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Altered Brain Functional Connectivity at Resting-State in Patients With Non-arteritic Anterior Ischemic Optic Neuropathy
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Purpose: To investigate the possible changes in functional connectivity (FC) in patients with non-arteritic anterior ischemic optic neuropathy (NAION) using resting-state functional MRI (fMRI).

Methods: Thirty-one NAION patients and 31 healthy controls were recruited and underwent resting-state fMRI scans. Regions of interest (ROIs) were defined as bilateral Brodmann’s area 17 (BA17). FC analysis was performed between the ROIs and the rest of the brain regions, and the between group comparisons of FC were performed. We conducted correlation analysis between the FC changes and the clinical variables in NAION patients.

Results: Compared with healthy controls, patients with NAION showed significantly decreased FC between the left BA17 and the right inferior frontal gyrus, left caudate nucleus. As for the right BA17, patients exhibited significantly increased FC with the left olfactory gyrus and decreased FC with the right superior frontal gyrus (SFG), right insula. Moreover, FC values between the right insula and the right BA17 were positively correlated with the right side of mean sensitivity in the central visual field (r = 0.52, P < 0.01) and negatively correlated with the right side of mean defect in the central visual field (r = −0.55, P < 0.01).

Conclusion: Our study indicated that patients with NAION showed significantly abnormal functional reorganization between the primary visual cortex and several other brain regions not directly related to visual function, which supports that NAION may not only be an ophthalmic disease but also a neuro-ophthalmological disease.
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INTRODUCTION

Non-arteritic anterior ischemic optic neuropathy (NAION) is the second most common type of optic neuropathy, with an annual incidence of 2.3–10.2 cases per 100,000 people in the United States (Johnson and Arnold, 1994; Hattenhauer et al., 1997) and 6.25 cases per 100,000 people in China (Xu et al., 2007). Typically, NAION is characterized by sudden, painless unilateral loss of vision (Miller and Arnold, 2015). Although the pathogenesis and pathophysiology of NAION remain undetermined, the lesions are thought to result from infarction of the short posterior ciliary arteries (vessels that supply the anterior portion of the optic nerve head) (Knox et al., 2000), which results in degeneration of retinal ganglion cells, followed by loss of their axonal structure (Zhang et al., 2010).

Previous studies of NAION have mainly concentrated on its pathophysiology, clinical characteristics, prevention, and treatment (Katz and Trobe, 2015; Qin et al., 2015; Berry et al., 2017; Keren et al., 2017). In general, studies concerning the structural and functional plasticity of the brain in cases of NAION are rare because conventional magnetic resonance imaging (MRI) provides little information pertaining to the lesion. Functional MRI (fMRI), a non-invasive neuroimaging technique, has made it possible to explore neural plasticity in NAION. The fMRI has been widely used to study changes in brain function in several eye-related diseases (Burton et al., 2004; Wang et al., 2008, 2021; Shao et al., 2015; Li et al., 2016; van Kemenade et al., 2017; Huang et al., 2018; Min et al., 2018; Xu et al., 2019). Additionally, several fMRI studies have demonstrated abnormal spontaneous brain activity in patients with NAION (Aguirregomozcorta et al., 2011; Guo et al., 2019, 2020).

Functional connectivity (FC) measures the degree of synchrony of the BOLD time-series between different brain regions (Tononi et al., 1994; Liu et al., 2015, 2017; Lv et al., 2018). However, few studies have provided information regarding the FC changes in NAION patients. The primary visual cortex is the first step in cortical visual processing, and its degree of activation is closely related to optic nerve damage that occurs in eye-related diseases. Previous studies have found FC alterations within the primary visual cortex in cases of primary angle-closure glaucoma (Wang et al., 2021), strabismus (Zhu et al., 2018), and amblyopia (Dai et al., 2019). In addition, another study has demonstrated that NAION not only damages the retinal ganglion cells and reduces optic nerve integrity, but also damages the visual cortex (Wang et al., 2011). A previous fMRI study found that activation in the bilateral occipital cortex was decreased after stimulating the affected eye in patients with NAION than after stimulating the eyes of healthy controls (Aguirregomozcorta et al., 2011). These findings indicate that NAION might be related to functional changes within the primary visual cortex. However, it remains unclear whether there are FC changes between the primary visual cortex and the other cortical regions in NAION. Here, we hypothesized that there may be significant changes in FC between the primary visual cortex and other cortical regions in NAION, and the changes would be consistent with the visual network pathology observed in patients with NAION.



