaucoma cataracts, eye atrophy, and corneal edema.

Twenty-three patients’ healthy controls (HCs) (10 men and 13 women) were also recruited for this study. The inclusion criteria: (1) without any ocular disease with uncorrected visual acuity (VA) > 1.0; (2) no cardiovascular system diseases and no psychiatric disorders.



Ethical Statement

All research methods were followed the Declaration of Helsinki and were approved by the Ethical Committee for Medicine of Jiangxi Provincial People’s Hospital. Participants were enrolled in the study of their own accord and were informed of the purpose, methods, as well as potential risks before signing an informed consent form.



Clinical Evaluation

The VA of all subjects was measured using the logMAR table and intraocular pressure was assessed by the automatic intraocular pressure measurement. The best-corrected VA and intraocular pressure of both eyes were measured in the each group.



Magnetic Resonance Imaging Data Acquisition

The MRI scanning was performed on a 3-Tesla MR scanner (750W GE Healthcare, Milwaukee, WI, United States) with an eight-channel head coil. All participants were required to close their eyes without falling asleep when undergoing MRI scanning. The subjects should be keep calm and not engage in specific thoughts. The T1 parameters (repetition time = 8.5 ms, echo time = 3.3 ms, thickness = 1.0 mm, gap = 0 mm, acquisition matrix = 256 × 256, field of view = 240 × 240 mm2, and flip angle = 12°) and 240 functional images parameters (repetition time = 2,000 ms, echo time = 25 ms, thickness = 3.0 mm, gap = 1.2 mm, acquisition matrix = 64 × 64, field of view = 240 × 240 mm2, flip angle = 90°, voxel size = 3.6 × 3.6 × 3.6 mm3, and 35 axial slices) covering the whole brain were obtained.



Data Pre-processing

All preprocessing was performed using the toolbox for Data Processing and Analysis of Brain Imaging (DPABI1) (Yan et al., 2016) and briefly following the steps: (1) The first 10 volumes of each subject were removed. (2) Slice timing and head motion correction were conducted. (3) Normalized fMRI data were re-sliced with a resolution of 3 × 3 × 3 mm3. (4) Data detrends. (5) Linear regression analysis was applied to regress out several covariates (mean frame-wise displacement, global brain signal, and averaged signal from cerebrospinal fluid and white matter). (6) Temporal band-pass filtering was performed (0.01–0.08 Hz).



Regional Homogeneity Analysis

The ReHo index was calculated by the DPABI software. All ReHo maps of each voxel were z-transformed with Fisher’s r-to-z transformation to reduce the influence of individual variation for group statistical comparisons.



Functional Connectivity Analysis

The seed-based FC was used to investigate the remote FC ROI in different ReHo-related brain regions between two groups. Then we calculated the Pearson’s correlation coefficient between the representative time series of each seed ROI and every other voxel in the whole brain in the voxel-wise method. Finally, the generated correlations-coefficient maps were converted to Z values with Fisher’ r-to-z transformation to reduce the impacts of individual variations for group statistical comparisons.



Support Vector Machine Analysis

The SVM algorithm was performed using the Pattern Recognition for Neuroimaging Toolbox (PRoNTo) software Cyclotron Research Centre, University of Liège, Belgium (Schrouff et al., 2013). The following steps were followed: (1) dataset specification, (2) the ReHo maps served as a classification feature, (3) Then, the leave-one-out cross-validation (LOOCV) technique was applied to perform SVM classifier validation for model estimation. In each LOOCV fold, FC data from n – 1 samples were selected as the training dataset to train the classification model. (4) The total accuracy, specificity, sensitivity, and area under the receiver operating characteristic curve (AUC) were calculated.



Statistical Analysis

The independent sample t-test was used to investigate the clinical features between the two groups.

The one-sample t-test was conducted to assess the group mean of ReHo maps. The two-sample t-test was used to compare the two group differences in the ReHo and FC maps using the Gaussian random field (GRF) method (two-tailed, voxel-level p < 0.01, GRF correction, and cluster-level p < 0.05).




RESULTS


Demographics and Disease Characteristics

There were no statistically significant differences between the PACG and HC groups in gender (p > 0.999), education (p = 0.506), or age (p = 0470), but significant differences in BCVA of right eye (p < 0.001) and left eye (p < 0.001). The results of these data were listed in Table 1.


TABLE 1. Demographic and clinical measurements between patients with primary angle-closure glaucoma (PACG) and healthy controls (HCs).
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Comparisons of Regional Homogeneity Between Patients With Primary Angle-Closure Glaucoma and Health Control

The group means of ReHo maps of the PACG and HC are shown in Figures 1A,B. Compared with the HCs, PACG patients showed significantly increased ReHo values in the right cerebellum (CER)_8 and left CER_4-5. Meanwhile, PACG patients showed decreased ReHo values in the bilateral lingual gyrus (LING)/calcarine (CAL)/superior occipital gyrus (SOG) and right postcentral gyrus (PostCG) (Table 2 and Figure 2A). The mean values of altered ReHo values were shown with a histogram (Figure 2B).


[image: image]

FIGURE 1. One-sample t-test results of regional homogeneity (ReHo) maps within the primary angle-closure glaucoma (PACG) (A) and One-sample t-test results of ReHo maps within the healthy control (HC) (B). ReHo, regional homogeneity; PACG, primary angle-closure glaucoma; HC, healthy control.



TABLE 2. Significant differences in the regional homogeneity (ReHo) between two groups.
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FIGURE 2. Different ReHo between the PACG and HC group. The red denotes higher ReHo values, and the blue areas indicate lower ReHo values (voxel-level p < 0.01, GRF correction, cluster-level p < 0.05) (A). The mean of altered ReHo values between patients with PACG and HCs (B). ReHo, regional homogeneity; PACG, primary angle-closure glaucoma; HC, healthy control; CER, cerebellum; LING, lingual gyrus; CAL, calcarine; SOG, superior occipital gyrus; PostCG, postcentral gyrus.




Differences in Functional Connectivity

The seed-based FC was used to investigate the remote FC between two groups with ROI in the five different ReHo brain regions: (1) ROI in R_CER_8, the PACG patients showed decreased FC between the R_CER_8 and R_IPL, L_IFG, R_SFG (Table 3 and Figure 3A). (2) ROI in L_CER_4-5, the PACG patients showed decreased FC between the L_CER_4-5 and R_CER_8, R_CER_4_5, L_MFG, R_MFG, L_PreCUN (Table 3 and Figure 3B). (3) ROI in R_CER_8, the PACG patients showed decreased FC between the L_INS, and L_ACC, R_ANG, L_PreCUN (Table 3 and Figure 3C). (4) ROI in B_LING/CAL/SOG, the PACG patients showed decreased FC between the B_LING/CAL/SOG and R_CER, L_CAL, R_PostCG (Table 3 and Figure 3D). (5) ROI in R_PostCG, the PACG patients showed decreased FC between the R_PostCG and L_STG, L_INS, L_IFG, R_CAL, L_IFG (Table 3 and Figure 3E).


TABLE 3. Significant differences in the functional connectivity (FC) between two groups.
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FIGURE 3. Different FC between two groups with region of interest (ROI) in R_CER_8 (A). Different functional connectivity (FC) between two groups with ROI in L_CER_4-5 (B). Different FC between two groups with ROI in R_CER_8. (C) Different FC between two groups with ROI in B_LING/CAL/SOG (D). Different FC between two groups with ROI in R_PostCG (E). The red denotes higher FC signal values, and the blue areas indicate lower FC signal values (voxel-level p < 0.01, GRF correction, cluster-level p < 0.01). FC, functional connectivity; PACG, primary angle-closure glaucoma; HC, healthy control; CER, cerebellum; LING, lingual gyrus; CAL, calcarine; SOG, superior occipital gyrus; PostCG, postcentral gyrus.




Support Vector Machine Results

The SVM classification reaches a total accuracy of 91.30%. Classification results using machine learning analysis were based on the ReHo values. Three-dimensional confusion matrices from machine learning analysis (Figure 4A). Function values of two groups (class 1: PACG group; class 2: HC group) (Figure 4B). The ROC curve of the SVM classifier with an AUC value of 0.95 (Figure 4C). Weight maps for SVM models. The weight in each voxel corresponding to its contribution to the model’s prediction (Figure 4D).
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FIGURE 4. Classification results using machine learning analysis based on ReHo values. Three-dimensional confusion matrices from machine learning analysis (A). Function values of two groups (class 1: PACG group; class 2: HC group) (B). The ROC curve of the SVM classifier with an AUC value of 0.95 (C). Weight maps for SVM models. The weight in each voxel corresponding to its contribution to the model’s prediction (D).





DISCUSSION

In this study, compared with HCs, PACG patients had significantly greater ReHo values in the right cerebellum (CER)_8 and left CER_4-5. PACG patients also showed decreased ReHo values in the bilateral lingual gyrus (LING)/calcarine (CAL)/SOG and right PostCG. Moreover, PACG patients showed abnormal remote FC within the cerebellar network, visual network, DMN, and sensorimotor network (SMN). Notably, the SVM classifier exhibited overall accuracy of 91.30% and an AUC of 0.95 based on ReHo values.

As noted above, PACG patients had significantly greater ReHo values in the right CER_8 and left CER_4-5, compared with the values in HCs. The cerebellum has important roles in motor control and body balance (Doya, 2000; Morton and Bastian, 2004), as well as higher cognitive function (Middleton and Strick, 1994). The cerebellum also has important roles in visual attention and working memory (Dai et al., 2013; Brissenden et al., 2018; van Es et al., 2019). Thus, the cerebellum participates in visual information processing. Dai et al. demonstrated that POAG patients had increased FC between V1 and the cerebellum (Dai et al., 2013). Song et al. also reported that POAG patients had increased ReHo values in the cerebellum (Song et al., 2014). In the present study, we found that increased ReHo in the cerebellum of PACG patients, which might reflect impaired visual attention in such patients.

Importantly, PACG patients had decreased ReHo values in the bilateral LING/CAL/SOG, which is located in the primary visual cortex. Furthermore, we found that PACG patients had decreased remote FC between the visual cortex and the CER, CAL, and PostCG. High intraocular pressure in PACG patients can lead to RGC loss, which results in decreased transmission of visual signals into the visual cortex. Furthermore, the previous neuroimaging studies demonstrated the visual pathway atrophy in glaucoma patients (Hernowo et al., 2011; Haykal et al., 2021). Other studies demonstrated that PACG patients had abnormal cortical thickness in the visual cortex (Yu et al., 2013; Bogorodzki et al., 2014). Thus, we found that the ReHo was decreased in the primary visual cortex of PACG patients, which might indicate abnormal visual information processing in the visual cortex.

In this study, we found that PACG patients had decreased ReHo values in the right PostCG. The PostCG has an important role in sensorimotor function (Zlatkina et al., 2016). The PostCG dysfunction might induce motor control impairment (Kato and Izumiyama, 2015). Vivek Trivedi et al. reported that visuomotor coordination might be impaired in glaucoma patients (Trivedi et al., 2019). Furthermore, the visual field defect might lead to slow movement and falls in PACG patients; glaucoma patients showed impairments in both visual and somatosensory function, compared to HCs (Black et al., 2008; Kotecha et al., 2012). Consistent with these findings, our study demonstrated that the PACG patients had decreased ReHo values in the PostCG, which might reflect sensorimotor dysfunction. Additionally, the PostCG is important for pain sensory processing. In our study, PACG patients showed symptoms of acute eye pain. The PostCG is also involved in pain information processing. The previous neuroimaging studies demonstrated that the eye pain-related diseases might induce PostCG dysfunction (Tang et al., 2018). Thus, we speculate that the impaired visuomotor coordination and acute eye pain contribute to PostCG dysfunction in PACG patients.

Finally, a machine learning technique (i.e., an SVM classifier) was used to determine whether aberrant ReHo values could reliably distinguish PACG patients from HCs. In our study, the SVM classifier accuracy was 91.30%. The ROC curve of the SVM classifier revealed an AUC of 0.95. Our findings indicate that the ReHo values can be used to reliably distinguish PACG patients from HCs. Therefore, the combination of ReHo analysis and machine learning can be used for disease classification and diagnosis, support the use of these methods in future clinical practice. Thus, SVM model showed high sensitive classification and diagnosis ability using ReHo as a feature. In the future, SVM model could be used for early diagnosis of glaucoma.



LIMITATIONS

First, the sample size was small. Second, ReHo and FC values on the basis of blood oxygenation level-dependent signals would still be affected by physiological noise, such as cardiac and respiratory activity and scanning noise. Thirds, PACG patients have an inconsistent course of disease, which might be bad impact on the results of the study.



CONCLUSION

Our results showed that PACG patients had abnormal homogeneity of neural activities such as cerebellum, visual cortex, and sensorimotor cortex, which might indicate the neural mechanism of visual field defect in patients with PACG. Moreover, ReHo map could be sensitive biomarkers for distinguishing patients with PACG from HCs.
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Purpose: To evaluate potential regional homogeneity (ReHo) cerebrum function lesions in people with severe obesity and meibomian gland dysfunction (SM) and probe the connection between aberrant cerebrum activity and clinical manifestations.

Patients and Methods: An aggregation of 12 patients with SM, and 12 healthy controls (HCs) closely matched in age and gender were enrolled. We applied corneal confocal microscopy and fundus angiography to compare imaging distinctions between the two groups. SMs were required to carefully fill out the Hospital Anxiety Depression Scale (HADS) forms, and a correlation analysis was performed. ReHo was also utilized to appraise partial differences in spontaneous cerebrum function. Receiver operating characteristic (ROC) curves were created to partition ReHo values between patients with SM and the HCs.

Results: ReHo values for the left cerebellum (LC), right fusiform gyrus (RFG), left inferior temporal gyrus (LITG), left rectus gyrus (LRG), right thalamus (RT), right caudate (RC), left insula (LI), and left thalamus (LT) of subjects with SM were notably higher than those of the HCs (P < 0.05). ReHo values of the right middle frontal gyrus (RMFG) in subjects with SM were decreased notably compared to the HCs (P < 0.05). ReHo values for the RMFG showed a negative correlation with the anxiety scores (ASs; r = −0.961, P < 0.001) and ReHo values for the RFG showed a positive correlation with the depression scores (DSs; r = 0.676, P = 0.016). The areas under the ROC curve were 1.000 (P < 0.001) for the RMFG, LC, LITG, LRG, RC, LI, and LT and 0.993 (P < 0.001) for the RFG and RT. The results from the ROC curve analysis indicated that changes in the ReHo values of some brain regions may help diagnose SM.

Conclusion: Our research emphasized that patients with SM had lesions in synchronized neural activity in many encephalic areas. Our discoveries may provide beneficial information for exploring the neuromechanics of SM.

Keywords: severe obesity, meibomian gland dysfunction, regional homogeneity, resting state, functional magnetic resonance imaging, Hospital Anxiety Depression Scale


INTRODUCTION

Adult obesity signifies body mass index (BMI) greater than or equal to 30, and severe obesity (SO) is defined as BMI greater than or equal to 35 (Hales et al., 2020). Obesity is now an epidemic disease and its complications include type 2 diabetes (Stein and Colditz, 2004) and increased risk for cardiovascular, musculoskeletal, and tumor diseases (D’Abbondanza et al., 2020). Apart from these widely known systemic diseases, SO gives rise to cognizance injures, and it is also a hazardous factor for vascular dementia. Some study have pointed out that the changes in cerebrum structure and function related to obesity may be the cause of cognitive and emotional dysfunctions in SO patients (Zeighami et al., 2021).

The meibomian gland (MG) is a sebaceous gland in the eyelid. It can produce a tarsal plate and is the lipid component of the tear film. The plate gland is very crucial for delaying tear film evaporation, which can prevent dry eyes (Osae et al., 2019). The MG has the ability to reduce surface tension, which contributes to diffusion of the tear film on the ocular surface (Millar and Schuett, 2015). Due to the MG being able to produce lipids that make up the meibomian, and the blood and meibomian contour have attributes in common, some studies have reported that dyslipidemia, such as SO, can bring about meibomian gland dysfunction (MGD), including changes in the meibomian lipid component (Mudgil, 2014). An abnormality of the lipid component may lead to inflammation, which is an underlying cause of blepharitis and can eventually impact the regular excretory capabilities of the MG (Pietiläinen et al., 2007). This may generate degraded tear film quality and stabilization, eventually leading to ophthalmic surface inflammation in patients with MGD (Knop et al., 2011). A study showed that there was a strong positive correlation between dyslipidemia and MGD (Kuriakose and Braich, 2018). In the studied cases in our institution, we observed that all patients with SO had MGD. Due to the particularity of the anatomy of the MG, routine examination and diagnosis mainly rely on corneal confocal microscopy and fundus anatomy (Figure 1).
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FIGURE 1. Typical pictures of HC and SM groups. We photographed the changes of MGs in HC group (A) and SM group (B). We can obviously observed that the MG in HC group is clearer than that in SM group. At the same time, we took pictures of the two groups of MGs with corneal confocal microscope, and we could observe the typical differences between the two groups of MGs. The MG in SM group was obviously blocked, and it was widened at the same time (D). Meanwhile, we could observe the normal MG in HC group (C). Therefore, it could be speculated that severe obesity may lead to tarsal gland blockage and degeneration. According to the cross-sectional observation image of retinal thickness in the control group, we could observe that the choroidal thickness in the SM group (F) was significantly thinner than that in the HC group (E). According to the fundus angiography images we obtained, we also observed that the capillaries in HC group (G,I) were more developed than those in SM group (H,J), indicating that severe obesity may reduce the thickness of choroid and fundus blood supply, and may further cause fundus disease. HCs, healthy controls; SM, severe obesity and meibomian gland dysfunction; MG, meibomian gland.


fMRI is a sophisticated non-invasive technique that is used to study the complexity of the brain–behavior relationship (García-García et al., 2019). Compared with traditional MRI technology, its main advantages include high dimensional resolution and the ability to disclose microstructure changes (Zhang et al., 2018). fMRI studies have reported differences in cerebrum activity levels between thin and obese people in different static state networks, including the default pattern network, significance network, and temporal lobe network (Val-Laillet et al., 2015). It is an essential tool for the study of cerebrum changes and the corresponding behavioral pathological basis in patients with SM.

The regional homogeneity (ReHo) method is a resting pattern functional magnetic resonance surveying method that has been used to assess lesions of the cerebrum (Guo et al., 2020). The ReHo method can measure the similarity of a time series of specific voxels and their nearest neighbors (Ding et al., 2020). These signals have previously been utilized to detect changes in nerve actions in sufferers of multifarious neural diseases, including Alzheimer’s disease, depressive disorder, schizophrenia, and attention deficit (Zhang Y. et al., 2019).

In this study, we utilized the ReHo method to study the cerebrum functions of patients with SM, to confirm lesions of cerebrum, and probe into the latent pathological mechanisms. To our knowledge, this is the first study on SM utilizing this approach.



MATERIALS AND METHODS


Subjects

An aggregation of 12 patients with SM (4 men and 8 women) were enlisted from the Ophthalmology Department of the Nanchang University’s First Adjunctive Hospital. Indications for SM patients were as follows: (1) BMI ≥ 35; (2) male waistline ≥ 90 cm and female waistline ≥ 85 cm; (3) capable of being scanned with an MRI (no heart pacemaker or embedded metallic installations); and (4) no mental disturbance (major depression and/or anxiety disorders); (5) suffering from MGD. The elimination standard for SM included the following criteria: (1) SO caused by receiving massive hormones in a short period of time; (2) no painkillers before the fMRI scan; (3) history of diabetes; and (4) suffering from family inherited diseases.

Twelve (6 males and 6 females) subjects acted as healthy controls (HCs) and they were similarly aligned with SM sufferers in terms of age and gender. Every HC was conformed with the following standards: (1) 24 ≥ BMI ≥ 20; (2) could participate in an MRI scan; (3) head MRI showed normal brain parenchyma; (4) no history of MGD or other eye diseases; and (5) no mental illness.



Ethical Approval and Consent to Participate

The study methods and protocols were approved by the Medical Ethics Committee of the First Affiliated Hospital of Nanchang University (Nanchang, China) and followed the principles of the Declaration of Helsinki. All subjects were notified of the objectives and content of the study and latent risks, and then provided written informed consent to participate.



MRI Parameters

MRI scanning was operated on a 3-Tesla MR scanner (Trio, Siemens, Munich, Germany). High-distinguishability T1-weighted graphics were attained with a triaxial spoiled grads-duplicated sequence in an axial orientation: replication time = 1,900 ms, echo time = 2.26 ms, thickness = 1.0 mm, interval = 0.5 mm, collection matrix = 256 × 256, visual field = 250 × 250 mm, rollover angle = 9°. Definitely, 240 functional graphics (replication time = 2,000 ms, echo time = 30 ms, thickness = 4.0 mm, interval = 1.2 mm, collection matrix = 64 × 64, rollover angle = 90°, visual field = 220 × 220 mm, 30 axial sections with grads-duplicated echo-plane image formation pulse array) overlaying the entire cerebrum were attained.



fMRI Data Analysis

All functional data were handled by a software percolator1 and statistical parameter graphing was operated with SPM8 (The MathWorks, Inc., Natick, MA, United States) and rs-fMRI DPARSFA2 software data conducting coadjutants. The primary procedures of pretreatment included slice timing, head motion rectification, exerting Friston six-head motion parameters to eliminate head motion influences, dimensional standardization with normal echo planar picture templates to achieve Neurology Montreal Institute (MNI) standards, and smoothening with a Gaussian kernel of 6 mm × 6 mm × 6 mm full-width at half-maximum (FW-HM). REST software (State Key Laboratory of Cognitive Neuroscience and Learning, Beijing Normal University, Beijing, China) was utilized to compute ReHo. The basal technique of assessment was to analyze Kendall consistency coefficients (KCC) of a given voxel and the adjacent voxel time series.



Statistical Analysis

To probe the set differentiates in the ReHo values between patients with SM and the healthy, fMRI data were fitted with a general linear model (GLM) with the SPM9 toolkit. P < 0.05 was regarded as statistically crucial and rectified with random field (Gaussian random field) principle with minimum z > 2.3. Two-sample Student’s t-test was utilized for consecutive data for behavioral manifestations. All statistical analyses were accomplished with the IBM SPSS Statistics 20.0 software (IBM Corporation, Armonk, NY, United States).



Brain–Behavior Correlation Analysis

In accordance with the ReHo computation consequences, some disparate cerebrum areas portrayed different semaphores between SM groups and HCs. For each area, the medial ReHo values was computed by meaning over all voxels. The connection between the average ReHo value and their clinical distinctions was computed utilizing the correlation analysis (P < 0.001 was deemed as statistically essential).



Clinical Data Analysis

The accumulative clinical measured values, including the initial visual acuity, daily life scores and mini-mental state examinations were documented and analyzed in the research with standalone sample t-test (P < 0.05 as significantly different).



Ocular Surface and Meibomian Gland Dysfunction Evaluations

We applied Keratograph ocular surface comprehensive analyzer to analyze the ocular surface. At the same time, we utilized MG evaluator and MG imaging technology to observe and evaluate the MG structure. According to the results of MG imaging, we scored and recorded the upper and lower eyelids of each patients’ eye, respectively. We scored according to the range of MG loss. Asian Dry Eye Association China Branch Score Standard: 0: no loss of MG; 1 point: the proportion of MG missing <1/3; 2 points: the proportion of missing MG is 1/3–2/3; 3 points: the proportion of MG loss is >2/3.1 or more is abnormal.




RESULTS


Demographics and Visual Measurements

No remarkable differentiations in age (P = 0.365) and gender (P = 0.430) between SM subjects and HCs were identified. The distinctions observed between the two groups in initial visual acuity with binoculars, daily life scores, and mini-mental state examinations were statistically significant (P < 0.05; Table 1).


TABLE 1. Basic information of participants in the study.
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ReHo Differences Between SM Patients and HCs

Contrasted with HCs, SM sufferers manifested observably increased ReHo values in the left cerebellum, right fusiform gyrus, left inferior temporal gyrus, left rectus gyrus, right thalamus, right caudate, left insula, left thalamus, and reduced ReHo values in the right middle frontal gyrus (Figures 2, 3 and Table 2).
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FIGURE 2. Spontaneous brain activity in patients with severe obesity and meibomian gland dysfunction. Red regions (left cerebellum, right fusiform gyrus, left inferior temporal gyrus, left rectus gyrus, right thalamus, right caudate, left insula, and left thalamus) indicate higher ReHo values, while blue regions (right middle frontal gyrus) represent lower ReHo values (P < 0.05; AlphaSim-corrected; cluster size, >40). ReHo, regional homogeneity; R, right; L, left.
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FIGURE 3. The mean single ReHo value between the SMs group and HCs. RMFG, right middle frontal gyrus; LC, left cerebellum; RFG, right fusiform gyrus; LITG, left inferior temporal gyrus; LRC, left rectus gyrus; RT, right thalamus; RC, right caudate; LI, left insula; LT, left thalamus; ReHo, regional homogeneity; HCs, healthy controls; SM, severe obesity and meibomian gland dysfunction.



TABLE 2. Brain regions with significant differences in ReHo between the HC and SM groups.
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Regional Homogeneity Values of Severe Obesity and Meibomian Gland Dysfunction Brain Regions and Hospital Anxiety Depression Scale Scores

In the SM group, a negative correlation was found between the ReHo values at the right middle frontal gyrus (RMFG) and the anxiety scores (AS) (r = −0.961, P < 0.001; Figure 4A). ReHo values at the right fusiform gyrus (RFG) portrayed a positive correlation with the depression scores (DSs; r = 0.676, P = 0.016; Figure 4B).


[image: image]

FIGURE 4. Relationship between ReHo values and emotional state. The ReHo values of specific brain regions in SM patients showed a correlation with HADS, which indicated that SM patients were more prone to be anxious and depressed. (A) ReHo values at the right middle frontal gyrus of the SM group showed a negative correlation with the AS (r = −0.961, P < 0.001). (B) ReHo values at the right fusiform gyrus of the SM group showed a positive correlation with the DS (r = 0.676, P = 0.016). ReHo, regional homogeneity; SM, severe obesity and meibomian gland dysfunction; AS, anxiety scores; DS, depression scores; HADS, hospital anxiety depression scale.




Receiver Operating Characteristic Curve

There was an immense difference in the ReHo values between the SM group and the HCs. Therefore, we hypothesized that the ReHo values could be used to distinguish SM patients from the HCs. To test this hypothesis, we created an receiver operating characteristic (ROC) curve to investigate the medial ReHo values of disparate cerebrum areas. The area under curve (AUC) denoted the diagnosis rate. A value of 0.5–0.7 signified low accuracy, 0.7–0.9 signified medium accuracy, and >0.9 signified high accuracy. The areas below the ROC curve were 1.000 (P < 0.001; 95% CI: 1.000–1.000) for the RMFG, left cerebellum (LC), left inferior temporal gyrus (LITG), left rectus gyrus (LRG), right caudate (RC), left insula (LI), left thalamus (LT); 0.993 (P < 0.001; 95% CI: 0.971–1.000) for the RFG, and right thalamus (RT; Figure 5). Collectively, these results indicated that the ReHo values of disparate cerebrum areas might be used in the diagnosis of SM. In addition, ROC curves showed that the ReHo values of the RMFG, LC, LITG, LRG, RC, LI, and LT were more clinically relevant than the RFG and RT.
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FIGURE 5. Receiver operating characteristic curve analysis of the mean ReHo values for altered brain regions. The areas under the ROC curve were 1.000 (P < 0.001; 95% CI: 1.000–1.000) for the RMFG, LC, LITG, LRG, RC, LI, LT; 0.993 (P < 0.001; 95% CI: 0.971–1.000) for the RFG, RT (SMs < HCs). HCs, healthy controls; SM, severe obesity and meibomian gland dysfunction; ReHo, regional homogeneity; ROC, receiver operating characteristic; AUC, area under curve; RMFG, right middle frontal gyrus; LC, left cerebellum; RFG, right fusiform gyrus; LITG, left inferior temporal gyrus; LRC, left rectus gyrus; RT, right thalamus; RC, right caudate; LI, left insula; LT, left thalamus.




Meibomian Gland Dysfunction Evaluation

We observed and evaluated the MG structure of SM group by MG imaging to determine the extent and degree of MG tissue loss. The results were: five people (one male, four female) one point; four people (one male, three female) two points; three people (two men, one woman) three points.




DISCUSSION

Nowadays, obesity has become an epidemic. According to research statistics, nearly 2.1 billion people in the world are overweight or obese (Smith and Smith, 2016). SO is often coupled with hyperlipidemia (D’Abbondanza et al., 2020), which is characterized by elevated blood lipid levels (causing atherosclerosis), such as cholesterol, triglycerides, and low-density lipoproteins, and decreased high-density lipoproteins (Butovich, 2008; Butovich, 2010; Green-Church et al., 2011). On the one hand, an abnormality of the lipid component will affect the structure of MG and make MG hypertrophy (Osae et al., 2020). On the other hand, it may lead to inflammation, which is an underlying cause of blepharitis and can eventually impact the regular excretory capabilities of the MG (Pietiläinen et al., 2007). This may generate degraded tear film quality and stabilization, eventually leading to ophthalmic surface inflammation in patients with MGD (Knop et al., 2011).

Obstructive sleep apnea hypopnea syndrome (OSAHS) is a common complication in obese patients. It is characterized by recurrent apnea and hypopnea during sleep, resulting in chronic intermittent hypoxia and hypercapnia (De Backer, 2013). Long term chronic intermittent hypoxia in patients with OSAHS will cause chronic inflammatory response and immune changes (Maniaci et al., 2021). Long term hypoxia and persistent inflammation lead to apoptosis of goblet cells and keratoconjunctival epithelial cells on the ocular surface and damage the ocular surface (Liu et al., 2022). In addition, this long-term intermittent hypoxia can not only directly damage the MG, but also indirectly cause MGD by causing the increase of matrix metalloproteinase, the decrease of elastic fibers and the relaxation of eyelids (Reins et al., 2018; Liu et al., 2022). The mechanism is that the MG cannot excrete normally due to the loss of eyelid support and extrusion, and MG obstruction develops into MGD (Pihlblad and Schaefer, 2013).

To the best of our knowledge, this was the first investigation to assess the influences of SM on resting-state cerebrum motions utilizing the ReHo method. The ReHo technique has been used to study multiple systemic and neural diseases with success and it possesses massive potentiality for future studies (Table 3). In this research, we discovered that the SM group had reduced ReHo in the RFMG, and elevated ReHo in the LC, RFG, LITG, LRG, RT, RC, LI, and LT (Table 4). We also verified that the lesions in the internal connection patterns of SM patients’ brains were associated with a series of emotional and behavioral disorders including depression (Figure 6).


TABLE 3. Regional homogeneity method applied in systemic and neurogenic diseases.
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TABLE 4. Brain regions alternations and its potential impact.
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FIGURE 6. Schematic diagram of the relationship between SM, brain damage, MGD, and depression. SM, severe obesity and meibomian gland dysfunction; MGD, meibomian gland dysfunction.


The MFG is an area on the ventral side of the medial prefrontal cortex and it is thought to participate in emotional processing and automatic or implicit regulation of emotion (Jiang and Zuo, 2016). Moreover, it is responsible for many cognitive functions, such as top-down regulation in working memory, decision-making, attention processing, and emotional processing (Kupfer et al., 2012; Xu et al., 2020). In one study, researchers utilized amplitude of low-frequency fluctuations (ALFFs) measurements to study entire brain activity in patients with anxiety and depression. The outcomes showed the ALFF value in the MFG was decreased in anxious depressed patients. Therefore, the decrease in ALFF values in the MFG and its significant negative correlation with hysteresis factor scores indicated that the MFG is involved in the pathological process of anxious depression (Beevers et al., 2015). The decrease in MFG activity may also show the following comprehensive side effects: decreased cognitive function, reduced ability to change amygdala’s fear stimulus response by using emotion regulation strategies, thus weakening emotion regulation and increasing suicide possibilities (Japee et al., 2015). As is known, chronic attention deficit is a feature of many neurological diseases. fMRI has shown that the MFG is active in attention tasks and event analysis, indicating its importance in sustained attention (Zhao et al., 2020). In addition, interference from the right MFG can promote network associations with other areas to elevate persistent attentiveness. Another study emphasized that MFG acts an essential part of the kinematic network lesions involving attention conduction, especially the adjustment in persistent attention (van Heeringen et al., 2017). As one of the most common health problems, primary insomnia usually manifests as difficulty in starting and maintaining sleep (Neale et al., 2015). Research by Song et al. (2019) compared insomniacs with HCs and primary insomnia patients had reduced GM volume in several cerebrum regions, including the MFG. In another study, researchers evaluated the effects of 36 h of acute sleep deprivation on the functional connections between the PC and other areas of the brain. The results showed that 36 h after acute sleep deprivation, the connection between the right precuneus and the right MFG was markedly weakened (Morin et al., 2011). The authors suggested the right MFG acts as a significant factor in sustained attention, and damage to the right MFG may cause insomnia.

According to clinical observations and neuroanatomical research, the cerebellum is a structure closely connected with motor control as well as motor learning (Xie et al., 2020). The anatomic datum portrayed that the cerebellum had heterolateral connections with plentiful cortical regions of the bilateral hemicerebrums, including the motor area (D’Angelo et al., 2016; Li et al., 2020). One study have shown that sensory movement mainly activates the anterior lobule, and there are secondary manifestations in lobules VIIIa and VIIIB. In one study, healthy subjects were asked to reach out and grasp an object. During this process, the researchers detected the excitation of cerebellar lobules VI and VIIB (Bernard and Seidler, 2013). Recent studies have shown that, besides motor functions, the cerebellum also contributes to the stability of behavioral cognitive, emotional, and social functions (Bostan and Strick, 2018). These different functions can be activated because the cerebellum has obvious interconnections with different cortical areas. In addition, the prefrontal cortex-cerebellar circuit also exists and participates in the regulation of cognitive-emotional processes. Due to this versatility, cerebellar dysfunction and pathology can lead to cognitive and affective symptoms (Abdelgabar et al., 2019); for example, the skin pick-up disorder (SPD), which is a specific type of repetitive behavior of body focusing that can cause bodily harm. There have been reports that patients scratched their skin unconsciously until they noticed that they were scratching because of pain or bleeding (Van Overwalle et al., 2014). One study suggested that mood disorders were a core pathological mechanism of SPD. Before skin manipulation, the patient would feel a nervous or negative emotional state. By picking-up, the intensity of these disturbing states was at least temporarily reduced (Schmahmann and Sherman, 1998). Damage to the LC may cause negative emotions in SM patients, which may cause symptoms similar to the SPD.

Patients with pure aphasia show serious character recognition impairments. One study have shown that patients with dyslexia, after the damage to the RFG, are impaired not only in word recognition but also in recognition of numbers, objects, and even faces (Grant et al., 2012). Generally speaking, facial perception impairment refers to the inability to recognize previously seen faces (Roberts et al., 2013). This perception function is mediated by a well-defined and widely distributed hierarchical nervous system. The core of this system is composed of bilateral occipitotemporal regions of the striate extracorporeal visual cortex, the most significant of which is the RFG (Behrmann and Plaut, 2014). Therefore, damage to the RFG may lead to severe facial agnosia. In this research, we also discovered SM patients featured elevated ReHo values in the RFG region, suggesting that SM may be related to recognition impairment.

The inferior temporal gyrus is situated on the lateral and inferior surface of the temporal lobe (Susilo and Duchaine, 2013). Previous functional neuroimaging studies have shown that the inferior temporal gyrus is involved in a variety of cognitive processes, as well as the integration of vision and multimodal sensations (Cabeza and Nyberg, 2000; Conklin et al., 2002). These results indicated that sufferers with schizophrenia had a decline in gray matter volume in the bilateral inferior temporal gyrus (Herath et al., 2001). Furthermore, language fluency is one of the most commonly used neuropsychological measurement methods for language ability and executive function, requiring candidates to generate as many words as possible according to given category clues or letter clues within a preset time (Mesulam, 1998). Contrasted with the HCs, sufferers with left temporal region lesions spoke fewer words in the semantic fluency task (Onitsuka et al., 2004). Therefore, the lesion of the LITG in SM patients may cause mental instability and some language barriers.

The thalamus is not merely a simple relay function, it has a significant integration function, especially in vestibular processing. Peripheral organ fibers are mainly projected through the morphological specific thalamic nucleus, such as the external geniculate nucleus and medial geniculate nucleus of the optical system and the aural system, and then projected to the respective cortex or subcortical target area. This organization, together with the orderly corticothalamic feedback mechanism, turns the thalamus into a modulating character in sensorial processing (Shao et al., 2014). Therefore, for the vestibular system, the thalamus is a unique subcortical site of multi-sensory integration. These vestibular thalamic loops may construct functional passages that conform the signals of the vestibule with other signals in the thalamus (Luckhurst and Lloyd-Jones, 2001). Vestibular hemicrania is a central disorder of the features of aberrant perception (Sherman, 2007). fMRI of these sufferers during vestibular stimulation augmented the blood oxygen level-dependent signals in the thalamus were different from those of the healthy and migraine patients (Wijesinghe et al., 2015). Such observations indicated that the thalamus played an indispensable role in the production of vestibular perception, and the anomalies of the thalamus might be the cause of the distortions observed in some clinical conditions. The thalamic nucleus that receives the vestibular afferent is also concerned with handling messages from other sensorial systems. Thus, the thalamus may be regarded as an essential locus for sensory conformity. Studies have compared apoplexy patients with a certain extent of sensory loss with normal controls. The results showed that the interaction between vestibular and sensory messages relied on the functionality of the thalamus (Stolte et al., 2015). In addition, psychophysical studies have shown that the impairment of multisensory integration in patients suffering from Parkinson’s disease may be due to the lack of facilitation of the ascending cholinergic system, which leads to thalamic dysfunction (Russo et al., 2014). Moreover, a study of two Parkinson’s disease patients, after continuous cerebrum stimulation of the subthalamic nucleus, showed that subjective vertical changes in vision, a characteristic usually related to vestibular dysfunction, also indicated the interaction between vestibule and thalamus (Barra et al., 2010). The increased bilateral thalamic ReHo values associated with SM may cause migraine and motor-sensory dysfunction related to vestibular dysfunction.

The head of the caudate nucleus is part of the dorsolateral prefrontal circuit (DLPFC). Disruption of the DLPFC may lead to cognitive deficits in the prefrontal lobe and impaired memory (Müller et al., 2013). Lesions in the head of the caudate nucleus can lead to dysfunctional performance syndrome, attention deficits, and impaired short-term and long-term memory (Mike et al., 2009). Cognizant lesions in Parkinson’s disease patients impact multiple domains, such as attention, visual space, and memory (Leh et al., 2007). This may be due to the important function of the caudate nucleus as a message center, and dopaminergic degeneration of the caudate nucleus in Parkinson’s disease can lead to damage to the caudate nucleus (Apostolova et al., 2010). In one study, researchers found that the betweenness centrality of the RC nucleus of Parkinson’s disease patients was positively correlated with the Montreal cognitive assessment score (Bartels and Leenders, 2009). Through PET imaging, some have reported relevance between the RC nucleus and cognizant ability: they applied the Stroop test in sufferers with early Parkinson’s disease and found that the decline in the dopamine of the RC nucleus was associated with slow time processing and cognitive impairment (Bell et al., 2015; Wright et al., 2020). Therefore, damage to the RC of SM patients may cause cognitive and memory impairment.

