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Background: The fractional amplitude of low-frequency fluctuation (fALFF) method has been underutilized in research on the pathogenesis and clinical manifestations of ocular hypertension (OH).

Purpose: This study uses resting state functional magnetic resonance imaging (rs-fMRI) and fALFF to investigate the nature of spontaneous brain activity in OH patients and the relationship, if any, between changes in activity and clinical features.

Materials and Methods: A total of 18 subjects (9 females and 9 males) with ocular hypertension (OH) and 18 healthy controls (HCs) matched for gender, age, and educational level were recruited to this study. All participants underwent an rs-fMRI scan, and spontaneous brain activity was assessed using the fALFF method. Receiver operating characteristic curves were plotted to investigate differences between OH and HC groups.

Results: The fALFF values of OH patients were significantly higher in the left precuneus lobe (LP), compared with the same region in controls (P < 0.05). Conversely, values in the left anterior cingulate lobe (LAC), were significantly lower (P < 0.05) in OH than in controls. However, no significant association was found between the mean fALFF values and clinical characteristics in either brain area.

Conclusion: High spontaneous activity in two brain areas may reflect neuropathological mechanisms underpinning visual impairment in OH patients.
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INTRODUCTION

Ocular hypertension (OH) is a condition in which intraocular pressure (IOP) is >21 mmHg (1 mmHg = 0.133 kPa) but without glaucomatous fundus appearance or optic nerve damage (1). Studies have found that for every 1 mmHg increase in IOP, the risk of glaucoma will increase by 12%, and that for every 1 mmHg interocular difference in IOP the risk of OH transforming into glaucoma increases by 21% (2). Although not all people with OH will develop glaucoma (3), Elevated IOP has always been considered the main risk factor for the progression of glaucoma (4), and it is also the only known modifiable risk factor in the disease (5), about 9.5% will develop glaucomatous optic nerve damage in their lifetime (6).

Generally, OH is considered to be a pre-glaucoma state (7, 8). Worldwide, glaucoma is the most common cause of irreversible blindness, and it is anticipated that by 2040, 111.8 million of the global population will have this disease (9). Since IOP is positively correlated with the development of glaucoma an understanding of the pathogenesis of OH is important to guide strategies for the prevention and treatment of glaucoma, a significant public health problem.

Many studies have investigated the nervous system in eye disease. For example, magnetic resonance imaging (MRI) has been used in research on the pathogenesis of glaucoma (10–20), and found that glaucomatous damage extends not only to the visual cortex but also to other parts of the central nervous system (21–23). This provides an important basis for further research on the neurological characteristics of patients with ocular hypertension. Resting state functional magnetic resonance imaging (rs-fMRI) is a relatively new imaging technique allowing efficient assessment of brain function in healthy people and patient populations (24). It is simple and easy to operate, non-invasive, with high spatial and temporal resolution. The resting state signals and functional responses can be used to assess brain activity and tissue morphology in non-task states and to analyze disease mechanisms affecting brain tissue (25, 26). Research methods based on rs-fMRI such as functional connectivity (Fc), regional homogeneity (ReHo), voxel-based morphometry (VBM),amplitude of low-frequency fluctuation(ALFF), and fractional ALFF (fALFF) can explore abnormal functional changes in brain regions related to the occurrence and development of diseases. A study on OH found that abnormal regional activity appeared in patients with high-tension glaucoma (27). ALFF method refers to the average value of the square root of the power spectrum of the BOLD signal in the low frequency range (0.01-0.08 Hz). It is defined as a practical method of rs-fMRI to measure the strength of intensity of low-frequency oscillations (LFOs) and the spontaneous brain activity of the subject in a resting state (28). It has been widely applied research of ophthalmologist diseases such as high myopia (HM) (29), glaucoma (30, 31), optic neuritis (OP) (32), diabetic retinopathy (DR) (33), retinal vein occlusion (RVO) (34), thyroid-associated ophthalmopathy (TAO) (35), retinitis pigmentosa (RP) (36), comitant exotropia (CE) (37). However, because the accuracy of ALFF is negatively affected by non-neural activities such as movement, respiratory and cardiac noise. The fALFF was proposed by Zou et al. (38), it is the sum of the power spectrum amplitudes in the entire frequency range (0–0.25 Hz) which is divided by the amplitude in the frequency range of 0.01–0.08 Hz. It suppresses the non-specific signal components in the rs-fMRI response spectrum, so it has higher sensitivity and specificity in reflecting the changes of BOLD signal (39). The fALFF method can not only widely analyze various eye diseases (36, 37, 40–45), but also used to assess different diseases of other organs and systems (46–52) as an advanced tool (see Table 1). In this way, the fALFF method has great potential for advancing the analysis, diagnosis and treatment of other ophthalmic diseases. Therefore, through the qualitative and quantitative information it provides, rs-fMRI was combined with fALFF in the present study to observe spontaneous brain activity in the resting state and explore the neurophysiological mechanism of OH.