MATERIALS AND METHODS


Participants

Thirty-one patients with NAION (20 males and 11 females) who visited the ophthalmology Department at Dong Fang Hospital affiliated with Beijing University of Chinese Medicine were enrolled in the study according to the following inclusion criteria: (1) a typical clinical history of sudden, painless, and monocular visual loss or successive bilateral visual loss; (2) receival of standardized treatment and evaluation at our hospital; and (3) no history of coronary artery disease, hypertension, sleep disorders, or drug addiction. The exclusion criteria were as follows: (1) systemic features suggesting optic neuritis, giant cell arteritis, posterior ischemic optic neuropathy, or a history of optic tumor or other ocular disease; (2) symptoms of neurological disorders, mental disorders, or the inability or unwillingness to cooperate; and (3) abnormal function in the liver or kidney. In addition, 31 healthy controls (HCs) matched for age and gender were recruited according to the following criteria: (1) no history of ocular disease or symptoms of neurological disease; and (2) visual acuity > 1.0 on the vision chart. All participants underwent a vision acuity test, intraocular pressure measurement, a central visual field test, optical coherence tomography to measure retinal nerve-fiber layer thickness, and MRI scanning.



Imaging Data Acquisition

All participants were scanned by a 1.5 Tesla MRI scanner (Intera Achieva System, Royal Philips, Amsterdam, Netherlands) with an eight-channel head coil. The participants were asked to wear sponge earplugs and a black blinder and to refrain from thinking about anything during the scans. The functional data were obtained using an echo planar imaging (EPI) pulse sequence with each scan. Thirty-five axial slices were acquired with the following parameters: repetition time = 3,000 ms, echo time = 30 ms, flip angle = 90°, field of view = 220 mm × 220 mm, matrix = 64 × 64, thickness = 3.6 mm, and gap = 0.72 mm, 100 time points. The total scan time was 300 s. Furthermore, high-resolution structural images (3D BRAVO) were acquired with the following parameters: matrix = 256 × 256, field of view = 256 mm × 256 mm, thickness = 1.0 mm, number of excitations = 2, repetition time = 6.5 ms, echo time = 3.2 ms, and flip angle = 8°, number of slices = 160.



Functional Magnetic Resonance Imaging Data Processing

All data were analyzed using the Data Processing Assistant for Resting State fMRI (DPARSF)1, which is based on Statistical Parametric Mapping version 8 (SPM8)2 and the Resting-State fMRI Data Analysis Toolkit (REST)3, and was implemented in MATLAB 2014a (Mathworks, Natick, MA, United States). The following preprocessing steps were employed: the first 10 volumes were removed because of signal equilibrium and participants take time to adapt to the scanning environment; after that, slice timing and head motion correction were performed. Participants with head movements greater than 1.5 mm along any axis (x, y, or z) or greater than 1.5° in any direction were excluded (four patients were removed from data analysis for this reason). Next, based on the standard stereotaxic coordinate system, the corrected fMRI images were spatially normalized to a Montreal Neurological Institute (MNI) template brain; each voxel was resampled to isotropic 3 mm × 3 mm × 3 mm. The covariates (whole-brain head motion parameters, cerebrospinal fluid signal, and white matter signal) were removed after that. Then, linear trends in the time courses were removed and temporally bandpass filtered (0.01–0.08 Hz) to reduce the effect of physiological high-frequency respiration and cardiac noise, and low-frequency drift; finally, the images were smoothed with a full-width-at-half-maximum Gaussian kernel of 4 mm × 4 mm × 4 mm.

The primary visual cortex, known as Brodmann’s area 17 (BA17), is the core area of visual processing in the brain. A previous study reported that the activation in bilateral primary visual cortex was altered in patients with NAION (Aguirregomozcorta et al., 2011). Therefore, we defined the region of interest (ROI) as bilateral BA17 according to the WFU-atlas (Maldjian et al., 2003, 2004) and previous studies (Ding et al., 2013; Zhu et al., 2018). Each ROI was a sphere with a radius of 5 mm. The FC value was determined by the Pearson’s correlation coefficient of the time series of each ROI and other gray matter voxels. To improve the normal distribution, the correlation coefficients of r values were converted to z values by applying Fisher’s r-to-z conversion. The final fMRI results were presented by REST software and BrainNet Viewer.4



Statistical Analysis

Two-sample t-tests were used to detect the differences in FC values between the two groups of participants, with gender, age, and duration of disease as covariates (P < 0.05, corrected for multiple comparisons using a false discovery rate).

Independent-sample t-tests were used to compare the clinical data between patients with NAION and HCs using SPSS 17.0 software (SPSS Inc., Chicago, IL) (P < 0.05, uncorrected). Pearson’s linear correlation analyses were used to assess the relationships between the mean FC values of brain regions with statistical difference and clinical parameters in NAION patients (P < 0.05, uncorrected). Furthermore, the receiver operating characteristic (ROC) curve method was performed to classify different FC values between NAION patients and HCs (P < 0.05, uncorrected).