The LI is located behind the frontal lobe, temporal lobe, and capillary cortex (Brück et al., 2001). Although overlying merely 2% of the cerebral cortex, the insula is like a multitudinous functional expressway involving a mass of cognitive and emotional courses. These include: visceral movement, visceral sensory function, body movement, motor correlation, eye movement, language system, and aural function, and it also covers cognitive domains, including physical awareness and emotion (Ko et al., 2017). The insula plays an important role in the language network. Guenot et al. (2004) carried out a meta-analysis of expressive language tasks and showed that the former island was the core part of activating language function. Recently, high-resolution fiber tract imaging studies have reported associations between the insula and the visually related regions of the parietal and temporal lobes in humans (Nieuwenhuys, 2012). In terms of visual function, the insula is considered to be a cross-modal cortical integrator that stimulates perception and visual awareness (Lu et al., 2016). Therefore, we speculated that SM and MGD might cause brain dysfunction (Table 4). Major depression is a persistent and debilitating emotional disorder characterized by negative emotions, difficulty sleeping, loss of appetite, and inattention (Chang et al., 2013). There has been evidence that the insula was an area related to emotional saliency and attention distribution during emotional tasks (Fletcher et al., 2015). Some data have shown that the insula was a pivotal brain structure for depression, emotional prominence, and mutual perception. Linear regression showed that abnormal LI thickness can significantly increase the risk of major depression (American Psychiatric Association, 2013). Therefore, the significant increase in the ReHo value of the LI may lead to speech and hearing impairment and depression.

In summary, evaluating the ReHo values of SM patients through fMRI is an efficient technique to probe into the connection between SM and lesions in cerebrum functions. We detected aberrant spontaneous activities in certain cerebrum regions of SM sufferers, which might be associated with the neurological mechanisms of SM. However, our research has a few limitations; for example, the sample size was too small, and all subjects were from the same institution. The general representation is, therefore, relatively poor. In addition, the scan time was too long for some participants, so their motions might have affected the results.

Also, our study lacked a detailed ocular surface assessment in SM patients. This may lead us to overlook the possible combination of obesity with other important eye diseases. Future research will expand the sample size, institutional sources, standardize the scanning procedures and mostly importantly, add detailed ocular surface assessments so as to obtain more representative and profound research results for SM.
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Purpose: To investigate spontaneous brain activity in patients with dry eye (DE) and healthy control (HC) using the fractional amplitude of low frequency fluctuation (fALFF) technique with the aim of elucidating the relationship between the clinical symptoms of DE and changes in brain function.

Material and Methods: A total of 28 patients with DE and 28 matched healthy volunteers (10 males and 18 females in each group) were enrolled. Resting-state functional magnetic resonance imaging scans were performed in both groups. Then all subjects were required to complete a comprehensive Hospital Anxiety and Depression Scale (HADS). Receiver operating characteristic (ROC) curve analysis was used to evaluate the differences in fALFF values between the two groups and their diagnostic value. Linear correlations between HADS and fALFF values in different brain regions of DE patients were analyzed using the Pearson correlation coefficient.

Results: Patients with DE had significantly higher fALFF values in the left calcarine sulcus (CS) than the HC group, while fALFF values in the bilateral middle frontal gyrus (MFG) and right MFG/right inferior frontal gyrus (IFG) were significantly lower in DE patients than in HC group. fALFF values had a high diagnostic value for differentiating patients with DE from the HC group (P < 0.001). Right MFG and right MFG/IFG were significantly correlated with HADS values.

Conclusion: Our study found that DE mainly involved functional disorders in the brain areas of the left CS, bilateral MFG and right MFG/right IFG, which helped us to find possible clinical features of DE disease and reflected the potential pathological mechanism of DE.

Keywords: dry eye, fractional amplitude of low frequency fluctuation, anxiety, depression, brain function


INTRODUCTION

Dry eye (DE) is a multifactorial chronic ocular surface disorder commonly encountered in ophthalmology. The prevalence of DE ranges from 5% to 50% and can be as high as 75% in adults over the age of 40, with women being one of the most commonly affected groups (Stapleton et al., 2017). The etiology of DE is complex and the causative mechanisms are not yet fully elucidated. Common risk factors include advanced age, female sex, low humidity environment, systemic medication, and autoimmune diseases. The prevalence of DE is higher in people working at video terminals and in those exposed to harsh environments, such as high altitude, low air pressure, hypoxia, wind, and strong ultraviolet light, for long periods of time. Diabetes, keratoconus surgery, pterygium, allergic conjunctivitis, dry syndrome, and ocular surface drug abuse are strong risk factors for the development of DE (Jiang et al., 2017). DE can seriously affect the ability to perform daily activities, such as reading, using a computer, and driving, resulting in reduced quality of life and increased social burden.

Individuals with DE are more likely than those without the condition to have a visual impairment, neuropathic pain, anxiety, depression, and other symptoms (Weatherby et al., 2019). The mechanism underlying the development of these symptoms and whether they are related to brain dysfunction is not fully understood. Hence, it is important to explore whether abnormal changes occur in the brains of patients with DE relative to healthy controls.

Functional magnetic resonance imaging (fMRI) is a very mainstream, non-invasive, and safe imaging technique that is commonly used to detect some brain diseases and neurological abnormalities (Khosla et al., 2019). We can use fMRI to examine the functional metabolism of the brain in DE patients to further understand the mechanisms of abnormal brain function in DE patients. In recent years, more and more scholars have studied the abnormal alterations in the brain of DE, and the study of DE from central nervous system functionalism is called for, thus using fMRI technology provides us with an effective means to explore the central changes in DE patients. Yan et al. (2020) detected abnormal limbic-cortical circuit ReHo values in patients with DE using resting-state MRI. Many past researches have shown that in patients with Sjögren’s syndrome using fMRI, abnormalities in brain function have been found in the white matter (Lauvsnes et al., 2014), cerebellar gray matter (Tzarouchi et al., 2011), the hippocampal region (Zhang et al., 2020), and the frontoparietal and visual cortex regions (Xing et al., 2018). Until now, there are few studies on the changes in brain function in patients with DE, Resting-state MRI can noninvasively assess the functional status of the brain at the visual cortex and visual pathway levels. Therefore, in this study, we used fractional amplitude of low frequency fluctuation (fALFF) in patients with severe dry eye to explore changes in the functional activity of various brain regions in patients with DE, with a view to further understanding the neuropathological mechanisms of DE.



MATERIALS AND METHODS


Subjects

We recruited patients with DE (N = 28; 18 females and 10 males) who attended the Ophthalmology Department of the First Affiliated Hospital of Nanchang University. The diagnostic criteria for DE were as follows: (1) patients complained of one of the subjective symptoms, including ocular dryness, foreign body sensation, burning sensation, fatigue, discomfort, blurred vision, or eye pain; and (2) a score of ≥7 on the Chinese Dry Eye Questionnaire scale or an Ocular Surface Disease Index (OSDI) score of ≥13; and tear film rupture time <5 s or Schirmer I test (without anesthesia) ≤5 mm/5 min (Figure 1).
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FIGURE 1. Photographs of the anterior segment of a DE patient taken using slit- lamp microscopy. Panels (A,B) are photographs of the preocular segment of the same patient under slit lamp microscopy, and (B) is a photograph after sodium fluorescein staining. Abbreviations: DE, dry eye.



Inclusion criteria for patients with DE were as follows: (1) met the diagnostic criteria for DE; and (2) were between 40 and 60 years of age. Exclusion criteria were as follows: (1) ocular anomalies, such as conjunctival scarring, atresia of the lacrimal gland opening, or complete atrophy of accessory lacrimal glands; (2) other ocular diseases associated with other conjunctiva, cornea, or iris; (3) pregnant or lactating women; (4) suspected or confirmed history of substance abuse; (5) systemic systemic diseases such as Sjogren’s syndrome, Stephens-Johnson syndrome, systemic lupus erythematosus; (6) presence of metallic foreign bodies in the body, such as pacemakers; (7) suffering from a neurological or psychological disorder; and (8) factors that may affect the study results, such as a history of alcohol consumption or smoking, claustrophobia, etc.

We also recruited 28 healthy volunteers as the HC group (18 females and 10 males) who were matched to DE patients in terms of age, gender, and other demographic parameters. HC group met the following criteria: (1) no brain parenchymal abnormalities on MRI; (2) no other ocular diseases and corrected visual acuity; (3) no abnormalities on neurological examination; and (4) no contraindications to MRI.

All study procedures followed the Declaration of Helsinki, were in accordance with the principles of medical ethics, and were approved by the Medical Ethics Committee of the First Affiliated Hospital of Nanchang University. All subjects signed the relevant informed consent forms before the examination and were informed of the study objectives, methods, and associated risks.



Hospital Anxiety and Depression Scale (HADS) Score Acquisition

All subjects were assessed by the same professionally trained and highly experienced psychological nurse. The first step was to ensure that the assessment was completed independently, with calm mental activity, and in the most realistic way possible. If the subject had a literacy impairment, the nurse completed it for them by describing the meaning of the questions in detail. The HADS scale consists of a total of 14 questions, including two subscales consisting of anxiety (Group A questions) and depression (Group D questions). The values in front of the four options represent the final score for the question change (Jones et al., 2017).



MRI Data Acquisition

MRI was performed with a 3-Tesla magnetic resonance scanner (Magnetom Trio; Siemens, Munich, Germany). Subjects were instructed to keep their eyes closed but remain awake and relaxed until the end of the scan. Data were obtained with a 3D spoiled gradient-recalled echo sequence. The imaging parameters of the T1-weighted and T2-weighted image sequences (176 images) were as follows: repetition time (TR) = 1,900 ms, echo time (TE) = 2.26 ms, thickness = 1.0 mm, gap = 0.5 mm, acquisition matrix = 256 × 256, the field of view = 250 × 250 mm, and flip angle = 9°. Imaging parameters for the 240 functional images were as follows: TR = 2,000 ms, TE = 30 ms, thickness = 4.0 mm, gap = 1.2 mm, acquisition matrix = 64 × 64, flip angle = 90°, field of view = 220 × 220 mm, and 29 axials. Scanning times were 5 and 10 min, respectively.



fALFF Analysis

The fALFF value was calculated on the trend data by REST software. REST had a built-in fast Fourier transform function that converts time series data into the frequency domain and calculates the power spectrum. Using the ratio of each frequency in the low-frequency range (0.01–0.08 Hz) to the power in the whole frequency range (0–0.25 Hz), fALFF was obtained.



Functional Magnetic Resonance Data Analysis

The fALFF values of the DE and HC group were made more normally distributed by Fisher Z-transformation. ThefALFF values were analyzed by independent two-sample t-test using SPM8-based REST software, and the False Discovery Rate (FDR) correction method was used to perform multiple testing hypothesis corrections. The width at half height (FWHM) was set to 4 mm × 4 mm × 4 mm and set Q < 0.01.



Correlation Analysis

All patients were asked to complete the HADS, and the resulting data were analyzed for correlation with fALFF values using GraphPad Prism8 (GraphPad Software, Inc. La Jolla, CA, USA), and correlation graphs generated based on the results.



Statistical Analysis

We used SPSS 22.0 (SPSS, IBM Corporation, USA) software to perform independent sample t-tests and chi-squared tests to determine the differences between the data of this experiment. The 2-sample t-test was applied to determine the difference in mean fALFF values between DE patients and the HC group; receiver operating characteristic (ROC) curves were used to determine the diagnostic value of fALFF values in each brain region for DE patients. Pearson correlation coefficient analysis was applied to explore the relationship between the mean fALFF values of each brain region and their clinical behaviors in the DE group. In all our statistical analyses, p-values <0.05 considered that the differences were statistically significant.




RESULTS


Demographic Information and Visual Measurements

There were no significant differences in age (p = 0.674), weight (p = 0.628), height (p = 0.138), body mass index (p = 0.111), or years of education (p = 0.940) between patients with DE and HC (Table 1).

TABLE 1. Clinical characteristics of patients between DE and HC group.
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Differences in fALFF Values Between Patients With DE and HC

As shown in Figure 2 and Table 2, the fALFF values in the left calcarine sulcus (CS) were significantly higher in patients with DE than in the HC group, whereas fALFF values in the bilateral middle frontal gyrus (MFG) and right MFG/right inferior frontal gyrus (IFG) were significantly lower in patients with DE than in the HC group.
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FIGURE 2. Spontaneousbrain activity in the DE and HC groups. (A) The different ALFF regions between the DE and HC group. (B) Significant difference in brain activity in the cerebrum. The red regions indicate higher ALFF values, and the blue regions imply lower AFLL values. (C) The mean ALFF values between DE and HC groups. Abbreviations: fALFF, fractional amplitude of low-frequency fluctuation; L, left; R, right. Calcarine_L (aal), calcarine sulcus; Frontal_Mid_L (aal), left middle frontal gyrus; Frontal_Mid_R (aal), right middle frontal gyrus; Frontal_Mid_R (aal)/Frontal_Inf_Orb_R (aal), right middle frontal gyrus/right inferior frontal gyrus.



TABLE 2. Brain regions with significant differences in fALFF values between DE and HC group.
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ROC Curve Analysis

Given that fMRI can detect abnormal activity in certain brain regions, we investigated the diagnostic value of fALFF values in patients with DE by ROC curve analysis. As shown in Figure 3, the AUC value for the left CS was 0.8022 (95% confidence interval(CI): 0.681–0.924; p < 0.0001), that for the left MFG was 0.8763 (95% CI: 0.786–0.966; p < 0.0001), that for the right MFG was 0.9134 (95% CI: 0.842–0.985; p < 0.0001), and the AUC value of the right MFG/right IFG was 0.8909 (95% CI: 0.802–0.980; p < 0.0001). These results suggest that fALFF values in these brain regions exhibit good accuracy and are valuable for differentiating patients with DE from HC.
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FIGURE 3. ROC curve analysis of the mean ALFF values for altered brain regions. (A) The area under the ROC curve was 0.8022 (P < 0.0001; 95% confidence interval (CI) = 0.681–0.924) for Calcarine_L (aal). (B) The area under the ROC curve was 0.8763 (P < 0.0001; 95% CI = 0.786–0.966) for Frontal_Mid_L (aal); Frontal_Mid_R (aal) 0.9134 (P < 0.0001; 95% CI = 0. 842–0.985); Frontal_Mid_R (aal)/Frontal_Inf_Orb_R (aal) 0.8909 (P < 0.001; 95% CI = 0. 802–0.980). Abbreviations: fALFF, fractional amplitude of low-frequency fluctuation; AUC, area under the curve; ROC, receiver operating characteristic; L, left; R, right; Calcarine_L (aal), calcarine sulcus; Frontal_Mid_L (aal), left middle frontal gyrus; Frontal_Mid_R (aal), right middle frontal gyrus; Frontal_Mid_R (aal)/Frontal_Inf_Orb_R (aal), right middle frontal gyrus/right inferior frontal gyrus.





Correlation Analysis

The results of Pearson correlation coefficient analysis in Figure 4 and Table 3 showed that fALFF values in right MFG (r = −0.7286, P < 0.0001) and right MFG/right IFG (r = −0.5447, P = 0.0027) were significantly and negatively correlated with HADS values.
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FIGURE 4. Correlations between the HADS and ALFF values of brain area. The results shown in (A) and (B) both represent a negative correlation with the HADS and fALFF values in right middle frontal gyrus (r = −0.7286, P < 0.0001) and right middle frontal gyrus/right inferior frontal gyrus (r = −0.5447, P = 0.0027), respectively. Abbreviations: HADS, Hospital Anxiety and Depression Scale; fALFF, fractional amplitude of low-frequency fluctuation.



TABLE 3. Pearson correlations analysis.
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DISCUSSION

The global prevalence of DE is estimated to be 5%–50%, with a prevalence of approximately 5.7% in women under 50 years of age, increasing to 9.8% in postmenopausal women (Verjee et al., 2020). DE can cause eye discomfort, visual disturbances, neuropathic pain, anxiety, and depression, among other symptoms. Further, DE has a long chronic onset and can progress without intervention, seriously affecting the quality of life and increasing social burden (Matossian et al., 2019). To date, although fALFF has been studied in neurological disorders, very few studies have applied fALFF in the investigation of DE. The fMRI is an emerging imaging technique that is widely used in the study of neurological diseases. Currently, fMRI has been used in a variety of ophthalmic and neurological diseases (Table 4). The purpose of this study was to explore the changes in spontaneous brain activity in patients with DE using fALFF, with the aim of providing new evidence regarding the neuropathological mechanisms underlying the condition and its diagnosis.

TABLE 4. Application of fALFF in ophthalmology and other diseases.
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Compared with the HC group, patients with DE had significantly higher fALFF values in the left CS and significantly lower fALFF values in the bilateral MFG and right MFG/right IFG. Figure 5 shows the abnormal brain regions.
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FIGURE 5. Significant differences in spontaneous brain activity between the DE and HC groups. Different brain regions that were observed: (1) Calcarine_L (aal); (2) Frontal_Mid_R(aal); (3) Frontal_Mid_L(aal); (4) and Frontal_Mid_R(aal)/Frontal_Inf_Orb_R (aal). The white areas present brain regions with increased fALFF values and the yellow areas are brain regions with decreased fALFF values. Abbreviations: fALFF, fractional amplitude of low-frequency fluctuation; L, left; R, right; Calcarine_L (aal), calcarine sulcus; Frontal_Mid_L (aal), left middle frontal gyrus; Frontal_Mid_R (aal), right middle frontal gyrus; Frontal_Mid_R (aal)/Frontal_Inf_Orb_R (aal), right middle frontal gyrus/right inferior frontal gyrus.




Analysis of Elevated fALFF Values in Patients With DE

The occipital lobe is a relatively small part of the posterior end of the cerebral hemisphere, containing the visual cortex and primary visual areas. In humans, the primary visual cortex (V1) is mainly located in the occipital cortex (Brodmann area 17/Brodmann area 18) above and below the CS, which receives impulses from the upper retina, below the CS, which receives impulses from the lower retina, and below the posterior lower 1/3 of the CS, which receives impulses from the macula (De Moraes, 2013). V1 receives visual information from the lateral geniculate body and is responsible for the perception of natural scenes and color signals (Weliky et al., 2003). Impaired optic nerve function can lead to dysfunction of the visual cortex, and the connections between neurons in the visual cortex are reduced in blind people (Fox and Raichle, 2007). In a study by Williamson et al. (1992), patients with abnormal occipital lobe discharges were found to experience hallucinations, episodic blackouts, abnormal eye movements, visual field defects, and other disorders. Further, a study by Rossion et al. (2003) determined that damage to the occipital lobe can result in reduced recognition of faces, and abnormalities in the functional connectivity of primary visual cortical areas have been reported in studies of refractive parametric amblyopia (Ding et al., 2013), strabismus (Yan et al., 2019), and glaucoma (Wang et al., 2017). In the present study, fALFF values from the left CS were significantly increased in patients with DE compared with the HC group, suggesting that activity of this brain region is enhanced in patients with DE, which improves visual information processing. As DE can cause damage to patients’ vision, we speculate that the increase in fALFF values in the CS visual cortex may be a compensatory result for the visual damage caused by DE.



Analysis of Reduced fALFF Values in Patients With DE

The MFG is located in the anterior part of the brain and is responsible for language processing, stress response (Carter et al., 2006), cognitive function (Achiron et al., 2013), and attention control (Japee et al., 2015). Many disorders are associated with MFG dysfunction; for example, attention deficit hyperactivity disorder (ADHD; Tafazoli et al., 2013) and schizophrenia (Quan et al., 2013). Patients with depression also show significant MFG dysfunction (Andersson et al., 2009). The MFG is involved in the regulation of downstream nociception, and dysfunction of this circuit can lead to pain (Mylius et al., 2006); for example, reduced gray matter in the MFG was found in patients with cluster headaches (Absinta et al., 2012). Sprenger et al. (2007) used [18F]-fluorodeoxyglucose positron emission tomography to measure significantly reduced frontal lobe glucose metabolism in patients with cluster headache, which indicated dysfunction in pain modulation regions. In the present study, we found that the fALFF values from bilateral MFG were significantly lower in patients with DE, suggesting abnormal MFG function. Therefore, we hypothesize that MFG dysfunction may be associated with the occurrence of ocular pain, anxiety, and depression in patients with DE.

The IFG is closely related to emotional (Tabei, 2015) and attention (Ochsner et al., 2012) regulation and is also involved in the protection of memory (Lin et al., 2017). In children with autism spectrum disorders, sleep deprivation is associated with an increase in negative affect and a decrease in positive affect and psychomotor performance, and brain function analysis revealed alterations in several brain regions, including a decrease in the connection between the IFG and the thalamus (Li et al., 2021). Further, IFG white matter connectivity was significantly reduced in patients with compulsive disorder (Goncalves et al., 2015). Coordination between vision and movement relies on the frontoparietal network, which receives visual and proprioceptive inputs, and the IFG is involved in the integrated processing of visual-motor sensory information (Papadelis et al., 2016). In terms of molecular mechanisms, IFG γ-aminobutyric acid type A receptor binding affinity is associated with cognitive impairment and γ-aminobutyric acid type A receptor binding affinity is positively associated with sustained visual attention (Kasagi et al., 2018). In the present study, we found that the fALFF values from the IFG were significantly lower in patients with DE than in the HC group, which may be related to the negative emotions associated with visual impairment and chronic ocular discomfort in patients with DE.

Numerous previous studies have reported clear correlations between dry eyes and anxiety and depression, where patients with DE have reduced tear film stability, intense ocular discomfort, and greater susceptibility to adverse mood (van der Vaart et al., 2015). A population-based cross-sectional study in Beijing, China that scored depression in 1,456 patients with DE found that depression was markedly more prevalent in patients with DE than in those without (Labbe et al., 2013). In a study of patients with moderate to severe depression, cognitive deficits in depressed patients were associated with primary visual cortex function at the CS (Desseilles et al., 2011). A voxel-based morphometric study found significant reductions in gray matter volume in the MFG, IFG, and middle temporal gyrus regions in patients with major depression (Kandilarova et al., 2019). In a study based on regional homogeneity (ReHo), depressed patients had lower ReHo in the right MFG and left precentral gyrus (Geng et al., 2019). IFG is an indirect inhibitor of the amygdala, and a study of 137 anxious patients found significantly impaired IFG function, which was associated with a weaker reciprocal excitatory connection between the IFG and vmPFC (Cha et al., 2016). The reality of our findings (Figure 4) is that the fALFF value of right MFG (r = −0.7286, P < 0.0001) and the right MFG/right IFG value (r = −0.5447, P = 0.0027) were significantly and negatively correlated with the HADS value. This suggests a potential association between the changes in brain function occurring in DE patients and their greater susceptibility to anxiety and depression.

In our study, we found that the fALFF values in the vicinity of the CS of patients with DE were significantly higher than those in the HC group, while the fALFF values at the MFG and IFG in patients with DE were significantly lower than those in the HC group. Visual impairment, chronic neuropathic pain, ocular discomfort, and reduced emotional regulation caused by brain dysfunction in patients with DE are associated with neuropathy mechanisms underlying anxiety and depression (Bai et al., 2020).

In conclusion, long-term DE brings negative emotions and reduces the quality of life of patients, we found that the fALFF values of CS, MFG, and IFG of DE patients are abnormal compared with those of the HC group by resting-state MRI.ROC curve analysis of left CS, left MFG, right MFG and right MFG/right IFG involved in this study have high differential diagnosis significance indicating that the fALFF values of MFG and IFG combined can be used as a potential imaging biomarker to discriminate between DE and HC groups. We speculate that DE may cause brain dysfunction (Table 5, Figure 6). The neurological basis for the pathophysiology of the dry eye provided by the present study may lead to a new field of research to define this basis more precisely with the aim of providing a new idea for the diagnosis and treatment of patients with DE.
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FIGURE 6. The relationship between changes in internal eye states and vision, brain activity, and emotional state.



TABLE 5. Brain regions alternation and its potential impact.

[image: image]

There are some limitations to this study; first, our study sample size was relatively small, which may directly lead to less reliable results, and in order to validate our findings, we need to conduct the study in a larger population. Then, we did not group the degree of disease of DE, and at a later stage, we need to further group the severity of DE on the basis of a large sample for comparison.
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Altered Homotopic Connectivity in the Cerebellum Predicts Stereopsis Dysfunction in Patients With Comitant Exotropia

Fei Chen1*, Zhirou Hu1, Hui Liu2, Fangyuan Zhen1, Chenlu Liu1 and Qiuming Li1*

1Department of Ophthalmology, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, China

2Department of Ophthalmology, Jiangxi Provincial People’s Hospital, Nanchang, China

Edited by:
Yan Tong, Renmin Hospital of Wuhan University, China

Reviewed by:
Zhi Wen, Renmin Hospital of Wuhan University, China
Chen-Xing Qi, Renmin Hospital of Wuhan University, China

*Correspondence: Fei Chen, 2015283020193@whu.edu.cn; Qiuming Li, 15838241308@163.com

Specialty section: This article was submitted to Brain Imaging and Stimulation, a section of the journal Frontiers in Human Neuroscience

Received: 11 April 2022
Accepted: 09 May 2022
Published: 02 June 2022

Citation: Chen F, Hu Z, Liu H, Zhen F, Liu C and Li Q (2022) Altered Homotopic Connectivity in the Cerebellum Predicts Stereopsis Dysfunction in Patients With Comitant Exotropia. Front. Hum. Neurosci. 16:917769. doi: 10.3389/fnhum.2022.917769

Purpose: Comitant exotropia (CE) is a common eye disorder characterized by impaired stereoscopic vision and eye deviation. Previous neuroimaging studies demonstrated that patients with CE were accompanied by specific functional and structural abnormalities of the brain. However, the effect of impaired stereoscopic vision and eye deviation on interhemispheric homotopic connectivity remains unknown.

Methods: A total of thirty-six patients with CE (25 males and 11 females) and 36 well-matched healthy controls underwent magnetic resonance imaging scanning. The voxel-mirrored homotopic connectivity (VMHC) method was applied to assess the interhemispheric homotopic connectivity changes in patients with CE. Furthermore, the support vector machine method was applied to assess to differentiate patients with CE from healthy controls (HCs) with the VMHC maps as a feature.

Results: Compared with HCs, patients with CE showed significantly increased VMHC values in the bilateral cerebelum_ 8 and cerebelum_4_5. Moreover, we found that the VMHC maps showed an accuracy of 81.94% and an area under the curve of 0.87 for distinguishing the patients with CE from HCs.

Conclusion: Our study demonstrates that patients with CE showed interhemispheric homotopic connectivity changes in the cerebellum, which might reflect the neurological mechanisms of impaired stereoscopic vision and eye deviation in patients with CE.

Keywords: comitant exotropia, functional magnetic resonance imaging, voxel-mirrored homotopic connectivity, functional connectivity, support vector machine


INTRODUCTION

Comitant exotropia (CE) is a common eye disease characterized by ocular deviation and stereopsis dysfunction. The prevalence of exotropia is approximately 1% in all children (Govindan et al., 2005). There are several risk factors for the development of strabismus, including myopia (Zhang et al., 2021), anisometropia (Smith et al., 2017), and a family history of strabismus (Taira et al., 2003). Stereopsis dysfunction is a core clinical symptom in patients. Binocular visual function in patients with strabismus can interfere with daily life and work. Moreover, patients with strabismus may also have mental health problems (Lin et al., 2014; Lee et al., 2022). Strabismus surgery is currently an important tool in the treatment of strabismus. However, some patients are unable to re-establish stereopsis after strabismus surgery. The integration of binocular visual information occurs in the lateral geniculate nucleus; this integration leads to binocular vision and depth perception. However, the neural mechanisms that underlie central nervous system dysfunction in patients with CE remain unclear.

Functional magnetic resonance imaging (fMRI) has been widely used to study changes in brain neural activity in patients with strabismus. Chen et al. (2021a) reported that brain neural activity considerably differed between patients with CE and HCs; affected areas included the middle occipital gyrus and supplementary motor area/precentral gyrus, implying that stereopsis dysfunction was present in patients with CE. Tan et al. (2018) reported that patients with CE exhibited abnormal network activity in various brain regions. Using a voxel-based analysis method, Yan et al. (2010) showed that patients with CE had lower fractional anisotropy values in the right middle occipital gyrus and right supramarginal gyrus. Huang et al. (2018) reported that patients with CE had increased resting cerebral blood flow in the supplementary eye field, cingulate eye field, and frontal eye field. Jin et al. (2022) also found that, compared to healthy controls, patients with CE had abnormalities in the cerebellar, sensorimotor, auditory, and visual networks. Thus, the abovementioned studies demonstrated that patients with CE had abnormalities in vision and eye-motor control regions of the brain (supplementary eye field, cingulate eye field, and frontal eye field). However, the effects of impaired stereopsis and eye deviation on interhemispheric homotopic connectivity remain unclear. The human brain exhibits interhemispheric homotopic connectivity. Homotopic connectivity within the visual cortex participates in visual information processing (Dougherty et al., 2005; Butt et al., 2015). Furthermore, homotopic connectivity may reflect the mechanisms that underlie central nervous system disorders. The voxel-mirrored homotopic connectivity (VMHC) method, first proposed by Zuo et al. (2010), quantifies the homotopic connectivity between individual voxels in one hemisphere and their mirror voxel counterparts in the other hemisphere. Previous studies demonstrated that the VMHC method has a good spatial and temporal resolution (Yang et al., 2019; Chen et al., 2021b; Wu et al., 2021). Although there have been many studies concerning the functional connectivity changes that occur in CE, the effects of impaired stereopsis and eye deviation on interhemispheric homotopic connectivity in patients with CE are still unknown. Furthermore, with the rapid development of machine learning technology, MRI-related machine learning methods are increasingly used in disease classification; such applications can provide sensitive biomarkers for disease diagnosis and prediction. Support vector machine (SVM) methods are supervised machine learning algorithms widely used for MRI data classification; these methods can achieve individual-level classification and detect biomarkers based on neuroimaging data. SVM methods can reduce the high dimensionality of MRI data and improve the level of data generalization. Compared with other machine learning methods, such as random forest, naïve Bayes, and convolutional neural network. SVM methods have been successfully used to classify diseases, such as iridocyclitis (Tong et al., 2021), primary dysmenorrhea (Gui et al., 2021), and major depressive disorder (Gao et al., 2021). However, no studies have used SVM and VMHC methods to distinguish patients with CE from HCs.

Considering the published findings described above, the purpose of this study was to determine whether patients with CE exhibit interhemispheric homotopic connectivity. Additionally, an SVM method was used to investigate the predictive value of VMHC data for diagnostic classification. Thus, we hypothesized that the patients with CE might be associated with abnormal interhemispheric homotopic connectivity.



MATERIALS AND METHODS


Participants

Thirty-six patients with CE (mean age, 24.25 ± 1 years) and 36 healthy controls (HCs; mean age, 24.46 ± 1.31 years) were recruited from the first hospital affiliated with Zhengzhou University and Jiangxi Provincial People’s Hospital. The diagnostic criteria of patients with CE were: (1) CE, exodeviation angles between 15Δ and 80Δ; (2) without a history of strabismus surgery; The exclusion criteria of CE individuals in the study were: (1) additional ocular-related complications (e.g., cataract, glaucoma, high myopia, or optic neuritis); (2) sensory exotropia, fixed exotropia, secondary exotropia, restricted exotropia, and exotropia with vertical exotropia; and (3) concomitant exotropia were associated with amblyopia.



Ethics Statement

All research methods followed the Declaration of Helsinki and were approved by the Ethical Committee for Medicine of the first hospital affiliated with Zhengzhou University and Jiangxi Provincial People’s Hospital. Participants enrolled in the study of their own accord and were informed of the purpose, methods, as well as potential risks before signing an informed consent form.



Magnetic Resonance Imaging Acquisition

Magnetic resonance imaging scanning was performed on a 3-tesla magnetic resonance scanner (Discovery MR 750W system; GE Healthcare, Milwaukee, WI, United States), with the eight-channel head coil. Functional images were obtained by using a gradient-echo-planar imaging sequence. All the subjects were asked to keep their eyes closed and relaxed without falling asleep.



Functional Magnetic Resonance Imaging Data Analysis

All preprocessing was performed using the toolbox for Data Processing and Analysis of Brain Imaging (DPABI)1 (Yan et al., 2016) which is based on Statistical Parametric Mapping (SPM12)2 implemented in MATLAB 2013a (MathWorks, Natick, MA, United States) and, briefly, using the following steps: (1) Remove first ten volumes; (2) Slice timing effects, motion-corrected; (3) Normalized data (in Montreal Neurological Institute 152 space) to EPI template were re-sliced at a resolution of 3 mm × 3 mm × 3 mm; (4) Spatial smoothing by convolution with an isotropic Gaussian kernel of 6 mm × 6 mm × 6 mm full width at half maximum; (5) The fMRI data with linear trends were removed; (6) Linear regression analysis was applied to regress out several covariates (mean framewise displacement, global brain signal, and averaged signal from cerebrospinal fluid and white matter); and (7) Temporal band-pass was filtered (0.01–0.08 Hz) to reduce the influence of noise.



Voxel-Mirrored Homotopic Connectivity Analysis

To evaluate the interhemispheric connectivity, the VMHC method was performed using the DPABI toolkit according to previous research (Zuo et al., 2010). The VMHC values for each participant were calculated as the Pearson correlation between each pair of symmetrical interhemispheric voxels’ time series.



Support Vector Machine Analysis

To evaluate whether the VMHC metrics alterations could serve as potential diagnostic metrics for CE, we performed ML analyses using the SVM algorithm with the average VMHC values of all clusters showing significant intragroup differences as the features. The following steps were followed (Schrouff et al., 2013): (1) The VMHC maps of two groups served as a classification feature; and (2) Then, the leave-one-out cross-validation technique was applied to perform SVM classifier validation. This procedure was repeated n times. For classification, two classes were defined (patients’ group and HCs group) and processed using a soft-margin hyper-parameter approach. The soft-margin parameters take the values 0.01, 0.1, 1, 10, 100, and 1,000 in the SVM classifier in the current version of PRoNTo, which make the model obtain the maximum interval hyperplane with the minimum classification error. To quantify the performance of classification methods, accuracy, sensitivity, and specificity were reported. Besides the classification accuracy, the receiver operating characteristic (ROC) curves and the corresponding area under the curve (AUC) were also computed to evaluate the classification efficiency.



Statistical Analysis

The independent sample t-test was used to investigate the clinical features of the two groups.

The one-sample t-test was conducted to assess the group mean of VMCH maps. The two-sample t-test was used to compare the two group differences in the VMCH maps using the Gaussian random field (GRF) method (two-tailed, voxel-level P < 0.01, GRF correction, cluster-level P < 0.05).




RESULTS


Demographics and Disease Characteristics

There were no statistically significant differences between the CE and HC groups in gender or age, the results of these clinical data were summarized in Table 1.


TABLE 1. Demographics and visual measurements between two groups.

[image: Table 1]


Different Voxel-Mirrored Homotopic Connectivit Values Between Two Groups

The group means of VMHC maps of the CE and HC are shown (Figures 1A,B). Compared with the HCs, patients with CE showed significantly increased VMHC values in the bilateral cerebelum_8 and bilateral cerebelum_4_5 (Table 2 and Figure 2A). The mean values of altered VMHC values were shown with a histogram (Figure 2B).
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FIGURE 1. One-sample t-test results of VMHC maps within comitant extropia (CE) group (A) and HC group (B). Abbreviations: CE, comitant exotropia; HC, health control; and VMHC, voxel-mirrored homotopic connectivity.



TABLE 2. Different voxel-mirrored homotopic connectivity (VMHC) values between two groups.
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FIGURE 2. Significant VMHC differences in the CE and HC group (A); the mean of altered VMHC values between patients with CE and HCs (B). Abbreviations: CE, comitant exotropia; HC, health control; VMHC, voxel-mirrored homotopic connectivity; and CER, cerebellum.




Support Vector Machine Classification Results

To evaluate the classification ability of the SVM model, the accuracy, sensitivity, specificity, and precision were calculated and the ROC curve of the classifier was illustrated in Figure 3. Moreover, we found that the VMHC maps showed an accuracy of 81.94% and an AUC of 0.87 for distinguishing the patients with CE from HCs.


[image: image]

FIGURE 3. Classification results using support vector machine (SVM) based on VMHC values. Function values of two groups (class 1: CE group; class 2: HC group); (A). The ROC curve of the SVM classifier with an AUC value of 0.87 (B). Abbreviations: CE, comitant exotropia; HC, health control; VMHC, voxel-mirrored homotopic connectivity; ROC, receiver operating characteristic; SVM, support vector machine; and AUC, area under the curve.





DISCUSSION

Compared to HCs, patients with CE had significantly greater VMHC values in the bilateral cerebellum_8 and cerebellum_4_5. Additionally, the VMHC maps exhibited an accuracy of 81.94% and an AUC of 0.87 for distinguishing patients with CE from HCs.

In this study, patients with CE exhibited a significant increase in VMHC values in the cerebellum. The cerebellum plays an important role in balance control and motor function; it is also involved in eye movement and visual perception. Thier and Markanday (2019) demonstrated that the cerebellum plays an important role in visually guided eye movements and visual motion perception. Moreover, the cerebellum is responsible for encoding eye movements (Lixenberg et al., 2020). Thus, the vermal cortex to visual motion perception is non-motor and involves cerebellar influence on cortical information processing. Previous neuroimaging studies have shown that strabismus is accompanied by cerebellar dysfunction. Zhu et al. (2018) demonstrated a significant reduction in functional connectivity between the left Brodmann area (BA17) and the left lingual gyrus/posterior cerebellar lobe in patients with CE. Ouyang et al. (2017) found that the left posterior cerebellar gray matter volume (GMV) was decreased in patients with CE. Higher VMHC reflects the increased functional connectivity in both hemispheres indicating the hyperconnectivity of bilateral brain areas. Besides, the higher VMHC value in the cerebellar might reflect the high functional connectivity within the cerebellar network. Consistent with these findings, we found a significant increase in cerebellar VMHC values in patients with CE, which suggests that oculomotor and visual perception dysfunction are present in patients with CE.

Our study showed that using VMHC maps, the SVM method could distinguish patients with CE from HCs with an accuracy of 81.94% and an AUC of 0.87. The SVM method has been widely used in machine learning studies of MRI imaging. To our knowledge, no study has evaluated the combined effect of VMHC and SVM techniques on CE classification. In our study, we investigated whether VMHC maps could be used as a classification feature to distinguish these groups, based on a machine learning approach that used an SVM classifier. We found that good machine classification accuracy could be achieved using VMHC maps. Thus, our results suggest that VMHC maps may be suitable for distinguishing patients with CE from HCs.

However, some limitations should be acknowledged. First, our sample size was small. Second, the clinical course of CE varies among patients; this may have affected the accuracy of our results. Third, the VMHC maps were based on BOLD signals, which may be affected by physiological noise. Finally, we applied the SVM method to assess the sensitivity of the classification; this method might have been affected by the sample size.



