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Resting-State Functional Magnetic Resonance Imaging and Functional Connectivity Density Mapping in Patients With Optic Neuritis












	 
	ORIGINAL RESEARCH
published: 14 October 2021
doi: 10.3389/fnins.2021.718973





[image: image]

Resting-State Functional Magnetic Resonance Imaging and Functional Connectivity Density Mapping in Patients With Optic Neuritis

Ke Song1, Yong Wang2, Mei-Xia Ren2, Jiao Li2, Ting Su3,4, Si-Yi Chen5, Yi Shao5* and Ya-Li Lv6*

1Department of Equipment, Xi’an People’s Hospital, Xi’an Fourth Hospital, Xi’an, China

2Department of Ophthalmology, Xi’an People’s Hospital, Xi’an Fourth Hospital, Xi’an, China

3Fujian Provincial Key Laboratory of Ophthalmology and Visual Science, Eye Institute of Xiamen University, Medical College of Xiamen University, Xiamen, China

4Department of Ophthalmology, Massachusetts Eye and Ear and Harvard Medical School, Boston, MA, United States

5Department of Ophthalmology, The First Affiliated Hospital of Nanchang University, Nanchang, China

6Department of Neurology, Xi’an People’s Hospital, Xi’an Fourth Hospital, Xi’an, China

Edited by:
Dahua Yu, Inner Mongolia University of Science and Technology, China

Reviewed by:
Wensi Tao, University of Miami Health System, United States
Jin Yuan, Sun Yat-sen University, China
Weihua Yang, Nanjing Medical University, China

*Correspondence: Yi Shao, freebee99@163.com; Ya-Li Lv, 1104867139@qq.com

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

Received: 01 June 2021
Accepted: 22 September 2021
Published: 14 October 2021

Citation: Song K, Wang Y, Ren M-X, Li J, Su T, Chen S-Y, Shao Y and Lv Y-L (2021) Resting-State Functional Magnetic Resonance Imaging and Functional Connectivity Density Mapping in Patients With Optic Neuritis. Front. Neurosci. 15:718973. doi: 10.3389/fnins.2021.718973

Background: Using resting-state functional connectivity (rsFC), we investigated alternations in spontaneous brain activities reflected by functional connectivity density (FCD) in patients with optic neuritis (ON).

Methods: We enrolled 28 patients with ON (18 males, 10 females) and 24 healthy controls (HCs; 16 males, 8 females). All subjects underwent functional magnetic resonance imaging (fMRI) in a quiet state to determine the values of rsFC, long-range FCD (longFCD), and short-range FCD (IFCD). Receiver operating characteristic (ROC) curves were generated to distinguish patients from HCs.

Results: The ON group exhibited obviously lower longFCD values in the left inferior frontal gyrus triangle, the right precuneus and the right anterior cingulate, and paracingulate gyri/median cingulate and paracingulate gyri. The left median cingulate and paracingulate gyri and supplementary motor area (SMA) were also significantly lower. Obviously reduced IFCD values were observed in the left middle temporal gyrus/angular gyrus/SMA and right cuneus/SMA compared with HCs.

Conclusion: Abnormal neural activities were found in specific brain regions in patients with ON. Specifically, they showed significant changes in rsFC, longFCD, and IFCD values. These may be useful to identify the specific mechanism of change in brain function in ON.
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INTRODUCTION

Optic neuritis (ON) is a common clinical eye disease that causes inflammation of the optic nerve, sudden loss of vision, and pain during eye movement (Toosy et al., 2014). Diagnosis is typically based on history and clinical presentation. There are many ways to treat ON based on etiological classification and clarifying the pathogenic cause. Non-specific ON is mainly treated with hormone drugs to reduce inflammatory edema of the optic nerve as soon as possible to avoid irreversible neuropathy (Shi et al., 2019). Although inflammation therapy can help restore vision in patients with multiple sclerosis, vision does not return to normal in others, and may be accompanied by abnormal color vision and visual field defects. but in some cases, they cannot fully recover. ON was previously considered as a simple retinal disease, but relevant studies have shown that there are abnormalities in the function of the visual cortex of the brain in PATIENTS with ON (Audoin et al., 2006), which makes it necessary for us to study more potential neural mechanisms of ON.