RESULTS


Demographic and Clinical Data

Table 1 shows the demographic and clinical data for the NAION patients and HCs. We found significant differences in vision acuity (P < 0.01), thickness of the retinal nerve-fiber layer (P < 0.01), intraocular pressure (P < 0.01), and the size of the central visual field (P < 0.01). No significant differences were found between groups in participant age.


TABLE 1. Demographic and clinical characteristics of the NAION patients and HCs.
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The Brain Areas With Functional Connectivity Differences Between the Non-arteritic Anterior Ischemic Optic Neuropathy Patients and Healthy Controls

The FC distribution maps for each group are shown in Figures 1, 2 for the left and right BA17, respectively. Compared with HCs, patients with NAION exhibited significantly decreased FC between the left BA17 and the right inferior frontal gyrus (IFG), and left caudate nucleus (Figure 1 and Table 2). Moreover, patients also showed significantly increased FC between the right BA17 and the left olfactory gyrus and significantly decreased FC between the right BA17 and the right SFG, and right insula (Figure 2 and Table 2).
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FIGURE 1. The brain regions with significant FC changes in NAION patients when the left BA17 was used as the seed region. FC, functional connectivity; NAION, non-arteritic anterior ischemic optic neuropathy; BA, Brodmann’s area.
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FIGURE 2. The brain regions with significant FC changes in NAION patients when the right BA17 was used as the seed region. FC, functional connectivity; NAION, non-arteritic anterior ischemic optic neuropathy; BA, Brodmann’s area.



TABLE 2. The brain regions with statistically different FC values between the NAION patients and HCs.
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Correlations Between the Clinical Data and Brain Functional Changes in Non-arteritic Anterior Ischemic Optic Neuropathy Patients

In the study, we calculated Pearson correlation coefficients between the mean FC values of the brain regions with statistical difference and the clinical data in patients with NAION. The decreased FC values in the right insula were positively correlated with the right side of mean sensitivity (MS) in the central field of vision (r = 0.52, P < 0.01) and negatively correlated with the right side of mean defect (MD) in the central field of visual (r = −0.55, P < 0.01) (Figure 3) when the ROI was the right BA17. No significant correlations were found between mean FC values of any brain regions and the gender, duration of illness, vision acuity, intraocular pressure, or the thickness of the retinal nerve-fiber layer (all P ≥ 0.01).
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FIGURE 3. Correlation analysis between the FC values in brain regions with significant differences and clinical variables. (A) The Pearson correlation shows a positive association between the mean FC values in the right insula and the right side of MS in NAION patients. (B) The Pearson correlation reveals a negative association between the mean FC values in the right insula and the right MD in NAION patients. FC, functional connectivity; NAION, non-arteritic anterior ischemic optic neuropathy; MS, mean sensitivity; MD, mean defect.




The Brain Functional Changes in Non-arteritic Anterior Ischemic Optic Neuropathy Patients as Diagnostic Indicators

The areas under the curve (AUC) of FC values in brain regions with statistical difference were as follows (Figure 4): right IFG (0.76, P < 0.001, 95% confidence interval (CI): 0.64–0.88), left caudate nucleus (0.71, P < 0.001, 95% CI: 0.58–0.84), right SFG (0.80, P < 0.001, 95% CI: 0.69–0.91), left olfactory gyrus (0.77, P < 0.001, 95% CI: 0.66–0.89), right insula (0.66, P < 0.05, 95% CI: 0.52–0.79). The AUC of the FC values in the brain regions associated with the primary visual cortex (including right IFG, right SFG, left olfactory gyrus, and left caudate nucleus) was 0.90 (P < 0.001, 95% CI: 0.82–0.97).
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FIGURE 4. The mean FC values in the brain areas with significant differences between NAION patients and HCs as diagnostic indicators. (A) ROC curve analysis of the mean FC values in the right IFG and left caudate nucleus, respectively, for differentiating NAION patients from HCs when the left BA17 was used as the seed region. (B) ROC curve analysis of the mean FC values in the right SFG and left olfactory gyrus, respectively, for differentiating NAION patients from HCs when the right BA17 was used as the seed region. (C) ROC curve analysis of the combination of the four brain areas (including the right IFG, right SFG, left olfactory gyrus, and left caudate nucleus) for differentiating NAION patients from HCs. FC, functional connectivity; NAION, non-arteritic anterior ischemic optic neuropathy; HCs, healthy controls; BA, Brodmann’s area; IFG, inferior frontal gyrus; SFG, superior frontal gyrus; ROC, receiver operating characteristic.