CONCLUSION

Our findings indicate that cerebellar homotopic connectivity is increased in patients with CE, thereby providing insight into the neural mechanism that underlies oculomotor and visual perception dysfunction in patients with CE. Furthermore, VMHC maps may be suitable for distinguishing patients with CE from HCs.
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Purpose: To study the changes in functional connections between the left and right hemispheres of patients with high myopia (HM) and healthy controls (HCs) by resting functional magnetic resonance imaging (fMRI) based on voxel-mirrored homotopic connectivity (VMHC). To study the changes in resting-state functional connectivity (rsFC) between the left and right hemispheres of patients with HM and healthy controls (HCS) at rest by using resting functional magnetic resonance imaging (fMRI) based on voxel-mirror homotopy connectivity (VMHC).

Patients and Methods: A total of 89 patients with HM (41 men and 48 women) and 59 HCs (24 men and 35 women) were collected and matched according to gender, age, and education level. The VMHC method was used to evaluate the changes in rsFC between cerebral hemispheres, and a correlation analysis was carried out to understand the differences in brain functional activities between the patients with HM and the HCs.

Results: Compared with the HCs, the VMHC values of the putamen and fusiform in the HM group were significantly lower (voxel-level p < 0.01, Gaussian random field correction cluster level p < 0.05).

Conclusion: This study preliminarily confirmed the destruction of interhemispheric functional connection in some brain regions of the patients with HM and provided effective information for clarifying the neural mechanism of patients with HM.

Keywords: high myopia, voxel-mirrored homotopic connectivity, functional magnetic resonance imaging, putamen, fusiform gyrus


INTRODUCTION

High myopia (HM) is a worldwide health problem that has attracted widespread attention. It seriously affects the quality of life of patients. The rate of incidence is increasing year by year. It affects about 2.9% of the global population (Holden et al., 2015). HM refers to myopia with diopter > −6D, mostly axial myopia, which is characterized by pathological and degenerative changes in the retina, choroid, and sclera, resulting in visual impairment. Therefore, the harm is great (Hsu et al., 2014). Eyeground structures such as the retina and optic nerve are closely related to the brain, especially visual-related areas (Wang et al., 2020). One study has shown that the retinal nerve fiber layer of patients with HM becomes thinner and that the optic papilla is deformed (Qu et al., 2018). Zhai et al. (2016) found that the visual function of patients with HM was abnormal, the functional connection of the posterior cingulate cortex/precuneus decreased, and the function of other brain regions changed. Therefore, they believed that abnormal visual experiences would lead to abnormal brain structure and function. In addition, a correlation analysis based on functional connectivity density (FCD) mapping and seeding showed that HM can lead to changes in brain morphology and functional connectivity density (Li et al., 2012; Zhai et al., 2016). Consequently, HM may lead to changes in brain functional activities.

In order to evaluate the changes in brain activity, functional magnetic resonance imaging (fMRI) is increasingly conducted in studies on HM. MRI has the characteristics of multi-sequence, multi parameters, no ionizing radiation, routine imaging, and functional imaging. It can find changes in brain activity and function in patients with HM, and it has a great application value. A recent study used functional magnetic resonance imaging to evaluate the activity of occipital visual cortex in patients with lens induced high myopia (IHM) under different visual stimulation. The results showed that the activity of visual cortex in patients with IHM was significantly lower than that in the normal group (Mirzajani et al., 2017). Patients with HM have certain changes in visual pathway area and limbic system structure (Huang et al., 2018). Homotopic functional connectivity is the connection between mirror regions of the cerebral hemisphere, and it is also one of the most remarkable features of the internal functional structure of the brain (Salvador et al., 2005; Stark et al., 2008). It may reflect that inter-hemispheric communication plays a very important role in integrating brain function based on coherent cognition and behavior. At the same time, it has significant spatial variability related to function and is disturbed by a variety of pathological conditions (Mancuso et al., 2019). Previous studies related to MRI have found that HM affects brain neural activity and functional connection, but the specific mechanism has not been fully clarified.

Voxel-mirrored homotopic connectivity (VMHC) is a method proposed by Stark DE (Stark et al., 2008) to explore the differences in functional connections between voxels in bilateral hemispheric symmetrical systems and evaluate their coordination. It is a functional magnetic resonance imaging technology used to explore brain tissue patterns based on resting functional connections. This method needs to conduct anatomical structure correction to make the bilateral cerebral hemispheres basically symmetrical and calculate the time-series correlation between each voxel and its contralateral hemisphere allele. The lower the VMHC value, the worse the coordination of allelic voxel functional activities between the bilateral cerebral hemispheres. On the contrary, the higher VMHC value, the coordination will be better. Different MRI analysis methods have different emphases in expressing the functional changes of brain regions. VMHC not only directly compares functional connections between cerebral hemispheres in the resting state but also accurately and effectively evaluates changes in functional connections between cerebral hemispheres related to patients' behavior and cognition. It has certain efficiency, stability, and safety in studies on brain information integration. In recent years, more and more studies have focused on VMHC and found that it is related to a variety of diseases and functional states, and has a good correlation. Kelly et al. found that there is an association between long-term exposure to cocaine and large-scale brain circuit interruption supporting cognitive control through the VMHC method (Kelly et al., 2011). Luo et al. (2018) found that the VMHC value was lower in some brain regions of multi-domain amnestic mild cognitive impairment patients and showed more severe interhemispheric communication defects than that of single-domain amnestic mild cognitive impairment patients. In addition, there were VMHC abnormalities in multiple brain regions of patients with type 2 diabetes, indicating that the functional coordination between the same brain regions was generally impaired (Zhang Y. et al., 2021). In conclusion, rs-fMRI analysis based on VMHC can provide additional information beyond the classical FC index for understanding the neural mechanism of executive function changes between cerebral hemispheres, and VMHC is a reliable neural index for brain function reorganization. Through previous studies, it has also been found that VMHC has been used for the analysis of a variety of eye diseases, such as primary open-angle glaucoma (Liu et al., 2008), monocular blindness (Shao et al., 2018), and strabismus amblyopia (Zhang S. et al., 2021). We speculate that patients with HM, which affects brain visual imaging, may have abnormal brain functional activities. Therefore, this study discusses changes in cerebral hemisphere functional connection in patients with HM by VMHC analysis, to provide a new idea for the neural mechanism of HM.



MATERIALS AND METHODS


Participants

Participants were selected from the hospital during the period from September 2018 to September 2020. The cohort included 89 patients with HM and 59 HCs without ametropia. The inclusion criteria for patients with myopia were as follows: (1) aged 18–60 years, (2) meeting the diagnostic criteria of high myopia, (3) right-hand dominance, and (4) no other ophthalmic diseases. The exclusion criteria were: (1) other ophthalmic diseases, (2) unilateral myopia, (3) abnormal brain structure such as tumor or subdural hematoma, (4) mental diseases and unable to cooperate, and (5) complications of HM including HM optic neuropathy and HM macular degeneration. The age, sex, hand advantage, and education level of the HCs were matched with those of the HM group and met the following criteria: (1) no ametropia and other ophthalmic diseases, (2) no mental diseases, and (3) normal routine brain magnetic resonance imaging. All the subjects underwent MRI scanning, and those with incomplete MRI data or excessive head movements were excluded. The study was approved by the medical ethics committee of the First Affiliated Hospital of Nanchang University, and all the participants were informed and agreed.



MRI Acquisition

All MRI data were collected with a Siemens Trio 3.0T scanner by implementing an 8-channel head coil. MRI scanning was performed on each subject. Whole-brain T1-weighted images were obtained with magnetization-prepared gradient echo image (MPRAGE) with these parameters: repetition time = 1,900 ms, echo time (TE) = 2.26 ms, thickness = 1, no intersection gap, acquisition matrix =2 56 × 256, field of view (FOV) = 240 × 240 mm2, and flip angle = 12°. Functional images were obtained using a gradient-echo-planar imaging sequence.



Data Preprocessing in Functional Magnetic Resonance Imaging

The preprocessing reason brain imaging data processing and analysis toolbox (DPABI, http://rfmri.org/dpabi) are completed based on statistical parameter mapping (SPM12), which runs on MATLAB 8.4.0 (MathWorks, Natick, MA, United States). The main preprocessing steps were: discard the first 10 volumes, slice timing, spatial rearrangement, head motion correction, individual registration between high-resolution T1 and EPI images, spatial normalization, and spatial smoothing that can reduce the registration error and increase the normality of statistical data. The RS fMRI data set is registered in the space of Montreal Neurological Institute (MNI) and resampled to a 3 × 3 × 3 mm3 cube voxel; head movement data with a maximum translation of more than 2 mm or a maximum rotation of 2° were excluded from the final analysis. The preprocessed data are divided into typical frequency bands (0.01–0.1 Hz). Linear regression is performed on covariates such as head movement, whole-brain parenchyma, and cerebrospinal fluid signals to reduce the impact (including white matter, cerebrospinal fluid, and head movement parameters based on Friston 24 parameter model) (Friston et al., 1996).



Statistical Analysis of VMHC

The value of VMHC is calculated as the Pearson correlation coefficient between the voxel time series between each pair of mirror hemispheres (Zuo et al., 2010). The REST software was used to calculate the Pearson's correlation between each group of symmetrical alleles in both cerebral hemispheres one by one, and then the fisher-z transform was performed on these correlation values. The results of correlation values formed the VMHC diagram and were used for subsequent group-level analysis. To reduce the difference between different subjects, it is also necessary to standardize the mean of the whole brain VMHC map.



Statistical Analysis

This study was tested with the SPSS software (version 13.0; SPSS Inc., Chicago, IL, United States). The changes in VMHC z-diagram between the healthy control group and the HM group were evaluated by two-sample t-tests. All important clusters were reported on MNI coordinates, and the T value of peak voxels was determined (voxel-level P < 0.01, Gaussian random field [GRF] correction, cluster-level P < 0.05).




RESULTS


Basic Information

The basic information of patients with HM and the healthy control group is shown in Table 1.


Table 1. General characteristics of the patients.

[image: Table 1]



VMHC Group Differences

VMHC values changed between the HM group and the HC group (Figure 1); Compared with HCS, the VMHC in the lenticular nucleus and fusiform gyrus decreased in patients with HM (Figure 2, Table 2).


[image: Figure 1]
FIGURE 1. Distribution patterns of VMHC were observed at the group level in patients with (A) HM and (B) HCs. VMHC, voxel-mirrored homotopic connectivity; HM, high myopia; HCs, healthy controls.



[image: Figure 2]
FIGURE 2. Different VMHCs between the HM and HC groups (voxel level P < 0.01, GRF correction, cluster level P < 0.05). VMHC, voxel-mirrored homotopic connectivity.



Table 2. Different voxel-mirrored homotopic connectivity (VMHC) values of brain areas between the HM and HC groups (voxel level P < 0.01, Gaussian random field, GRF, correction).
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DISCUSSION

In this study, we evaluated the VMHC difference between the HM group and the HC group. The study found that compared with the HCs, the VMHC values of the putamen and fusiform gyrus of the patients with HM were decreased.

The putamen is a structure located under the cortex and a part of the dorsal striatum of the basal ganglia. It is considered to be related to reinforcement learning, motor control, and language function (Vinas-Guasch and Wu, 2017). Recently, it has been found that the putamen is closely related to processes that visually guided and internally guided force control in humans. A study on changes in visual movement and functional activities in brain regions found that 91% of caudate cells and 65% of putamen cells changed when monkeys performed visual tasks. Therefore, the activity of neurons in the caudate and putamen during a visuomotor task will be activated whether there is motor behavior or not (Romero et al., 2008). Li et al. found that the regional homology (ReHo) of bilateral putamen in patients with idiopathic rapid eye movement sleep behavior disorder (iRBD) was significantly reduced, the tracer uptake of bilateral putamen and left caudate nucleus was also significantly reduced, and abnormal spontaneous brain activity of bilateral putamen in patients with iRBD was detected when studying the correlation between iRBD and the putamen (Li et al., 2019). It can be seen from the above that the change in the putamen is related to the abnormal state of the body. When studying changes in brain structure between patients with HM and HCs, Huang et al. (2018) found that the global gray matter volume (GMV) of the bilateral putamen in patients with HM was increased. The authors speculated that HM may lead to structural changes in the bilateral putamen, to compensate for the motor function of HM. In our study, we found that compared with the HC group, the VMHC value of the putamen in patients with HM was decreased, which may be related to abnormal changes in this area due to the abnormal visual experience and behavior of HM. It is consistent with the above research results. Hence, we speculate that HM will lead to disorder in the putamen connection and affect visual function.

The fusiform gyrus is located in the middle and bottom of the visual joint cortex. It is the largest macro-anatomical structure in the advanced visual cortex and has a wide range of functions; however, it is highly controversial (Cohen et al., 2000; Huth et al., 2012; Cukur et al., 2013). At first, it was well-known for its facial-recognition function, but with the deepening of research, it was found that it was more involved in processing high-order visual information, especially related to face, body, and stimuli characterized by high spatial frequency, and was responsible for the recognition of secondary classification of objects (Weiner and Zilles, 2016; Rokem et al., 2017). Moreover, the fusiform gyrus has a special visual processing mechanism for text and objects (Chen et al., 2019). Tanja Kassuba et.al. found that the lateral occipital cortex (LO), fusiform gyrus, and intraparietal sulcus (IPS) play an important role in the integration of visual-tactile objects (Kassuba et al., 2014). In addition, a study on the frequency-dependent spontaneous neural activity of primary angle-closure glaucoma found that the ALFF values of multiple brain regions were changed. The ALFF values in the bilateral frontal lobe, right fusiform gyrus, and right posterior cerebellar lobe were higher in slow band 5 than in slow band 4. It was considered that the abnormal spontaneous neural activity of patients with PACG indicates that the cognitive, visual, and emotional functions of these patients are impaired (Jiang et al., 2019). In our study, we found that the VMHC value of the fusiform gyrus in the patients with HM was decreased. We speculated that abnormal visual experience may lead to structural changes in the fusiform gyrus and even affect its functions, such as visual and recognition functions.

However, there are some limitations to this experiment. For example, the sample size is not large enough, and the head movement and cerebrospinal fluid movement effects of the patients during examination have a certain impact on the experiment. However, to minimize such effects, we have strictly selected qualified examination results and eliminated the effects of movement on the brain through statistical methods. In addition, the results of this study were obtained in the resting state of participants. In future studies, we will also combine the resting-state and task-state fMRI to research the changes of abnormal brain regions in different states. At the same time, we will expand the sample size and improve the applicability and accuracy of the results.



CONCLUSION

In conclusion, compared with the HCs, VMHC values in different brain regions of the patients with HM have different changes, suggesting that HM may cause changes in functional connections between cerebral hemispheres in some regions, resulting in functional damage, which may become a breakthrough in studying the divine mechanism of changes in visual and motor functions in HM.
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Congenital nystagmus in infants and young children can lead to early blindness (EB). Previous neuroimaging studies have demonstrated that EB is accompanied by alterations in brain structure and function. However, the effects of visual impairment and critical developmental periods on brain functional connectivity at rest have been unclear. Here, we used the voxel-wise degree centrality (DC) method to explore the underlying functional network brain activity in adolescents with EB. Twenty-one patients with EBs and 21 sighted controls (SCs) underwent magnetic resonance imaging. Differences between the two groups were assessed using the DC method. Moreover, the support vector machine (SVM) method was used to differentiate patients with EB patients from the SCs according to DC values. Compared with the SCs, the patients with EB had increased DC values in the bilateral cerebellum_6, cerebellum vermis_4_5, bilateral supplementary motor areas (SMA), and left fusiform gyrus; the patients with EB had decreased DC values in the bilateral rectal gyrus and left medial orbital frontal gyrus. The SVM classification of the DC values achieved an overall accuracy of 70.45% and an area under the curve of 0.86 in distinguishing between the patients with EB and the SCs. Our study may reveal the neuromechanism of neuroplasticity in EB; the findings provide an imaging basis for future development of restorative visual therapies and sensory substitution devices, and future assessments of visual rehabilitation efficacy.
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INTRODUCTION

Blindness affects approximately 500 million people worldwide (WHO, 2017). The total number of registered blind people in China is increasing; it has reached 5.5 million. Although 80% of blindness cases involve individuals aged > 50 years, children and young adults who are blind have fewer educational and employment opportunities, lower earning potential, and worse quality of life than individuals who are not blind.

The overall critical period for vision development is from 0 to 3 years of age; the maturation period is from 6 to 8 years of age (Lewis and Maurer, 2009). Specific aspects of vision have different critical periods of development. For example, visual perception of object shape, which is primarily mediated by the ventral visual flow, develops later than visual perception of motion, which is mediated by the dorsal visual flow. Thus, the overall critical period for vision impairment extends until approximately 10 years of age (Bourne and Rosa, 2006).

Early blindness (EB) is defined as visual deprivation before the age of 12, when most children have not completed the critical period for vision development. Visual deprivation can result in reorganization of brain function and structure (Reislev et al., 2016). Compared with the control group, the EB group exhibited significantly less gray matter volume in the visual cortex (Pan et al., 2007), although it exhibited increased cortical thickness in the medial visual cortex (Bridge et al., 2009). Voxel-based morphometry (VBM) and diffusion tensor imaging (DTI) studies revealed that visual tracts and radiations were significantly atrophied in patients with EB (Shimony et al., 2006); longer blindness was associated with more extensive impacts on visual radiations (Ptito et al., 2008). In addition to visual pathway damage, functional changes occur in brain regions secondary to EB. A PET study showed that cerebral blood flow to the cerebellum was significantly increased in patients with EB (Uhl et al., 1993). Functional connectivity among the visual cortex, cerebellum, supplementary motor area (SMA), motor cortex, and temporal cortex was weaker in patients with EB than in controls (Yu et al., 2008; Heine et al., 2015). During auditory processing, the functional connectivity between visual and auditory cortices decreases in patients with EB, while the connectivity the between occipital and temporal cortices increases (Pelland et al., 2017). Overall, vision-related brain regions in patients with EB undergo extensive neuroplasticity to adapt to the disease environment.

Resting-state functional magnetic resonance imaging (MRI) (rs-fMRI) can detect blood oxygen level-dependent changes at rest; the results reflect brain function under physiological and pathological conditions in vivo. In the resting state, brain neurons demonstrate a spontaneous activity, which is transmitted to other neurons; the brain thus forms a complex functional network. Degree centrality (DC), which evaluates voxel centrality by assessing the number of connections between that voxel and other voxels at the whole-brain level, can avoid the influence of subjective seed-site selection (Zuo et al., 2012). To some extent, increase or decrease in DC can explain the coordinating and antagonistic effects of brain networks under disease conditions. The DC method has been widely used to analyze ophthalmic diseases such as glaucoma (Cai et al., 2015) and strabismus (Tan et al., 2018). Here, we hypothesized that patients with EB experience visual deprivation-induced reorganization of the brain; the critical developmental period is important for this process. Congenital nystagmus (CN) occurs in infants and young children with no obvious abnormalities in the eyes or the brain. Its main clinical manifestations are involuntary, rhythmic, and reciprocating eye movements and abnormal visual function; it leads to EB. However, the etiology and pathogenesis of CN are unknown. In this study, we performed rs-fMRI to explore the pattern of DC changes in CN. Additionally, we used the support vector machine (SVM) method to investigate the predictive value of DC for clinical diagnosis.



MATERIALS AND METHODS


Participants

This study was approved by the Ethics Committee of Renmin Hospital of Wuhan University. Before undergoing MRI, all the participants or their parents provided written informed consent to participate. Twenty-one patients with EB (10 female patients) and 21 sighted controls (SCs) (11 female patients) aged 15–20 years were enrolled in this study. All the patients with EB were from the School for Blind Children in Wuhan (China); the cause of blindness in all the patients was CN. EB was defined as loss of vision at ≤ 12 years of age. The diagnosis of blindness was made by two experienced ophthalmologists who tested each eye separately and measured visual acuity, visual field, and peripheral vision. Loss of vision was characterized as the inability to see light in either eye.

The inclusion criteria for SCs were as follows: right-handedness, age < 19 years, and binocular vision of ≥ 5. The exclusion criteria for patients with EB and SCs were as follows: lesions visible on MRI (e.g., brain tumors and vascular malformations), history of ocular trauma and/or traumatic brain injury, history of neurological diseases and/or mental illness, and/or contraindications for MRI (e.g., claustrophobia or pacemaker implant).



Magnetic Resonance Imaging Data Acquisition

MRI scans were performed using a 3.0T MRI scanner (Discovery 750w; GE Healthcare, Milwaukee, WI, United States) with an 8-channel head coil. Foam pads were placed on both sides of the jaw to limit head movements; earplugs were used to reduce exposure to scanning noise. During data acquisition, all the participants were asked to close their eyes, remain awake, and not think about anything specific. rs-fMRI was performed using a gradient-echo planar imaging sequence, and with the following parameters: TR/TE = 2,000/30 ms, flip angle = 90°, FOV = 240 × 240 mm2,data matrix size = 64 × 64, slice thickness = 4 mm, interleaved axial slices = 40, and volumes = 210. T1-weighted high-resolution magnetization-prepared rapid gradient-echo structural images were also acquired for alignment and tissue segmentation using the following parameters: TR/TE = 8.5/3.2 ms, flip angle = 9°, matrix size = 256 × 256, voxel size = 1 × 1 × 1 mm3, and sagittal slices = 176. T2WI and T2-FLAIR images were collected to exclude participants with brain lesions.



Magnetic Resonance Imaging Preprocessing

The rs-fMRI data were preprocessed using the Data Processing & Analysis of Brain Imaging (DPABI) toolbox in the MATLAB software (version 2014a). Preprocessing was performed in the following order: (1) data format conversion, (2) removal of the first 10 volumes for each participant, (3) slice timing; (4) head motion correction and acquisition of head motion parameters for each participant, where participants with head movement > 2 mm or rotation > 2° were removed, (5) segmentation, (6) removal of linear drift, (7) filtering, and (8) spatial standardization to Montreal Neurological Institute space with a voxel size of 3 mm × 3 mm × 3 mm.



Degree Centrality Processing

Using an individual voxel function network, DC was calculated by counting the number of significant suprathreshold correlations (i.e., the degree of binarized adjacency matrix) among the participants. In this study, DC values with a correlation number r ≥ 0.25 were calculated using the DPABI software. The following equation was used to convert the voxel-wise DC map of each participant to a z-score map: Zi = DCi meanall/stdall, where Zi is the z-score of a voxel, DCi is the DC value of a voxel, meanall is the average DC value of all voxels in the brain mask, and stdall is the standard deviation of DC values of all voxels in the brain mask.



Support Vector Machine Analysis

To determine whether changes in DC values could be used as a diagnostic indicator for EB, we performed an ML analysis with the SVM algorithm using the Pattern Recognition for Neuroimaging Toolbox (PRoNTo) software (Schrouff et al., 2013). First, the mean DC values of brain regions that differed between the groups were used as classification features. Then, the leave-one-out cross-validation technique was used to validate the SVM classifier. Accuracy, sensitivity, and specificity were used to quantify the performance of the classification method; receiver operating characteristic curve and corresponding area under the curve values were calculated to assess classification efficacy.



Statistical Analysis

Two-sample t-tests and chi-squared test were performed using the SPSS software (version 22.0) to compare clinical variables between the EB and SC groups. P-values < 0.05 were considered statistically significant. Age, sex, and total intracranial volume were used as covariates in a two-sample t-test with REST V1.8 (Song et al., 2011) to evaluate differences in voxel-level DC between the groups. The Gaussian random field (GRF) method was used to correct for multiple comparisons (two-tailed, voxel-level P < 0.01; GRF correction, cluster-level P < 0.05).




RESULTS


Demographics and Visual Measurements

There were no significant differences between the EB and SC groups in terms of age (P = 0.37), sex (P = 0.76), education level (P = 0.28), or handedness (P = 0.28). The demographic information of the two groups is shown in Table 1.


TABLE 1. Demographic information of participants in each group and between-group comparisons.
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Degree Centrality Differences Between Groups

One-sample t-test was performed to extract the DC values across the subjects within each group (P < 0.05; Figure 1). Compared with the SCs, the patients with EB had increased DC values in the bilateral cerebellum_6, cerebellum vermis_4_5, bilateral SMAs, and left fusiform gyrus; they had decreased DC values in the bilateral rectal gyri and left medial orbital frontal gyrus (mOFG) (Table 2 and Figures 2, 3).
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FIGURE 1. One-sample t-test results of maps in the (A) EB group and the (B) SC group. DC, degree centrality; EB, early blindness; SCs, sighted controls; L, left; and R, right.



TABLE 2. Brain regions with significant differences in DC values between the EB and SC groups (Gaussian random field-corrected cluster-level P < 0.05).
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FIGURE 2. Differences in DC values between the EB and SC groups. Yellow-red denotes higher DC values and green-blue denotes lower DC values in patients with EB compared to SCs. DC, degree centrality; EB, early blindness; SCs, sighted controls; L, left; R, right; FG, fusiform gyrus; SMA, supplementary motor area; and mOFG, medial orbital frontal gyrus.



[image: image]

FIGURE 3. Differences in DC values in the cerebellum between the EB and SC groups. Yellow-red denotes higher DC values and green-blue denotes lower DC values in patients with EB compared to SCs. DC, degree centrality; EB, early blindness; SCs, sighted controls; L, left; and R, right.




Support Vector Machine Classification

The SVM classification of DC values achieved an overall accuracy of 70.45% and an area under the curve of 0.86 in distinguishing between the patients with EB and the SCs (Figure 4).
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FIGURE 4. Classification results by SVM analysis based on DC values. (A) Functional values in the two groups (class 1: EB group, class 2: SC group). (B) ROC curve of the SVM classifier with an AUC value of 0.86. DC, degree centrality; EB, early blindness; SCs, sighted controls; ROC, receiver operating characteristic; SVM, support vector machine; and AUC, area under the curve.





DISCUSSION

In this study, we found that early visual deprivation could cause functional reorganization in several brain regions. Compared with the SC group, the patients with EB had increased DC values in the bilateral cerebellum_6, vermis_4_5, left fusiform gyrus, and bilateral SMAs, while they had decreased DC values in the bilateral rectus gyri and left mOFG. Additionally, using DC as an indicator, the SVM method could distinguish the patients with EB from the SCs with an accuracy rate of 70.45% and an area under the curve of 0.86.

CN first affects patients during childhood. Abnormalities in eye movements and visual perception lead to further compensation by the brain during the development of visual information processing, which leads to increased activation in some brain areas. The cerebellum is responsible for coding and perceiving eye movements (Thier and Markanday, 2019; Lixenberg et al., 2020). Both saccades and smooth tracking are closely associated with the cerebellum (Buttner and Kremmyda, 2007; Quinet et al., 2020). fMRI studies have shown that in patients with CN, activation of the cerebellar vermis increases during horizontal and vertical visual stimulations; thus, the cerebellar vermis inhibits excessive eye movements (Dieterich et al., 2000). A VBM study showed that hypertrophy of the cerebellar vermis occurs in patients with CN because of repeated attempts to inhibit excessive oscillation (Hufner et al., 2011). In contrast, activation of the cerebellar lobe may be primarily associated with changes in attention that maintain eye movement and gaze (Dieterich et al., 2000). In this study, we found increased DC values in the bilateral cerebellum_6 and the cerebellar vermis_4_5 among the P patients with EB (Table 2 and Figure 3), which is consistent with the results of previous studies. We presume that the increased DC values in the cerebellum indicate visual and attentional compensations associated with nystagmus.

In our study, compared with the SCs, the patients with EB had increased DC values in bilateral SMAs and decreased DC values in the left mOFG and bilateral rectal gyri (Table 2 and Figure 2). The main cognitive visual pathways include the dorsal and ventral streams (Dutton and Jacobson, 2001). The dorsal stream is responsible for processing the entire input visual scene; this stream includes the occipital, posterior parietal, and frontal cortices. The frontal cortex (including frontal visual areas) produces rapid and accurate eye movements to select targets (Schall, 2004); it is activated at the beginning of eye movements (i.e., voluntary saccades) (Murthy et al., 2007) and pursuit movements (Ono and Mustari, 2009). Motion-related areas receive visual information and generate accurate motion through the visual space. Thus, the frontal eye field, SMA, and medial parietal lobe cooperate during saccade tasks; the frontal eye field, SMA, lateral parietal lobe, and superior/middle temporal gyrus cooperate during pursuit tasks. Our finding that patients with CN had reduced DC values in the left mOFG and bilateral rectal gyri, along with increased DC values in the bilateral SMAs, implies damage to saccadic and pursuit eye movements.

Importantly, we found that DC values in the left fusiform gyrus were higher in patients with EB than in the SCs (Table 2 and Figure 2). The fusiform gyrus is known as the temporo-occipital gyrus; it is involved in object processing in the visual, auditory, tactile modalities, and matching of object-related information across the three sensory modalities (Kassuba et al., 2011). A recent ALE meta-analysis (Zhang et al., 2019) showed that, compared with SCs, persistent activation of the fusiform gyrus in patients with EB was associated with altered object motor function. Therefore, altered DC values in the left fusiform gyrus are associated with object recognition deficits.

There were several limitations in this study. First, the number of patients included was small. However, Friston (2012) suggested that a sample size of > 16 participants per group is acceptable in rs-fMRI studies, consistent with the requirements for a one-sample t-test. Our sample sizes were 21 patients with EB and 21 SCs, which exceeded the threshold of > 16 participants per group. Furthermore, we conducted Gaussian random field correction to properly control for false positives; we confirmed the presence of a statistical DC difference between the EB and SC groups. Second, although the ReHo and ALFF methods are reportedly more stable than DC, these methods do not carry any advantage or disadvantage in terms of solving clinical problems. Our study focused on changes in brain network nodes caused by CN; therefore, the DC method was appropriate. Future large-scale studies and research should be conducted from multiple perspectives.

In summary, we found that resting-state DC values were altered among the patients with CN, in association with deficits in saccadic and pursuit eye movements. Our results provide an imaging basis for future development of restorative visual therapies and sensory substitution devices, and future assessments of visual rehabilitation efficacy.
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Purpose: Thyroid-associated ophthalmopathy (TAO) is a vision threatening autoimmune and inflammatory orbital disease, and has been reported to be associated with a wide range of structural and functional abnormalities of bilateral hemispheres. However, whether the interhemisphere functional connectivity (FC) of TAO patients is altered still remain unclear. A new technique called voxel-mirrored homotopic connectivity (VMHC) combined with support vector machine (SVM) method was used in the present study to explore interhemispheric homotopic functional connectivity alterations in patients with TAO.

Methods: A total of 21 TAO patients (14 males and 7 females) and 21 wellmatched healthy controls (HCs, 14 males and 7 females), respectively, underwent functional magnetic resonance imaging (fMRI) scanning in the resting state. We evaluated alterations in the resting state functional connectivity between hemispheres by applying VMHC method and then selected these abnormal brain regions as seed areas for subsequent study using FC method. Furthermore, the observed changes of regions in the VMHC analysis were chosen as classification features to differentiate patients with TAO from HCs through support vector machine (SVM) method.

Results: The results showed that compared with HCs, TAO patients showed significantly lower VMHC values in the bilateral postcentral gyrus, lingual gyrus, calcarine, middle temporal gyrus, middle occipital gyrus and angular. Moreover, significantly decreased FC values were found between the right postcentral gyrus/lingual gyrus/calcarine and left lingual gyrus/cuneus/superior occipital gyrus, left postcentral gyrus/lingual gyrus/calcarine and right lingual gyrus/ middle temporal gyrus, right middle temporal gyrus and left cerebellum-8/lingual gyrus/middle occipital gyrus/supplementary motor area, left middle temporal gyrus and right middle occipital gyrus, right middle occipital gyrus/angular and left middle temporal pole (voxel-level p < 0.01, Gaussian random field correction, cluster-level p < 0.05). The SVM classification model achieved good performance in differentiating TAO patients from HCs (total accuracy: 73.81%; area under the curve: 0.79).

Conclusion: The present study revealed that the altered interhemisphere interaction and integration of information involved in cognitive and visual information processing pathways including the postcentral gyrus, cuneus, cerebellum, angular, widespread visual cortex and temporal cortex in patients with TAO relative to HC group. VMHC variability had potential value for accurately and specifically distinguishing patients with TAO from HCs. The new findings may provide novel insights into the neurological mechanisms underlying visual and cognitive disorders in patients with TAO.

Keywords: thyroid-associated ophthalmopathy, functional magnetic resonance imaging, voxel-mirrored homotopic connectivity, functional connectivity, support vector machine


INTRODUCTION

Hyperthyroidism occurs mainly in adults between the ages of 20 and 40 years, with an incidence of ~2% (Reddy et al., 2017). In these patients, thyroid hormone levels inside and outside of the thyroid gland increase for various reasons. Thyroid hormone enters the blood circulation and has systemic effects on tissues and organs, resulting in broadly increased excitability and hypermetabolism (Tu et al., 2020). The most common extrathyroidal complication of hyperthyroidism is thyroid-associated ophthalmopathy (TAO). The clinical course of this disease is generally divided into acute inflammatory and chronic quiescent stages. The most common physical complaints in patients with TAO are exophthalmos, eyelid swelling, lid retraction and impaired visual function (Du et al., 2021). Lesions in the visual pathway are mainly caused by periorbital edema that compresses the optic nerve, retinal ganglion cell damage because of abnormal thyroid hormone levels, and high intraocular pressure (Zah-Bi et al., 2019). TAO is a multifactorial inflammatory and autoimmune orbital disease; thus, affected patients exhibit ocular symptoms, along with affective dysfunction and cognitive deficits (Coulter et al., 2007).

In recent years, the development of functional neuroimaging techniques has enabled the identification of visual and cognitive dysfunction in patients with TAO; these are associated with local structural and functional abnormalities in the corresponding brain regions. For example, a study using diffusion tensor imaging technique found that patients with TAO had significant microstructural changes in optic nerve (Liu et al., 2022). Investigations of neural metabolic activity in the brains of TAO patients showed abnormal metabolic activities in the prefrontal cortex, which were closely associated with poor performance on neuropsychological tests (Bhatara et al., 1998). Wu et al. (2020) reported that patients with TAO exhibited gray matter loss and lower fractional anisotropy in brain regions corresponding to visual and cognitive dysfunction. Graph theoretical analysis showed that structural brain connectome disruption was present in patients with TAO, in relation to psychiatric dysfunction (Wu et al., 2021). In addition to showing structural changes in the brain, patients with TAO have also been reported to have functional disturbances in brain regions. A regional homogeneity algorithm revealed that hyperthyroidism patients with dysthyroid optic neuropathy had abnormal neural activity in the limbic system (Jiang et al., 2021). Using functional magnetic resonance imaging (fMRI) method, Chen et al. (2021b) found aberrant spontaneous brain activities in regions associated with cognitive and visual deficits in patients with TAO; these findings indicated that careful monitoring is needed for neuropsychological disturbances in such patients during diagnosis and treatment. Thus far, research has consistently shown that patients with TAO have structural and neural function alterations in vision-related and cognition-related brain regions. Nevertheless, it remains unclear whether an abnormal functional interaction exists between the two cerebral hemispheres in patients with TAO.

Research by Foubert et al. (2010) showed that synchronization between cerebral hemispheres is closely associated with the visual experiences. Interhemispheric homotopic connectivity has been proposed as a basic principle of functional architecture that integrates brain functions underlying coherent cognition, visual processing, and consciousness (Zuo et al., 2010). Resting-state fMRI constitutes a noninvasive and repeatable method to directly quantify interhemispheric functional connectivities (FCs). Originating from resting brain symmetrical voxels, voxel-mirrored homotopic connectivity (VMHC) is an index that can be used to measure the synchronization between two hemispheres. The strength of functional connection between a voxel and its corresponding voxels in the contralateral hemisphere is calculated using the VMHC algorithm. Abnormal connections involving multiple symmetrical regions in the two hemispheres can reflect coordinated neuronal activity in the right and left hemispheres. Because it enables characterization of the intrinsic functional architecture of the brain, the VMHC algorithm has recently been used to investigate brain function in common ocular diseases (Foubert et al., 2010; Liang et al., 2017). Seed-based FC in rs-fMRI is a measure of the spatiotemporal synchrony or correlations of the blood oxygenation level-dependent (BOLD) signal among anatomically distinct brain regions. VMHC can only reflect changes in functional connectivity in both hemispheres. The seed-based FC method reflect the region of interests (ROI) to whole brain FC, which indicate the whole brain network communication. In order to comprehensively analyze the changes of brain function in TAO patients, we combined VMHC technology and FC technology in this study.

Machine learning (ML), the core algorithm of artificial intelligence, has provided a systematic approach for using a set of high-dimensional data to make predictions. Furthermore, ML is a promising method in ophthalmology research because of its precision, non-invasiveness, and repeatability; it can be used for the diagnosis of ocular diseases and for the evaluation of therapeutic effects in those diseases. Support vector machine (SVM) is a supervised learning algorithm with a unique ability to classify disease-state and disease-free conditions; it has great potential for finding subtle differences in spatial patterns of structural and functional brain images. Tong et al. (2021) assessed the combined effects of an SVM model and FC analysis to classify iridocyclitis patients and healthy controls (HCs), with a substantial accuracy of 67.31%. Cui et al. (2020) also reported that the SVM approach provided robust accuracy in the classification of patients with generalized anxiety disorder through evaluations of the dynamic alterations of amplitude of low-frequency fluctuations metrics. To our knowledge, this was the first study that applied the SVM technique to VMHC data for predictive investigations in patients with TAO.

Here, we investigated changes in interhemispheric FC among patients with TAO by means of VMHC metrics. Subsequently, we used a seed-based FC method to detect potential alterations in interregional connectivity between regions with abnormal VMHC values and other brain areas. We then used the observed alterations in the VMHC algorithm as classification features to examine whether these alterations could provide substantial accuracy and specificity for differentiating patients with TAO from HCs via SVM classification.



METHODS


Subjects

The work recruited a total of 21 right-handed patients with TAO (14 males and 7 females, mean age: 54.17 ± 4.83) from ophthalmology and endocrinology departments of Jiangxi Provincial People's Hospital. The inclusion criteria of TAO patients into experimental group included the following details: (1) these patients were all in the acute inflammatory stage of TAO with vision loss and definite ocular symptoms (i.e., clear evidence of impaired visual function, swelling of eyelids, lid retraction and exophthalmos); (2) ability to complete the fMRI scanning (no cardiac pacemaker, implanted metal devices or insulin pump); (3) no history or clinical evidence of any other diseases including cardiovascular diseases, neurological diseases, psychiatric disorders, brain parenchyma diseases and systematic diseases. Subjects were excluded in the research if they presented as one of the following conditions: (1) other ocular diseases besides TAO (glaucoma, vitreous hemorrhage, high myopia, strabismus, etc.); (2) previous history of ocular surgery and eye trauma; (3) breastfeeding and pregnant women.

During the same period, 21 HCs (14 males and 7 females, mean age: 55.17 ± 5.37) matched with similar age, sex, handedness and academic years were recruited to participate the study. And the subjects must presented with no eye disease, no brain neurological disease or systematic disease, no alcohol or drug addiction and no contraindications for fMRI scanning—details of the study participants were the same as our previous work (Qi et al., 2021).