Table 1. fALFF method applied in ophthalmologic and other diseases.
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MATERIALS AND METHODS


Subjects

From November 2019 to September 2020, 18 OH patients (9 males and 9 females, mean age 51.18 ± 5.22 years; age range 20–60 years) and 18 HCs (9 males and 9 females; mean age 50.36 ± 5.42 years; age range 20–60 years) were recruited from the Ophthalmology Department of the First Affiliated Hospital of Nanchang University. The inclusion criteria of the OH group [in accordance with the Guideline Development Group (40)] were: (1) age 20–60 years; (2) right-handed; (3) junior high school education or above; (4) without mental illness such as depression, or drug abuse and other mismatched recipients; (5) no history of eye surgery such as laser treatment; (6) no other eye disease such as amblyopia or retinal macular disease; (7) open anterior chamber angles; (8) IOP > 21 mmHg in at least one eye without treatment; (9) no typical glaucomatous visual field defect (examined by the Humphrey 24-2 SITA standard program); (10) no nerve fiber layer defect detected by optical coherence tomography (Carl ZEISS Meditec, Inc. Cirrus HD-OCT, model 4000); (11) no typical glaucomatous changes at the optic nerve head such as enlargement of the glaucoma optic cup or narrowing of the disc edge; (12) no secondary cause of IOP increase such as ocular trauma, uveitis, or cataract; (13) no contraindication to MRI (e.g., no pacemaker or other metal foreign body).

The inclusion criteria of the healthy control group (HC) were identical, with the addition of the following: (1) best corrected visual acuity (BCVA) ≥ 1.0 and IOP in the range 10–21 mmHg; (2) no deformity on MRI examination of brain parenchyma;

The study was approved by the Medical Ethics Committee of the First Affiliated Hospital of Nanchang University and followed the tenets of the Helsinki declaration. Signed informed consent was obtained from all subjects.



rsfMRI Recording Procedure

Each MRI scan was of approximately 20 min' duration and was conducted by two experienced imaging doctors using a Siemens 3.0T Trio A Tim MRI scanner (Trio; Siemens healthineers). The instrument parameters were based on: In the axial direction, use the three-dimensional damage gradient recall sequence and set (repetition time = 1,900 ms, echo time = 2.26 ms, thickness/gap = 1.0 m/0.5 mm, acquisition matrix = 256 × 256, field of view = 250 × 250 mm, flip angle = 9°) excluded brain space-occupying diseases and obtained 176 images. Then, we use (repetition time = 2,000 ms, echo time = 30 ms, thickness/gap = 4.0 /1.2 mm, acquisition matrix = 64 × 64, field of view = 220 × 220 mm, flip angle = 90°) obtained 240 brain functional magnetic resonance images. Finally, 29 axial slices with gradient echo planar imaging pulse sequences covering the entire brain were obtained.



Analysis of fMRI Data

On the Statistical Parametric Mapping (SPM; http://www.fil.ion.ucl.ac.uk/spm; The MathWorks, Inc.) platform, performing preliminary processing on the obtained rsfMRI data according to the following steps: (1) Eliminating the first 10 volumes to improve the accuracy of the data, then using the Data Processing Assistant for rs-fMRI (DPABI, http://www.restfmri.net) to perform inter-layer time correction and head movement correction processing on the remaining 230 volumes; (2) Normalizing all fMRI images to meet the standard Montreal Neurological Institute (MNI) space, using 3 × 3 × 3 mm3 to resample; (3) Using a Gaussian kernel of 4-mm full-width at half-maximum to smooth all functional images; (4) Performing band-pass filtering (band-limit range 0.01 – 0.08 Hz) on the time series of each voxel to reduce low-frequency drift and high-frequency noise (e.g., cardiac and respiratory noise).



