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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.
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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.
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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.
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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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