This cross-sectional, retrospective study was approved by the institutional review board of Jiangxi Provincial People's Hospital and all research methods strictly adhered to the Declaration of Helsinki. Participants enrolled in the study of their own accord and were informed of the purpose, methods, as well as potential risks before signing an informed consent form.



MRI Data Acquisition

MRI scanning was performed on a 3-Tesla MR scanner (GE Healthcare, Milwaukee, WI, USA) with an eight-channel head coil. All participants were required to close their eyes without falling asleep when undergoing MRI scanning. The T1 parameters (repetition time = 8.5 ms, echo time = 3.3 ms, thickness = 1.0 mm, gap = 0 mm, acquisition matrix = 256 × 256, field of view = 240 × 240 mm2 and flip angle = 12°) and 240 functional images parameters (repetition time = 2000 ms, echo time = 25 ms, thickness = 3.0 mm, gap = 1.2 mm, acquisition matrix = 64 × 64, field of view = 240 × 240 mm2, flip angle = 90°, voxel size = 3.6 × 3.6 × 3.6 mm3 and 35 axial slices) covering the whole brain for all participants were obtained.



FMRI Data Pre-processing

All preprocessing was performed using the toolbox for Data Processing & Analysis of Brain Imaging–Version4.1 (DPABI, http://www.rfmri.org/dpabi), which is based on Statistical Parametric Mapping (SPM8) (http://www.fil.ion.ucl.ac.uk) implemented in MATLAB 2013a (MathWorks, Natick, MA, USA) and briefly following the steps: (1) The first 10 volumes of each subject were removed for the signal reaching equilibrium. (2) Slice timing and head motion correction were conducted. For head motion parameters, more than 2 mm in any direction of x, y, and z or for whom rotation exceeded 2° of any angle during scanning were excluded. (3) Individual 3D-BRAVO images were registered to the mean fMRI data, then resulting aligned T1-weighted images were segmented using the Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) approach normalized to the Montreal Neurological Institute (MNI) space. 4) Linear regression analysis was applied to regress out several covariates (Friston-24 head motion parameters, global brain signal, and averaged signal from cerebrospinal fluid and white matter). 5) The fMRI data with linear trend were removed, and temporal band-pass was filtered (0.01–0.08 Hz) to reduce the influence of noise.



VMHC Analysis

To evaluate the interhemispheric connectivity, VMHC method was performed using the DPABI toolkit according to a previous research (Zuo et al., 2010). Briefly, T1 structural images of all participants were normalized to generate a symmetrical template of left and right hemispheres to reduce the geometric difference between brain hemispheres. Then, the same transformation of the T1 images was performed on the preprocessed functional images.

The VMHC values was calculated each pair of symmetrical interhemispheric voxel's time series (Pearson's correlation) at each voxel as interhemispheric resting-state homotopic connectivity (VMHC). Moreover, this symmetric T1 template did not include the brain midline (X = 0) area. Finally, the generated correlation values were performed with Fisher' z transformation to obtain the zVMHC maps for further analysis and help to improve normality.



Seed-Based FC Analysis

The DPABI toolkit was also applied to define the regions of interest (ROI) so as to investigate whether abnormal FC existed between the brain regions with altered VMHC values and other brain regions. We defined the center of regions with altered VMHC as the seed point and set the radius of the sphere ROI as 3 mm to compute FC signal values. For each participant, we first averaged the time series of voxels within each ROI, and next computed the Pearson's correlation coefficient for the subjects between the representative time series of the ROIs and the time series of other cerebrum regions. Finally, to minimize the influence of individual differences on statistical comparison, we applied Fisher' z transformation for converting the generated correlations-coefficient maps to zFC values.



Statistical Analysis

The cumulative clinical measurements were analyzed in this study using SPSS 20.0 (SPSS Inc, Chicago, IL, USA). Chi-square test was adopted to evaluate categorical variables, while Independent two-sample t-test was applied to analyse continuous variables. A p value < 0.05 was considered statistically significant.

A two-sample t-test was used to investigate the difference in the zVMHC maps and z-value FC maps between the two groups with DPABI toolkit after controlling for the effects of age and sex. Gaussian random field (GRF) method was used to correct for multiple comparisions of VMHC and FC differences between the two groups (two-tailed, voxel-level p < 0.01, GRF correction, cluster-level p < 0.05).



SVM Analysis

To evaluate whether the VMHC metrics alterations could serve as potential diagnostic metrics for TAO, we performed ML analyses using SVM algorithm with the average VMHC values of all clusters showing significant intragroup differences as the features.

Mapping nonlinear data to a high dimension feature space and finding a linear separating hyperplane to separate the two-group data are the core idea of SVM algorithm. In this study, we used the Gaussian radial basis function kernel SVM, implement in the LIBSVM software package (http://www.csie.ntu.edu.tw/~cjlin/libsvm/), to investigate the potential diagnostic of dynamic metrics. The C in the SVM was set to 1 and radial basis function kernel parameter γ was optimized among the values of 2N (N from 4 to 4), and a leave-one-out cross-validation (LOOCV) was applied to validate the performance of our proposed approach. It involved excluding a participant from each group for test and training the classifier using the remaining participants. This procedure was repeated for each participant to assess the overall accuracy of the SVM. To quantify the performance of classification methods, accuracy, sensitivity and specificity were reported. Besides the classification accuracy, the receiver operating characteristic (ROC) curves and the corresponding area under the curve (AUC) were also computed to evaluate the classification efficiency.




RESULTS


Demographics and Disease Characteristics

There were no statistically significant differences between the TAO and HC groups in gender (P > 0.999) or age (P = 0.745), but significant differences in best corrected visual acuity of left eye (p = 0.023), right eye (p = 0.026), and intraocular pressure (p < 0.001). The results of these clinical data were summarized in Table 1.


Table 1. Characteristics of participants included in the study.

[image: Table 1]



Comparisons of VMHC Between Patients With TAO and HCs

Figure 1 showed the spatial distribution of global VMHC maps of the TAO and HCs within each group. Compared with the HCs, patients with TAO showed significantly lower VMHC values in the bilateral postcentral gyrus (PostCG), lingual gyrus (LING), calcarine (CAL), middle temporal gyrus (MTG), middle occipital gyrus (MOG) and angular (ANG) (voxel-level p < 0.01, GRF correction, cluster-level p < 0.05). Detailed information for these brain areas with altered VMHC values between the two groups was shown in Table 2 and Figure 2.


[image: Figure 1]
FIGURE 1. One-sample t-test results of VMHC maps within TAO group (A) and HC group (B). TAO, thyroid-associated ophthalmopathy; VMHC, voxel-mirrored homotopic connectivity; HC, healthy control.



Table 2. Brain areas with significantly altered VMHC values between two groups.
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[image: Figure 2]
FIGURE 2. Significant VMHC differences in the TAO and HC group (A); The mean of altered VMHC values between patients with TAO and HCs (B). TAO, thyroid-associated ophthalmopathy; HC, healthy control; VMHC, voxel-mirrored homotopic connectivity; PostCG, postcentral gyrus; LING, lingual gyrus; CAL, calcarine; MTG, middle temporal gyrus; MOG, middle occipital gyrus; ANG, angular gyrus.




Differences in FC

A total of six seed ROIs (three per hemisphere) were applied for further FC analysis, which were derived from those regions showing significant differences in the VMHC values. We finally found TAO patients exhibited decreased FC values between the right PostCG/LING/CAL and left LING/cuneus (CUN)/superior occipital gyrus(SOG), left PostCG/LING/CAL and right LING/MTG, right MTG and left cerebellum-8 (CER-8)/LING/MOG/supplementary motor area (SMA), left MTG and right MOG, right MOG/ANG and left middle temporal pole (MTP) (voxel-level p < 0.01, GRF correction, cluster-level p < 0.05), which were illustrated in Table 3 and Figure 3. But the left MOG/ANG of TAO patients didn't shown significantly higher or lower FC values with other brain regions than that of HCs.


Table 3. Significant differences in seed-based FC between TAO patients and HCs.
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[image: Figure 3]
FIGURE 3. (A) Significant FC differences between the right PostCG/LING/CAL and left LING/CUN/SOG. (B) Significant FC differences between the left PostCG/LING/CAL and right LING/MTG. (C) Significant FC differences between the right MTG and left CER-8/LING/MOG/SMA. (D) Significant FC differences between the left MTG and right MOG. (E) Significant FC differences between the right MOG/ANG and left MTP. TAO, thyroid-associated ophthalmopathy; FC, functional connectivity; PostCG, postcentral gyrus; LING, lingual gyrus; CAL, calcarine; MTG, middle temporal gyrus; MOG, middle occipital gyrus; ANG, angular gyrus; CUN, cuneus; SOG, superior occipital gyrus; CER, cerebellum; SMA, supplementary motor area; MTP, middle temporal pole.




SVM Classification Results

To evaluate the classification ability of the SVM model, the accuracy, sensitivity, specificity and precision were calculated and the ROC curve of the classifier were illustrated in Figure 4. The performance of the classifier achieved an accuracy of 73.81% and AUC of 0. 79 for TAO vs HCs. Moreover, the SVM was applied to asses the classification ability of FC values (Supplementary Document).


[image: Figure 4]
FIGURE 4. Classification results using machine learning analysis based on VMHC values. (A) Function values of two groups (class 1: TAO group; class 2: HC group); (B) Function values of two groups (class 1: TAO group; class 2: HC group); (C) The ROC curve of the SVM classifier with an AUC value of 0.79. (D) Weight maps for SVM models. TAO, thyroid-associated ophthalmopathy; HC, healthy control; VMHC, voxel-mirrored homotopic connectivity; ROC, receiver operating characteristic; SVM, Support vector machine; AUC, area under the curve.





DISCUSSION

To our knowledge, this is the first study to use the VMHC method combined with seed-based FC to explore interhemispheric functional coordination in patients with TAO and HCs. Compared with HCs, TAO patients showed significantly lower VMHC values in the bilateral PostCG/LING/CAL, MTG, and MOG/ANG. These reductions indicated extensive disruption of interhemispheric FC in patients with TAO. Furthermore, TAO patients exhibited decreased FC values between the right PostCG/LING/CAL and left LING/CUN/SOG, left PostCG/LING/CAL and right LING/MTG, right MTG and left CER-8/LING/MOG/ SMA, left MTG and right MOG, right MOG/ANG and left MTP (voxel-level p < 0.01, GRF correction, cluster-level p < 0.05). The performance of the SVM classifier achieved an accuracy of 73.81% and AUC of 0.79 for TAO vs HCs.

The occipital lobe contains most anatomical areas of the visual cortex, including the three Brodmann areas (Flores, 2002; Teng et al., 2018; Qi et al., 2021) associated with vision. The occipital lobe is associated with visual information processing; it has a critical role in the perception of facial emotion (Flores, 2002; Teng et al., 2018). BA19, the MOG, is regarded as a component of the dorsal visual stream, which has an important role in visual spatial processing (Tu et al., 2013; Chen et al., 2019a). The CAL is the most reliable anatomic landmark of the medial part of the occipital lobe; it contains the primary visual area. Lesions of the CAL are reportedly associated with visual field defects and the perception of phosphenes (Zhang et al., 2018; El Mohamad et al., 2019). The LING, located in the second visual area, receives strong feedforward connections from the CAL; the LING is also a crucial component of the dorsal visual pathway for visual processing and spatial memory (Klaver et al., 2015). The CUN is a wedge-shaped cortical region located inside the occipital lobe, posterior to the parietal occipital fissure and superior to the CAL. The CUN consists of both striatal and extrastriatal visual cortex; it receives direct input from the lateral geniculate body (Leopold, 2012; Meylakh and Henderson, 2022). Chen et al. (2021a) reported that patients with active TAO exhibited significantly decreased spontaneous brain activity in the MOG; this decreased activity was associated with visual deficits. Additionally, Tu et al. (2020) found abnormal FC density between the left precuneus and occipital gyrus in patients with dysthyroid optic neuropathy. The research revealed that dynamic abnormalities in thyroid hormone levels can lead to structural and functional abnormalities in the visual cortex. There is increasing neuroimaging evidence that patients with impaired vision have abnormal brain activity within the occipital cortex (Liang et al., 2017; Huang et al., 2019; Qi et al., 2021). Consistent with these findings, our study found that patients with TAO had significantly decreased interhemispheric FC in the MOG, LING, CAL, SOG and CUN; these results suggested the presence of disrupted interhemispheric functional synchronization in the visual network of TAO cohort, which corresponded to impaired visual function.

In addition to VMHC alterations in the visual brain network, we found that interhemispheric FC in the sensorimotor network was lower in patients with TAO than in HCs. The PostCG, a region in the parietal lobe, is the location of the primary somatosensory cortex; it is responsible for sensory functions such as the encoding of touch and pain (Shao et al., 2018; Chen et al., 2019b). Moreover, the PostCG is considered a component of the dorsal visual pathway and is involved in modulating vision (Zhu et al., 2016). Patients with TAO were reported to show decreased degree centrality in the PostCG, which suggested an aberrant degree of its functional connectivity in the parietal lobe (Chen et al., 2021b). Moreover, patients with TAO had significant thinning of the gray matter sheet in the PostCG, which might offer the neuroanatomical basis for psychological and ocular disturbances in the TAO cohort (Wu et al., 2020). The supplementary motor complex consists of the SMA, supplementary eye field, and pre-SMA; these areas are crucial for linking cognition to action (Hupfeld et al., 2017; Ruan et al., 2018). The SMA is located in the dorsomedial frontal cortex; it is involved in several functions related to motor sequence processing, planning, execution and inhibition (Li et al., 2006; Cona et al., 2017). Furthermore, the SMA is crucial for sensorimotor integration involved in generating actions (Ruan et al., 2018). Notably, a recent fMRI study revealed that, during silent lipreading, brain activity in the SMA decreased when an additional visual stimulus was included (Plata Bello et al., 2019). Consistent with these findings, we observed that patients with TAO had decreased interhemispheric FC within the sensorimotor network, which suggests impaired sensorimotor function in these patients.

Another important result in our study was that patients with TAO showed reduced interhemispheric FC strength in brain areas associated with cognitive function. The CER is located in the posterior fossa; it has important roles in visuospatial processing and eye movement (Stoodley and Schmahmann, 2010). Recent researches have revealed a critical role for the CER in higher cognitive functions (Izawa et al., 2012; Tong et al., 2021). Here, we demonstrated that patients with TAO had abnormal spontaneous neuronal activity in the CER; this activity was associated with cognitive impairment (Qi et al., 2021). We also found that patients with TAO showed lower interhemispheric FC in the bilateral ANG, compared with HCs. The ANG, located immediately above the Wernicke area, is an important connection area at the back of the brain. Because of its position, the ANG is presumably critical for integrating information among multiple input modalities and brain networks (Seghier, 2013). There is increasing evidence that the ANG is involved in reading, comprehension, visuospatial attention, spatial cognition, and episodic memory (Wang et al., 2010; Rugg and King, 2018). Humphreys et al. (2021) proposed a unifying model to explain complicated cognitive functions in the ANG; they suggested that the ANG served as an integrative dynamic buffer to combine information from local regions and brain networks. In addition, the ANG is a constituent part of the default mode network (DMN), which has been associated with spontaneous activity in rest situations; it is also involved in the unconscious processing of working memory tasks and implicit memory (Zuber et al., 2021). Thus, decreased interhemispheric FC in the ANG and CER might contribute to diverse cognition deficits in patients with TAO.

The MTG and MTP, core components of the temporal lobe, receive visual information input from the occipital lobe; they may constitute the higher areas of visual processing (Vedaei et al., 2021). Neural activity in the temporal region is associated with semantic processing including memory, visual, verbal, and executive functioning (Kang et al., 2021). The MTG is a critical component of the task positive network and the DMN, which is associated with externally oriented attention (Hu et al., 2020). Patients with TAO commonly complain of cognitive changes and emotional regulation deficits during the active stage. Patients with TAO reportedly have a predisposition to anxiety and attention disorder (Matos-Santos et al., 2001; Tsatsoulis, 2006). In the present study, we found decreased interhemispheric interactions in the MTG of patients with TAO. Therefore, integrating the neuroimaging findings with the cortical functions and the clinical psychiatric basis of the disease, we speculated that TAO might cause the MTG impairment, resulting in dysfunctions of visual attention, and visual processing.

An understanding of visual pathway lesions and cognitive deficits in TAO is important for the diagnosis and interventional treatment of the disease; combined VMHC and SVM assessments of TAO are thus meaningful. At present, the clinical diagnosis of TAO mainly depends on specific symptoms and computed tomography findings, but some patients lack specific symptoms. Therefore, we adopted an objective approach, SVM, to obtain a more reliable diagnosis for TAO. We also generated an ROC curve to assess the classification efficiency of the SVM approach. The overall identification accuracy of the SVM classifier was 73.81%; the AUC was 0.79, based on the LOOCV technique. These findings strongly support the hypothesis that the VMHC index can serve as a classification feature for distinguishing between the two groups through the application of supervised ML. Because of its robust objectivity and sensitivity, ML combined with multiparametric neuroimaging data might provide physicians with a powerful diagnostic tool in the near future.

However, the research had some potential limitations that should be ameliorated in the following studies. The first one is the relatively small sample size, although the results were encouraging. Due to the small sample size in the study, the generalizability of the findings was uncertain. Secondly, our study should include both the active and inactive patients with TAO and collect detailed clinical information scores and cognitive scales, which help understanding the neurological mechanisms underlying visual and cognitive disorders in these patients. Thirdly, a 73.81% accurate classification was not high enough. And we will expand the sample size and combine various machine learning methods including random forest or deep neural network to improve the accuracy in the next study. Additionally, the effect of physiological noise when performing rs-fMRI scanning was not completely eliminated, which might interfere with BOLD signals. Therefore, a combination of structural MRI, electroencephalogram, diffusion tensor imaging and fMRI might make the findings more convincing.



CONCLUSION

We found that patients with TAO showed significant dysfunctional interhemispheric FC in the visual network, sensorimotor network, and brain areas associated with cognitive function. VMHC variability has potential value for accurately and specifically distinguishing patients with TAO from HCs. These findings may provide novel insights into the neurological mechanisms that underlie visual and cognitive disorders in patients with TAO.
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Purpose: Growing evidence reported that patients with comitant exotropia (CE) were accompanied by static cerebral neural activity changes. However, whether the dynamic time-varying of neural activity changes in patients with CE remains unknown.

Methods: A total of 36 patients with CE (25 men and 11 women) and 36 well-matched healthy controls are enrolled in the study. The dynamic amplitude of low-frequency fluctuation (dALFF) combined with the sliding window method was used to assess the dynamic neural activity changes in patients with CE.

Results: Compared with HCs, patients with CE had decreased dALFF values in the right superior parietal lobule (SPL) and right precuneus gyrus (PreCUN). Moreover, we found that the dALFF maps showed an accuracy of 48.61% and an area under the curve of.54 for distinguishing the patients with CE from HCs.

Conclusion: Our study demonstrated that patients with CE showed altered dynamic neural activity changes in the right SPL and right PreCUN, which might indicate the neuropathological mechanism of stereoscopic dysfunction in patients with CE.

Keywords: comitant exotropia, functional magnetic resonance imaging, dynamic amplitude of low-frequency fluctuation, stereoscopic vision, support vector machine


INTRODUCTION

Comitant exotropia (CE) is a common ophthalmic disease. Patients with CE were associated with impaired stereoscopic vision. At present, the surgical treatment of strabismus correction is an important treatment for patients with CE. However, there are some strabismus patients who cannot reconstruct the stereoscopic vision completely, which had a bad influence on their daily life of these patients. Recent studies have shown that strabismus patients are more likely to be accompanied by emotional and psychological abnormalities (Lin et al., 2014; McBain et al., 2014; Lee et al., 2022). However, the exact mechanism of brain pathology in strabismus patients remains unclear.

Recently, the fMRI technology can be successfully used to detect static cerebral neural activity changes. Moreover, fMRI has been widely used to detect neural activity changes in strabismus patients. Shi et al. (2019) reported that constant exotropia patients had lower regional homogeneity (ReHo) values in the right secondary visual cortex (V2). Xi et al. (2020) also found that patients with concomitant exotropia had decreased ALFF in the parieto-occipital regions. Li et al. (2016) reported that intermittent exotropia patients showed increased neural activities in the parietal lobule during fusion stimulus. He et al. (2021) found that the intermittent exotropia patients showed decreased functional connectivity (FC) between the primary visual cortex and right cuneus and right postcentral gyrus. Yu et al. (2022) reported that strabismus patients had increased FC within the visual network and sensorimotor network. Peng et al. (2021) demonstrated that the strabismus group showed significantly decreased homotopic connectivity values in the cerebellum and frontal superior orbital. Meanwhile, the visual cortex plays an important role in the formation of stereovision. The medial temporal (MT+) plays an important role in stereoscopic depth processing. Meanwhile, the dorsal visual pathway is involved in stereoscopic depth processing. Thus, the abovementioned studies evidenced that strabismus patients were accompanied by cerebral neural activity changes in several brain regions related to vision and vision-related eye movements. However, these studies have mainly focused on static neural activities changes in strabismus patients. Recent studies reported that human brain showed dynamic neural activity. Growing neuroimaging studies demonstrated that human brain showed dynamic spontaneous neural activity, which is involved in a variety of neurophysiological functions (Liu and Duyn, 2013; Zalesky et al., 2014). However, the effect of impaired stereoscopic vision on dynamic spontaneous neural activity in patients with CE remains unknown.

The human brain shows dynamic neural activity. Dynamic neural activity is involved in higher cognitive functions, such as consciousness (Cavanna et al., 2018) and cognition (Gonzalez-Castillo et al., 2019). The ALFF method is used to assess the local intrinsic brain activity (Zang et al., 2007). The dALFF method can be used to calculate the variance of ALFF with sliding-window approaches. A sliding-window correlation analysis, where the correlation is estimated for brain activity during multiple, shows possibly overlapping temporal segments. A dALFF method is a sensitive approach for investigating dynamic brain activity (Liao et al., 2019). Previous neuroimaging studies demonstrated that the dALFF method has been successfully applied to assess the dynamic neural mechanisms of diabetic retinopathy (Huang et al., 2021), primary dysmenorrhea pain (Gui et al., 2021), and blindness (Huang et al., 2020). Thus, we hypothesized that CE may be accompanied by abnormal dynamic brain activity changes.

Based on this assumption, the purpose of the study is to investigate the dynamic neural activity changes in patients with CE. Moreover, the support vector machine (SVM) method was applied to investigate the classification efficiency using dALFF as a feature.



MATERIALS AND METHODS


Participants

A total of 36 patients with CE and 36 healthy controls were recruited. The diagnostic criteria of patients with CE were as follows: (1) congenital CE, exodeviation angles between 15 and 80Δ. The exclusion criteria of CE individuals in the study were as follows: (1) with other ocular-related complications; (2) sensory exotropia, fixed exotropia.



Ethical Statement

All research methods followed the Declaration of Helsinki and were approved by the Ethical Committee for Medicine of Jiangxi Provincial People's Hospital.



MRI Acquisition

The MRI scanning was performed on a 3-tesla magnetic resonance scanner (Discovery MR 750 W system; GE Healthcare, Milwaukee, WI, USA) with the eight-channel head coil.



FMRI Data Analysis

All preprocessing was performed using the toolbox for Data Processing & Analysis of Brain Imaging (DPABI, http://www.rfmri.org/dpabi), the more detailed steps refer to a previous study (Yan et al., 2016).



DALFF Analysis

The dALFF method was performed using Temporal Dynamic Analysis (TDA) toolkits based on DPABI. Specifically, the R-fMRI indices mentioned above were computed with the hamming windows (window length = 30 TR, window step = 1 TR and window length = 70 TR, window step = 1). The CV (CV = SD/mean) of ALFF maps were prepared for further statistical analysis.



SVM Analysis

The support vector machine algorithm was applied to investigate the classification. The following steps were followed: (1) the dALFF maps were selected as a classification feature. (2) Then, the SVM method was applied to classifier validation based on dALFF values in two groups. The receiver operating characteristic (ROC) curves and area under the curve (AUC) were also computed to evaluate the classification efficiency.



Statistical Analysis

The independent sample t-test was used to assess the clinical scales between the two groups. The one-sample t-test was used to assess the spatial distribution of dALFF maps between two groups. Meanwhile, the two-sample t-test was applied to compare different dALFF values between the two groups (two-tailed, voxel-level P < 0.01, Gaussian random field correction, cluster-level P < 0.05).




RESULTS


Demographics and Disease Characteristics

The results of these clinical data were summarized in Table 1.


Table 1. Clinical indicates between two groups.
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Different DALFF Values Between Two Groups

The spatial distribution of dALFF maps in two groups is shown in Figures 1A,B. Compared with the HCs, patients with CE showed decreased dALFF values in the R_SPL and R_PreCUN (Table 2 and Figure 2A). The mean values of different dALFF values were shown with a histogram (Figure 2B). Compared with the HCs, patients with CE showed decreased dALFF values in the R_MOG and R_SPL (Table 3 and Figure 3A). The mean values of different dALFF values were shown with a histogram (Figure 3B).


[image: Figure 1]
FIGURE 1. Spatial distribution of dALFF maps within CE group (A) and HC group (B). CE, comitant exotropia; HC, health control; dALFF, dynamic amplitude of low-frequency fluctuation.



Table 2. Different dALFF (window length = 30 TR, window step = 1 TR) values between two groups.
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FIGURE 2. dALFF differences between two groups (window length = 30 TR, window step = 1 TR) (A). The mean of altered dALFF values between two groups (B). CE, comitant exotropia; HC, health control; dALFF, dynamic amplitude of low-frequency fluctuation; SPL, superior parietal lobule; PreCUN, precuneus; R, right.



Table 3. Different dALFF (window length = 70 TR, window step = 1 TR) values between two groups.
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FIGURE 3. dALFF differences between two groups (window length = 70 TR, window step = 1 TR) (A). The mean of altered dALFF values between two groups (B). CE, comitant exotropia; HC, health control; dALFF, the dynamic amplitude of low-frequency fluctuation; MOG, middle occipital gyrus; SPL, superior parietal lobule; R, right.




SVM Results

We found that the dALFF maps showed an accuracy of 48.61% and an area under a curve of 0.54 for distinguishing the patients with CE from HCs. Figure 3 shows the classification results using SVM based on dALFF values. The function values of two groups (class 1: CE group; class 2: HC group; Figure 4A) had three-dimensional confusion matrices from machine learning analysis (Figure 4B) which have a 10-fold in class 1 and class 2 (Figure 4C). The ROC curve of the SVM classifier with an AUC value of 0.54 (Figure 4D).


[image: Figure 4]
FIGURE 4. Classification results using SVM based on dALFF values. Function values of two groups (class 1: CE group; class 2: HC group) (A). three-dimensional confusion matrices (B). a 10-fold in the class1 and class2 (C). The ROC curve of the SVM classifier with an AUC value of.54 (D). CE, comitant exotropia; HC, health control; dALFF, the dynamic amplitude of low-frequency fluctuation; ROC, receiver operating characteristic; SVM, support vector machine; AUC: area under the curve.





DISCUSSION

In our study, the dALFF method was applied to investigate the dynamic neural activity changes in patients with CE. Compared with the HCs, patients with CE showed decreased dynamic neural activity changes in the right SPL and right PreCUN, which might mirror the neuropathological mechanism of stereoscopic dysfunction in patients with CE. Our study demonstrated the decreased temporal variability of dALFF in the right SPL and right PreCUN, indicating lower flexibility of these cerebral neural activities, which might reflect impaired stereoscopic vision in patients with CE.

Binocular vision can fuse visual images from the retinas of both eyes. The image is processed by the brain and formation of the stereoscopic image. The binocular disparity enables us to achieve depth perception. Thus, stereoscopic vision depends upon good vision in both eyes and good cortical mechanisms for sensory fusion. Previous neuroimaging studies demonstrated that several brain regions are involved in stereoscopic information processing related to the visual cortex (Likova and Tyler, 2007), parieto-occipital regions (Shikata et al., 1996), and the middle temporal (Uka and DeAngelis, 2004).

In our study, we found that patients with CE showed decreased dynamic neural activity changes in the right superior parietal lobule, which is involved in the discrimination of pure stereo-optic disparity information (Gulyas and Roland, 1994). Svetlana S et al. demonstrated that there were several brain regions (inferior temporal gyrus, lateral occipital sulcus) related to stereoscopic vision (Georgieva et al., 2008). Thus, our studies demonstrated that patients with CE had decreased temporal variability of dALFF in the right superior parietal lobule, which might reflect the stereoscopic dysfunction in patients with CE.

Another important finding is that patients with CE showed decreased dynamic neural activity changes in the right precuneus. The precuneus is the core component of the default mode network (DMN). The DMN is involved in emotion and cognition. Previous studies found that strabismus patients showed emotion and depression. Thus, the decreased temporal variability of dALFF in the right precuneus might reflect mood disorders in patients with CE.

There are some limitations to this study. First, we only selected 30 and 70 TR as the window length in the study. Second, our study used relatively small sample sizes. Third, the patients with CE were associated with different exotropia angles, which might be a bad influence on the result of our study.



CONCLUSION

Our results showed that patients with CE had increased altered dynamic neural activity changes in the right SPL and right PreCUN, indicating lower flexibility of these cerebral neural activities, which might reflect impaired stereoscopic vision in patients with CE.
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Aim: Patients with high myopia (HM) reportedly exhibit changes in functional brain activity, but the mechanism underlying such changes is unclear. This study was conducted to observe differences in dynamic spontaneous brain activity between patients with HM and healthy controls (HCs) via dynamic regional homogeneity (dReHo) analysis.

Methods: Resting-state functional magnetic resonance imaging (rs-fMRI) scans were performed on 82 patients with HM and 59 HCs who were closely matched for age, sex, and weight. The dReHo approach was used to assess local dynamic activity in the human brain. The association between mean dReHo signal values and clinical symptoms in distinct brain areas in patients with HM was determined via correlation analysis.

Results: In the left fusiform gyrus (L-FG), right inferior temporal gyrus (R-ITG), right Rolandic operculum (R-ROL), right postcentral gyrus (R-PoCG), and right precentral gyrus (R-PreCG), dReHo values were significantly greater in patients with HM than in HCs.

Conclusion: Patients with HM have distinct functional changes in various brain regions that mainly include the L-FG, R-ITG, R-ROL, R-PoCG, and R-PreCG. These findings constitute important evidence for the roles of brain networks in the pathophysiological mechanisms of HM and may aid in the diagnosis of HM.
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high myopia, brain function, brain region, resting-state functional magnetic resonance imaging, dynamics regional homogeneity


Introduction

High myopia (HM), a common ophthalmic disease, is the state of myopia with a refractive error of -6 diopters or worse (Flitcroft et al., 2019). In East Asia, approximately 80–90% of young people have myopia, and one-fifth of these people have HM (Wu et al., 2016). It is estimated that, by 2050, there will be 938 million individuals with HM (9.8% of the global population) (Holden et al., 2016). High academic pressures and limited time outdoors are regarded as key risk factors for myopia (Morgan et al., 2021). The high prevalence of myopia leads to an increased incidence of HM because of the relationship between these two diseases (Morgan et al., 2018). Excessive axial elongation is the most important pathological change in patients with HM; it can cause retinal detachment, choroidal neovascularization, macular hemorrhage, and retinal ischemia, all of which lead to impaired visual function (Piao et al., 2021). In clinical practice, resting-state functional magnetic resonance imaging (rs-fMRI) has recently received considerable attention. Some studies have shown that patients with HM exhibit changes in brain function, mainly in terms of cognitive function (Zhang et al., 2020), but the differences in dynamic spontaneous brain activity between patients with HM and healthy controls (HCs) remain unknown.

Resting-state functional magnetic resonance imaging is an emerging neuroimaging modality that provides a new non-invasive technique to study the relationship between spontaneous brain activity and clinical manifestations. Compared with other fMRI methods, rs-fMRI has the advantages of direct signal acquisition and the detection of functional regions in various patient populations (Smitha et al., 2017). Patients with HM reportedly exhibit significantly decreased functional connectivity (FC) between the supramarginal gyrus and rostrolateral prefrontal cortex, as well as between the ventral attention and frontoparietal control networks (Zhai et al., 2016). Huang et al. (2016) demonstrated that the amplitude of low-frequency fluctuation (ALFF) in the bilateral inferior frontal gyrus was considerably lower in patients with HM than in HCs. The above studies provide a neuroimaging basis for a better understanding of attentional control problems in patients with HM. Nevertheless, most rs-fMRI studies show that functional brain activity is stationary throughout the resting scan, but they overlook the time-dependent nature of spontaneous neuronal activity fluctuation in the brain (Calhoun et al., 2014; Liao et al., 2015, 2019). Regional homogeneity (ReHo) can only reflect the static characteristics of human spontaneous brain activity, which contradicts the notion that resting-state spontaneous neurocerebral activity has time-dependent dynamic characteristics. Thus, there has been an increasing focus on dynamic processes in spontaneous brain activity. Recently, dynamic regional homogeneity (dReHo) has been used in studies of various diseases to investigate the dynamic variability of spontaneous neuronal brain activity.

Dynamic regional homogeneity is a commonly used analysis in rs-fMRI, which can show the dynamic temporal consistency of spontaneous brain activity between neighboring voxels, describe similarities in local brain activity, and explore the functional coordination of spontaneous neural activity (Zang et al., 2004). Dynamics amplitude of low frequency fluctuation (dALFF) is an analytical method that combines the ALFF and a sliding window (Cui et al., 2020); this method measures the intensity of low-frequency oscillation in spontaneous neural activity, which can represent the intensity of neural activity in a single acceleration and demonstrate excitability in specific regions of the cerebral cortex (Zang et al., 2007). Thus far, ALFF technology has been used to study functional changes in spontaneous brain activity in patients with HM (Huang et al., 2016). In contrast to ReHo, dReHo involves the use of a sliding window method; areas with large fluctuations in dReHo are generally functional centers of the brain (Hutchison et al., 2013). dReHo has been used in studies of neuropsychiatric diseases, such as brain networks involved in bipolar disorder, clinical depression, trigeminal neuralgia, and other diseases (Yan et al., 2019; Sun et al., 2021). To our knowledge, no study has explored dReHo abnormalities in patients with HM. There is increasing evidence that patients with HM have a greater cognitive impairment as compared to HCs (Zhang et al., 2020). Here, we investigated whether dReHo values differ between patients with HM and HCs, which may be related to the cognitive changes caused by HM.



Participants and methods


Participants

From August 2021 to December 2021, 82 patients with HM and 59 HCs were examined in the Department of Ophthalmology at Nanchang University’s First Affiliated Hospital. For each participant, age, sex, and educational background were all met. People with brain disorders were excluded based on their clinical findings and physical assessment. All participants were examined in the same clinic and provided written informed consent to participate in the study. All procedures were conducted in accordance with the Declaration of Helsinki, and ethical approval was granted by the Nanchang University’s First Affiliated Hospital’s Medical Ethics Committee (Jiangxi Province, China).

The inclusion criteria for patients with HM were the binocular vision of –6 diopters or worse; corrected decimal visual acuity better than 1.0; and the completion of MRI-related tests, optical coherence tomography, ultrasonography, and other ophthalmic examinations. The exclusion criteria for patients with HM were binocular vision better than -6 diopters, retinal detachment, maculopathy, choroidal neovascularization, retinal pigment epithelial disease, history of ocular trauma or ophthalmic surgery, neurological disease, and/or cerebral infarction.

Healthy controls were randomly selected from Nanchang City according to their age, sex, and educational background. The inclusion criteria for HCs were no ocular disease; no major illness (e.g., neurological illness or cerebral infarction); uncorrected decimal visual acuity better than 1.0; and the completion of MRI-associated tests, optical coherence tomography, ultrasonography, and other ophthalmic examinations.



fMRI data acquisition

A 3-T Trio Magnetic Resonance Imaging Scanning System (Trio Tim, Siemens Medical Systems, Erlangen, Germany) was used to collect all MRI data. During image acquisition, we asked participants to close their eyes, minimize motion, and avoid falling asleep. We also asked participants to use earplugs to reduce the effects of head motion and machine noise during scanning. The following three-dimensional high-resolution T1WI parameters were used: repetition time = 1,900 ms, echo time = 2.26 ms, thickness = 1, no intersection gap, acquisition matrix = 256 × 256, field of view = 240 × 240 mm2, and flip angle = 12°.



fMRI data processing

In the brain imaging data processing and analysis toolbox (Data Processing and Analysis of Brain Imaging; DPABI),1 the sliding time window method was used to calculate the dReHo index. In accordance with a previously described method, the minimum window length of the sliding time window was set at ≥ 1/fmin (the minimum frequency of the time series) because a shorter window length would increase the risk of false fluctuations in the time series (Leonardi and Van De Ville, 2015).



Sliding time window analysis

In this study, the window length was 30 repetition time (TR) and the step size was 1 TR. In each time window, the ReHo indices of all brain voxels were calculated. Next, the standard deviations (SDs) of these ReHo brain maps were calculated to characterize the dynamics of ReHo. Finally, the smoothing kernel was set at 8 × 8 × 8 mm3 to smooth dReHo images.



Statistical analysis

Two-sample t-tests were performed on the fMRI data using SPM8 software (two-tailed voxel-level: p < 0.01, glomerular filtration rate (GRF) correction, cluster-level: p < 0.05), which allows the assessment of differences in zReHo maps between two groups via the GRF method. The GRF method was used to compensate for multiple comparisons and to adjust for age and sex.

Based on the dReHo calculations, some brain regions showed differences in signals between patients with HM and HCs. Thus, the mean dReHo value in each region was obtained by averaging all voxels within that region.




Results


Demographics

This study contained 82 patients with HM (43 men and 39 women, mean age 26.53 ± 5.291 years) and 59 HCs (24 men and 35 women, mean age 25.67 ± 3.102 years). Demographic characteristics are shown in Table 1.


TABLE 1    Demographic characteristics of patients with HM and HCs.
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Group differences in dynamic regional homogeneity

Figure 1 shows comparisons between the HM and HC groups. dReHo values in the left fusiform gyrus (L-FG), right inferior temporal gyrus (R-ITG), right Rolandic operculum (R-ROL), right postcentral gyrus (R-PoCG), and right precentral gyrus (R-PreCG) were significantly higher in patients with HM than in HCs. The mean values of differences in dReHo between the two groups are shown in Figure 2. The mean differences in dReHo values between HM patients and HCs are shown in Table 2.
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FIGURE 1
Distribution patterns of dReHo values are observed at the group level in HCs and patients with HM. Note: One-sample t-tests were used to compare dReHo maps between HCs (A) and patients with HM (B) (p < 0.01). HCs, healthy controls; HM, high myopia; dReHo, dynamic regional homogeneity analysis; L, left; R, right.
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FIGURE 2
Comparison of differences in dReHo values between HCs and patients with HM. Significant differences in dReHo values are observed in the L-FG, R-ITG, R-ROL, R-PoCG, and R-PreCG. L-FG, left fusiform gyrus; R-ITG, right inferior temporal gyrus; R-ROL, right Rolandic operculum; R-PoCG, right postcentral gyrus; R-PreCG, right precentral gyrus.