Functional magnetic resonance imaging (fMRI) has been used in ON research. It can be used to study variation in brain functional connectivity (FC) in resting state and provides more information about cortical activity. Compared with conventional MRI, fMRI offers more information about the activity of the cerebral cortex, allows precise localization, does not cause radiation damage, and facilitates the combination of functional and anatomical imaging. When the ON patient is examined, the functional state of the visual cortex and visual pathway can be non-invasively assessed. Today, fMRI has been employed for neurological studies of eye diseases such as corneal ulcer (Zhu et al., 2019), primary angle-closure glaucoma (Huang et al., 2015), and anisometropic amblyopia (Liang et al., 2017). Related resting state studies have tentatively elucidated the functional changes in the brain associated with these eye diseases.

Resting-state functional connectivity (rsFC) analysis is a valid way to measure the temporal correlation between two successive blood oxygen level-dependent signals and to estimate spontaneous brain activity (Liu et al., 2021). We can calculate the long- and short-distance functional connectivity density (longFCD and IFCD) by mapping the whole-brain functional connectivity density (FCD). These measures help assess functional information in the whole brain. FCD can reflect the characteristics of spontaneous neural activity to reveal functional relationships between different brain regions. Greater FCD values for particular voxels indicate that those voxels are functionally connected to a greater number of other brain voxels and suggest that those voxels play more important roles during information processing. RsFC has been utilized to investigate the abnormal FCD changes in a variety of conditions such as Parkinson’s disease (Hu et al., 2017), depression (Maglanoc et al., 2019), and amblyopia (Liang et al., 2017).

Although many previous studies using fMRI found that patients with ON had reduced functional connectivity within the visual system, showed neuronal morphological changes in the ON, there was far less evidence for changes in the neuromechanism of brain in patients with ON. The purpose of this study is to evaluate rsFC in ON patients in a resting state, including longFCD and IFCD value changes. We tried to use the resting FC method to evaluate functional connection density (FCD) in patients with ON, and to determine the abnormal areas of brain activity. Our results may help clarify the potential neural mechanisms of ON.



MATERIALS AND METHODS


Subjects

We collected data from 28 patients with ON (18 males, 10 females) and 24 healthy controls (HCs; 16 males, 8 females). All the subjects underwent fMRI in resting state.

The ON patient inclusion criteria were: (1) acute eye pain and vision loss, (2) vision abnormalities associated with nerve fiber damage, (3) a relative pupillary block or abnormal visual evoked potential, (4) no brain parenchyma abnormalities on MRI, and (5) no other eye disease. The exclusion criteria for patients were: (1) eye injury or surgery, (2) cardiovascular diseases, (3) mental illness (anxiety, depression, etc.), or (4) other problems that may have hindered the acquisition of rsFC and FCD values.

The inclusion criteria for HCs were: (1) no eye disease with best-corrected visual acuity (BCVA) >1.0, (2) no history of addiction, (3) no mental illness, and (4) no contraindications for MRI.

All the methods used in the study were in accordance with medical ethics and the Helsinki declaration. All subjects agreed to participate, knew about the purpose and potential risks, and signed informed consent forms.


MRI Data Acquisition

A 3.0-Tesla MR scanner was used for data acquisition. Subjects were asked to remain still during scanning. The following parameters were used for the T1 and T2 sequences: repetition time (TR) 1,900 ms, echo time (TE) 2.26 ms, thickness 1.0 mm, clearance 0.5 mm, field of view (FOV) 250 mm × 250 mm, matrix 256 × 256, flip angle (FA) 9°, and a total of 176 sagittal sections. Next, 240 functional images were obtained using the gradient echo plane image sequence in the static scanning session: TE 30 ms, section clearance 1 mm, matrix 64 × 64, and FA 90°. We collected 35 oblique slices.



Data Analysis

The resting images were preprocessed using the brain imaging data processing and analysis box (DPABI2.1) based on MATLAB2010a software (MathWorks Inc., Natick, MA, United States). First, the initial 10 volumes were discarded for signal stabilization. Then, the remaining 200 volumes were realigned to the first volume after correcting for the differences in acquisition times, during which the mean frame-wise displacement (FD) was calculated. We used the Friston 24 head motion parameter higher-order model to reduce effects of head movement (Satterthwaite et al., 2013; Yan et al., 2013). Next, the images were normalized into the Montreal Neurological Institute (MNI) space. Finally, 0.01–0.1 Hz band pass filtering was performed for the time series of every voxel to reduce the influence of other factors such as low-frequency drift, respiration, and linear attenuation.