fALFF Methodology

Briefly, we have realized the process of converting the filtered time series of the obtained voxels into the frequency domain through the fast Fourier transform program. First, the resting state functional magnetic resonance data analysis (REST) toolkit (43) was used to calculate the ALFF value (The average square root of the power spectrum) of the voxels. Then, calculated the fALFF value (the ratio of the power in the frequency band to the power in the entire detection frequency range) of all voxels in the frequency bands of 0.01–0.1, 0.01–0.027, and 0.027–0.073 Hz of the whole brain. Finally, in order to reduce the data bias caused by inter-subject variability, we corrected the fALFF value based on the average fALFF value of whole brain.



Statistical Analysis

The chi square test was used to compare clinical categorical variables between the HC and OH groups and an independent sample t-test was used for continuous data. SPSS software (version 26.0; IBM Corp.) was used for both types of analysis. Data were expressed as mean and standard error of the mean (SEM), and P-values <0.05 were considered statistically significant. Voxel level differences between the HC and OH groups were calculated using the REST toolkit with an independent sample t-test (53), and its statistical threshold was set to P <0.05. Gaussian Random Field (GFR) theory were used for calibrations (two-tailed, voxel-level P < 0.01, cluster-level P < 0.05).



ROC Analysis

The fALFF values of different brain regions were compared using ROC curves, and the correlations between mean fALFF values and related behaviors were analyzed using Pearson's correlation. Data were plotted and correlations calculated using GraphPad Prism (version 8.0; GraphPad Software, Inc).




RESULTS


General Analysis

No statistically significant differences were found between the two groups in terms of gender, age, or inertia (P > 0.05). Monocular BCVA, IOP, optic disc color, and cup-to-disk ratio were also statistically similar between the two groups (P > 0.05). Mean duration since diagnosis in the OH group was 1.12 ± 0.32 years (Table 2; Figure 1).


Table 2. Demographics and behavioral results of OH and HCs groups.
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FIGURE 1. Example of OH and HC observed using a FC. (A) The fundus of HC-R; (B) The fundus of HC-L; (C) The fundus of OH-R; (D) The fundus of OH-L. OH, ocular hypertension; HC, healthy control; R, right; L, left; FC, fundus camera.




The Manifestation of fALFF

Mean fALFF value in the left precuneus (LP) was significantly higher in the OH group than in controls (P < 0.05; Table 3; Figure 2). Conversely, in the left anterior cingulate gyrus (LAC) the value was significantly lower in the OH group (Table 3; Figure 2). Figure 3 shows differences in mean fALFF value between the OH and HC groups. In each of the two groups, mean fALFF values in different brain regions were correlated with their clinical manifestations (P > 0.05).


Table 3. Compared with HC group, the fALFF values in OH group.
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FIGURE 2. Spontaneous brain activity in OH vs. HC. (A) Different fALFF values between the OH and HC groups. (B) Differences of brain activity in the cerebrum. Compared with HC, red represents the brain areas with increased fALFF, and blue represents the brain areas with decreased fALFF in OH patients. Multiple comparisons were corrected using Gaussian Random Field (GFR) theory (two-tailed, voxel-level P < 0.01, cluster-level P < 0.05). fALFF, fractional amplitude of low-frequency fluctuations; ALFF, amplitude of low-frequency fluctuation; OH, ocular hypertension; HC, healthy control; R, right; L, left.



[image: Figure 3]
FIGURE 3. Mean ALFF values between the OH and HC groups in the different regions of the brain. fALFF, fractional amplitude of low-frequency fluctuations; ALFF, amplitude of low-frequency fluctuations; OH, ocular hypertension; HC, healthy control; LAC, left anterior cingulate; LP, left precuneus.




The Use of ROC

To test whether the fALFF value has potential as a diagnostic marker for OH, ROC curves were constructed using mean fALFF values of the two brain regions in the OH and HC groups. An area under the curve of 0.5–0.7 is considered to indicate low accuracy, 0.7–0.9 higher accuracy, and an area higher than 0.9 represents good accuracy. Accuracy was high in the left anterior cingulate gyrus (LAC) (0.9892; P < 0.0001; Figure 4A) and lower in the left precuneus (LP) (0.8834; P < 0.0001; Figure 4B).