TABLE 2    Mean differences in dReHo values between patients with HM and HCs.
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Discussion

To our knowledge, this is the first study to use the dReHo method for the estimation of the effect of HM on dynamic spontaneous brain activity. The dReHo method can help to provide a greater understanding of HM-related functional remodeling in the brain. We found that patients with HM had significantly increased dReHo values in the L-FG, R-ITG, R-ROL, R-PoCG, and R-PreCG, which suggested a degree of synchronization in dynamic spontaneous brain activity among those regions. These changes could be linked to the activity of various areas in the brain.

The L-FG has a significant impact on language morphological processing (Zou et al., 2015), lexical processing of real words, and grapheme-to-phoneme processing of pseudo-words (Krishnamurthy et al., 2019). The FG has spatially separated regions: the right side is more sensitive to facial recognition, while the left side is more sensitive to language recognition (Harris et al., 2016). Zu et al. (2022) found that patients with persistent generalized tonic-clonic seizures (GTCS) had increased ALFF values in the bilateral FG, which may be useful as a novel neurological marker for persistent seizures in patients with GTCS. Jung et al. (2021) reported that L-FG volume was associated with the recognition of emotional intensity and facial emotion by people with schizophrenia spectrum psychosis. Chen B. et al. (2021) revealed that patients with late-life depression (LLD) and odor identification (OI) dysfunction showed significantly increased ReHo values in the L-FG. Therefore, increased ReHo values in the L-FG may indicate an increased risk of OI dysfunction in patients with LLD. Moreover, a previous study showed that patients with HM have decreased FC in the L-FG, which may cause differences in tactile function between patients with HM and HCs (Wu et al., 2020). Consistent with the previous findings, we demonstrated that patients with HM had significantly increased dReHo values in the L-FG, which suggests that behaviors in this brain area are reinforced. Thus, we speculate that increased dReHo values in the L-FG are related to dysfunctional language morphological processing in patients with HM; in such patients, the increased dReHo values in the L-FG may compensate for the decline in language morphological processing function.

The R-ITG plays an important role in higher cognitive functions, such as visual and language comprehension, as well as emotional regulation (Lin et al., 2020). Wei et al. (2021) demonstrated that FC in the ITG was increased in patients who had migraine without aura. They noted that the ITG is regarded as a component of the default mode network (DMN) (Liu et al., 2017) and has been associated with worsening pain. Li H. et al. (2021) reported that ReHo values in the bilateral ITG were greater in patients with obstructive sleep apnea (OSA). They showed that increased ReHo values in the bilateral ITG were positively correlated with the apnea-hypopnea index (AHI). Yuan et al. (2016) found that patients with amnestic moderate cognitive impairment (aMCI) had considerably lower ReHo values in the ITG when compared with HCs. Such a change in ReHo values could serve as a sensitive functional imaging biomarker for aMCI. Furthermore, Tu et al. (2018) revealed that ReHo values in the R-ITG were significantly higher in alcohol-dependent individuals than in HCs; notably, this region is responsible for the representation and detection of complex object features. In support of the previous findings, our study showed that patients with HM had significantly greater dReHo levels in the R-ITG. Thus, we presume that increased dReHo values in the R-ITG may be indicative of deficits in higher cognitive functions and vision in patients with HM; they might represent a functional activity to compensate for such deficits.

The R-ROL is involved in the processing of integrated exteroceptive-interoceptive information (Blefari et al., 2017). During the perception of pleasant auditory information, motor-related circuitry in the ROL may facilitate the formation of vocal representations (Koelsch et al., 2006). Zhang et al. (2021) demonstrated that individuals with addiction-related disorders had common decreases in gray matter (GM) volume in the R-ROL. They discovered similar structural changes in the prefrontal and insular areas of the brain among patients with different subtypes of addiction. Furthermore, Wollman et al. (2017) found that length of opioid use was negatively associated with GM in the R-ROL, which suggested that opioid addiction could lead to the disintegration of strongly overlapping structural and functional systems. Additionally, Li L. et al. (2021) reported that in the R-ROL, patients with Crohn’s disease (CD) had considerably increased FC intensity. This could be a positive feedback mechanism for increased sensitivity to visceral sensory information, which modulates the brain’s response to such information and may exacerbate inflammation. In a separate study, Li J. et al. (2021) revealed that, compared with HCs, patients with Parkinson’s disease (PD) had considerably lower ReHo values in the R-ROL; this suggested a negative relationship between ReHo values and cognition. Indeed, the R-ROL has been associated with the severity of alterations in psychological domains, such as apathy, despair, and anxiety (Sutoko et al., 2020). Expanding upon the prior findings, this study showed that patients with HM had considerably higher dReHo values in the R-ROL, which suggests that behaviors in this brain area are reinforced. Thus, we speculate that HM leads to increased R-ROL activity, which can cause deficits in the processing of integrated exteroceptive-interoceptive signals in patients with HM; the increased dReHo values in the R-ROL may compensate for the reduced integration of exteroceptive-interoceptive signals.

The R-PoCG contributes to the processing of sensory data from various parts of the body (Kropf et al., 2019). Additionally, the PoCG is the main sensory reception area for touch, proprioception, pain, and temperature (Cauda et al., 2009). Hu et al. (2018) demonstrated that patients with HM had significantly decreased degree centrality (DC) values in the R-PoCG, which confirmed sensorimotor network (SMN) remodeling in such patients. Huang et al. (2016) reported that patients with HM showed higher ALFF values in the R-PoCG. Furthermore, Chen W. et al. (2021) found that patients with thyroid-associated ophthalmopathy (TAO) had significantly decreased DC values in the R-PoCG; the duration of illness was negatively correlated with DC values in the PoCG. Additionally, Zhen et al. (2018) revealed that patients with aMCI had considerably higher ReHo values in the R-PoCG. Such localized changes in FC imply that these networks simultaneously experience functional deficiencies and compensation. In the present study, we found that patients with HM had considerably higher dReHo values in the R-PoCG, which suggests that behaviors in this brain area are reinforced. Thus, we speculate that HM leads to increased R-PoCG activity, which may broadly impair the processing of sensory information in patients with HM. However, the increased dReHo value in the R-PoCG may compensate for this reduced sensory processing ability.

The R-PreCG plays a critical role in sensorimotor processing (Desmurget et al., 2014). Tong et al. (2021) demonstrated that patients with iridocyclitis had significantly decreased ALFF in the R-PreCG. Wang et al. (2021) reported that patients with primary angle-closure glaucoma showed significantly decreased fractional ALFF in the R-PreCG. Furthermore, Jiang et al. (2021) revealed that, compared with HCs, patients with diabetic optic neuropathy had significantly higher ALFF values in the R-PreCG; they suggested that ALFF could be used to distinguish patients with diabetic optic neuropathy from individuals without the disease. Additionally, Duan et al. (2014) found that patients with neuromyelitis optica (NMO) had significantly decreased white matter volumes in the R-PreCG, which indicated the presence of subtle white matter damage to the motor, visual, and cognitive systems in such patients. Our present findings indicated that the HM group had considerably higher dReHo values in the R-PreCG, which suggests that behaviors in this brain area are reinforced. Therefore, we speculate that increased dReHo values in the R-PreCG lead to deficits in the sensorimotor processing of patients with HM; the increased dReHo values in the R-PreCG may compensate for this reduced sensorimotor processing ability.

Importantly, this study had some limitations. First, patients with HM in this trial were mostly young adults. Second, the data were frequently affected by some unavoidable factors in the fMRI environment (e.g., heartbeat, muscle beat, and respiratory motion). Finally, the patients had various lengths of HM history, which may have affected the accuracy of the findings. In future studies, we plan to focus on including participants of all ages and improving the test environment.



Conclusion

Our results suggest that, compared with HCs, patients with HM have altered dReHo values in various brain regions, which implies that HM causes extensive changes in dynamic spontaneous brain activity; these changes presumably lead to the corresponding clinical manifestations. Our findings offer new insights into the causes and neural mechanisms of HM, and they may serve as guidance for its diagnosis.
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Background: Primary angle-closure glaucoma (PACG) is a serious and irreversible blinding eye disease. Growing studies demonstrated that PACG patients were accompanied by vision and vision-related brain region changes. However, whether the whole-brain functional network hub changes occur in PACG patients remains unknown.

Purpose: The purpose of the study was to investigate the brain function network hub changes in PACG patients using the voxel-wise degree centrality (DC) method.

Materials and methods: Thirty-one PACG patients (21 male and 10 female) and 31 healthy controls (HCs) (21 male and 10 female) closely matched in age, sex, and education were enrolled in the study. The DC method was applied to investigate the brain function network hub changes in PACG patients. Moreover, the support vector machine (SVM) method was applied to distinguish PACG patients from HC patients.

Results: Compared with HC, PACG patients had significantly higher DC values in the right fusiform, left middle temporal gyrus, and left cerebelum_4_5. Meanwhile, PACG patients had significantly lower DC values in the right calcarine, right postcentral gyrus, left precuneus gyrus, and left postcentral gyrus. Furthermore, the SVM classification reaches a total accuracy of 72.58%, and the ROC curve of the SVM classifier has an AUC value of 0.85 (r = 0.25).

Conclusion: Our results showed that PACG patients showed widespread brain functional network hub dysfunction relative to the visual network, auditory network, default mode network, and cerebellum network, which might shed new light on the neural mechanism of optic atrophy in PACG patients.

KEYWORDS
PACG, degree centrality, fMRI, SVM, brain network


Introduction

Primary angle-closure glaucoma (PACG) is a serious and irreversible blinding eye disease worldwide. Angle closure is a key pathological process in PACG patients. The main clinical manifestations of PACG are elevated intraocular pressure, eye pain, and vision loss. There are multiple risk factors for PACG, such as genetic predisposition (Wiggs and Pasquale, 2017), hypertension (Lowry and Sanders, 2021), diabetes mellitus (Song et al., 2016), and autonomic dysfunction (Na et al., 2010). Elevated intraocular pressure leads to retinal ganglion cell apoptosis in PACG patients, which is an important pathological feature of PACG. Visual field examination is important for the assessment of visual function in glaucoma patients (De Moraes et al., 2017). However, recent studies have shown that glaucoma causes optic nerve atrophy as well as trans-synaptic degeneration of visual pathways (Lawlor et al., 2018).

Magnetic resonance imaging (MRI) techniques have been successfully applied to identify changes in neural function and structure within the visual cortex of glaucoma patients. Zhou et al. (2017) demonstrated an expanded representation of parafoveal areas in the visual cortex of primary open-angle glaucoma (POAG) patients, compared with healthy controls (HCs). Duncan et al. (2012) demonstrated that POAG patients had differences in cerebral blood flow (CBF) between ventral V1 and dorsal V1. These differences were correlated with visual function in the superior and inferior visual fields. Wang et al. (2017) reported that the POAG patients had decreased functional connectivity within the visual network. Moreover, glaucoma patients exhibited structural changes in the brain. Using diffusion kurtosis imaging, Li et al. (2020) demonstrated that patients with normal-tension glaucoma had microstructural abnormalities in bilateral BA17, BA18, and BA19. Hernowo et al. (2011) found reduced visual pathway volumes in glaucoma patients; affected areas included the optic nerves, optic chiasm, optic tract, and optic radiations. The above studies indicated that patients with glaucoma have functional and structural changes in the visual pathways and visual cortex. To our knowledge, there have been few studies of whole-brain network changes in PACG patients.

The human brain is a complex functional connectome (Sporns, 2011) that plays important roles in physiological processes such as visual function (Wang et al., 2018) and auditory function (Gurtubay-Antolin et al., 2021). Previous neuroimaging studies demonstrated that brain functional network hubs are involved in the integration of information from network elements. Hubs enable the integration of diverse sources of information; they also balance opposing pressures during the evolution of segregated networks. Increased degree centrality (DC) values indicate the enhanced local network information transmission. Meanwhile, the decreased DC values indicate the impaired local network information transmission. The voxel-wise DC method is a graph-based technique that measures the functional relationships of specific voxels throughout the connectivity matrix of the brain, rather than in specific nodes or networks (Zuo et al., 2012). The advantage of the DC method is that the functional network of the whole brain voxel can be calculated without presupposition experimental hypothesis. Machine learning methods combined with the fMRI method have provided a systematic approach for developing an automatic, objective, and sophisticated classification of diseases. The support vector machine (SVM) method is the most commonly used supervised machine learning algorithm for MRI classification that enables individual-level classification and detects biomarkers on the basis of neuroimaging data. Glaucoma is not only associated with functional abnormalities in the visual area but has also been associated with neurodegenerative diseases. However, the effects of optic atrophy on whole-brain network hubs in PACG patients remain unclear. Thus, we hypothesized that PACG patients are accompanied by brain functional network hub changes.

Based on this hypothesis, the present study was performed to determine whether PACG patients exhibited abnormal changes in brain function network hubs. Moreover, the SVM method was used to assess classification power using the DC map as a feature.



Materials and methods


Participants

In total, thirty-one patients with PACG (21 males and 10 females) were enrolled from the Department of Ophthalmology, Jiangxi Provincial People’s Hospital. The diagnostic criteria of PACG were: (1) the intraocular pressure was greater than 21 mmHg in both eyes; (2) optic disc/cup area > 0.6; (3) typical vision field defect (paracentric obscura, arcuate obscura, nasal ladder, fan-shaped field defect, and peripheral field defect); (4) without any other ocular diseases.

The exclusion criteria of PACG were: (1) advanced PACG patients are associated with severe eye pain; (2) PACG patients with a history of surgery; (3) PACG patients with glaucoma-related eye complications, including neovascular glaucoma, high myopia, optic neuritis, cataracts, eye atrophy, and corneal edema; and (4) PACG patients with psychiatric disorders, brain trauma, and other diseases.

Thirty-one HCs (21 males and 10 females) were also recruited for this study. The inclusion criteria were: (1) without any ocular disease with uncorrected visual acuity (VA) > 1.0; 2) no cardiovascular system diseases; and no psychiatric disorders.


Ethical statement

All research methods followed the Declaration of Helsinki and were approved by the Ethical Committee for Medicine of Jiangxi Provincial People’s Hospital. Participants enrolled in the study of their own accord and were informed of the purpose, methods, as well as potential risks before signing an informed consent form.




Clinical evaluation

The VA of all subjects was measured by using the logMAR table and Intraocular pressure was assessed by using automatic intraocular pressure measurement. The best-corrected VA of both eyes was measured in each group.



Magnetic resonance imaging data acquisition

MRI scanning was performed on a 3-Tesla MR scanner (750W GE Healthcare, Milwaukee, WI, United States) with an eight-channel head coil. All participants were required to close their eyes without falling asleep when undergoing MRI scanning. The subjects should be kept calm and not engaged in specific thoughts.



Data pre-processing

All preprocessing was performed using the toolbox for Data Processing & Analysis of Brain Imaging (DPABI)1 (Yan et al., 2016) and briefly following the steps: (1) the first ten volumes of BOLD maps were removed. (2) Slice timing and head motion correction were conducted. (4) Normalized fMRI data were re-sliced with a resolution of 3 × 3 × 3 mm3. (5) Data detrends; (6) Linear regression analysis was applied to regress out several covariates (mean framewise displacement, global brain signal, and averaged signal from cerebrospinal fluid and white matter). (7) Temporal band-pass filtering was performed (0.01–0.08 Hz).



Voxel-wise degree centrality analysis

According to previous studies, we analyzed the different degree of centrality values with a correlation threshold of (r = 0.15, 0.2, 0.25, 0.3) in this study (Zuo et al., 2012). The voxel-wise functional network was generated for each subject, for which we took each voxel as a node and inter-voxel correlations as the edge. Within the default brain mask provided by DPABI (in the MNI-152 standard space with 3 × 3 × 3 mm3 voxel size and resolution of 61 × 73 × 61), we used the preprocessed functional images to perform a voxel-wise correlation analysis. From the n × n Pearson’s correlation coefficient matrix, a map of the degree of the connectivity was computed by counting for each voxel the number of voxels it was correlated to above a threshold of r > 0.25. A high threshold was chosen to eliminate counting voxels that had low temporal correlation attributable to signal noise. The z-score map was smoothed with a 6-mm full-width-half-maximum Gaussian kernel.



Support vector machine analysis

The SVM algorithm was performed by using the Pattern Recognition for Neuroimaging Toolbox (PRoNTo) software Cyclotron Research Centre, University of Liège, Belgium (Schrouff et al., 2013). The following steps were followed: (1) the DC maps (r = 0.15, 0.2, 0.25, 0.3) were used as classification feature. (2) Then, the leave-one-out cross-validation (LOOCV) technique was applied to classifier validation. (3) The total accuracy, specificity, sensitivity, and area under the receiver operating characteristic curve (AUC) were calculated.



Statistical analysis

The chi-square test was used to calculate the sex and handness and independent sample t-test was used for age, education, and BCVA between the two groups.

The one-sample t-test was conducted to assess the group mean of DC maps (r = 0.15, 0.2, 0.25, 0.3). The two-sample t-test was used to compare the two group differences in the DC maps (r = 0.15, 0.2, 0.25, 0.3) using the Gaussian random field (GRF) method. (two-tailed, voxel-level P < 0.01, GRF correction, cluster-level P < 0.05).




Results


Demographics and disease characteristics

There were no statistically significant differences between the PACG and HC groups in gender, education, or age, but significant differences in BCVA of right eye (p < 0.001), left eye (p < 0.001). The results of these data are listed in Table 1.


TABLE 1    Demographic and clinical measurements between patients with PACG and HCs.

[image: Table 1]



Different degree centrality between primary angle-closure glaucoma and healthy control group

The group means of DC maps of the PACG and HC [Figure 1A (r = 0.15) Figure 1B (r = 0.20), Figure 1C (r = 0.25) and Figure 1D (r = 0.3)]. Compared with HC, PACG patients had significantly higher DC values in the left cerebelum_Crus2, left cerebelum_4_5, right para hippocampal, and left thalamus. Meanwhile, PACG patients had significantly lower DC values in the right postcentral, left precuneus, and right postcentral (r = 015) (Table 2 and Figure 2A).
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FIGURE 1
The spatial of the DC within the PACG and HC with different correlation thresholds (r = 0.15, 0.2, 0.25, 0.3). The group means DC maps of the PACG and HC [(A) (r = 0.15), (B) (r = 0.20), (C) (r = 0.25), and (D) (r = 0.30)]. PACG patients showed remarkably similar altered degree of centrality brain areas relative to healthy control in the different correlation thresholds (r = 0.15, 0.2, 0.25, 0.3) (FDR correction p < 0.001). DC, degree centrality; PACG, primary angle-closure glaucoma; HC, health control; L, left hemisphere; R, right hemisphere.



TABLE 2    Significant differences in the DC between the two groups (r = 0.15).
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FIGURE 2
Comparison of the DC between the PACG and HC. (A) (r = 0.15), (B) (r = 0.20), (C) (r = 0.25), (D) (r = 0.30). Significant degree centrality differences were found between the two groups. The blue areas indicate lower degree of centrality values (two-tailed, voxel-level P < 0.01, GRF correction, cluster-level P < 0.05). GRF, Gaussian random field; L, left hemisphere; MOG, middle occipital gyrus; and R, right hemisphere.


Compared with HC, PACG patients had significantly higher DC values in the right fusiform, left middle temporal gyrus, and left Cerebelum_4_5. Meanwhile, PACG patients had significantly lower DC values in the right calcarine, right postcentral gyrus, left precuneus gyrus, and left postcentral gyrus (r = 0.20) (Table 3 and Figure 2B).


TABLE 3    Significant differences in the DC between the two groups (r = 0.20).
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Compared with HC, PACG patients had significantly higher DC values in the right fusiform, left middle temporal gyrus, and left Cerebelum_4_5. Meanwhile, PACG patients had significantly lower DC values in the right calcarine, right postcentral gyrus, left precuneus gyrus, and left postcentral gyrus (r = 0.25) (Table 4 and Figure 2C).


TABLE 4    Significant differences in the DC between the two groups (r = 0.25).
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Compared with HC, PACG patients had significantly higher DC values in the right fusiform gyrus, left middle temporal gyrus, left cerebelum_4_5, and right cerebelum_4_5. Meanwhile, PACG patients had significantly lower DC values in the right calcarine, right postcentral, left precuneus, left postcentral and left paracentral_lobule (r = 0.30) (Table 5 and Figure 2D).


TABLE 5    Significant differences in the DC between the two groups (r = 0.30).
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Support vector machine results

The SVM classification reaches a total accuracy of 72.58% and the ROC curve of the SVM classifier with an AUC value of 0.85 (r = 0.15); (Figure 3A). The SVM classification reaches a total accuracy of 75.81% and the ROC curve of the SVM classifier with an AUC value of 0.85 (r = 0.20); (Figure 3B). The SVM classification reaches a total accuracy of 74.19% and the ROC curve of the SVM classifier with an AUC value of 0.85 (r = 0.25); (Figure 3C). The SVM classification reaches a total accuracy of 77.42% and the ROC curve of the SVM classifier with an AUC value of 0.85 (r = 0.30); (Figure 3D).
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FIGURE 3
Classification results using machine learning analysis based on DC values. Function values of two groups (class 1: PACG group; class 2: HC group); The ROC curve of the SVM classifier with an AUC value of 0.85 (r = 0.15). (A) Function values of two groups (class 1: PACG group; class 2: HC group); the ROC curve of the SVM classifier with an AUC value of 0.85 (r = 0.20). (B) Function values of two groups (class 1: PACG group; class 2: HC group); The ROC curve of the SVM classifier with an AUC value of 0.85 (r = 0.25). (C) Function values of two groups (class 1: PACG group; class 2: HC group); The ROC curve of the SVM classifier with an AUC value of 0.85 (r = 0.30) (D).





Discussion

In this study, compared with HCs, PACG patients had significantly higher DC values in the right fusiform gyrus, left middle temporal gyrus, and left cerebellum_4_5. Conversely, PACG patients had significantly lower DC values in the right calcarine sulcus, right postcentral gyrus, left precuneus, and left postcentral gyrus. The SVM classifier had an overall accuracy of 72.58%; the ROC curve of the SVM classifier had an AUC value of 0.85 (r = 0.25). These results demonstrated that PACG patients had widespread brain functional network hub dysfunction that affected the visual, auditory, default mode, and cerebellar networks. The findings might provide insights into the neural mechanism that underlies optic atrophy in PACG patients.

Notably, we found that PACG patients had significantly lower DC values in the right calcarine sulcus. The calcarine sulcus is a core component of the visual cortex; it plays an important role in transmitting visual information to the higher visual cortex. Previous neuroimaging studies showed visual dysfunction and vision-related cortex dysfunction in PACG patients. Colbert et al. (2021). found that glaucomatous mice with elevated intraocular pressure had decreased fractional anisotropy and increased radial diffusivity along the optic nerves and optic tract. Fujishiro et al. (2022) reported that ocular hypertension could lead to reduced cytochrome oxidase expression in the visual cortex. Pankowska et al. (2022) found that normal-tension glaucoma patients had reduced thickness in the right lateral occipital gyrus and left lingual gyrus. Consistent with these findings, we observed significantly lower DC values in the right calcarine sulcus in PACG patients, which suggested abnormal functional connectivity within the visual network.

Another important finding in this study was that PACG patients had significantly lower DC values in the right postcentral gyrus and left postcentral gyrus. The postcentral gyrus has an important role in sensorimotor function. There are two possible reasons for the phenomenon observed in our study. First, PACG patients exhibit visual loss associated with optic atrophy. Using diffusion tensor MRI, Yang et al. (2018) demonstrated that glaucomatous mice had extensive deterioration of visuomotor function by 9 months of age. Zwierko et al. (2022) reported differences in visuomotor task performance among older adults with moderate and advanced glaucoma. Dive et al. (2016) demonstrated visuomotor behavior in patients with glaucoma-related peripheral field reduction during the completion of natural movements. Thus, decreased DC values in the postcentral gyrus might indicate visuomotor dysfunction in PACG patients. Second, the postcentral gyrus plays an important role in nociceptive processing. Glaucoma patients experience painful swelling in both eyes. Dong et al. (2019) demonstrated that patients with eye pain had decreased voxel-mirrored homotopic connectivity in the precentral/postcentral gyrus. Additionally, Pan et al. (2018) reported that eye pain patients had a lower amplitude of low-frequency fluctuation in the left and right precentral/postcentral gyrus and left precuneus. Consistent with these findings, our study revealed that PACG patients had lower DC values in the postcentral gyrus, which might reflect visuomotor dysfunction and eye pain in PACG patients.

Finally, we found that PACG patients had significantly lower DC values in the left precuneus and increased DC values in the left middle temporal gyrus. The precuneus and middle temporal gyrus are core components of the default mode network (DMN). The DMN is an endogenous neural network that shows consistently higher blood oxygenation level-dependent activity during rest. It plays an important role in self-referential thought and introspection; these actions involve various higher cognitive functions such as memory, prospection, and self-processing (Raichle et al., 2001). Wang et al. (2017) demonstrated that POAG patients had decreased functional connectivity in the DMN. Giorgio et al. (2020) reported that ocular hypertension patients had decreased functional connectivity in key cognitive networks [DMN and frontoparietal working memory network (WMN)]. Our finding of significantly lower DC values in the DMN of PACG patients suggests that those patients are experiencing cognitive decline.

In our study, we used the DC maps as a feature. The SVM model was applied to investigate the SVM classification reaches a total accuracy of 72.58%–77.42% and the ROC curve of the SVM classifier with an AUC value of 0.85. The SVM modal showed a high sensitivity for distinguishing the two groups. The DC maps could be sensitive biomarkers for distinguishing patients with PACG from HCs.

Some limitations should be mentioned in the study. First, the sample size of the study is relatively small. Second, the DC values are based on blood oxygen levels dependent (BOLD) on signals, which might be affected by physiological noise. Third, no multimodal MRI methods were used to verify the results of this study.



Conclusion

Our results showed that PACG patients showed widespread brain functional network hub dysfunction relative to the visual network, auditory network, default mode network, and cerebellum network, which might shed new light on the neural mechanism of optic atrophy in PACG patients. Thus, the DC maps could be sensitive biomarkers for distinguishing patients with PACG from HCs. It provides an important imaging reference for clinicians in early diagnosis.
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Optic neuropathies are conditions that cause disease to the optic nerve, and can result in loss of visual acuity and/or visual field defects. An improved understanding of how these conditions affect the entire visual system is warranted, to better predict and/or restore the visual loss. In this article, we review visually-driven functional magnetic resonance imaging (fMRI) studies of optic neuropathies, including glaucoma and optic neuritis (ON); we also discuss traumatic optic neuropathy (TON). Optic neuropathy-related vision loss results in fMRI deficit within the visual cortex, and is often strongly correlated with clinical severity measures. Using predominantly flickering checkerboard stimuli, glaucoma studies indicated retinotopic-specific cortical alteration with more prominent deficits in advanced than in early glaucoma. Some glaucoma studies indicate a reorganized visual cortex. ON studies have indicated that the impacted cortical areas are briefly hyperactive. For ON, brain deficits are greater in the acute stages of the disease, followed by (near) normalization of responses of the LGN, visual cortex, and the dorsal visual stream, but not the ventral extrastriate cortex. Visually-driven fMRI is sensitive, at least in ON, in discriminating patients from controls, as well as the affected eye from the fellow eye within patients. The use of a greater variety of stimuli beyond checkerboards (e.g., visual motion and object recognition) in recent ON studies is encouraging, and needs to continue to disentangle the results in terms of change over time. Finally, visually-driven fMRI has not yet been applied in TON, although preliminary efforts suggest it may be feasible. Future fMRI studies of optic neuropathies should consider using more complex visual stimuli, and inter-regional analysis methods including functional connectivity. We suggest that a more systematic longitudinal comparison of optic neuropathies with advanced fMRI would provide improved diagnostic and prognostic information.

Keywords: glaucoma, optic neuritis, traumatic optic neuropathy, visually-driven fMRI, LGN, visual cortex, MT, LOC


INTRODUCTION

The term optic neuropathy refers broadly to injury to the optic nerve. It is a serious condition that may result in loss of visual acuity and/or deficits to the visual field (partial or even full blindness). This type of injury can develop acutely or chronically. Acute optic neuropathies such as optic neuritis (ON) and traumatic optic neuropathy (TON) have a rapid onset and are typically caused by inflammation and trauma, respectively, whereas chronic optic neuropathies such as glaucoma are characterized by slow progression (Behbehani, 2007). The aim of this review is to determine how visually-driven functional MRI (fMRI) can be used to assess optic neuropathy-related effects on the entire visual system and potentially provide differential diagnostic or prognostic value in clinical settings. In a separate review, we review resting-state fMRI studies for the same patient groups. By comparing and contrasting glaucoma and ON we can begin to identify common or differential abnormalities induced by chronic vs. acute optic neuropathy. Glaucoma is a prominent example of a disease with progressive effects within the brain as a result of persistent impairment to visual input. In contrast, ON, quickly and severely disrupts normal retinal input but subsequently stabilizes, and recovery of function is common. These well-studied diseases can serve as an important benchmark for comparison and indication of what might be possible for a related optic neuropathy, TON, for which there are no fMRI studies thus far. In addition, ON studies will aid in understanding brain abnormalities specifically due to central visual field loss, which is what is expected—at least initially—in TON patients. We aim in particular to suggest that visually-driven fMRI techniques might contribute to further characterize TON and subsequently aid in the diagnosis, especially in the case of bilateral trauma when the diagnosis is most challenging. We first define some terminology related to the current standard methods of diagnosis and staging of neuropathies. Next, we define the fMRI technique that allows measurement of visual system function. Subsequent sections offer a critical review of published studies that used visually-driven fMRI to assess optic neuropathy-related abnormalities in thalamic and visual cortical areas. Glaucoma, ON and TON are each discussed separately.


Ophthalmologic assessment tools

In this section, we briefly catalog measures from common ophthalmological tools that are often considered in fMRI literature as covariates that may relate neuroimaging markers to levels of disease severity. A summary figure lists these tools in relation to applicable levels of the visual system (Figure 1). The primary tools used for determining the extent of visual function loss in optic neuropathies evaluate structural defects in the retina and optic disc, and/or functional impairments in vision. Aspects of retinal anatomy such as the retinal nerve fiber layer (RNFL) thickness, or morphology of the optic nerve head (e.g., rim area and volume, as well as cup-disc ratio) are measured using optical coherence tomography (OCT), confocal scanning laser ophthalmoscopy, or scanning laser polarimetry. These tools currently provide valuable information about the severity of the disease but do not differentiate well between different optic neuropathies. Physical examination is accompanied with visual field testing, typically conducted with automated static perimetry, where sensitivity to light is evaluated using a small white flash on a dim background. Both focal and global visual field loss are often utilized for determining the pattern of visual field loss (i.e., predominantly central or peripheral) and the progression of the disease (Susanna and Vessani, 2009; Yaqub, 2012). Due to the retinotopic nature of these tests, there is a strong potential for direct correlation with fMRI measurement of the retinotopic maps in the visual cortex. These behavioral tests are also clinically important but do have limitations (Wilhelm and Schabet, 2015; Wu and Medeiros, 2018). The testing can be subjective, challenging for patients, and has poor sensitivity (e.g., to detect glaucomatous peripheral field loss). Some specific perimetric tests have been developed that attempt to isolate specific types of retinal ganglion cells, such as magnocellular or short-wavelength cell types which are biased in number in the peripheral or central retinal, respectively (Sharma et al., 2008). Although these could again be attractive as potential covariates for neuroimaging measures, they have not been widely successful clinically in identifying all individuals at risk for developing glaucoma (Havvas et al., 2013). Visual acuity, an eye’s ability to resolve high spatial resolution, is often a critical measure obtained with Snellen or Early Treatment Diabetic Retinopathy Study charts. It can quickly estimate the quality of central vision, which to some extent serves as a measure of disease severity in optic neuropathies (Toosy et al., 2014). Traditionally, results from multiple longitudinal eye examinations are utilized for diagnosis and staging of patients. Furthermore, there are also other functional vision measures that provide valuable information about certain optic neuropathies. For example, visually evoked potentials (VEPs), a measure of the integrity of the retino-geniculate-cortical pathways, is strongly associated with the deficits in motion perception observed in ON patients. The relative afferent pupillary defect (RAPD) is another important and widely used ophthalmological assessment to determine asymmetry in reflexive pupillary response when light is alternately applied to each eye. The objective nature of the test makes it convenient to use, especially in trauma patients with limited responsiveness. However, it is only useful in identifying optic neuropathies that are unilateral or asymmetric in nature (Broadway, 2012). Correlation analysis between functional neuroimaging variables and these key clinical measures can help identify the most clinically relevant fMRI markers of injury for each optic neuropathy.
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FIGURE 1. Assessment of optic neuropathy at different levels of the visual system. Potential ophthalmological tools are listed that rely on behavioral testing, clinical observation, microscopy, electrophysiology or MRI imaging (on left). Top image: Representation of the visual field with (foveal) central vision colored orange, mid-eccentricities colored with cooler hues, and peripheral locations colored with increasingly light purple. White rings represent eccentricities spanning from 10 to 90 degrees in 10 degree increments. Middle image: Schematic description of retinal projections to the thalamic lateral geniculate nucleus (LGN). LGN is shown with layers 1–6 that segregate input from each eye (contra, ipsi, ipsi, contra, ipsi, contra). Layers 1 and 2 form the magnocellular projections to V1 while layers 3–6 comprise the parvocellular input. Bottom image: Inflated depiction of cerebral cortex, posterior view. A probabilistic brain atlas (Wang et al., 2015) is used to show the location of several retinotopically organized visual areas. Lower-tier areas V1, V2, and V3 are shown with red, blue, and green, respectively. Some additional higher-tier areas are indicated as well, in particular areas MT and LO (LO1 and LO2) mentioned in the text as well. White outlines, included for context, localize area V3A, V3B, IP0 (dorsally), and V4v, VO1, VO2 (ventrally).





Functional MRI techniques

fMRI is a non-invasive method to measure neuronal activity across the brain. Changes in neuronal activity are measured indirectly with the blood oxygenation level-dependent signal (BOLD; Kwong et al., 1992; Ogawa et al., 1992). fMRI is useful to vision science because we can address fundamental questions such as the location of the multiple representations of the retinal “map” in the occipital, posterior parietal, and posterior temporal lobes of the brain (e.g., V1, V2, V3, etc., as shown in Figure 1). It is also possible for subjects to perform a wide array of visual detection or discrimination tasks so that the most actively recruited cortical regions are visualized. Questions such as the degree of specialization of certain cortical areas can be addressed. Since fMRI has no known risk to subjects, they can be scanned repeatedly to monitor change over time. This can be exploited to study perceptual learning in healthy controls, for example. fMRI offers a wide field of view, and can easily cover the entire brain, although a trade-off exists between spatial resolution and field of view. In other words, to achieve the smallest voxels possible, a smaller volume of the brain is imaged. In this sense, the field is still limited by a finite spatial and temporal resolution. Using very advanced MRI scanners at ultra-high field strengths (like 7 Tesla) helps achieve even better spatial resolution (Chaimow et al., 2018). The temporal resolution of fMRI is inherently limited to approximately 1–2 seconds; it does not compete with electrophysiological techniques such as VEPs measured in milliseconds. Those techniques are thus complementary.

There are other practical limitations to fMRI that derive from experimental design and analysis. For example, should the visual stimuli remain identical, or should the levels of visual performance remain identical across a range of subjects? In addition, in the context of clinical studies, it is very desirable to be able to make reliable fMRI measures in individual subjects so as to discriminate a patient from healthy controls. This is already possible, but sensitivity may be limited compared to comparisons at group level. All the studies reviewed here made comparisons at the group level. Emerging advances in data analysis may prove beneficial for improving single-subject analyses. For example, probabilistic atlases (from normal healthy subjects) can be applied to an individual subject’s data to estimate the retinotopic boundaries of many visual areas, even if retinotopic mapping has not been performed for that particular subject. In the future, we expect that even more powerful analysis methods from the machine learning field can be employed to maximize sensitivity for classification (e.g., of diagnosis) of visual impairment and prediction (e.g., of prognosis) of recovery in an individual patient.

It is pertinent to this clinically-oriented review that some features of fMRI have been a persistent limitation when translation to clinical ophthalmological settings is considered. Importantly, stimulation of the peripheral field can be challenging inside the bore of MRI machines. In most studies the stimuli remain within the central 20 degrees. Specialized equipment is needed to reach the far periphery. In order to circumvent this limitation, one probabilistic atlas has cleverly estimated the locations of V1–V3 out to 90 degrees (Benson and Winawer, 2018). Moreover, specialized hardware is also required to allow separate images to be shown to each eye during fMRI sessions (i.e., dichoptic stimulation). Currently, there are multiple products on the market for dichoptic presentation of visual stimuli and thus allow for fMRI responses of each eye to be directly correlated with eye specific clinical measures. fMRI experiments typically require 1–2 hours with little to no movement, which may be considered demanding for patients. Visually-driven fMRI requires subjects to remain alert with eyes open, and usually subjects should avoid eye movements by fixating their gaze on a central mark for several minutes at a time. Finally, there is a serious commitment of time and expertise required to analyze and interpret the results.

Retinotopic mapping, the process of determining the visual receptive field properties of neuronal populations in the visual pathway (i.e., how the brain maps our visual field), is possible with BOLD fMRI, and is a useful technique to investigate the differences in visual system organization of healthy individuals and patients. Retinotopic mapping typically uses expanding ring stimuli to measure eccentricity and rotating wedge stimuli to measure polar angle (Sereno et al., 1995). The brain contains multiple, topographically organized, maps of visual space in the early visual areas, e.g., V1, V2, and V3, where neighboring visual space is represented in neighboring regions in visual cortex. Central foveal vision in particular is represented in multiple regions including the occipital pole, as well as the lateral occipital cortex (LOC; Wandell et al., 2007). Another important feature is cortical magnification: a large portion of the visual cortex is dedicated to processing information from the central visual field, and as the distance from the fovea increases, cortical volume decreases exponentially (Wandell et al., 2007). Importantly, any changes to this normal pattern of cortical activation may suggest an impairment, compensatory effect (i.e., higher activity than normal), or even cortical reorganization. Moreover, compared to damage to peripheral vision, damage to central vision is expected to result in abnormal representation across a much larger expanse of visual cortical areas (Figure 2). This is a dramatic effect that would apply to many different visual areas, but this is depicted only for V1 in Figure 2.
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FIGURE 2. Effect of glaucoma and optic neuritis on visual field and visual cortex. Top row: A normal visual field diagram with orange and purple signifying central and peripheral vision, similar to Figure 1 is shown. To the right is an abstracted (spherical) representation of both the left and right hemispheres of cerebral cortex, posterior view (Benson and Winawer, 2018). Area V1 is labeled with the same orange-to-purple color gradient used for the visual field. It can be seen that the central vision occupies a disproportionally large region of V1, with very little territory devoted to the periphery. A similar representation also exists in areas V2 and V3, but this is not shown. Instead, area V2 is simply shown in blue, and area V3 in green. Middle row: Loss of peripheral vison in glaucoma leads to deafferentation of a relatively small portion of anterior V1 (shown with black) due to the cortical magnification factor. Bottom row: Loss of central vison in optic neuritis leads to deafferentation of a quite large proportion of V1 (shown with black) due to the exponential expansion of central field input. Text in far right summarizes features for normal vision, glaucoma, and optic neuritis. Note: depiction of cortical magnification factor in V1 remade from a source at https://mosaicofminds.medium.com/maps-in-the-brain-f236998d544f.