Long- and Short-Distance Functional Connectivity Density Mapping

Based on the Pearson correlation values of voxel activity, we connected the functions of voxels as a binary chart of node degrees. The MATLAB BrainWave toolbox (MathWorks Inc.) was used to calculate IFCD and longFCD values for each node to estimate several network connectivity measures. Node and local efficiency estimation is an adaptive estimate of the performance of small-world brain function network (Song et al., 2021). A relevant threshold r > 0.25 was used to define given voxels with other whole-brain FC values for the voxel (Hata et al., 2016). The IFCD voxels in the adjacent area (anatomical distance ≤14 mm) that met the threshold that mean r > 0.25 and distances >14 mm were defined as longFCD. To normalize the data, IFCD and longFCD maps were translated to Z scores. Finally, statistical parameter mapping using SPM8 (MathWorks Inc.) was used to apply a 6 mm × 6 mm × 6 mm full-width Gaussian kernel to smooth IFCD and longFCD maps.



Ophthalmic Testing

The BCVA of right eye was measured for all subjects using the Snellen acuity chart at a distance of 5 m with the line of sight parallel to line 1.0.



Statistical Analysis

SPSS 16.0 software (SPSS, Chicago, IL, United States) was used to analyze the clinical variables. The values of rsFC, longFCD, and IFCD in the ON and HC groups were tested with independent-sample t-tests. Two-sample t-tests were used to evaluate differences between IFCD and longFCD maps (voxel level P < 0.01, corrected by GRF). The mean FD calculated during the preprocessing step was accounted for by including this term as a covariate. The linear model was built using the SPM8 toolkit. The receiver operating characteristic (ROC) curve method was applied to analyze between-group differences in brain regions of average rsFC, longFCD, and IFCD. Pearson correlations were used to assess the relationship between ON patient clinical characteristics and the rsFC, longFCD, and IFCD values. For all analyses, differences were considered significant at P < 0.05.



RESULTS


Demographic and Visual Measurements

There were no significant differences in weight or age between the ON and HC groups. As expected, significant differences were observed in BCVA between groups. The mean time of ON was 46.32 ± 5.65 days in the patient group (Table 1). Due to the uncertainty of patients’ visit time, we did not include factors such as the length of disease in the study scope.


TABLE 1. Participant characteristics.
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Functional Connectivity Density Analysis

The ON group presented with obviously lower longFDC values in the triangular part of the left inferior frontal gyrus (IFGtriang), right precuneus (PCUN), and right anterior cingulate and paracingulate gyri/median cingulate and paracingulate gyri (ACG/DCG). The left median cingulate and paracingulate gyri (DCG) and supplementary motor area (SMA) values were also significantly lower (Table 2 and Figure 1). Moreover, significantly reduced IFCD values were detected in the left middle temporal gyrus (MTG)/angular gyrus (ANG)/SMA and the right cuneus (CUN)/SMA (Table 3 and Figure 1).


TABLE 2. The binarized longFCD differences between the ON and HC groups.
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FIGURE 1. (A) Binarized longFCD (left) and IFCD (right) values in different brain regions. (B) Binarized longFCD and IFCD differences between the HC and ON groups. Yellow areas show lower values in ON groups. (C) Significant IFCD differences were observed in the left middle temporal gyrus/angular gyrus/supplementary motor area/right cuneus/supplementary motor area. Significant longFCD differences were observed in the left inferior frontal gyrus, triangular part/right precuneus/right anterior cingulate, paracingulate gyri/median cingulate, paracingulate gyri/left median cingulate, and paracingulate gyri/supplementary motor area. longFCD, long-range functional connectivity density; IFCD, short-range functional connectivity density; PAT, patient; HCs, healthy controls; L, left; R, right.