DISCUSSION

In this study, applied seed-based FC analysis, we found significant FC changes in NAION patients compared with HCs. When the left BA17 was the seed region, we found that FC with the right IFG, left caudate nucleus was decreased in patients with NAION. In contrast, when the right BA17 was the seed region, we observed that FC with the right SFG, right insula was decreased in the patients, but that FC with the left olfactory gyrus was increased.

The frontal lobe, located anterior to the central sulcus and above the lateral fissure, is the most complex part of the brain. The IFG has been associated with emotional and cognitive empathy (Shamay-Tsoory et al., 2009), offer quality (de Berker et al., 2019), and attentional control (Hampshire et al., 2010). Previous studies have found that a number of optic disease lead to the IFG dysfunction, including optic neuritis (Sun et al., 2020), anisometropic amblyopia (Lin et al., 2012), strabismus and amblyopia (Shao et al., 2019), and primary angle-closure glaucoma (Chen et al., 2019). Moreover, in a previous study, our team found decreased amplitude of low-frequency fluctuation (ALFF) in the right IFG of patients with NAION (Guo et al., 2019). We hypothesize that these results may reflect the loss of eye motion, reduced cognition, and ongoing dysfunction in the neural networks of these patients. Because of these deficits, patients receive poor visual information about what they are seeing. In support of this theory, the present study found decreased FC between the left BA17 and the right IFG in patients with NAION. In addition, the loss of visual input from the eye diminished activity in corresponding parts of the visual cortex. A previous study has demonstrated that patients with NAION exhibit reduced activation in the occipital cortex when stimulating the affected eye (Aguirregomozcorta et al., 2011). Thus, the decreased FC between BA17 and IFG might reflect compensatory inhibition in patients with NAION that reduces the influence of the poor visual information. In addition to the IFG, many studies have also shown that optic diseases are associated with dysfunction in the SFG (Min et al., 2018; Xu et al., 2019; Wang et al., 2021). The SFG occupies one-third of the frontal lobe and is thought to be the main premotor area (Peng et al., 2021). It plays roles in working memory presentation of visual space (Leavitt et al., 2018), and is also related to acute social stress (Chang and Yu, 2019), cognitive control (Tully et al., 2014), and self-consciousness (Hsieh et al., 2011). One study reported increased ALFF in the right SFG of patients with strabismus and amblyopia (Min et al., 2018). Xu et al. (2019) observed that patients with corneal ulcer demonstrated significantly increased regional homogeneity values in bilateral SFG. The abnormal activity in the SFG might reflect a strengthening of networks in patients with visual loss. Interesting, decreased FC between the BA17 and the right SFG was observed in patients with high-tension glaucoma (Wang et al., 2021). In the present study, we found that the FC values between the right BA17 and the right SFG was decreased in patients. This may indicate an impaired functional network between the SFG and the primary visual areas. Though lacking a detailed statistical analysis, we can speculate that the decreased FC can partially explain the unusual mental state reported in several patients with NAION. In addition, we speculate that NAION might influence brain executive functions and the functional integration of visual information.

The insula plays a critical role in emotion processing (Paulus et al., 2005). Additionally, it is involved in the feeling of anxiety (Paulus and Stein, 2006), as well as threat recognition and conscious urges (Craig, 2002; Lerner et al., 2009). Abnormal brain activity in the insula is also associated with diseases of the eyes, such as glaucoma (Chen et al., 2019), monocular blindness (Shao et al., 2018), and optic neuritis (Shao et al., 2015). Shao et al. (2018) found that patients with monocular blindness in the left eye showed increased voxel-mirrored homotopic connectivity in the insula. However, our results in the current study showed that the FC values between the right BA17 and the right insula was decreased in patients with NAION, which is contrary to what other studies have found (Shao et al., 2015, 2018; Chen et al., 2019). Our new results provide further support for our previous finding that ALFF in patients with NAION is abnormal (Guo et al., 2019). NAION is an acute clinical symptom. It is characterized by sudden, painless unilateral loss of vision, which easily sparks emotional reactions. However, many patients had experienced NAION for several years (average duration, 6.00 ± 1.12 years) before visiting our hospital, and they might have become used to their condition. Thus, the decreased FC with the insula that we observed might reflect an inhibitory effort in patients with NAION to suppress their strong emotions. Meanwhile, we found that the FC values between the right insula and the right BA17 were positively correlated with right side of MS (r = 0.52, P < 0.01) and negatively correlated with right side of MD (r = −0.55, P < 0.01). Both MS and MD are key components of the central field of vision, and are important clinical parameters for assessing the severity of ophthalmological lesions; smaller MS and larger MD indicate more severe the damage. Thus, our current results may reflect ongoing damage and the severity in NAION. Furthermore, these correlations may suggest that the severity of ipsilateral damage in the eye extends down through visual-associated cortex. Thus, the more damage is observed in MS and MD, the more we can assume dysfunction in the ipsilateral insula.