METHODS

We searched PubMed using keywords specific to these optic neuropathies and selected peer-reviewed articles in English with relevant titles and abstracts for further review. Search terms included glaucoma, primary open-angle glaucoma, optic neuritis, optic neuropathy, optic damage, traumatic optic neuropathy or open globe injury, and keywords related to fMRI. After the initial selection, the full text was assessed for eligibility. We included studies containing patient groups affected by POAG, acute ON or clinically isolated syndrome of ON, as well as vision loss due to trauma to the optic nerve (i.e., open globe injury or TON). We specifically focused on typical idiopathic ON. Other related inflammatory diseases of the visual system (e.g., neuromyelitis optica spectrum disorder, MOG-antibody ON, lupus, or GPA) were excluded as there are no visually-driven fMRI studies for such patients. Moreover, ON studies consisting primarily of MS patients were excluded. More details about the clinical profiles of ON patients utilized in the studies we reviewed can be found in Supplementary Table 1. Studies that focused on any other optic neuropathy, hereditary vision damage, animal research, molecular work, and clinical studies (i.e., case reports, randomized controlled trials and clinical trials) were also omitted. In addition, in this review we only included studies using visually-driven fMRI to investigate responses in cortical and subcortical visual areas of the brain. We chose to focus exclusively on the visual system in order to better isolate those findings and examine the untapped potential for improved sensitivity to the direct effects of deafferentation in this system.



GLAUCOMA

Glaucoma is a leading cause of permanent blindness worldwide and has blinded about 3.2 million people as of 2020 (Broadway and Cate, 2015). This chronic and generally bilateral neurodegenerative optic disease leads to progressive visual field loss, typically with the peripheral visual field affected in the early stages, followed by central visual field loss. Partial regions of blindness develop gradually such as nasal step scotoma, inferior or superior arcuate scotoma, paracentral scotoma or generalized depression (Weinreb and Khaw, 2004; Jonas et al., 2017). This is a result of damaged retinal ganglion cells and degeneration of the optic nerve, producing characteristic changes to the optic nerve head known as “cupping” (Cohen and Pasquale, 2014). It may or may not be associated with high intraocular eye pressure, but this is currently the only modifiable risk factor for managing glaucomatous symptoms, and glaucoma may continue to progress following treatment. One of the most common types of glaucoma and the one that will be discussed in this paper is POAG.

Progressively, glaucoma results in optic nerve “rim” loss, increased cup to disc ratio, disc hemorrhage, retinal nerve fiber damage, and enlarged visual field defects. However, the biological mechanisms and sequela underlying these clinical presentations are poorly understood. Moreover, although these features are important in the diagnosis and follow-up of glaucoma, they cannot be used to define glaucoma with high sensitivity and specificity (Cohen and Pasquale, 2014). POAG is asymptomatic (i.e., normal visual field) until a substantial number (i.e., 25%–35%) of retinal ganglion cells have been permanently lost and visual deficits start to form within the central visual field (10°–20° degrees from fixation; Qing et al., 2010). Therefore, individuals are recommended to have their eyes examined periodically to detect structural changes to the optic disc, one of the first signs of glaucoma detectable in clinical eye examinations.

With the increasingly wide availability of functional MRI techniques, recent studies have started to examine the structure and function of the lateral geniculate nucleus (LGN), and visual cortex in glaucoma patients to observe any other signs of alterations that may provide new knowledge about the disease and serve as promising avenues to detect and halt vision loss. Indeed, many studies have documented injury to the optic nerve, and tract, as well as abnormalities in visual and even non-visual subcortical and cortical regions and networks (Lawlor et al., 2018). Degeneration along the visual pathway is believed to be triggered by the loss of retinal ganglion cells in a process called transsynaptic degeneration, where injured neurons subsequently impair their projection targets, depriving them of input connections. Investigating the changes in brain activity in the visual areas of glaucoma patients may help further understand the pathophysiology of the disease, and potentially aid in the development of interventions.


Visually driven functional brain measures

We identified 10 cross-sectional visually-driven fMRI studies investigating the effect of glaucoma on the visual system. The stimulus parameters utilized and results reported in these studies are summarized in Figure 3. Unless otherwise indicated in column Stimulus: Type in Figure 3, the studies monocularly presented a standard checkerboard stimulus which consists of central fixation, black and white checkers with 100% contrast, and contrast reversing at 8 Hz to the affected eye. The stimulus is generally presented in a block design where it is alternated with a blank background with the same luminance as the mean luminance in the stimulus period. The fellow eye is generally patched in all studies except in Duncan et al. (2007a, b) where it was voluntarily closed, and fellow eye status is unknown for in Jiang et al. (2017). All glaucoma studies scanned patients at 3 Tesla and the resolution of the functional scans across the studies ranged from 2 to 3.4 mm3. Moreover, visual areas seem to be delineated using retinotopy (Duncan et al., 2007a, b; Borges et al., 2015; Zhang et al., 2016; Zhou et al., 2017) or an automated anatomical labeling system (Gerente et al., 2015; Jiang et al., 2017), and data were analyzed in Talairach (Borges et al., 2015) or Montreal Neurological Institute (Qing et al., 2010; Zhang et al., 2015, 2016; Murphy et al., 2016; Jiang et al., 2017) reference space.
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FIGURE 3. Summary of visual stimuli utilized and findings in visually-driven fMRI studies of glaucoma. The studies are listed in increasing order of the size of the checkerboard stimulus utilized. Left: Images of visual stimuli, similar to the ones utilized in each of the studies, have been provided. Note: Images in row 1, 2, 4, 9, and 10 are created with a figure licensed under a Creative Commons Attribution 4.0 International (https://creativecommons.org/licenses/by/4.0/, https://creativecommons.org/licenses/by/4.0/legalcode). It is attributed to Biological Psychiatry (https://www.sciencedirect.com/science/article/pii/S0006322307012413?via%3Dihub#fig1). Cropped in various shapes from original. Images in row 6 is obtained from Zhang et al. (2016) © 2015 Wiley Periodicals, Inc. ∧Deficit indicated by correlation with visual sensitivity measures (i.e., BOLD activity declines with increasing severity measure). *Compensation indicated by correlation with visual sensitivity measures (i.e., BOLD activity increases with increasing severity measure). #Deficit indicated by correlation with retinal thickness (i.e., BOLD activity declines with increasing severity measure). #*Compensation indicated by correlation with retinal thickness (i.e., BOLD activity increases with increasing severity measure). SF, spatial frequency; VF, visual field; POAG, primary open-angle glaucoma; HC, healthy controls.



The current literature indicates that visually driven fMRI has the ability to distinguish glaucoma patients from healthy subjects. For example, Borges et al. (2015) observed a reduction in activity in the bilateral occipital lobe in response to stimulation of the glaucomatous eye in POAG patients compared to healthy controls. In addition, it is interesting to note that the functional loss was only evident for the medium and high contrast stimuli and not for low contrast stimuli (Borges et al., 2015). Furthermore, eccentricity-specific reduction in the activity of the bilateral occipital lobe has been reported. Zhou et al. (2017) utilized task-based fMRI and confirmed that the stimulation of the peripheral visual field resulted in a lower BOLD percent change compared to control subjects. However, the results have been mixed regarding the degree of abnormality in the central visual field. Zhou et al. (2017) found no difference in central-field visual regions between a cohort of POAG patients with various levels of disease severity and controls. However, on the contrary, presenting a central checkerboard stimulus to a relatively preserved central visual field did result in a reduction of BOLD percent change in asymmetric glaucoma patients (Qing et al., 2010), and did show compromised cerebral blood flow in central field visual cortex of advanced POAG patients (Zhang et al., 2015). Although the reason for these discrepant results is uncertain, one likely source would be variability in the staging and severity of disease in the respective patient groups studied.

There is more direct evidence that the extent of change in visual pathways and cortical activation is dependent on glaucoma severity across the spectrum from early to advanced disease. In early stages, visual field score seems to remain relatively normal despite reductions in RNFL thickness (Bowd et al., 2001), and indeed BOLD percent response in the visual cortex of the early to moderate POAG participants was not significantly abnormal (Gerente et al., 2015; Zhang et al., 2015; Zhou et al., 2017). Likewise, Zhang et al. (2016) reported a similar phenomenon but also suggested that early POAG patients may have a biased loss of magnocellular input compared to controls, which is consistent with the early loss of peripheral vision where magnocellular input dominates. In particular, early-stage glaucoma patients showed a reduced fMRI response in LGN to transient achromatic stimuli compared to sustained chromatic stimuli, suggesting loss of the magnocellular channel. While these findings seem promising, it is important to replicate these results using even newer methods that provide the high spatial resolution required to confidently isolate BOLD signal in individual layers of the LGN. When severe stages of glaucoma are studied, activation in the calcarine and occipital cortex is low compared to healthy controls particularly in the anterior calcarine sulcus where the representation of peripheral field is expected (Zhang et al., 2015; Murphy et al., 2016). Murphy et al. (2016) suggest that this retinotopic pattern of functional loss is more strongly observed in the primary visual cortex in comparison to higher visual areas, but the data is still lacking to show this clearly. It remains to be determined if extrastriate retinotopic visual cortices could ever be more sensitive to subtle alterations in visual function than any of the clinical parameters currently used for diagnosis with appropriately tailored stimuli and optimized fMRI protocols.

We conclude this section by mentioning that, despite the consistent reduction in functional brain activity as a result of POAG, some authors have argued that the visual cortex may actively compensate for the loss of visual input via specific reorganization. In particular, remapping may occur in early visual cortices to compensate for the reduced vision in the peripheral visual field. In other words, the foveal or parafoveal representations may be strengthened, possibly by recruiting deafferented cortical territory formerly representing more peripheral eccentricities. Indeed, parafoveal regions in the visual cortex were found to be enlarged in mild to moderate POAG patients compared to controls in V1 and V2, but not V3 (Zhou et al., 2017). However, Borges et al. (2015) reported that they noticed a lack of remapping in affected regions of V1 and V2 in glaucoma in patients with unilateral POAG. This might suggest that reorganization does not occur until cortical circuits (which are primarily binocular) are consistently deafferented from both eyes. Finally, we note that Jiang et al. (2017) used a checkerboard stimulus and reported compensatory-like activity (i.e., higher BOLD signal) in various structures involved in the limbic network, default mode network, the dorsal visual pathway, and frontal gyri, of patients compared to controls. This seems to suggest that the effects of glaucoma are widespread, however this needs to be further explored with stimuli that specifically and maximally drive the specialized visual and extrastriate regions.



Correlation with specific ophthalmological measures

Consistent with the strong relationship between fMRI results and overall measures of disease severity, many, but not all, studies report the expected significant correlations between more specific clinical measures and BOLD response in certain cortical areas. BOLD response in visual cortical areas of POAG patients showed a strong, positive correlation with RNFL thickness measured with OCT (Duncan et al., 2007a; Gerente et al., 2015) in the corresponding quadrant (Zhou et al., 2017), but not GDx nerve fiber layer analyzer, and mean disc height contour measured with Heidelberg retina tomograph II (Duncan et al., 2007a). Specifically, deterioration of peripapillary RNFL and macular ganglion cell-inner plexiform layer was shown to be strongly associated with lower activity in the primary visual cortex (Murphy et al., 2016) and less strongly associated with the BOLD signal from secondary and tertiary visual cortices (Murphy et al., 2016). Surprisingly, in one study of early glaucomatous stages, BOLD signals from the left cuneus were negatively correlated with relative RNFL (Jiang et al., 2017), suggesting compensatory activity. Also, in one exceptional study, the difference in BOLD response of the glaucomatous and healthy eye as a result of stimulating the preserved central visual field of asymmetric POAG patients did not correlate to the corresponding RNFL thickness values (Qing et al., 2010). Although the authors speculate that functional changes in the visual cortex may appear before clinical retinal signs, this remains unproven.

Unlike measures of the retina and optic nerve, behavioral perimetry scores from visual detection tests can estimate the output of the entire visual system and may be an even better measure of function. Indeed, the visual deficits determined by sensitivity differences between a glaucomatous and healthy eye per visual field location (Duncan et al., 2007a), or per quadrant (Zhou et al., 2017) have been shown to correlate with reduced BOLD amplitudes in the corresponding calcarine and occipital cortex areas (Gerente et al., 2015). However, in contrast, Borges et al. (2015) reported no correlation between BOLD activation in the lesion projection zones in V1 and V2 of unilateral POAG patients and the corresponding visual field mean deviation scores. Even more surprising, Qing et al. (2010) report an inverse correlation between BOLD response and visual field scores, suggesting compensation. The difference in the results reported might be attributed to the various types of POAG included in the studies mentioned above including bilateral patients with varying degrees of asymmetry and the rare unilateral cases. It may also be relevant that the studies mentioned above employ slightly different methods such as performing visual field testing monocularly (Borges et al., 2015) vs. estimating binocular visual field using monocular tests (Qing et al., 2010; Gerente et al., 2015; Zhou et al., 2017), or stimulating the peripheral (Duncan et al., 2007a; Gerente et al., 2015; Zhou et al., 2017) vs. the preserved central visual field (Qing et al., 2010 and Borges et al., 2015). More work is required to disentangle all these factors.



Visual stimuli

Eight of the 10 reviewed studies focused mainly on the visual cortex and reported significant changes in BOLD activity within V1. This can be attributed to the type of visual stimuli chosen and the subgroup of POAG patients in these studies. BOLD activity within visual cortices was not significantly altered in studies (n = 2) that solely used early POAG patients. For all studies, the visual stimuli were predominantly black and white checkerboard stimuli with 100% contrast and contrast reversing at 8 Hz (see Figure 3). These stimulus parameters are known to maximally drive V1 (Fox and Raichle, 1984; Singh et al., 2000). Amongst the studies, the stimulus varied slightly in terms of size, the number of quadrants covered, and whether it was presented to the most preserved or the most affected area (see Figure 3). Nevertheless, BOLD activity in V1 or other occipital ROIs was consistently lower for POAG patients with at least mild-to-moderate severity.

Two of the 10 studies also used more complex checkerboard stimuli, i.e., concentric eccentricity rings or rotating polar wedges (see Figure 3). These were particularly useful in making specific conclusions about a potential reorganization of the visual cortex in different subgroups of POAG patients. Distinctions between early and severe POAG subgroups were successfully made with retinotopic mapping stimuli that spanned 30 degrees in diameter (Gerente et al., 2015). Zhou et al. (2017) studied this more systematically with retinotopic stimuli that spanned up to 110 degrees. Consistent with the previous study, differences between glaucoma patients and controls were seen when a visual field of around 20 degrees eccentricity was stimulated. Nevertheless, it is important to note that the sensitivity to differentiate (at least mild to moderate) patients from controls increases with stimuli that span greater than 24 degrees eccentricity.




OPTIC NEURITIS

ON is an acute demyelinating optic neuropathy resulting in a temporary vision loss due to inflammation of the optic nerve. The annual incidence of ON in the world is estimated to be 0.94–2.18 per 100,000 (Toosy et al., 2014). The most common form of ON is associated with multiple sclerosis and therefore is often linked to it. However, ON can present in isolation (Toosy et al., 2014). ON usually occurs in young adults and is characterized by mild to severe unilateral visual loss which develops rapidly and is accompanied by pain during eye movements, followed by spontaneous improvement. Initially, the affected eye in ON has diffuse abnormalities in the central visual field leading to reduced visual acuity; an early clinical sign of ON (Keltner et al., 1999; Toosy et al., 2014). However, patterns of visual field loss alone are of limited value in the differential diagnosis of ON and other optic neuropathies (Pau et al., 2011). The Optic Neuritis Treatment Trial also revealed that the fellow eye typically shows minimal to moderate deficits in the majority of ON patients (Keltner et al., 1993). Finally, other aspects of vision that are usually compromised include color vision; both blue-yellow and red-green defects.

The diagnosis of (unilateral) ON often involves assessing the relative afferent pupillary defect (RAPD) to determine asymmetry in an otherwise symmetric reflexive pupillary response. However, this test fails in cases of bilateral and symmetric visual loss (Broadway, 2012), or if there was previous episode of ON. RAPD assesses the function of one eye in comparison to the other eye. Therefore, the test requires patients to have one eye unaffected by optic neuropathies. In the case both eyes are or have been, affected, the test loses sensitivity. Diagnosis is also assisted by imaging the optic nerve with contrast-enhanced MRI to detect inflammation-mediated breakdown of the blood-nerve barrier (Toosy et al., 2014), and OCT retinal measurements of the thickness of the peripapillary nerve fiber layer (Wilhelm and Schabet, 2015). At disease onset, the optic nerve may appear normal, or RNFL thickness may be higher than normal due to the presence of edema, but a reduction in thickness has been identified as ON progresses (Toosy et al., 2014).

Since visual acuity and visual field are reported to eventually recover (almost) completely even after significant structural loss, it is difficult to gauge the permanent visual consequences of inflammation and predict the extent of subsequent recovery with these diagnostic techniques. Indeed, deficits in contrast sensitivity, color vision, and stereopsis, as well as delayed visual evoked potentials (VEP) may continue after recovery, and are thought to persistently deliver an abnormal visual input to the visual cortex (Beck et al., 1992). There is some evidence that shows, regardless of the degree of optic nerve degeneration and/or demyelination after ON, inter-eye VEP amplitude differences start to decrease 3–6 months from disease onset (Brusa et al., 2001). This suggests neural plasticity of posterior visual pathways contributes to the recovery of visual function in ON patients (Chan, 2012). Therefore, analyzing the impact of ON in post-optic nerve structures longitudinally using visually-driven fMRI could provide a better understanding of the consequences of ON at each stage of the visual pathway and may help us explain the observed deficits. It has been noted that functional vision measures (i.e., visual acuity, contrast sensitivity, etc.) at 1 month, not within the first week of ON onset, are good indicators of visual performance at 6 months (Kupersmith et al., 2007). As such, longitudinal fMRI findings from post-optic nerve structures can be of value in developing more accurate predictions about the progression of ON. ON patients are considered to be in the acute phase within 1 month of disease onset, recovery phase at around 3–4 months, and recovered to normal or near-normal at 1-year from disease onset. Patient demographics and clinical characteristics included in the studies reviewed in this article are reported in the supplemental information (see Supplementary Table 1).


Visually driven functional brain measures

We identified 12 visually-driven fMRI studies investigating the effect of ON on the visual system. Of these, there are cross-sectional studies of ON patients in the acute stage (n = 1), after recovery (n = 3), and a few studies with a mixed group of ON patients with a wide range of time since onset (n = 3), including unknown time since disease onset (n = 1), as well as four longitudinal studies. The stimulus parameters utilized and results reported in these studies are summarized in Figure 4. Unless otherwise indicated in column Stimulus: Type vs. Baseline; Fellow Eye Status, the stimulus is generally presented in a block design where it is alternated with no visual stimulation (i.e., darkness) to both eyes as the baseline condition. Likewise, the fellow eye is patched or occluded with the use of light-proof goggles in all studies, unless specified in Figure 4. Some studies utilized red/green stimuli, as indicated in column Stimulus: Color, Contrast and Flicker, Motion, with red/green filter glasses for monocular stimulation. All ON studies scanned patients at 1.5 Tesla (Rombouts et al., 1998; Werring et al., 2000; Langkilde et al., 2002; Russ et al., 2002; Toosy et al., 2002; Levin et al., 2006; Jenkins et al., 2010; Mascioli et al., 2012) or 3 (Korsholm et al., 2007; Benoliel et al., 2017). The resolution of the functional scans are not clearly reported in the majority of the ON studies. In the reported studies, the in-plane resolution ranged from 0.9–3 mm with a slice thickness of 2–5 mm. Finally, visual areas seem to be delineated using retinotopy (Levin et al., 2006; Benoliel et al., 2017), anatomic landmarks (Langkilde et al., 2002; Korsholm et al., 2007), cytoarchitectonic maps (Korsholm et al., 2007), and/or a semi-automated contouring technique (Toosy et al., 2002), and data were analyzed in Talairach and Tournoux (Werring et al., 2000; Toosy et al., 2002; Levin et al., 2006; Mascioli et al., 2012; Benoliel et al., 2017) or Montreal Neurological Institute (Toosy et al., 2005; Korsholm et al., 2007; Jenkins et al., 2010) reference space.
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FIGURE 4. Summary of visual stimuli utilized and findings in visually-driven fMRI studies of ON. The studies are listed based on the type of stimulus utilized. Left: Images of visual stimuli, similar to the ones utilized in each of the studies, have been provided. Note: Image in row 7 is licensed under a Creative Commons Attribution 4.0 International (https://creativecommons.org/licenses/by/4.0/, https://creativecommons.org/licenses/by/4.0/legalcode). It is attributed to Biological Psychiatry (https://www.sciencedirect.com/science/article/pii/S0006322307012413?via%3Dihub#fig1). A: Findings from ON patients in acute stage of disease (i.e., <1 month from disease onset); R: Findings from ON patients in recovery or recovered stage of disease (i.e., >3 months from disease onset); otherwise, results are obtained from mixed group of ON patients or time since onset unknown. ∧Deficit indicated by correlation with visual sensitivity measures (i.e., BOLD activity declines with increasing severity measure). %Deficit indicated by correlation with optic nerve structural integrity (i.e., BOLD activity declines with increasing severity measure). %*Compensation indicated by correlation with optic nerve structural integrity (i.e., BOLD activity increases with increasing severity measure). ~Deficit indicated by correlation with optic nerve conduction measures (shorter VEP latency/ higher amplitude) (i.e., BOLD activity declines with increasing severity measure). ~*Compensation indicated by correlation with optic nerve conduction measures (shorter VEP latency/ higher amplitude; i.e., BOLD activity increases with increasing severity measure). Note: studies mentioned in rows 5–9 did not provide stimulus figures. We have added reference figures based on stimulus description. ON, optic neuritis; HC, healthy controls.



fMRI studies of acute unilateral ON patients revealed that activity in their visual cortex is greatly reduced for monocular stimulation of the affected eye (Russ et al., 2002; Korsholm et al., 2007; Jenkins et al., 2010; Mascioli et al., 2012), and to a lesser extent the fellow eye (Toosy et al., 2005) compared to the control group. In addition to a reported 40% reduction in BOLD responses in the visual cortex from the affected eye (Russ et al., 2002), BOLD signals from LGN were also reduced (Korsholm et al., 2007), when compared to the fellow eye and to controls. Moreover, the affected eye in ON patients showed a greater deficit to a rapidly changing stimulus, meant to engage the magnocellular channel, than to slowly contrast reversing stimuli (Russ et al., 2002). This is most likely an indication that, in addition to parvocellular-dominated loss associated with central vision in early ON, both visual pathways may be affected in the setting of diverse patterns of visual field deficits.

Several studies further emphasize that abnormalities for the affected eye in the acute phase of the disease extend beyond the early visual cortex (V1/V2). The activity in the ventral visual processing stream, i.e., area LOC is consistently reported to be reduced at baseline (Korsholm et al., 2007; Raz et al., 2011). However, the results have been quite mixed regarding the BOLD responses in the dorsal stream, including the middle temporal visual area (MT/V5) in acute ON patients. Raz et al. (2011) reported that stimulating the affected eye with visual-motion stimuli revealed a deficit in MT from the onset of the disease, although the exact timepoint since onset during data collection is unknown. In contrast, another study found no difference in the pattern of BOLD activity within MT (but not so in V1) in response to stimulation of the affected eye in comparison to fellow eye (Mascioli et al., 2012). This apparent robustness of MT to acute visual deficits, or perhaps to low visual contrast, in the affected eye is intriguing, but the generality of this finding is still quite unclear. This study utilized sub-optimal stimuli (i.e., a central stationary checkerboard) and a small cohort (n = 6) with mixed causes of optic nerve damage. Finally, a separate study of acute ON reported that in response to flickering checkerboard stimulation the fellow eye produced abnormally high BOLD activation in dorsal regions of bilateral cuneus (Jenkins et al., 2010). In this case, the interpretation is suggestive of cortical compensatory mechanisms. Indeed, this effect remained significant even after adjusting for covariates that reflect afferent input such as optic nerve lesion length, VEP amplitudes and demographic characteristics (Jenkins et al., 2010). So, with regard to the dorsal visual cortex, the findings for acute ON remain unclear and become even harder to explain when considering the longitudinal deficits reported in these dorsal regions (considered below). Clearly, to resolve these contradictory findings, more studies need to focus on investigating the pattern of activation in extrastriate areas in response to stimuli these areas have a preferential bias for, such as stimuli with motion (i.e., for MT) and color, natural objects or scenes, and movies (i.e., for LOC).

Several longitudinal studies exist, and they suggest that the adaptive plasticity of the visual pathway as a whole is important for facilitating the spontaneous recovery of vision in ON patients. For example, fMRI measurement from the LGN and cortical visual areas (V1, V2, LOC) was reported at onset, as well as 3 months and 6 months from onset (Korsholm et al., 2007). The inter-eye difference in activation was shown to diminish (i.e., the fMRI signal of the affected eye increased) during recovery (Korsholm et al., 2007; Raz et al., 2011), with the affected eye showing normal visual acuity as early as 4 months from onset of the disease (Raz et al., 2011). However, since the VEP amplitude of the affected eye improved as the BOLD signal in LGN improved, the authors attributed this effect to the resolution of inflammation in the optic nerve rather than the emergence of compensatory activity within LGN or other visual areas (i.e., rewiring in areas receiving altered visual input). Similarly, the recovery of BOLD activity in early visual areas and LOC at 6 months is suggested to be a result of reduced inflammation of the optic nerve and the subsequent improvement in BOLD signal in LGN and VEP amplitude (Korsholm et al., 2007). Nevertheless, the mechanisms underlying VEP amplitude recovery despite progressive post-inflammatory degeneration and demyelination of the optic nerve is unclear. By contrast, other patterns of activity do suggest the existence of compensatory mechanisms within LGN to preserve visual function after insult to the optic nerve. The LGN of ON patients was seen to perform above normal upon stimulation of the fellow eye at baseline, but this disappears as BOLD activity in the affected eye normalizes, around 4–6 months from disease onset (Korsholm et al., 2007). In the same vein, Toosy et al. (2005) suggest a compensatory cortical activity to account for the improvement of ventral stream extrastriate regions (i.e., lateral temporal, fusiform) at 3 months from disease onset. The normalized BOLD measures correlated with clinical improvement, even after accounting for optic nerve structural deficits.

Despite the substantial recovery of vision in the months following disease onset, it is important to note that certain aspects of vision remain impaired. For example, the affected eye of ON patients 1 year after disease onset still shows ~20% reduction in BOLD amplitude in early visual areas (Langkilde et al., 2002; Russ et al., 2002; Levin et al., 2006; Benoliel et al., 2017). Also, delays in VEP latencies last for a prolonged, perhaps indefinite, period of time (Korsholm et al., 2007). In addition, a persistent deficit within MT (Raz et al., 2011), as well as weaker functional connectivity between early visual areas and MT/LOC are reported for the affected eye in comparison to fellow eye and controls (Benoliel et al., 2017). Although this needs to be further clarified, the findings outlined above imply that abnormally high activity in the acute stages of the disease (e.g., in MT or elsewhere in the dorsal stream) may actually predict a lack of recovery. Alternatively, the prolonged MT abnormalities could also reasonably be related to delayed VEPs, given the importance of temporal precision for visual motion processing.

Finally, the exact time points at which MRI and other brain measures improve for ON patients remains to be determined. For example, due to the lack of studies that investigate the activity of MT at systematic intervals from disease onset, it is difficult to determine the critical time points of disease progression within MT. More generally, it is still unclear exactly where, when, and if visual areas normalize, as some studies report it to take place within 1 month whereas others suggest 6 months. Moreover, the pattern of activation in extra-occipital regions, brain areas outside of the early visual areas, may be non-linear during the course of the disease. In other words, at one time point, an abnormally high activity in an extra-occipital region correlates with clinical deficit whereas at another time point it shows a BOLD deficit that is consistent with the reported clinical deficits. Therefore, further work needs to be conducted to understand the sequelae of BOLD alterations, and whether they are temporary (i.e., diminishes as visual function improves) or permanent (appears after the attack and remains during recovery and post-recovery phase) by regressing out the structural and functional optic nerve changes from the percent BOLD change we observe in visual areas.



Correlation with specific ophthalmological measures

As was seen with glaucoma, the brain activity of ON patients often correlates with specific ophthalmologic indices of severity and allows us to better understand the factors influencing the changes in cortical activation. As such, in multiple studies, visual perimetry scores of the affected eye are highly correlated with fMRI responses from the early visual cortex (Russ et al., 2002; Korsholm et al., 2007; Jenkins et al., 2010), LGN (Korsholm et al., 2007), as well as LOC and peristriate cortex (Toosy et al., 2005) from the onset of disease. Correlations seen within LOC and peristriate cortex are regarded as true cortical alterations, and not evidence of separate defects, as they remained even after accounting for the structural deficit of the optic nerve (Toosy et al., 2005). BOLD activity from the visual cortex of recovered patients also corresponds to the residual deficit reported in perimetry scores (Langkilde et al., 2002). Finally, contrast sensitivity and Snellen visual acuity are also typically correlated with BOLD signal change in the visual cortex (Langkilde et al., 2002; Russ et al., 2002).

Moreover, optic nerve structural measures also correlate moderately well with fMRI responses in the affected eye of recovered ON patients, suggesting it is a good marker for chronic changes in the visual pathway of ON patients. A longitudinal study showed that BOLD activity in the visual cortex of acute ON patients at baseline corresponded with the optic nerve structural abnormalities (gadolinium-enhanced lesion length; Toosy et al., 2005). Surprisingly, at 3 months, reduced integrity of the optic nerve produced greater activity in extra-striate regions. However, by 12 months, residual abnormality in the optic nerve once again predicted a BOLD deficit in these extra-striate regions. Due to the constantly changing status of the optic nerve, at least in the early stages of ON, interpreting the biological meaning of the correlation of RNFL thinning/OCT measures with brain activity is difficult (i.e., are the discrepancies in the correlation pattern due to the lag of brain atrophy to RNFL thinning or robustness of visual cortex to alterations of the anterior visual pathway). Likewise, functional measures such as VEP latency and amplitude also show a low, but significant correlation with BOLD variables (Russ et al., 2002). Particularly, slow VEP latencies through the optic nerve in the affected eye, but not the fellow eye, of recovered unilateral ON patients were associated with decreased activation of the motion-related visual cortices such as V3 and MT (Benoliel et al., 2017).



Visual stimuli

The importance of the choice of stimuli in revealing ON-related abnormalities in the occipital cortex and the related cerebral cortices is quite evident from the findings reviewed (Figure 4). In the acute phase of the disease, stimulating the affected eye resulted in a deficit in visual and extra-occipital regions with any of the following stimuli: checkerboard, static luminance-defined objects, or motion-defined objects (see Figure 4). Longitudinally, checkerboard or static luminance-defined objects subsequently showed recovery of BOLD signal from the early visual cortex, LGN, and LOC, as early as 1 month from disease onset. However, with the use of checkerboard and more complex motion-related stimuli, Raz and colleagues reported reduced activity within the visual cortex (especially V1) and MT, as well as abnormalities in connectivity between early visual areas and LOC to persist even after 12 months of disease onset. Hence, it is evident that the sensitivity of fMRI in detecting the deficits in optic neuropathies such as ON is partially limited by the stimuli and the fMRI paradigm chosen for the study.

Many of the early studies use simple photic stimulation (see Figure 4). This is not an ideal visual paradigm as often these studies report activity observed in widespread regions in the striate and extra-striate cortex and it becomes difficult to understand what the reported deficit and/or compensatory activity within these areas means in terms of visual function. The majority of the studies resorted to black and white checkerboards, particularly in the central visual field. However, ON can produce widespread and diffuse patterns of visual field loss, especially in the acute stages, and therefore utilizing standard full-field checkerboard stimuli may be more beneficial in identifying the deficits. It is also a reliable stimulus to activate the primary visual cortices but needs to be supplemented with other types of stimuli in order to study the activity of higher-order visual areas. Indeed, some studies used more complex stimuli to test aspects of central visual function such as object and motion perception. However, given that such stimuli were found only in 2 of the 12 articles we reviewed, results are hard to generalize. Moreover, no studies have used truly natural stimuli with objects and scenes. Although the reason is unclear, it may be these stimuli are relatively more difficult to use, or incompatible with dichoptic stimulation of the eyes. Of course, equally important is to consider the stimuli utilized during the baseline condition and the status of the fellow eye in dichoptic stimulation paradigms (see column Stimulus: Type vs. Baseline; Fellow Eye Status in Figure 4). Neither of these parameters are consistently controlled within the studies we reviewed. Emerging evidence suggests that the status of the untested eye can significantly impact the fMRI BOLD signal obtained due to potential inhibitory effects from that eye (e.g., Chadnova et al., 2018). Therefore, future studies should consider these issues more carefully.




TRAUMATIC OPTIC NEUROPATHY

TON is a rare but serious acute optic neuropathy resulting in partial or complete visual loss as a result of a lesion to the optic nerve due to trauma (i.e., a direct hit to the head or orbit in for example accidents or falls). It can be present unilaterally or bilaterally. TON can be classified as direct, via a penetrating injury, or more commonly indirect, when the force of the impact from head trauma is transferred to the optic nerve (Miliaras et al., 2013). The mechanical shearing of optic nerve axons and/or ischemia is thought to be the underlying mechanisms.

In TON, the affected eye(s) shows atrophy of the optic disc along with a severe reduction in visual acuity, visual field defects, and impaired color perception (Miliaras et al., 2013). Reduced RNFL and ganglion cell/inner plexiform layer thickness (Kyncl et al., 2019) are also seen at about 3–6 weeks following injury (Miliaras et al., 2013). These ophthalmological findings are generally normal for the fellow eye (Kyncl et al., 2019). However, pattern electroretinogram and pattern visual evoked potential, an electrophysiological measure of the function of ganglion cells and optic nerve, respectively, has been reported to be abnormal for both the affected and fellow eye for at least 3 years since onset. Despite the usefulness of these measures, there are limitations for use in TON. Due to the traumatic nature of the condition, TON patients are often unconscious or cognitively challenged in these assessments. Consequently, diagnosis and intervention for early loss can be delayed for days.

As a result, recent studies are employing MRI to study TON as it allows us to directly investigate the impact on the optic nerve irrespective of the cognitive status of the patient. There has been some progress in applying modern structural MRI techniques (Takehara et al., 1994; Kyncl et al., 2019), including diffusion tensor imaging to characterize the optic nerve in closed head trauma (Yang et al., 2011; Bodanapally et al., 2013, 2015; Li et al., 2014). However, the results are too sparse to allow meaningful generalization. Also, the effect of the structural alternations observed in the optic nerve on the activity of subsequent visual brain activity needs to be studied.


Visually driven functional brain measures

Unlike glaucoma and ON, TON has barely been studied using visually-driven fMRI. However, visually-driven fMRI has been utilized in a single case report of an individual with an optic nerve lesion due to an injury to the orbit. fMRI scans utilizing a checkerboard stimulus performed on the fellow eye of an individual ~9–10 months since TON onset revealed a reduction in the activity of the visual cortex. Cortical activity is reported to gradually increase but does not recover completely as deficits persist even 4 years after onset (Kyncl et al., 2019). It is important to note that the affected eye was not stimulated due to the extent of damage and inability to maintain fixation on the chosen stimulus. Finally, there are a few studies that have employed functional MRI to study a clinical manifestation similar to TON called open globe injury, but at rest. Cortical brain activity in acute open globe injury patients studied with various resting-state fMRI techniques revealed functional network dysfunction in the bilateral visual cortex/calcarine/lingual/cuneus, temporal and dorsal visual pathway (Tan et al., 2016; Ye et al., 2018), as well as in numerous higher-level brain regions such as supplementary motor area (Wang et al., 2017), frontal area and cerebellum (Huang et al., 2016). Currently, it is impossible to distinguish whether the resulting brain activity is a result of poor visual input or compensatory activity due to the reorganization of cortical networks.

Although it remains to be shown that visually-driven fMRI is a useful methodology for studying TON patients, preliminary fMRI results suggest that it is possible to employ this technique to study unilateral and bilateral TON over time. Moreover, measuring spontaneous BOLD signals during the resting state may be especially valuable in this context. The minimal demands placed on patients during resting-state scans make this technique very feasible. Nevertheless, the lack of visually-driven TON studies can also be attributed to the rarity of the condition. It is difficult to recruit a sufficient number of patients and to ensure that the patients are at a similar stage of disease progression as TON is a rapidly changing condition. Moreover, the lack of consciousness in TON patients can make it difficult to instruct patients about the task they may be expected to perform while in the scanner. It is necessary to design visual stimuli carefully and test the MRI protocol extensively before use in TON patients to ensure smooth functioning without patient input. Finally, MRI is an expensive tool with reduced accessibility. Therefore, unless a well-thought-out system is in place, diagnosing and assessing the severity of a rapidly changing optic neuropathy like TON may be difficult.

Despite the challenges, TON results in severe consequences, and an improved understanding of the functional alterations in the visual pathway over time is needed since there is no treatment for TON at this time. Furthermore, correlating the functional brain responses to clinical measures longitudinally may provide prognostic insights. Importantly, this could be useful in identifying the factors that predict recovery of vision in some TON patients and support any future developments in drug treatment options. Clinicians could then better choose a treatment plan (e.g., natural recovery or intervention).




DISCUSSION

Despite some inconsistencies and the low sample size of some of the studies reviewed here, visually-driven fMRI has been shown to be sensitive and reliable in identifying functional loss of brain activity as a result of glaucoma- or ON-specific visual impairment(s). fMRI also appears promising for studying TON-induced deficits. The visually-driven fMRI literature for glaucoma patients consistently reported reduced activity in the bilateral occipital lobe, especially for peripheral visual field stimulation. In association with that, there is evidence that the magnocellular layers of the LGN are affected early in glaucoma patients, and this seems to be the only parameter that successfully differentiates glaucoma patients in the early stages from healthy normal controls. BOLD signal within V1 in response to central field stimulation is heavily dependent on the severity of glaucoma. The effect of glaucoma on higher visual areas at onset and during the progression of the disease is still unclear.

In comparison, for ON patients, reduced BOLD activity has been reported in the LGN, visual cortex, LOC, and MT, although a study reports MT to be hyperactive in the acute phase. Also, the abnormalities are more pronounced in the acute stage of the disease. Brain activity, especially within LGN, visual cortex and LOC, is reported to increase and then normalize within 3–4 months of disease onset, and this is suspected to underly the spontaneous recovery in clinical visual function in ON patients, but more direct evidence is needed. It is notable that motion perception in particular appears to remain impaired in ON patients.

It appears that RNFL measures correlate better with brain activity in early glaucoma patients. This may be due to the high reproducibility of optic nerve measurements and the marked/rapid changes the retinal nerve fiber layer undergoes at the early stages of glaucoma. Whereas, perimetry seems better for ON, likely because of the better sensitivity of perimetry to central vs. peripheral vision.