TABLE 3. Binarized IFCD differences between the ON and HC groups.
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Receiver Operating Characteristic Curve Analysis

Differences in rsFC, longFCD, and IFCD values between the ON and HC groups would suggest that they could be used as diagnostic biomarkers. The ROC curve method was used to test this. An area under the curve (AUC) value of 0.5–0.7 indicates low precision, 0.7–0.9 indicates medium precision, and >0.9 indicates high precision. The rsFC analysis results are shown in Figure 2. The AUCs were 0.876 [P < 0.001; 95% confidence interval (CI): 0.762–0.990] for the IFGtriang, 0.762 for the right PCUN (P = 0.001; 95% CI: 0.632–0.893), 0.747 for the right ACG (P = 0.003; 95% CI: 0.599–0.894), 0.747 for the right DCG (P = 0.003; 95% CI: 0.601–0.893), 0.792 for the left DCG (P < 0.001; 95% CI: 0.656–0.928), and 0.761 for the left SMA (P = 0.001; 95% CI: 0.625–0.896) (Figure 2A). The AUCs were 0.744 (P = 0.003; 95% CI: 0.600–0.887) for the left MTG, 0.733 for the left ANG (P = 0.005; 95% CI: 0.588–0.878), 0.758 for the right CUN (P = 0.002; 95% CI: 0.623–0.892), 0.778 for the right SMA (P = 0.001; 95% CI: 0.635–0.921), and 0.713 for the left SMA (P = 0.010; 95% CI: 0.563–0.862) (Figure 2B).
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FIGURE 2. Receiver operating characteristic curve analysis of the mean longFCD (A) and IFCD (B) values for altered brain regions. (A) ROC curve analysis of the gFCD values for altered brain regions. The area under the ROC curve were 0.876 (P < 0.001; 95% CI: 0.762–0.990) for Frontal_Inf_Tri_L; Precuneus_R 0.762 (P = 0.001; 95% CI: 0.632–0.893), Cingulum_Ant_R 0.747 (P = 0.003; 95% CI: 0.599–0.894); Cingulum_Mid_R 0.747 (P = 0.003; 95% CI: 0.601–0.893), Cingulum_Mid_L 0.792 (P < 0.001; 95% CI: 0.656–0.928), and Supp_Motor_Area_L 0.761 (P = 0.001; 95% CI: 0.625–0.896). (B) ROC curve analysis of the IFCD values for altered brain regions. The area under the ROC curve were 0.744 (P = 0.003; 95% CI: 0.600–0.887) for Temporal_Mid_L, Angular_L 0.733 (P = 0.005; 95% CI: 0.588–0.878), Cuneus_R 0.758 (P = 0.002; 95% CI: 0.623–0.892), Supp_Motor_Area_R 0.778 (P = 0.001; 95% CI: 0.635–0.921), and Supp_Motor_Area_L 0.713 (P = 0.010; 95% CI: 0.563–0.862). AUC, area under the curve; IFCD, short-range functional connectivity density; longFCD, long-range functional connectivity density; ROC, receiver operating characteristic.




DISCUSSION

The current study investigated the alterations of functional organization for ON patients using a recently developed FCD method. FCD, a reliable rs-fMRI analytical method has been widely used in the study of various ophthalmic and neurological diseases (Wang et al., 2014; Qin et al., 2015; Zhai et al., 2016; Hu et al., 2017; Chen et al., 2019; Li et al., 2019; Dai et al., 2020; Pedersini et al., 2020; Table 4). In addition to impaired visual function, the ON group showed significantly reduced longFCD values compared with HCs in the left IFGtriang, right PCUN, right ACG/DCG, and left DCG/SMA (Figure 3). Obviously decreased IFCD values were also found in the left MTG/ANG/SMA and right CUN/SMA (Figure 4).


TABLE 4. Functional connectivity density method applied in ophthalmologic and neurogenic diseases.

[image: Table 4]
[image: image]

FIGURE 3. Mean longFCD values of altered brain regions in the ON group. The spot size indicates the extent of change. The longFCD values of the following regions were reduced: 1-inferior frontal gyrus, triangular part (BA44, t = –4.14), 2-precuneus (BA7, t = –3.43), 3-anterior cingulate and paracingulate gyri (BA2, t = –3.45), 4-median cingulate and paracingulate gyri (BA24, t = –3.29), 5-median cingulate and paracingulate gyri (BA24, t = –4.01), and 6-supplementary motor area (BA6, t = –3.34). gFCD, long-range functional connectivity density; PAT, patient; HCs, healthy controls; BA, Brodmann’s area.
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FIGURE 4. Mean IFCD values of altered brain regions in the ON group. The spot size indicates the extent of change. The IFCD values of the following regions were reduced: 1-middle temporal gyrus (BA32, t = –3.81), 2-angular gyrus (BA44, t = –3.67), 3-cuneus (BA19, t = –3.98), 4-supplementary motor area (BA24, t = –3.78), and 5-supplementary motor area (BA6, t = –3.20). IFCD, short-range functional connectivity density; PAT, patient; HCs, healthy controls; BA, Brodmann’s area.