The caudate nucleus is a part of the basal ganglia that is involved in a range of functions. The nucleus is thought to play an important role in the regulation of cortical excitability and sensory processing (Villablanca, 2010). Furthermore, the nucleus has afferent, efferent, and loop connectivity with the anterior insula cortex and orbitofrontal gyrus (McGeorge and Faull, 1989). Cai et al. (2015) found that patients with primary angle-closure glaucoma demonstrated increased degree centrality in the left anterior cingulate cortex and caudate. They thought that this finding was related to altered proprioception and somatosensory processing. In addition, the caudate nucleus also plays an important role in processing spatial visual information (Gombköto et al., 2011). Our current results showed that the FC values between the left BA17 and the left caudate nucleus was decreased in the patients with NAION. These results may provide direct evidence that NAION is associated with dysfunction of the caudate nucleus. We think that the decreased FC might reflect neural plasticity that compensates for NAION-related deficits and helps prevent secondary damage.

Interestingly, in addition to the decreased FC reported above, we also found increased FC between the right BA17 and the left olfactory gyrus in the patients with NAION. To compensate for the lack of vision, individuals with early onset blindness often experience enhancements in their remaining senses, including the sense of smell. At the same time, the visual cortex can undergo remodeling so that it can receive and process non-visual inputs (Araneda et al., 2016). Gagnon et al. (2015) found that congenitally blind individuals demonstrated enhanced olfaction compared with sighted controls. The enhanced olfactory function can also develop in optically related diseases. Gugleta et al. (2010) found that patients with primary open-angle glaucoma showed alterations in olfaction. Although the pathogenesis is different, the visual impairment in patients with NAION or primary open-angle glaucoma is secondary. Indeed, research into whether the disease leads to olfactory disorders is lacking. Therefore, our current finding could represent an instance of brain plasticity in which the pathway between the visual cortex and olfactory cortex are strengthened. Thus, we speculate that the increased FC between the right BA17 and the left olfactory gyrus may be a compensatory response to the impaired vision in NAION.

In previous studies (Zhu et al., 2018; Jiang et al., 2019; Su et al., 2020), ROC analyses were successfully used to discriminate ocular disease from HCs. In the present study, ROC analysis was applied to identify patients with NAION. The AUC denotes a relatively good accuracy at values over 0.80. Our results indicated a moderate ability to discriminate patients with NAION from controls using the FC values in the brain areas with statistical difference. Although some regions, including the right IFG, right SFG, left olfactory gyrus, and left caudate nucleus, are located in the non-visual cortex, they functionally connect with the primary visual cortex. Therefore, these regions were visually relevant areas. The AUC value was 0.90 when the above regions were combined. Therefore, the results in the present study indicate that the combination of FC values in these regions may serve as a potential biomarker for distinguishing patients with NAION from HCs.

This study has several limitations. First, neuropsychological tests were not performed in the present study. This was because NAION can be accompanied by strong emotional states in some patients, which might influence the accuracy of the tests. Second, the present study included patients in whom both eyes were affected, but at different times. It is difficult to recruit patients who have only one affected eye because follow-up can occur years after the first eye is affected. Further research is required to examine this issue in more detail. Third, the number of NAION patients in the study was small. The accuracy of the results would be improved with larger sample sizes in future studies.



CONCLUSION

Patients with NAION showed significant changes in functional connections between the primary visual cortex and several other brain regions not directly related to visual function. The FC changes in these areas shed light on the neural plasticity in NAION patients and could act as a possible biomarker for distinguishing patients with NAION from HCs. These findings support that NAION may be a neuro-ophthalmological disease.
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Two-sample t-test was used to determine the differences between NAION patients
and HCs. The threshold was set with P < 0.05, corrected for multiple comparisons
by the false discovery rate.

FC, functional connectivity; NAION, non-arteritic anterior ischemic optic neuropa-
thy; HCs, healthy controls; MINI, Montreal Neurological Institute; BA, Brodmann’s
area; ROI, region of interest; IFG, inferior frontal gyrus; SFG, superior frontal gyrus;
L, left; R, right.
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IOR, intraocular pressure; CVF, central vision field; MD, mean defect; MS, mean

sensitivity.