Similar to glaucoma and ON, visually-driven fMRI results from a single TON patient suggest reduced activity within the visual cortex at disease onset, followed by minimal recovery of signal. Future studies of TON patients should take inspiration from the visually-driven fMRI work conducted with glaucoma and ON patients as they have shown that optic neuropathy- induced alterations can be seen in subcortical and cortical visual areas, including retinotopic-specific alterations where applicable, from the onset of the disease.

Compared to glaucoma, ON seems to have a stronger basis for functional cortical plasticity, however, it has not been extensively explored in either of the patient groups. This is yet to be studied in TON patients. Future studies should investigate the physiological basis for compensatory-like BOLD responses in higher-level visual areas, as reported for ON patients. The cortical circuitry underlying such activity and its role in resolving vision are unknown. We will also need to investigate whether the deafferented cortical regions are rewired to process information from intact regions of the retina (i.e., enlarged receptive fields), or whether the input of the fellow eye is strengthened in these regions to make up for the lack of input from the affected eye, or is it some combination of both. The documented “remapping” of parafoveal regions of V1 in POAG provides a precedent for these effects, at least in the context of slow progressive vision loss.

Moreover, there are still many other questions that need to be investigated in glaucoma, ON, and TON patients. For all conditions, future progress would be enhanced by comparison of multiple stimuli that maximally drive various subcortical channels, visual brain areas, and cortical pathways. In addition to the known association between central/peripheral vision and parvocellular/magnocellular input, it will be interesting to use more complex stimuli that are simply more effective at driving higher-tier areas. Testing directly for dysfunction of higher- order visual functions such as object recognition has already been achieved by a few studies of ON. Further, using the same set of stimuli to study multiple patient groups would allow direct comparison of activation patterns. In addition, to increase the feasibility of acquiring data from the affected and the fellow eye of patients with central vision loss like ON and TON, the stimuli utilized in these studies should be designed with care. Utilizing full-field stimuli, larger fixation point and/or long crosshairs, as well as eye-tracking could aid ON and TON patients maintain fixation with the affected eye for the duration of the scan. The potential role of fMRI for POAG is quite different than ON and TON for several reasons. The slow onset of peripheral field loss poses a serious challenge for early detection, and fMRI does not seem likely to provide an easy solution to that issue. However, once patients are diagnosed with POAG it is conceivable that fMRI could be optimized for sensitivity by focusing on the magnocellular pathway, and relying on hardware to stimulate the peripheral field as much as possible. Nonetheless, the cortical magnification of the central field is a very important feature of fMRI data, suggesting that greater clinical impact is likely for conditions like ON and TON. This “enrichment” of sensitivity to central vision loss is a big advantage, as is the feasibility of scanning before, during and after recovery. Finally, for all conditions, since brain areas do not work in isolation, studying the functional connectivity in visually-driven activation patterns of the brain, in addition to BOLD patterns and strength, is crucial.

In conclusion, to obtain a more complete understanding of the optic neuropathies, it is important to continue investigating them using neuroimaging techniques that allow us to study the effect of the disease on the entire visual pathway. The potential remains for detecting early or subtle changes, possibly before structural or functional eye measures. Likewise, it may help identify reliable neuroimaging parameters that can serve as prognostic measures for visual function recovery rate in ON and TON patients. This may help promptly choose appropriate participants for additional drug therapy. Finally, it may allow us to identify neuroimaging biomarkers that differentiate acute optic neuropathies from chronic optic neuropathies. Hopefully other studies utilize visually-driven fMRI to investigate glaucoma, ON and TON in a novel way to obtain valuable information about these blinding diseases.
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Objective: Retinal vein occlusion (RVO) is the second most common retinal vascular disorder after diabetic retinopathy, which is the main cause of vision loss. Retinal vein occlusion might lead to macular edema, causing severe vision loss. Previous neuroimaging studies of patients with RVO demonstrated that RVO was accompanied by cerebral changes, and was related to stroke. The purpose of the study is to investigate synchronous neural activity changes in patients with RVO.

Methods: A total of 50 patients with RVO and 48 healthy subjects with matched sex, age, and education were enrolled in the study. The ReHo method was applied to investigate synchronous neural activity changes in patients with RVO.

Results: Compared with HC, patients with RVO showed increased ReHo values in the bilateral cerebellum_4_5. On the contrary, patients with RVO had decreased ReHo values in the bilateral middle occipital gyrus, right cerebelum_crus1, and right inferior temporal gyrus.

Conclusion: Our study demonstrated that patients with RVO were associated with abnormal synchronous neural activities in the cerebellum, middle occipital gyrus, and inferior temporal gyrus. These findings shed new insight into neural mechanisms of vision loss in patients with RVO.
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Introduction

Retinal vein occlusion (RVO) is a common ophthalmic disease, which is the second most common retinal vascular disorder after diabetic retinopathy and is the main cause of vision loss. Retinal vein occlusion can be classified as hemorrhagic. In recent years, growing evidences have demonstrated that there are several risk factors for the occurrence of RVO such as hypertension, (Ponto et al., 2019) hyperlipidemia, (Kolar, 2014) and/or diabetes mellitus (Chang et al., 2021). The clinical manifestations of retinal vein occlusion are flame hemorrhages, dot and blot hemorrhages, cotton wool spots, hard exudates, retinal edema, and dilated tortuous veins (Jaulim et al., 2013). At present, the effective treatments of RVO mainly include injection of anti-VEGF drugs and retinal laser (Ciulla et al., 2021). However, there are still some patients with RVO with poor outcomes and recurrent macular edema. Recent studies have shown that RVO in patients, not only causes changes in the retina, but may also be accompanied by abnormalities in cerebral blood vessels (Park et al., 2015; Rim et al., 2015). Meanwhile, the RVO can be seen as a sign of cerebral disease. Nam et al. (2021) found that the patients with RVO had increased risks of dementia and Alzheimer’s disease. Lee et al. (2021) demonstrated that patients with RVO with APOEε4 allele are at higher risk for vascular dementia. However, at present, recent studies showed the cerebral disease caused by RVO are all indirect evidence and lack direct evidence. The exact pathological mechanism of brain changes caused by RVO is not clear.

Magnetic resonance imaging (MRI) provides us with an important method to assess brain function and structural changes in vivo. Dong et al. (2021) reported that patients with RVO showed abnormal brain network hubs related to the right superior parietal lobule, middle frontal gyrus, and left precuneus. Su et al. (2020) found that patients with RVO had abnormal functional connectivity between the primary visual cortex, and visual-related and cognitive-related region. Cho et al. (2017) demonstrated that incidence of cerebral small vessel disease were higher in young patients with RVO. Zhang et al. (2022) reported that patients with RVO were associated with abnormal white matter bundle, which is located in the bilateral posterior thalamic, bilateral sagittal stratum. However, there are few studies on the cerebral functions and structure changes in patients with RVO. The exact synchronous neural activity changes in the patients with RVO remain unknown.

The human brain had synchronized neural activity at rest. The synchronized neural activity plays a critical role in the multiple neurophysiological functions. Piazza et al. (2021) demonstrated that child participants showed synchronized neural activity during book reading and showed a positive correlation between learning and intersubject neural synchronization in the parietal cortex. Grover et al. (2021) also demonstrated that synchronous electrophysiological rhythms are a core mechanism for cognitive function and its breakdown in neuropsychiatric disorders. Benedetto et al. (2021) reported that a synchronized neural rhythm will modulate cortical excitability rhythmically, which should be reflected in sensorimotor and visual areas coherence to encode sensory-motor timing. Regional homogeneity (ReHo) is a novel fMRI method, which is applied to calculate the coherence of blood oxygen levels depend on (BOLD) signals (Zang et al., 2004). The ReHo values are reflected in the cerebral synchronized neural activity changes. The ReHo method has a high temporal and spatial resolution. Besides, the ReHo method is a data-driven technology, which can reflect the whole brain synchronized neural activity changes without beforehand region of interest. The ReHo method has been successfully applied to study the changes in the brain neural mechanisms in various neurological diseases such as depression, (Yan et al., 2021) mild cognitive impairment (Liu et al., 2021) and stroke (Zhao et al., 2018). However, the whole brain synchronized neural activity changes in patients with RVO remain unclear.

Based on these assumptions, our study is to determine whether the patients with RVO were associated with the whole brain synchronized neural activity changes. Our study will shed new light on the neural mechanism of visual loss in patients with RVO.



Materials and methods


Participants

In total, fifty patients with RVO (25 men, 25 women, 35 BRVO, and 15 RVO) and 48 HCs (24 men, 24 women) participated in the study. The diagnostic criteria of RVO were by fundus examination such as intraretinal hemorrhages, cotton wool spots, and vascular congestion.

The exclusion criteria of RVO in the study were: (1) RVO accompanied by arterial occlusion or ocular ischemic syndrome; and (2) with other eye diseases (glaucoma, amblyopia, high myopia, or optic neuritis).

All the HCs met the following criteria: (1) no ocular diseases (myopia, cataracts, glaucoma, optic neuritis, or retinal degeneration); (2) binocular visual acuity 1.0; (3) no ocular surgical history; and (4) no mental disorders.

Ethical statement: All the research methods followed the Declaration of Helsinki and were approved by the Ethical Committee for Medicine of Jiangxi Provincial People’s Hospital.



Clinical data analysis

The visual acuity of all subjects was measured using the logMAR table and intraocular pressure was assessed by automatic intraocular pressure measurement. The best-corrected VA and intraocular pressure of both eyes were measured in each group.



MRI data acquisition

The MRI scanning was performed on a 3-Tesla MR scanner (750W GE Healthcare, Milwaukee, WI, United States) with an eight-channel head coil. All the participants were required to close their eyes without falling asleep when undergoing MRI scanning. In total, 240 functional images parameters (repetition time = 2,000 ms, echo time = 25 ms, thickness = 3.0 mm, gap = 1.2 mm, acquisition matrix = 64 × 64, field of view = 240 × 240 mm2, flip angle = 90°, voxel size = 3.6 × 3.6 × 3.6 mm3, and 35 axial slices) covering the whole brain were obtained.



Data preprocessing

All the preprocessing was performed using the toolbox for Data Processing and Analysis of Brain Imaging (DPABI1) (Yan et al., 2016) and specific analysis steps were referred to previous researches (Chen et al., 2022; Wen et al., 2022). The details steps were as follows:(1) Remove first 10-time points of each subject. (2) Slice timing effects, motion corrected, and realigned. (3) Individual T1-weighted images were registered to the mean fMRI data. (4) Normalized to the standard Montreal Neurological Institute (MNI) space. (5) Detrend of the time course was performed. (6) Linear regression analysis was used to remove nuisance covariates (such as white matter signal, six head motion parameters, and cerebrospinal fluid signal). (7) After that, the fMRI images were band pass-filtered (0.01–0.08 Hz) to reduce the effects of low-frequency drift and high-frequency signals.



ReHo analysis

The ReHo index was calculated by DPABI software. All ReHo maps of each voxel were z-transformed with Fisher’s r-to-z transformation to reduce the influence of individual variation for group statistical comparisons.



Statistical analysis

The independent sample t-test was used to investigate the clinical features of the two groups.

The one-sample t-test was conducted to assess the group mean of ReHo maps. The two-sample t-test was used to compare the two group differences in the ReHo and FC maps using the Gaussian random field (GRF) method (two-tailed, voxel-level P < 0.05, GRF correction, cluster-level P < 0.05).




Results


Demographics and disease characteristics

There were no statistically significant differences between the RVO and HC groups in gender, education, or age, but significant differences in BCVA of the right eye (p < 0.001), left eye (p < 0.001). The results of these data were listed in Table 1. A typical fundus photograph of BRVO (Figure 1A) and CRVO (Figure 1B).


TABLE 1    Clinical information for two groups.
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FIGURE 1
A typical fundus photograph of BRVO (A) and CRVO (B). BRVO, branch retinal vein occlusion; CRVO, central retinal vein occlusion.




Comparisons of ReHo between patients with PACG and HC

The group means of ReHo maps of the RVO and HC are shown in Figures 2A,B. Compared with HC, patients with RVO showed increased ReHo values in the bilateral cerebellum_4_5. On the contrary, patients with RVO had decreased ReHo values in the bilateral middle occipital gyrus, right cerebellum_crus1, and right inferior temporal gyrus (Table 2 and Figures 3A,B)The mean values of altered ReHo values were shown with a histogram (Figure 3C).


[image: image]

FIGURE 2
Distribution patterns of the ReHo value at the group level in patients with RVO and HCs. One-sample t-test result of ReHo maps within the RVO (A) and HCs (B). The color bar represents the t values. RVO, retinal vein occlusion; HC, health controls; ReHo, regional homogeneity; L, left; R, right.



TABLE 2    Brain regions with significantly different ReHo signal values between two groups.
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FIGURE 3
Different ReHo values between RVO group and HC group. (A) The 3D picture of different ReHo values between two groups. (B) The 2D picture of different ReHo values between two groups. (C) The mean values of altered ReHo values were shown with a histogram.





Discussion

In our study, compared with HC, patients with RVO showed increased ReHo values in the bilateral cerebellum_4_5. On the contrary, patients with RVO had decreased ReHo values in the bilateral middle occipital gyrus, right cerebelum_crus1, and right inferior temporal gyrus. Thus, the patients with RVO were associated with widespread cerebral neural activity changes related to the cerebellum, occipital gyrus, and temporal gyrus.

Our study demonstrated that patients with RVO showed a significant decrease in ReHo values in the bilateral middle occipital gyrus. The middle occipital gyrus is the location of the primary visual cortex, which receives visual signals from the retina and transfers these visual information into the higher visual cortex. The most important pathology of RVO is obstruction of retinal veins, accompanied by hemorrhage and exudation and macular edema, which can lead to the retinal ganglion cell dysfunction. Thus, the visual loss of RVO might be contributed to the decreased ReHo values. Meanwhile, previous neuroimaging studies demonstrated that patients with RVO were associated with visual cortex dysfunction (Su et al., 2020). Consistent with these findings, our study found that patients with RVO showed a significant decrease in ReHo values in the bilateral visual cortex, which might be reflect the visual dysfunction in patients with RVO.

Another important finding is that patients with RVO showed increased ReHo values in the bilateral cerebellum_4_5 and decreased ReHo values in the right cerebellum_crus1.

The cerebellum is an important cerebral region, which responds to the controls of movement and balance perception. Previous neuroimaging studies have reported that cerebrovascular disease is associated with cerebellar dysfunction (Zhang et al., 2016; Koch et al., 2019). Dong et al. (2007) demonstrated that stroke patients showed fMRI activation in the perilesional primary motor cortex and cerebellum with training-related motor gains after stroke. Wei et al. (2020) found that ischemic pontine stroke patients showed significant gray matter volume (GMV) atrophy in the bilateral cerebellar posterior lobe. Thus, our study demonstrated that the patients with RVO showed abnormal ReHo values in the bilateral cerebellum, which might reflect that patients with RVO may have the same brain function changes as stroke.

Some limitations should be mentioned in the study. First, the sample size of this study is small. Second, in our study, patients with RVO were accompanied by hypertension and other diseases, which may have a certain impact on the results of the study. Third, during fMRI scanning, MRI machine noise and physiological noises (breathing and heart rate) can affect BOLD signals.



Conclusion

Our study demonstrated that patients with RVO were associated with abnormal synchronous neural activities in the cerebellum, middle occipital gyrus, and inferior temporal gyrus. These findings shed new insight into neural mechanisms of vision loss in patients with RVO.
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Optic neuropathy refers to disease of the optic nerve and can result in loss of visual acuity and/or visual field defects. Combining findings from multiple fMRI modalities can offer valuable information for characterizing and managing optic neuropathies. In this article, we review a subset of resting-state functional magnetic resonance imaging (RS-fMRI) studies of optic neuropathies. We consider glaucoma, acute optic neuritis (ON), discuss traumatic optic neuropathy (TON), and explore consistency between findings from RS and visually driven fMRI studies. Consistent with visually driven studies, glaucoma studies at rest also indicated reduced activation in the visual cortex and dorsal visual stream. RS-fMRI further reported varying levels of functional connectivity in the ventral stream depending on disease severity. ON patients show alterations within the visual cortex in both fMRI techniques. Particularly, higher-than-normal RS activity is observed in the acute phase and decreases as the disease progresses. A similar pattern is observed in the visual cortex of TON-like, open globe injury (OGI), patients. Additionally, visually driven and RS-fMRI studies of ON patients show recovery of brain activity in the visual cortex. RS-fMRI suggests recovery of signals in higher-tier visual areas MT and LOC as well. Finally, RS-fMRI has not yet been applied to TON, although reviewing OGI studies suggests that it is feasible. Future RS-fMRI studies of optic neuropathies could prioritize studying the fine scale RS activity of brain areas that visually driven studies have identified. We suggest that a more systematic longitudinal comparison of optic neuropathies with advanced fMRI would provide improved diagnostic and prognostic information.
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Introduction

Optic neuropathy refers broadly to a disease of the optic nerve. It is a serious condition that may result in deficits in the visual field (partial or even full blindness). This type of injury can develop acutely or chronically. Acute optic neuropathies such as optic neuritis (ON) and traumatic optic neuropathy (TON) have a rapid onset and are typically caused by inflammation and/or trauma, whereas chronic optic neuropathies such as glaucoma are characterized by a slow onset (Behbehani, 2007). The aim of this selective review is to identify the reported optic neuropathy-related changes within the visual system as reported in resting-state functional MRI (RS-fMRI) studies, and assess the consistency between RS-fMRI and visually driven fMRI findings for each optic neuropathy. We strive to provide insights into the common and differential effects of chronic versus acute onset of optic neuropathies over the course of the disease along with central versus peripheral visual field defects on visual brain areas. A summary of visually driven fMRI results is provided for reference (Figure 1). This review is offered as a companion to the longer review of visually driven studies published in this same issue, with the same inclusion criteria (Sujanthan et al., 2022). We note that graph-theory analysis RS-fMRI papers were excluded as they have not been utilized to study all optic neuropathies we consider in this manuscript. In addition, they mainly focus on brain alternations outside the visual system, which is beyond the scope of this review.


[image: image]

FIGURE 1
Summary of resting-state and visually driven fMRI findings in Glaucoma, Optic Neuritis and Traumatic Optic Neuropathy. Left: fMRI findings of glaucoma, ON and (TON-like) OGI patients are summarized based on visual areas that were investigated and themes that were revealed in our analysis of visually driven and RS-fMRI literature of each optic neuropathy. Findings from rapidly changing optic neuropathies such as ON and OGI have been split into three stages of the disease: acute – within 1 month of disease onset, recovering – 3–4 months from disease onset, and remote –1 year or more since disease onset. Right: pictorial representation of the fMRI findings within LGN and visual cortical areas, specifically lower visual areas, dorsal visual stream and ventral visual stream, for glaucoma patients, ON patients at different stages of the disease and OGI patients.



Resting-state functional magnetic resonance imaging

Resting-state functional magnetic resonance imaging is emerging as a powerful tool to non-invasively quantify brain activity at rest (i.e., spontaneous brain activity) of both intact visual brain regions and visual regions that have lost visual input (e.g., Cole et al., 2010). RS-fMRI allows for the study of local organization and functional connectivity (FC) of brain structures via temporal synchronization of neuronal activity. The resting BOLD (blood oxygen level-dependent) signal can be analyzed using various techniques. Below, we describe RS-fMRI analysis techniques employed in optic neuropathy studies.

Amplitude of low-frequency fluctuation (ALFF) and regional homogeneity (ReHo) are functional segregation methods for identifying neural networks across the whole brain, where brain regions are divided according to their presumed shared function, and provides information about local neural activity rather than FC between different regions (Lv et al., 2018). ALFF evaluates the combined BOLD signal in a region of interest by measuring the brain signal variability of each voxel in a particular frequency domain. ReHo is a method to evaluate the synchrony or “similarity” of the time course of each voxel in a region of interest to its neighboring voxels in the time domain (Lv et al., 2018). Alternatively, the following methods measure temporal synchronization between separated brain regions to assess functional integration. Strong FC may arise from direct or indirect anatomic connections or by way of having common input. Seed-based methods determine the brain regions closely associated with the BOLD time-series of a seed region, i.e., any brain region determined in an a priori manner. In comparison, independent component analysis (ICA) is more data-driven and ideally detects all functionally connected networks within the brain. However, the number of networks that can be detected is limited by the number of independent components specified. A few commonly identified RS-networks include the default mode network, medial executive network, working memory, and visual network (Lv et al., 2018). Finally, voxel-mirrored homotopic connectivity (VMHC) is a specific voxel-wise analysis method in which the synchrony between geometrically corresponding interhemispheric regions at rest is quantified. It is yet to be determined what combination of RS-fMRI analysis methods could be most sensitive to detecting optic neuropathy-related brain deficits.




Resting-state functional magnetic resonance imaging in glaucoma

Glaucoma is a chronic optic neuropathy resulting from the loss of retinal ganglion cells. It is characterized by reduced retinal thickness, peripheral vision loss in the early stages of the disease, followed by central visual field loss, and eventual low vision or blindness (Weinreb and Tee Khaw, 2004; Jonas et al., 2017). Here, we consider the most common form, primary open-angle glaucoma (POAG). The effects of the visual deficits on the FC of cortical networks are yet to be fully understood. We selectively identified 12 RS-fMRI peer-reviewed articles with patient groups that meet our inclusion criteria and findings relevant to the themes revealed in our analysis of the visually driven glaucoma literature (Sujanthan et al., 2022). We aim to explore here if RS-fMRI findings reveal results similar to those obtained with visually driven protocols. We thus expected to find: (1) reduced activity in lower visual areas, especially eccentricity-specific deficits, (2) disease severity-specific alterations in brain activity; for example biased loss of activity in LGN magnocellular layers in early POAG patients, and compromised cortical representation of central visual field only in advanced patients, and (3) remapping in visual cortices with enlarged parafoveal regions and/or higher-than-normal activity in visual association and higher-level cortical areas.

As expected, RS-studies utilizing functional segregation methods do in fact indicate poor local specialization in regions of the visual network of POAG patients. For instance, ALFF values were lower in the cuneus (Li et al., 2014) and ReHo revealed lower synchrony between neighboring voxels in the bilateral calcarine cortex (Song et al., 2014). Likewise, functional integration methods noted dysconnectivity between lower-tier and higher-tier visual areas (Frezzotti et al., 2016; Giorgio et al., 2018). ICA and voxel-wise analyses revealed decreased FC between the primary and secondary visual cortices (Wang J. et al., 2017), and reduced interhemispheric synchronization of homotopic primary and secondary visual areas (Zhou et al., 2016; Wang et al., 2018). However, we note that there are no RS-fMRI studies that investigate retinotopy-specific functional alterations within primary visual areas in glaucoma patients at a fine scale. This has already been achieved in healthy controls (e.g., Dawson et al., 2013, 2016) as well as in amblyopia (Mendola et al., 2018), and could potentially identify the progression of glaucoma based on the representation of the central and peripheral eccentricities.

With regard to the higher-level visual cortex, we noted common reports of abnormally low resting connectivity in the ventral visual stream based on: (1) ALFF (Li et al., 2014; Liu and Tian, 2014), (2) ICA-based FC (Frezzotti et al., 2016), (3) cerebral blood flow-FC strength (Wang et al., 2021), (4) VMHC (Wang et al., 2018), and (5) voxel-wise analysis (Dai et al., 2013). In comparison, there are fewer reports of deficits in the dorsal stream (i.e., ReHo) (Song et al., 2014), or functional dysconnectivity between primary visual cortex and dorsal visual stream (i.e., VMHC and voxel-wise analysis) (Dai et al., 2013). While interesting, this moderate tendency for greater involvement of the ventral visual cortex was not evident in our review of studies using visually driven fMRI with glaucoma patients. Instead, that review hinted at the loss of magnocellular input – at least in early POAG – which is expected to most severely affect the dorsal visual stream. It thus remains to be understood if these tentative trends are reproduced, and exactly how such biases depend on severity.

As per our second hypothesis, the RS-fMRI literature shows that the pattern and extent of alterations are dependent on glaucoma severity. From the limited number of studies that report results in specific POAG subgroups, it can be noted that the areas in the ventral visual network show low resting FC in early POAG patients (inferior temporal gyrus and LOC) (Frezzotti et al., 2016; Wang et al., 2021), and a combination of low and high FC patterns in advanced POAG patients (Frezzotti et al., 2014). For example, FC of some areas in advanced POAG is lower (lingual gyrus), whereas others are unexpectedly higher (LOC and temporo-occipital fusiform cortex) compared to controls (Frezzotti et al., 2014). Although the abnormalities in the ventral visual stream could be consistent with the loss of central representation observed in advanced glaucoma patients, it is unclear why this effect is evident even in early POAG patients. Lastly, in comparison with visually driven fMRI, RS-fMRI studies emphasize functional alterations beyond visual areas in cortical areas proximal to the visual network from early stages of the disease (e.g., the memory and DMN networks) (e.g., Frezzotti et al., 2016).

Concerning our third hypothesis, regarding compensatory activity, RS-fMRI of glaucoma patients also reveals abnormally high brain activity, but generally in areas more distal from the visual network. For example, high resting FC can be observed within the medial executive network or other distant higher-level brain regions, as well as between these networks and the visual network (Dai et al., 2013; Frezzotti et al., 2014; Li et al., 2014; Liu and Tian, 2014; Song et al., 2014; Zhou et al., 2016; Giorgio et al., 2018; Zhang et al., 2019). This common type of observation is usually considered to reflect some unspecified state of “compensation.” Such concepts are poorly understood, but do at least document that bidirectional changes in activity are likely the result of localized damage to a complex network.



Resting-state functional magnetic resonance imaging in optic neuritis

Optic neuritis is an acute optic neuropathy resulting from inflammation, and subsequent lesions of the optic nerve, followed by spontaneous recovery. In the acute stages of the disease (e.g., within 1 month of onset), the affected eye displays greatly delayed and decreased visually evoked potential (VEP) responses (i.e., demyelinated optic nerve), as well as poor visual acuity and color vision (Toosy et al., 2014). Subsequently, visual acuity begins to improve during the recovery phase at around 3–4 months and reaches normal or near-normal vision at 1-year from disease onset, although a reduction in retinal thickness and other abnormalities continue to exist (Beck et al., 1992). Here, we review 5 peer-reviewed articles studying RS-fMRI brain activity in ON patients that meet our inclusion criteria to explore commonalities in findings with visually driven fMRI studies (Table 1). Specifically, we would expect: (1) functional deficit within low-level visual cortex in the early stages of ON, (2) functional alterations within higher-tier areas, specifically decreased activity within the ventral visual stream (i.e., visual cortical region LOC) and a trend toward hyperactivity in the dorsal stream of early-stage ON patients, and (3) recovery of activity in LGN, visual cortex, and ventral visual stream, but persistent deficit likely in the dorsal stream (i.e., cortical area MT).


TABLE 1    Patient demographic and disease information from ON and (TON-like) OGI studies reviewed in this paper. Studies are listed in increasing order of average onset duration in patient population at the time of data collection. Unless stated, all studies included patients without other apparent cause of vision loss and retro geniculate diseases. ON = optic neuritis; OGI = open globe injury.

[image: Table 1]

To our surprise, and contrary to visually driven fMRI reports, an increase in resting activity was observed in the occipital lobe immediately (i.e., within a week) after ON onset (Huang et al., 2015; Figure 1). Similarly, while visually driven fMRI studies reported reduced activity in the ventral visual stream, the majority of current RS-fMRI studies indicate increased ALFF values in many temporal lobe brain structures (Huang et al., 2015; Yan et al., 2022). However, in another study, ReHo analysis suggests an overall brain deficit at rest (Shao et al., 2015). Moreover, studies predominantly suggest a resting deficit within the dorsal cortical areas (i.e., fronto-parietal structures), at least during the very early stages of the disease (Huang et al., 2015; Shao et al., 2015; Yan et al., 2022). Interestingly, a different pattern is evident for the visual cortex of patients scanned around 50 days from ON onset. Now in agreement with findings reported with visually driven fMRI, lower resting connectivity is observed from the visual cortex (Wu et al., 2015). RS-FC between the visual cortex and the fronto-parietal cortex remains impaired as reported in the acute stage of ON (Wu et al., 2015). However, the relationship between the activity of extra-striate regions and patients’ visual function outcomes is unclear.

Consistent with the recovery of BOLD signals observed in the visually driven fMRI literature at 3–4 months from disease onset, one RS study with a majority of ON patients in the recovery phase revealed higher-than-normal resting FC within the visual network. For instance, abnormally high resting activity was reported in the lower (i.e., calcarine sulcus) and higher visual areas (i.e., LOC and MT) of the visual network (Backner et al., 2018). This might suggest that recovery of function is partially supported by adaptive changes in connectivity. Importantly, as expected, MT connectivity was seen to increase as the inter-eye VEP latency difference in ON patients decreased. As also concluded in the visually driven review, this suggests that the increased activity in the visual pathway is at least partly due to the reduced inflammation of the optic nerve. However, the abnormally high resting signal observed in the visual pathway raises the possibility for additional involvement by adaptive plasticity mechanisms.

Finally, the activity of LGN in ON patients has not been investigated with RS-fMRI yet, despite its ability to produce distinct levels of activity during the acute and recovery phase of ON and its potential use in objectively staging patients, as shown in visually driven fMRI. Likewise, RS-fMRI is yet to be utilized to study activity in subcortical and cortical visual regions of purely recovered ON patients. This is a particularly important group to study as it would allow us to evaluate the extent of recovery possible in areas along the visual pathway, and determine the correlation to earlier time points of visual function and BOLD measures, potentially informing the prediction of prognosis.



Resting-state functional magnetic resonance imaging in traumatic optic neuropathy

Traumatic optic neuropathy causes acute partial or complete, unilateral or bilateral visual loss following injury to the optic nerve and demyelination of afferent visual pathways due to trauma. It can be further categorized into direct and indirect trauma, depending on how the optic nerve was affected (Miliaras et al., 2013). Like ON, substantial recovery is generally observed to take place (Singman et al., 2016). Diagnosis of TON with current neuro-ophthalmological tools may be challenging as trauma patients could have cognitive impairments. TON is typically assessed using the afferent pupillary reflex, but this is insensitive to bilateral TON (Broadway, 2012). Thus, utilizing RS-fMRI, a non-demanding imaging technique, might provide real diagnostic and prognostic value in clinical settings. Similar to our review of TON using visually driven fMRI, we found no peer-reviewed articles that studied TON using RS-fMRI. Therefore, we reviewed four papers on patients with a similar trauma, called open globe injury (OGI) (Table 1). OGI results in injury to the eye-wall and is more readily diagnosed.

Resting changes of the whole brain in OGI patients were studied using voxel-wise degree centrality (Wang H. et al., 2017), ReHo (Huang et al., 2016), ALFF (Tan et al., 2016), and VMHC (Ye et al., 2018). Indeed, functional deficit was evident within and between the two hemispheres of the brain in patients with acute lesions to the anterior visual pathway. However, the direction of the effect is quite variable and highly dependent on time since onset. For example, resting cortical activity of OGI patients within 1–2 days of onset is higher-than-normal compared to controls, especially in the primary visual cortex and precuneus as shown by degree centrality (Wang H. et al., 2017) and ALFF (Tan et al., 2016) values, as well as in lingual gyrus as shown by ALFF values (Huang et al., 2016). Interestingly, a different pattern is revealed in patients that were tested 3 days after OGI onset. Those patients display lower VMHC values compared to controls in the brain regions such as bilateral calcarine, lingual and cuneus and structures in the dorsal visual pathway such as the middle occipital gyrus displayed (Ye et al., 2018). This is consistent with findings from a single TON-related case report discussed in our visually driven review (Sujanthan et al., 2022). Importantly, receiver operating characteristic (ROC) curves have been used to identify brain regions based on their resting FC measures that may be used as biomarkers to distinguish OGI patients from healthy controls. With a range of analysis techniques (VMHC, ALFF and mean ReHo), ROC values regularly show areas under the curve in the range of 0.7–0.9 for the visual cortex and non-visual cortex (Huang et al., 2016; Tan et al., 2016; Ye et al., 2018), suggesting activity within the reported regions may be useful as diagnostic markers.

Taken together, OGI and TON are rapidly changing conditions that require immediate attention and treatment. It appears that initially hyperactive brain regions show deficits as the disease progresses. However, this is difficult to assert, based on the limited number of studies available, all acute cross-sectional studies. It is evident that RS-fMRI could provide valuable insight into the pathogenesis and progression of acute optic neuropathies such as TON. Therefore, if fMRI techniques are employed more frequently and ambitiously, advancement in the diagnosis or prognosis of TON might be possible.



Discussion

Overall, when considering the visual system specifically, both RS-fMRI and visually driven fMRI studies are often consistent in the reported findings in each optic neuropathy. In chronic diseases such as glaucoma, both fMRI modalities report reduced activity in visual networks. However, RS-fMRI more commonly suggests deficits in the ventral than the dorsal visual stream, and the ventral FC pattern becomes more diverse with increasing glaucoma severity. For acute diseases such as ON and (TON like) OGI, RS-activity reveals that higher-than-normal activity is briefly observed at onset, before it ultimately shows a deficit as seen in visually driven fMRI studies. Both modalities report deficits within the dorsal pathway in ON from onset. So far, both visual streams are shown to be affected in acute OGI at rest, although no visually driven fMRI results exist.

We highlight here several important concluding points. Firstly, the resting activity of the LGN has not yet been investigated with RS-fMRI in any of the diseases we considered. This would be of particular interest given the LGN’s proximity to the optic nerve and the fact that it conveniently maintains the segregation of inputs from each eye. In addition, if resolution allows, patterns of connectivity for magnocellular or parvocellular layers would provide additional information about the pathophysiology of these diseases. In fact, this has already been reported for one fMRI study of glaucoma that used parvo- or magno-biased visual stimuli (Zhang et al., 2016). In addition, visually driven fMRI studies of ON patients have noted distinct patterns of activity within LGN during the acute and recovery stage (Korsholm et al., 2007).

Secondly, we suggest that better use of regions of interest within the visual cortex based on a priori hypotheses would improve the sensitivity of RS-fMRI studies to the direct effects of deafferentation. Many distinct visual areas can now be defined based on retinotopic organization or other functional characteristics. The lateral occipital region (LOC) is quite important for object perception and contains a prominent representation of the central visual field (separate from the occipital pole). Another area that may be useful to better exploit is MT, a motion-sensitive region where the magnocellular LGN inputs are expected to have a strong impact. Future studies should examine RS-fMRI activation patterns within and between multiple visual areas, as this has the potential to increase sensitivity. Probabilistic atlases now allow the location of many extrastriate areas to be estimated, even without direct mapping in each subject (e.g., Wang et al., 2015; Benson and Winawer, 2018; Rosenke et al., 2021). In fact, it is even possible to use regions of interest within a single retinotopic visual area to study fine-scale resting networks, and document changes in central versus peripheral eccentricities (Dawson et al., 2016; Mendola et al., 2018).

Third, we found no obvious pattern regarding the sensitivity of the different RS-fMRI analysis methods reported here, but we remain convinced that different methods are likely to reveal distinct aspects of pathology. As such, future studies that directly compare multiple analysis methods would be of enormous value. Lastly, the cross-sectional design common to most of these studies is a clear limitation. Although there is great value in following the same group of patients longitudinally, as shown by a limited number of visually driven fMRI studies (Sujanthan et al., 2022), this is rarely done in RS-studies of optic neuropathies.

In summary, we suggest that RS-fMRI data could prove increasingly valuable for characterizing optic neuropathies, particularly in the case of TON, and for managing disease progression. Given that RS-fMRI does not utilize visual stimulation or a task-induced response, it is well-suited to study vision in cognitively challenged patients or patients that are unable to maintain fixation. Moreover, the high sensitivity of fMRI data to central vision loss due to the high cortical magnification of the central field could be hugely beneficial in studying TON. In combination with other MRI modalities, including structural MRI, it could be even more powerful. For future efforts to uncover basic mechanisms of functional loss and recovery, studies that compare visually driven and RS-fMRI findings from local visual areas and closely related brain networks in the same cohort of subjects would be most useful.
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Objective: To elucidate the clinical, radiologic characteristics of Leber’s hereditary optic neuropathy (LHON) associated with the other diseases.

Materials and methods: Clinical data were retrospectively collected from hospitalized patients with LHON associated with the other diseases at the Neuro-Ophthalmology Department at the Chinese People’s Liberation Army General Hospital (PLAGH) from December 2014 to October 2018.

Results: A total of 13 patients, 24 eyes (10 men and 3 women; mean age, 30.69 ± 12.76 years) with LHON mitochondrial DNA (mtDNA) mutations, were included in the cohort. 14502(5)11778(4)11778 &11696(1)12811(1)11696(1)3460(1). One patient was positive for aquaporin-4 antibody (AQP4-Ab), and two were positive for myelin oligodendrocyte glycoprotein antibody (MOG-Ab). Three patients were associated with idiopathic optic neuritis (ON). Two patients were with compression optic neuropathy. Three patients were with the central nervous system (CNS) diseases. One patient was with proliferative diabetic retinopathy (PDR) and one with idiopathic orbital inflammatory syndrome (IOIS). At the onset, visual acuity (VA) in eighteen eyes was below 0.1, one eye was 0.5, five eyes were above 0.5, while VA in sixteen eyes was below a 0.1 outcome, three eyes experienced moderate vision loss. MRI images showed T2 lesions and enhancement in nine patients who received corticosteroids treatment; additional immune modulators treatment was performed on two patients. None of the patients had relapse during the follow-up time.

Conclusion: Leber’s hereditary optic neuropathy can be accompanied with multiple-related diseases, especially different subtypes of ON, which were also exhibited with IOIS and compression optic neuropathy for the first time in this cohort. This condition may be a distinct entity with an unusual clinical and therapeutic profile.

KEYWORDS
Leber’s hereditary optic neuropathy, optic neuritis, aquaporin-4 antibody, myelin oligodendrocyte glycoprotein antibody, multiple sclerosis


Introduction

Leber’s hereditary optic neuropathy (LHON) is an inherited optic neuropathy characterized by subacute painless vision loss (Hudson et al., 2008). Retinal ganglion cells (RGCs) are preferentially affected, leading to optic nerve degeneration, but additional extraocular abnormalities have been described in LHON pedigrees. Previous studies suggest that LHON may be a systemic disorder with manifestations in organs other than the optic nerves (Nikoskelainen et al., 1995). These include non-neurological as well as neurological abnormalities. Since LHON was first described in 1926 by Mauksch and his colleagues; the association between CNS inflammatory demyelination and LHON was always controversial (Dujmovic et al., 2016). Until now, the relationship between LHON and the other diseases has not been clear, and whether the other organs may be involved in patients with LHON is unknown.

In clinical, we noticed 13 patients who carried mitochondrial DNA (mtDNA) mutations that were accompanied with the other diseases, including ocular disorders and systemic diseases. We conducted the current study to describe the clinical, laboratory, imaging presentations of MRI, and associated diseases at a single center, using data collected in a retrospective fashion.



Patients and methods

The clinical records from December 2014 to October 2018 of hospitalized patients carried mtDNA mutations were selected from the Chinese People’s Liberation Army General Hospital (PLAGH) in this study. The study protocol was approved by the institutional review board of the PLAGH and performed in accordance with the content of the Helsinki Declaration. All patients provided written informed consent to undergo examinations.