A previous study showed that some brain areas show greater activity at rest than during tasks. These areas are important for maintaining brain stability. In the resting state, the brain’s default mode network (DMN) is continuously activated (Song et al., 2021). The DMN encompasses many brain functional areas including the medial frontal lobe, anterior cingulate, inferior temporal lobe, posterior cingulate, PCUN, and inferior parietal lobe (IPL). These brain functional areas have been the focus of default mode research (Raichle et al., 2001). Several studies have shown dysfunction of DMN in Parkinson’s disease (Beason-Held, 2011), Alzheimer’s disease (Yao et al., 2014), schizophrenia (Chang et al., 2015), and depression (Pankow et al., 2015). Toosy et al. (2002) found abnormal activation of the posterior parietal and lateral temporal cortices in ON patients, while Werring et al. (2000) found similar activation in the lateral temporal lobe, posterior parietal cortex, and thalamus. Rocca et al. (2010) reported DMN abnormalities associated with cognitive impairment in ON patients. In support of these findings, we found that the longFCD values of the right PCUN, bilateral median cingulate gyrus and accessory cingulate gyrus, and the right anterior cingulate gyrus were lower in ON patients (r = –0.762, P = 0.001, Figure 5). This study showed a significant negative correlation even after removing a large bias data. We speculate that the decreased FCD signal value of the left middle frontal gyrus may reflect the damage to DMN in ON. Collectively, these findings indicate that ON has a negative effect on DMN activity.
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FIGURE 5. Correlations between the mean IFCD values and BCVA-R (logMAR) and correlations between the mean longFCD values and HADS. There was a negative correlation with the IFCD values of the left angular gyrus and the longFCD values of the right anterior cingulate and paracingulate gyri. IFCD, short-range functional connectivity density; gFCD, long-range functional connectivity density; BCVA-R, best corrected visual acuity of right eye. HADS, Hospital Anxiety and Depression Scale.


Interestingly, the bilateral anterior cingulate/medial frontal back longFCD signal was lower than in other areas. Previous studies associated anterior cingulate cortex dysfunction with pain and depression (Onoda and Yamaguchi, 2015; Russo and Sheth, 2015), there may be abnormal in patients with ON with pain and depression. Therefore, impaired vision in patients with ON may be related to bilateral PCUN dysfunction (Colby et al., 1988; Wang et al., 2008). Further confirmation of the association of ON with depression and pain symptoms will be planned in more detail in subsequent studies. The IPL consists of the lbIPS, AG, and SMG (Zhang and Li, 2014), and the ANG is related to the processing of visual spatial information (Egner et al., 2008). We observed decreased IFCD values in the left ANG. Therefore, we concluded that ON can lead to dysfunction of the left ANG (r = −0.733, P = 0.005). The decrease in IFCD value reflects the severity of nerve injury (Figure 5). Furthermore, from what we have discussed above, here is a summary of the function of the above cerebral regions and the effects of the corresponding dysfunction (Table 5).


TABLE 5. Brain regions alternation and its potential impact.

[image: Table 5]The present study has several limitations. First, the sample was relatively small. The second reason is that ON is an inflammation that varies significantly in duration and severity. In the following study, we will expand the sample size and adopt more rigorous evaluation methods.



CONCLUSION

In summary, we found that ON patients showed abnormal neural activity in specific brain areas, including significant changes in binary rsFC, longFCD, and IFCD values. These findings may help identify specific mechanisms underlying changes in functional brain activity in patients with ON, to provide assistance for the diagnosis of ON. Some limitations exist in our study, for example, the sample size was relatively small although available results have shown some correlation and we did not assess patients before and after treatment. We hope to investigate the effect of treatment of larger samples in future studies.
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