Ophthalmologic and associated examinations

Ophthalmological examinations included a test for relative afferent pupillary defect (RAPD), and a direct and indirect ophthalmoscopy to examine the retina. The best corrected visual acuity (BCVA) was tested using a Snellen chart, and a VA below 0.01 was documented with count finger (CF), hand motion (HM), perceived light, and no perceived light. The standard protocol for the Optic Disc Cube 200 × 200 circle scan and the Macular Cube 512 × 128 scan was performed using one of the two spectral-domain optic coherence tomography (SD-OCT) devices (Carl Zeiss Meditec, USA or Heidelberg Engineering, Germany). Blood was collected at the Rheumatologic Research Center in the PLAGH. Cerebrospinal fluid (CSF) samples were collected for the routine testing of white cell counts, total protein levels, and concentrations of IgG. Patients with LHON were diagnosed by screening for mtDNA. Cell-based assays (CBA) to detect the serum aquaporin-4 antibody (AQP4-Ab) and the myelin oligodendrocyte glycoprotein antibody (MOG-Ab) were performed for the patients with ON.

Magnetic resonance imaging was performed on a 3T system in eight patients with a T2-weighted image (T2WI) and a T1-weighted image (T1WI) sequences with fat suppression, and a gadolinium-enhanced T1. Proton Magnetic Resonance Spectroscopy (H-MRS) is performed when patients are accompanied with intracranial lesions.

The following data were analyzed: age, sex, age at the onset, the involved eye, time between two eyes, family history, laboratory findings, associated diseases, treatment, and prognosis.




Results


Demographics characteristics

Table 1 summarizes their clinical characteristics, genotypes, and plus diseases. A total of 13 patients (10 males, 3 females; age range, 13–53 years) with genetically confirmed carried mtDNA mutations that were associated with the other diseases. Four patients carried the 11778 mutations, five patients carried the 14502 mutations, one patient carried the 12811 mutations, the 3460 mutations, the 11696 mutations, respectively. And, in one patient, the 11778 mutations were associated with 11696. Three patients had concomitant ION. Two patients complained with MOG-Ab positive; the titers were 1:10 and 1:100, respectively. One patient complained with AQP4-Ab positive. Two patients were with compression optic neuropathy (hypophysoma and intracranial germinoma). Three patients with the central nervous system (CNS) diseases [multiple sclerosis (MS), leigh, and cranial neuropathy]. One patient with PDR and one with idiopathic orbital inflammatory syndrome (IOIS, orbital pseudotumor). Five patients were diagnosed with LHON prior, while eight patients were diagnosed with the other diseases prior. Two patients were confirmed in the maternal family.


TABLE 1    Clinical features data for 13 patients.
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Clinical characteristics

A total of 182 patients (345 eyes) were diagnosed with LHON in our center, while 13 patients were diagnosed with LHON Plus; the frequency of LHON Plus in LHON was 7.14%. The age onset of LHON with other diseases and pure LHON were (25.9 ± 3.1) and (22.1 ± 0.9) years, respectively. In LHON Plus, 11 patients suffered simultaneous or sequential binocular involved, the time between two eyes from 1 month to 6 years; the average time was (30 ± 17.16) days. There was no significant difference between the age onset, involved eyes, and the time between two eyes of LHON Plus and pure LHON. The BCVA was significant difference between two groups; the visual function was better in LHON Plus than pure LHON, and we suspected the reason was the plus disease accepted effective treatment. The data between the two groups are listed in Table 2.


TABLE 2    The clinical characteristics between Leber’s hereditary optic neuropathy (LHON) with other diseases and pure LHON.
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Four patients were RAPD positive. Approximately, 76.92% (10/13) patients had pale fundus, especially the temporal side. One patient had edema disk. Two patients had normal fundus. Nine patients (14 eyes) had distinctive visual field (VF) defection, which showed central or eccentric scotoma especially. The results of the VEP examination in 10 patients showed the delayed implicit period and lower amplitude. SD-OCT imaging of the peripapillary nerve fiber layer (pRNFL) showed diffuse thinning in eight patients (14 eyes); SD-OCT imaging of the macular retinal ganglion cell and inner plexiform layers (RGC-IPL) revealed ganglion cell atrophy, more severe in the nasal quadrants. Figure 1 shows the images evidence and changes by fundus photography, humphrey VF testing, and SD-OCT images in different patients.


[image: image]

FIGURE 1
This shows the images evidence and changes in the patients with Leber’s hereditary optic neuropathy (LHON). Color fundus photographs (A,F) demonstrate temporal optic nerve pallor OS (F). Humphrey visual field (VF) testing demonstrates a dense superior central scotoma OD (B,C) and a central scotoma with a superior arcuate defect OS (G,H), having mean deviations (MD) of –13.54 and –12.73, respectively. SD-OCT imaging of the peripapillary nerve fiber layer (pRNFL) (D,I) showed diffuse thinning of the left eye (I). Spectral-domain optic coherence tomography SD-OCT imaging of the macular inner limiting membraneretinal pigment epithelium (ILM-RPE) (E,J) revealed ganglion cell atrophy, more severe in the nasal quadrants involved left eye (J) than the right eye (E).




Magnetic resonance imaging manifestation and cerebrospinal fluid tests

Table 3 gives the orbit MRI and CSF test results. The 12 of 13 patients had optic nerve MRI scans in our hospital. T2WI images showed an increased signal of the optic nerve, and post-contrast T1WI with fat suppression showed abnormal enhancement of the optic nerve in six patients (Figure 2). Every segment of the optic nerve may be involved. In the patients with optic nerve tumor, T2WI images showed an increased signal, and post-contrast T1WI with fat suppression showed abnormal enhancement of the enlarged optic nerve (Figure 3). The typical MRI characteristics of MS are as follows: periventricular lesions, which are arranged perpendicular to the ventricular margin, Dawson’s fingers (Figure 4). Axial and coronal T1WI with fat suppression and contrast showed left optic nerve enhancement at the level of the orbital apex, which diagnosed IOIS. T2WI images showed intracranial lesions without enhancement in four patients. H-MRS images showed lactic acid peak in one patient (Figure 4). Seven (7/13, 53.85%) of the patients had lumbar puncture and the CSF test; two had both elevated total protein concentration of 521.5and 527.9 mg/l (normal range, 150–400 mg/l) and elevated IgG concentration of 3.47 mg/dl and 5.33 mg/dl in CSF (normal range, 0–3.4 mg/l, Table 3), respectively.


TABLE 3    The characteristics of MRI, treatment, and cerebrospinal fluid (CSF) with Leber’s hereditary optic neuropathy (LHON) plus patients.
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FIGURE 2
Orbital MRI images in patients who were diagnosed with ON. Panels (A,C) (axial) and (B,D) (coronal) showed the high signal of the left ON (the white arrow) in T2WI. Panels (C) (axial) and (D) (coronal) showed the enhancement of left ON (the white arrow) in gadolinium-enhanced T1. Panels (A′) (axial) and (B′)(coronal) showed the enhancement of left ON (white arrow) in gadolinium enhanced T1. Panels (C′) (axial) and (D′) (coronal) showed the normal signal of left ON (the white arrow) in gadolinium-enhanced T1.



[image: image]

FIGURE 3
Orbital MRI images in patients who were diagnosed with IGM (case 7): panels (A) (axial), and (B,C) (coronal) showed the hypersignal of the optic nerve (the white arrow) extends to optic chiasm in T2WI. Panels (A′) (axial), (B′) (coronal), and (C′) (sagittal) showed the enhancement of left ON (the white arrow) in gadolinium-enhanced T1.



[image: image]

FIGURE 4
Orbital MRI images in patients who were diagnosed with LHON-MS (case 9). The figure showed multiple lesions presented with an abnormal signal (A–I). MRI findings (K) and Proton Magnetic Resonance Spectroscopy (H-MRS) findings (J) in the proband of Pedigree 1—multiple demyelinating lesions in the left cerebrum (MRI) and an inverted double peak of lactic acid (Lac) at 1.33 ppm (H-MRS).




Treatment and prognosis

In this study cohort, 75% (18/24) of the eyes experienced severe vision loss (≤0.1) at the onset, only one eye experienced moderate vision loss (0.1–0.5), five eyes experienced mild vision loss (≥0.5). Steroid therapy was performed for nine patients with MRI changes. Two patients received immune modification therapy (azathioprine/rituximab) with AQP-Ab or MOG-Ab positive. Vision improved in seven patients, unchanged in four patients, and worse in two patients (Table 1). The follow-up duration ranged from 12 to 58 months, with a mean time of (31 ± 17.12) months. One patient suffered from cranial surgery, and the pathological test revealed the IGM diagnosed. The other patients were with no recurrence.




Discussion

Leber’s hereditary optic neuropathy plus has been reported by many researchers; a systematic review of the literature was conducted on all publications on LHON plus since the original description by Harding et al. (1992) (Figure 5; Bower et al., 1992; Harding et al., 1992; Nikoskelainen et al., 1995; Ceranić and Luxon, 2004; McFarland et al., 2007; La Morgia et al., 2008; Shiraishi et al., 2014; Shimada and Horiguchi, 2016; Bittner et al., 2019); the most common disease was LHON-MS (Harding disease) (Harding et al., 1992; Kellar-Wood et al., 1994; Bhatti and Newman, 1999). The last decade witnessed important discoveries in immune-mediated diseases of the optic nerve; the recognition of LHON plus is increasingly clear. There were studies reported LHON comorbidity with MOG-Ab (Bittner et al., 2019) and NMO (Bhatti and Newman, 1999). While in our single neuro-ophthalmology center, we found six (46.15%) patients who were comorbid with ON, in which two patients were with MOG-Ab positive (Shiraishi et al., 2014) and one patient with AQP4-Ab positive. The ratio of different subtypes of optic neuritis (ON) was higher than the other diseases; we analyzed the reason may be our center is the neuro-ophthalmology department, while the other centers are the neurology department. We also found LHON accompanied with IOIS and compression optic neuropathy, which were unreported before; only Jones et al. (2018) reported a case of saccular left renal artery aneurysm in a 27-year-old man with known LHON.
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FIGURE 5
Leber’s hereditary optic neuropathy (LHON) plus had been reported for years.


Approximately, 90% patients carry one of the three primary mtDNA mutations: 11778, 3460, or 14484 (Harding et al., 1995; Mackey et al., 1996; Newman and Biousse, 2004). While, in our study, the ratio of these three mutations was only 46.15% and none of the 14484 mutations were found. The clinical characteristics of LHON Plus may be varied. But the SD-OCT results show that more severe ganglion cell atrophy in the nasal quadrants is homogeneous, which reminds to test mtDNA mutations. The visual acuity of patients with LHON may be stable in a previous study; most patients may suffer low visual acuity (≤0.1). Although most patients with LHON Plus suffer severe vision loss, they will recover after accepted corrected and symptomatic treatment. According to the guideline, patients diagnosed with NMOSD should give immune modification therapy to involve relapse.

The most common disease in our study is CNS inflammatory demyelination disease; MRI is the modality of choice for investigating ON, compressive lesions, and the other diseases. An MRI can be performed to evaluate a patient’s potential benefit from intravenous methylprednisolone and disease-modifying therapy. Eleven patients presented with optic nerve or intracranial T2 lesions and (or) enhanced T1 lesions; nine patients received intravenous methylprednisolone therapy, two patients. So we suggest the patients who had diagnosed LHON should perform MRI examination.

A few limitations existed in this cohort study. First, we only report the ratio of LHON Plus in-patients in a single neuro-ophthalmology center. Second, the study only found LHON accompanied with AQP4-Ab positive, but the pathogeny is unknown; we cannot clearly explain the reason of the visual loss. Another limitation was the follow-up timer was not enough; we cannot make sure whether the patients were diagnosed with LHON or carried mtDNA mutations, especially in some patients who had one eye involved.


In summary

Leber’s hereditary optic neuropathy plus may be a clinical syndrome associated with multiple diseases; even normal people will carry with mutations, which still need investigation. When field vision of the patient showed the blind spot in the temporal or SD-OCT imaging of the macular RGC-IPL revealed ganglion cell atrophy, more severe in the nasal quadrants; we suggested that the patient undergo LHON mutation examination. An MRI examination is necessary. The treatment should be dependent on the clinical and examination results; the prognosis is relatively ideal.
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Characteristic HM HC

Sex (male/female) 43/39 24/35
Age (years) 26.53 +5.291 25.67 +3.102

HM, high myopia; HC, healthy control.
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Brain BA Peak MNI coordinates Cluster size
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CE<HC R_SPL = —3.6382 39 -5160 93
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CE, comitant exotropia; HC, health control: MNI: montreal neurological Institute; JALFF, dynamic amplitude of low-frequency fluctuation.
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CE, comitant exotropia; HC, health control; MNI: montreal neurological Institute; dALFF, dynamic amplitude of low-frequency fluctuation.
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E, female; M, male; OD, oculus dexter; OS, oculus sinister; OU, oculus uterque; CF, counting fingers; HM, hand motion; ION, idiopathic optic neuritis; IGM, intracranial germinoma; MS,
multiple sclerosis; IOIS, idiopathic orbital inflammatory syndrome; PDR, proliferative diabetic retinopathy.
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dexter; OS, oculus sinister.
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RSN Brain BA Peak MNI coordinates  Cluster size

region t-score x,vy,2) (voxels)
VN1 R-MOG 19 4.6526 45, -75,3 109
AN1 L-MTG - —4.4648 —42, -36, 0 64
L-STG 42 4.1556 —63, —18,9 108
DMN1 L-CAU 24 —4.4368 6,21, -3 96
R-ACC - —4.367 9,42, 12 95
SN L-INS - 4.8092 —42, —18, 15 42
L-MOG - —4.3905 —33, -81, 21 37
DAN L-IPG - 4.9254 —54, —21, 36 244
DMN2 R-SFGmed - 55267 12, 48,15 187
R-MCC 32 5.2192 3,21,30 95
L-MCC - —3.9378 —6, —24, 39 60
AN2 L-PoCG - 4.6387 —36, —18, 45 186
VN3 R-CAL 17 3.3681 15, -81,6 74
DMN3 L-PCNU - —4.1643 —6, —57,18 52
L-ANG - 4.3362 —57, —54, 21 40
R-PCNU 7 4.1531 6, —63, 42 59
SMN L-PoCG 4 4.8034 —42, —15, 54 221
R-PreCG 6 4.4296 24, -18, 57 244
ECN R-MTG 21 —-5.1214 66, —27, 0 47
L-MFG 6 4.2445 —24,12, 60 84
L-IPG - 349223 —45, -39, 48 32
L-SFGmed - 3.5085 0, 36, 45 4

The statistical threshold was set at the voxel level with P < 0.01 for multiple
comparisons using Gaussian random field theory (voxel-level P < 0.01, GRF
correction, cluster-level P < 0.05). The t-score represents the statistical value of
peak voxels showing differences in FC between the two groups. Abbreviations:
MOG, middle occipital gyrus; MTG, middle temporal gyrus; STG, superior temporal
gyrus; CAU, caudate nucleus; ACC, anterior cingulate and paracingulate gyri; INS,
insula; IPG, inferior parietal; SFGmed, superior frontal gyrus, medial; MCC, median
cingulate and paracingulate gyri; PoOCG, postcentral gyrus; CAL, calcarine fissure
and surrounding cortex; PCNU, precuneus; ANG, angular gyrus; PreCG, precen-
tral gyrus;, MFG, middle frontal gyrus; R, right; L, left; BA, brodmann area; MNI,
montreal neurologic institute.
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Condition

r=0.30

PACG > HC
PACG > HC
PACG > HC
PACG > HC
PACG < HC
PACG < HC
PACG < HC
PACG < HC
PACG < HC
PACG < HC

Brain regions

Fusiform_R
Middle temporal gyrus_L
Cerebelum_4_5_L
Cerebelum_4_5_R
Calcarine_R
Postcentral_R
Postcentral_R
Precuneus_L
Postcentral_L
Paracentral_Lobule_L

X, ¥, and z are the locations of the peak voxels in standard MNI coordinates.
DG, degree centrality; PACG, primary angle-closure glaucoma; HC, healthy control; MNI, Montreal Neurological Institute; R, right; L, left.

MNI

Peak T-scores

3.7733
4.2944
5.0452
4.6504
-4.4721
-4.6369
—-4.1747
-5.4584
-4.1125
-3.9634

Cluster size (voxels)

55
75
487
47
187
85
178
107
86
57
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Brain areas MNI coordinates BA Number of voxels T- value

X Y z
HC > patient
Frontal Sup Medial L —12 48 0 31 156 —3.6533
Cingulum Mid R 3 -9 36 34 205 —4.5522

The statistical threshold was set at voxel with p < 0.01 for multiple compar-
isons using Gaussian random field corrected. MNI, Montreal Neurological Institute;
BA, brodmann area.
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Condition

Age (years)
Sex

(male/female)

Handness
(right/left)

Education
(years)
BCVA-OD

BCVA-OS

PACG group

50.96 £ 4.85
21/10

29/2
12.61 £5.88

0.15£0.10
0.30 £ -0.12

HC group

50.82 £ 6.76
21/10

28/3
11.46 + 6.86

1.18 £0.12
1.14 £0.10

T-value

0.727
<0.001

0.218

0.670

0.626
0.538

P-value

0.470
1.000

0.641

0.506

<0.001
<0.001

Chi-square test for sex and handness. An independent t-test was used for age, education,
and BCVA. Data are displayed as mean % SD.
HC, healthy control; BCVA, best-corrected visual acuity; OD, oculus dexter; OS, oculus
sinister; N/A, not applicable; R, right.
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Condition

r=0.15

PACG > HC
PACG > HC
PACG > HC
PACG > HC
PACG < HC
PACG < HC
PACG < HC

Brain regions

Cerebelum_Crus2_L
Cerebelum_4_5_L
ParaHippocampal R
Thalamus_L
Postcentral_R
Precuneus_L

Postcentral_R

MNI

Peak T-scores

4.4289
5.4097
4.4358
4.0191
-4.2974
-5.7517
-4.4613

Cluster size (voxels)

178
341
44
56
76

277

X, ¥, and z are the locations of the peak voxels in standard MNI coordinates.

DG, degree centrality; PACG: primary angle-closure glaucoma; HC: healthy control; MNI, Montreal Neurological Institute; R, right; L, left.
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MNI

Condition Brain regions X y Z Peak T-scores Cluster size (voxels)
r=0.20

PACG > HC Fusiform_R 39 -3 -39 3.8686 54

PACG > HC Middle temporal gyrus_L -39 9 -36 4.3994 67

PACG > HC Cerebelum_4_5_L 0 -45 -18 5.2788 607

PACG < HC Calcarine_R 3 =72 24 -4.4152 158

PACG < HC Postcentral_R 54 -15 36 -4.4885 81

PACG < HC Precuneus_L -12 -57 63 —-5.6443 120

PACG < HC Postcentral_R 39 -33 63 —4.2005 198

PACG < HC Postcentral_L =27 -42 66 —4.2295 174

X, ¥, and z are the locations of the peak voxels in standard MNI coordinates.
DG, degree centrality; PACG, primary angle-closure glaucoma; HC, healthy control; MNI, Montreal Neurological Institute; R, right; L, left.
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MNI

Condition Brain regions X y z Peak T-scores Cluster size (voxels)
r=0.25
PACG > HC Fusiform_R 39 -3 -39 3.8686 54
PACG > HC Middle temporal gyrus_L -39 9 -36 4.3994 67
PACG > HC Cerebelum_4_5_L 0 -45 -18 5.2788 607
PACG < HC Calcarine_R 3 =72 24 -4.4152 158
PACG < HC Postcentral_R 54 -15 36 -4.4885 81
PACG < HC Precuneus_L -12 -57 63 —5.6443 120
PACG < HC Postcentral_R 39 -33 63 -4.2005 198
PACG < HC Postcentral _L =27 -42 66 —4.2295 174

X, ¥, and z are the locations of the peak voxels in standard MNI coordinates.
DG, degree centrality; PACG, primary angle-closure glaucoma; HC, healthy control; MNI, Montreal Neurological Institute; R, right; L, left,
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Condition

Male/female

Age (years)

Weight (kg)

Handedness
Best-corrected VA-DE
Best-corrected VA-FE
Duration of CTR (days)
Esotropia/exotropia
Angle of strabismus (PD)

Ccs

18/10
17.39 + 3.56
56.76 + 3.66

28R
1.05+0.10
1.056+0.15
17.39 £+ 3.56

10/18

40.25 + 11.05

HCs,

18/10
18.68 + 2.56
60.59 £ 3.13

28R
1.15+£0.10
1.15+0.10

N/A

N/A

N/A

t-value

N/A
—1.285
—0.674

N/A

1.645
1.714

N/A

N/A

N/A

P-value*

> 0.99
0.365
0.576
> 0.99
0.243
0.252
N/A
N/A
N/A

Independent t-tests comparing two groups (P < 0.05 represented statistically
significant differences). CS, comitant strabismus; HCs, healthy controls; N/A, not
applicable; PD, prism diopter; VA, visual acuity; DE, dominant eye; FE, fellow eye.
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EB (n =21)
Age (years) 17.95 +1.40
Sex (female/male) 11/10
Education level (years) 10.33 + 1.11
Handedness 21R
Duration of blindness (years) 10.14 +1.46
Nystagmus type 18 Vertical/3 horizontal

SC (n =21)

17.76 £1.45
10/11
10.76 £1.45
21R

0.37

0.76

0.28
1

EB, early blindness; SC, sighted controls.
means =+ standard deviations or frequencies.

Values are expressed as
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Specific effects Identified brain regions BA Peak coordinates (MNI) Side Peak T Cluster size (voxels)
X Y V4
EB > SC
Supplementary motor area 6 0 24 57 B 4.84 59
Fusiform gyrus 37 —45 —54 -3 L 3.97 83
Vermis_4_5 — 0 —63 -6 — 3.56 12
Cerebellum_6 — -3 —60 —24 B 4.82 1,099
EB < SC
Medial orbital frontal gyrus 10 -3 54 -3 L —3.76 18
Rectal gyrus 1 —-12 42 21 L —3.98 20
1 0 54 21 B —3.56 21

BA, Brodmann area; MNI, Montreal Neurological Institute; EB, early blindness; SCs, sighted controls; L, left; B, bilateral.
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Conditions L/R Brain MIN coordinates ~ Cluster size T-value

regions
e X Y z
HM<HC
1 Putamen 21 12 +9 664 —4.8082
2 Fusiform +36 -39 -21 210 —5.2003

T: there were significant differences in the statistical values of peak voxels betwoen the
two groups. X, Y, and Z are the coordinates of the main peak position in the Montreal
NeurologicalInstitute (VN) space (voxellevel P < 0.01, GRF comrection). HIM, high myopia;
HGCs, healthy controls.
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Seed region

R-PostCG/LING/CAL L-LING
L-CUN
L-SOG
L-PostCG/LING/CAL  R-LING
R-MTG
R-MTG L-CER-8
L-LING
L-SMA
L-MTG L-MOG
R-MOG/ANG L-MTP

Regions Cluster

size

282
163
90
852
29
129
3542
775
294
732

TAO,  thyroid-associated  ophthaimopathy;
Neurological Institute; FC, functional connectivity; PostCG, postoentral gyrus; LING,
lingual gyrus; CAL, calcarine; MTG, midle temporal gyrus; MOG, middle occipital gyrus;
ANG, angular gyrus; CUN, cuneus; SOG, superior occipital gyrus; CER, cerebellum;
SMA, supplementary motor area; MTR, middlle temporal pole.

MNI coordination

—12
3
—24
-6
42
-36
3
-3
2
0

Y

-57

z

-12
24
18
-6
3

=51
27
60
15

-33

P value

—4.5011
—3.9564
—3.8977
—4.7800
—3.33659
—3.4584
—4.4815
—4.3930
—3.8720
—4.7765

HC, healthy control; MNI, Montreal
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Condition

Gender (male/ferale)
Age (years)

Duration (months)
BOVA-OD

BOVA-OS

[

Education

TAO group

14/7
5417 £ 4.83
11.25 £ 4.42
0.67 £0.35
0.64 £ 0.29
25.63 +3.36
1117 £264

HC group

147
5617 £ 537
N/A
1.14£0.15
1.06 +£0.23
14.45 +1.07
1142 £1.95

N/A
-0.348
NA
—4.462
—4.297
5.632
-0.269

P-value*

>0.999
0.745
N/A
0.026
0.023
<0.001
0.861

Independent samples t-test for the other normaly distributed continuous data (means
SD). *p < 0.05 indlcated significant differences.
TAO, thyroid-associated ophthaimopathy; HC, healthy control; N/A, not applicable;
BOVA, best corrected visual acuity; OD, oculus dexter; OS, oculus sinister; IO

intraocular pressure.
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Regions. Cluster Brodmann’s MNI coordination T value

size areas
X Y z
R/L-PostCG/LING/CAL 2,243  3/4/18/19 +38 -21 27 —4.9477
RAL-MTG 13 E +39 -63 3 -3.0776
R/L-MOG/ANG 27 19/39  +45 -78 33 —3.3491

TAO, thyroid-associated ophthalmopathy; MNI, Montreal Neurological Institute; VMHC,
voxel-mirored homotopic connectivity; PostCG, postcentral gyrus; LING, lingual gyrus;
CAL, calcarine; MTG, middle temporal gyrus; MOG, middle occipital gyrus; ANG,
angular gyrus.
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Brain areas MNI coordinates Number of voxels T-value

X ¥ z
HC>DE
Frontal_Mid_R (aal)/Frontal_Inf_Orb_R (aal) 51 36 15 93 5.7399
Frontal_Mid_R (aal) 30 39 45 99 5.6994
Frontal_Mid_L (aal) —24 18 57 65 47412
HC <DE
Calcarine_L (aalybrodmann area 17/brodmann area 18 -6 -81 15 86 —4.3953

Note: The statistical threshold was set at the voxel level with P < 0.05 for multple comparisons using Feise Discovery Rate (Q < 0.01 and dluster size >15). Abbreviations: fALFF,
fractional amplitude of low-frequency fluctuation; L, left; DE, ciy eye; HC, healthy control; MNI, Montreal Neurological Institute; R, right; Calcarine_L (aa)), calcarine sulcus; FrontalMial.
(aal), left middle frontal gyrus: FrontalMidR (aal), right middlle frontal gyrus; FrontalMidR (aall/FrontallnfOrbR (aal), right middle frontal gyrus/right inferior frontal gyrus.
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TALFF value (mean  SD) HADS (mean  SD) r-value P-value

Brain regions
Calcarine_L (aal) 1.2363 £ 0.1232 75357 + 2.4854 —0.2641 01744
Frontal_Mid_L (aal) 1.0694 £ 0.0831 —0.3661 0.0553
Frontal_Mid_R (aal) 1.0384 £ 0.0720 —0.7286 <0.0001
Frontal_Mid_R (aal)/Frontal_inf_Orb_R (zal) 1.0863 £ 0.0750 —0.5447 0.0027

Note: fALFE fractional amplitude of low-frequency fluctuation; SD, standard deviation.
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Author Year Disease References
Ophthalmological diseases

Wen-Feng Liu et al. 2019 Exophthalmos of Primary Hyperthyroidism Liu et al. (2019)
Rong Wang et al. 2021 Primary angle-closure glaucoma Wu et al. (2020)

Zhu F etal. 2019 Corneal ucer Zhu etal. (2019)
Shiwa et al. 2019 Monocular biindness Shiet al. (2019)
Neurogenic diseases

Natalia Egorova et al. 2017 Post-stroke Egorova et al. (2017)
Liu Yang et al. 2018 Alzheimer Spectrum Yang et al. (2018)
Anny Reyes et al. 2016 Epllepsy Reyes et al. (2016)
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Brain regions Experimental Brain function Anticipated results
Calcarine sulcus DE>HC Natural scene coding Color signal perception. Visual impairment, identify obstacles, etc.

Middle frontal gyrus DE<HC Processing of language cogritive function, and Pain perception. Depression, headaches, poor concentration, etc.
Inferior frontal gyrus DE<HC Visual processing, emotional processing. Visual impairment, dementia, etc.

Note: DE, dry eye; HC, healthy control.
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Characteristics DE HC t-value p-values
Male/female 10\18 10\18 NA NA
Age (years) 49.07 + 4.45 48.78 +£4.25 0.423 0.674
Weight (kg) 58.29 + 3.65 58.75 +£3.33 —0.488 0.628
Height (cm) 167.50 + 7.07 164.93 + 5.38 1.504 0.138
BMI (kg/m?) 20.87 +£2.03 21.57 +£1.34 -1.619 0411
Years of education (years) 10.29 + 1.61 10.25 +1.90 0.076 0.940

Notes: Independent t-tests comparing the two groups (P < 0.05) represented statistically significant diferences). Abbreviation: DE, cfy eye; HC, healthy control; NA, not applicable;

B oy s k.
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Age(years)  Female/Male  ALM(OD) ALM(0S)

HM  26.235 + 0.462 48/41 26,670+ 0.874 26.580 % 0.985
HCs 26.783 +0.102 35/24 23900+ 0971  23.740 £+ 0.693

ALM, axial length; HM, high myopia; HCs, healthy controls; OD, oculus dexter; OS,
oculus sinister.
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Condition CE group HC group T-values P-values
Gender (male/female) (25/11) (25/11) N/A N/A
Age (years) 15.80 + 2.46 16.00 + 2.68 -0.240 0.812
Handedness 36R 36 R N/A N/A

Note: Independent t-test for the other normally distributed continuous data (means + SD).
Abbreviations: CE, comitant exotropia and HC, health control.
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Condition Brain regions BA Peak T-scores MNI coordinates (x, y, 2) Cluster size (voxels)

CE>HC Bilateral cerebelum_ 8 - 4.8927 +6 -63 -51 697
CE>HC Bilateral cerebelum_4_5 - 4.8512 +12-33 -30 154

Note: Different VMHC values between two groups (voxel-level P < 0.01, GRF correction, cluster-level P < 0.05).
Abbreviations: CE, comitant exotropia, HC, health control; MINI, Montreal Neurological Institute; and VMHC, voxel-mirrored homotopic connectivity.
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Conditions Brain regions Cluster size MNI coordinates t-score of peak voxel

X Y z
RVO > HCs B-Cerebelum_4_5 1128 27 —27 —51 3.5638
RVO < HCs B-Middle Occipital Gyrus 1718 3 —99 3 —3.8721
RVO < HCs R_Cerebelum_Crus1 203 48 —63 —-30 —3.4208
RVO < HCs R_Inferior Temporal Gyrus 26 48 —69 —6 —2.5795

X, ¥, and z are the locations of the peak voxels in standard MNI coordinates.
The statistical threshold was set at (two-tailed, voxel-level P < 0.05, GRF correction, cluster-level P < 0.05).
RVO, retinal vein occlusion; ReHo, regional homogeneity; HC, healthy control; MNI, Montreal Neurological Institute; GRE, Gaussian random field; B, bilateral; R, right.





OPS/images/fnhum-16-961972/fnhum-16-961972-t001.jpg
RVO group HCgroup T-values P-values

Sex (male/female) 50 48 N/A 0.780
Mean age (years) 45.15 £ 14.95 4530 £ 13.87 —0.038 0.970
Education (years) 10.96 + 3.73 11.12 +£2.86 —0.164 0.871
BCVA-OD 0.44 £ 0.27 1.16 £0.16 —11.474 < 0.001*
BCVA-OS 0.43 £ 0.37 1.19 +£0.16 —9.352 < 0.001*

Chi-square test for sex.

Independent t-test was used for other normally distributed continuous data.

Data are presented as mean =+ standard deviation.

RVO, retinal vein occlusion; HC, healthy control; BCVA, best-corrected visual acuity; OD,
oculus dexter; OS, oculus sinister.

*p < 0.05.
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Visual Field Left Hemisphere Right Hemisphere

Normal Vision

full visual fields
normal balance of parvo and magno input
normal cortical magnification factor in V1

peripheral vision lost first
reduced retinal thickness
magnocellular bias in early stages?
develops slowly, with little recovery

central vision loss typically
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abnormal acuity and color vision
abnormal VEPs

substantial but incomplete recovery
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Condition PACG group

Age (years) 50.96 + 4.85
Sex (male/female) 10/13
Education (years) 12.61 + 5.88
BCVA-OD 0.156+0.10
BCVA-OS 0.30 +£-0.12
Handedness 23R

HC group

50.82 + 6.76
10/13
11.46 £ 6.86
1.18+0.12
1.14£0.10
23R

T-value

0.727
N/A
0.670
0.626
0.538
N/A

P-value

0.470
>0.999
0.506
<0.001
<0.001
N/A

Chi-square test for sex. Independent t-test was used for other normally distributed continuous data. Data are displayed as mean =+ standard deviation. HC, healthy

control; BCVA, best-corrected visual acuity; OD, oculus dexter; OS, oculus sinister; N/A, not applicable; R, right.
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MNI

Condition Brain regions X y z Peak T-scores Cluster size (voxels)
PACG > HC R_CER_8 —-12 —60 —63 6.4017 645
PACG > HC L_CER_4-5 —-12 —30 27 4.5909 539
PACG > HC R_CER_8 15 -21 —51 5.6261 143
PACG < HC B_LING/CAL/SOG -9 —-102 18 —4.5399 738
PACG < HC R_PostCG 39 —36 66 —4.7791 514

X, y, and z are the locations of the peak voxels in standard MNI coordinates. ReHo, regional homogeneity; PACG, primary angle-closure glaucoma, HC, healthy control;
MNI, Montreal Neurological Institute; CER, Cerebellum; LING, Lingual Gyrus; CAL, Calcarine; SOG, Superior Occipital Gyrus; PostCG, Postcentral Gyrus;R, right; L,

left; B, bilateral.
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Condition Brain regions X y z Peak T-scores Cluster size (voxels)
ROl'in R_CER_8

PACG < HC R_IPL 45 —54 42 —5.3942 7070
PACG < HC L IFG —51 39 -9 —3.7121 196
PACG < HC R_SFG 18 -3 57 -4.2058 485
ROl'in L_CER_4-5

PACG < HC R_CER_8 15 —54 —60 —4.858 1990
PACG > HC R_CER_4_5 15 -21 —24 5.1884 653
PACG < HC L_MFG -39 60 12 —4.5478 1076
PACG < HC R_MFG 39 45 15 —3.2698 57
PACG < HC L_PreCUN -9 —66 42 —5.0912 4947
ROl'in R_CER_8

PACG < HC L_INS —42 3 0 —-4.4446 723
PACG < HC L_ACC 3 39 9 -4.1039 652
PACG < HC R_ANG 21 -60 45 -4.4087 477
PACG < HC L_PreCUN -12 -63 39 -4.7861 988
ROl in B_LING/CAL/SOG

PACG < HC R_CER 18 -39 -60 -4.3662 469
PACG < HC L CAL 18 -96 -15 -3.3303 171
PACG < HC R_PostCG 30 -33 54 -4.4334 4396
ROl in R_PostCG

PACG < HC L_STG -30 15 -36 -3.6386 44
PACG < HC L_INS -36 -15 -12 -4.5824 593
PACG < HC L IFG -51 39 -9 -3.5894 73
PACG < HC R_CAL 18 -78 9 -5.1517 6779
PACG < HC L IFG -33 33 3 -3.4947 48

X, y, and z are the locations of the peak voxels in standard MNI coordinates. FC, functional connectivity; PACG, primary angle-closure glaucoma; HC, healthy control;
MNI, Montreal Neurological Institute; CER, Cerebellum; LING, Lingual Gyrus; CAL, Calcarine; SOG, Superior Occipital Gyrus; PostCG, Postcentral Gyrus; IPL, Inferior
Parietal Lobule; IFG, Inferior Frontal Gyrus, SFG, Superior Frontal Gyrus, MFG, Middle Frontal Gyrus, PreCUN, Precuneus; INS, Insula; ACC, Anterior Cingulate Gyrus;
ANG, Angular Gyrus; PostCG, Precentral Gyrus; STG, Superior Temporal Gyrus; IFG, Inferior Frontal Gyrus; R, right; L, left; B, bilateral.
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ReHo Brain areas MNI coordinates

X Y 4 BA Peak voxels t-Value
HC > SO
1 RMFG 54 0 51 6 85 7.28
HC < SO
2 LC -27 -1 —45 256 —9.61
3 RFG 51 -18 —45 20 108 —7.78
4 LITG —54 —-18 -39 20 107 —8.74
5 LRG —12 24 -30 25 266 —9.38
6 RT 6 3 18 109 —8.87
7 RC 24 —42 83 109 —6.72
8 LI -36 21 27 18 97 —5.91
9 LT -12 -38 15 80 —8.25

For fMRI data, two-sample t-test was performed to examine the voxel-wise differ-
ence between the SM and HC groups using the REST toolbox. The statistical
threshold was set at the voxel level with P < 0.05, FDR corrected, and cluster size
> 100 voxels for multiple comparison. These voxels were regarded as the regions
of interest showing significant difference between the two groups.

ReHo, regional homogeneity; HCs, healthy controls; SM, severe obesity and
meibomian gland dysfunction; RMFG, right middle frontal gyrus; LC, left cerebel-
lum; RFG, right fusiform gyrus; LITG, left inferior temporal gyrus; LRC, left rectus
gyrus; RT, right thalamus; RC, right caudate; LI, left insula; LT, left thalamus.
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Brain regions Experimental

Brain function

Anticipated results

result

Right middle ~ SMs < HCs Continuous attention, Attention disorder,

frontal gyrus emotional processing, depression, primary
sleep stability insomnia

Left cerebellum SMs > HCs Emotional control, Emotional and
cognitive processing, behavioral disorder
motion control

Right fusiform  SMs > HCs Cognitive functions Pure alexia, face

gyrus blindness

Left inferior SMs > HCs Mentality, visual word Chronic

temporal gyrus processing schizophrenia,

language barrier

Bilateral SMs > HCs Postural control, Postural disorders,

thalamus somatosensory and motor sensory
motor dysfunction

Right caudate SMs > HCs Cognitive performance,  Cognitive deficits,
memory, mental stability memory impairment

Left insula SMs > HCs Language expression, Language barrier,

audiovisual perception,
emotional control

audiovisual
impairment,
depression

HCs, healthy controls; SM, severe obesity and meibomian gland dysfunction.
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Condition SM HC t P-value

Male/female 4/8 6/6 N/A 0.430
Age (years) 34.25 +7.07 31.67 £5.98 0.925 0.365
Weight (kg) 111.92 £13.33 66.08 + 10.41  8.986 <0.01
Handedness 12R 12R N/A »0.99
Initial visual acuity-left 0.80 £0.16 0.58 £ 0.09 3.742 <0.01

eye (log Mar)
Initial visual acuity-right 0.83 £0.22 0.62 £0.13 2.813 <0.05
eye (log Mar)
Daily life score 90.92 + 6.53 100.00 £0.00 4.617 <0.01
MMSE 21.42 +4.37 27.83+2.41 4.266 <0.01

Independent t-tests comparing the two groups (p < 0:05 represented statistically
significant differences). Data presented as mean + SD.

HC, healthy control; SM, severe obesity and meibomian gland dysfunction; MMSE,
mini-mental state examination.
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