[image: Figure 4]
FIGURE 4. ROC curve analysis of the mean fALFF values of the two brain regions in two groups. (A) The areas under the ROC curve were: LAC 0.990, (P < 0.001; 95%CI,0.967-1.000), (B) The areas under the ROC curve were: LP 0.884 (P < 0.001; 95%CI,0.775-0.994). ROC, receiver operating characteristic; fALFF, fractional amplitude of low-frequency fluctuations; ALFF, amplitude of low-frequency fluctuation; CI, confidence interval; AUC, area under the curve;LAC, left anterior cingulate; LP, left precuneus.




The fALFF Value

The fALFF value of LP in the OH group was higher than in the HC group (t = –3.7520); while the fALFF value of LAC in the OH group was decreased (t = 5.5535) (Figure 5).


[image: Figure 5]
FIGURE 5. The mean fALFF values of altered brain regions in the OH group. (1) Compared with the HC, the fALFF values of the following regions were decreased to various extents: LAC (BA1, t = 5.5535). (2) Compared with the HC, the fALFF values of the following regions were increased to various extents: LP (BA2, t = −3.7520). fALFF, fractional amplitude of low-frequency fluctuations; ALFF, amplitude of low-frequency fluctuations; OH, ocular hypertension; HC, healthy control; R, right; L, left; BA, Brodmann's area; LAC, left anterior cingulate; LP, left precuneus.





DISCUSSION

The etiology and mechanism of OH are not well understood. This study is the first to use the fALFF method to research activity patterns in different brain regions in OH patients (Figure 5). Compared with healthy volunteers with normal IOP, the fALFF value of the left anterior cuneiform lobe of patients with OH was increased, while activity in the anterior cingulate gyrus on the ipsilateral side was decreased. These differences may be related to the functions of different brain regions.

Studies have shown that anterior cingulate gyrus and cuneiform are both indispensable components of the default-mode network (DMN), but they have both division of labor and cooperation in function (54, 55). As a part of the occipital lobe, the cuneiform lobe includes two important areas: 7M and precuneus vision (PCV) (56, 57). They are involved in visual spatial processing, contextual memory, and self-awareness in the visual system (58). Li et al. found that the default mode network (DMN) and visual cortex of patients with Primary Open-Angle Glaucoma (POAG) were significantly reduced in the fALFF value. Through the measurement table, they also found the lower the ALFF value, the more severe the disease is (41). In another study for NTG, an important subtype of POAG, which was found that the average fALFF value of the patient's right precuneus was reduced. At the same time, the fALFF value is opposite to the thickness of the retinal nerve fiber layer (RNFL) of the patients (40). In addition, in PACG patients, the left cuneus had significant lower fALFF values, but the data of this study showed that the change direction of average fALFF value of the left anterior cuneus was as the same as the trend of the patients' MDVF and RNFL thickness changes (42). In a half-year study on the adaptation of the optic nerve after cataract intraocular lens implantation, it was found that the increased fALFF value represented the brain's activation of the optic nerve adaptation mechanism: the decreased fALFF value suggested the adaptability of patient's visual function is inhibited, and the fALFF value of patients in the same group could changes from low to high or from high to low at different stages of visual function adaptation (59). Our current study found that in OH patients, the average fALFF value of the LP area was higher than that of the Hc group, which is the same as the conclusion drawn by the study of RP (36) and NVG (43). Therefore, we speculate that the intraocular pressure of patients with OH that exceeds the upper limit of the statistical value is an external manifestation of changes in brain function. The increase in the fALFF value of LP represents the activation of this brain area to adapt to visual changes. The role of maintaining normal visual function, and when OH progresses to glaucoma, such as POAG, the role of this activation adaptive mechanism is hindered, so that is why the fALFF value of the cuneiform lobe in glaucoma patients is significantly reduced, which perfectly meet the current view that ocular hypertension is regarded as a pre-glaucoma state (8, 9).

There may be two explanations for the abnormal changes of fALFF value in the two brain area of OH patients: first, it is a mechanism similar to compensatory recruitment. Due to the stimulation of the system by high intraocular pressure, the LAC area is in the adaptive compensation phase or a kind of reserve activation stage, at the same time, the LP area is in an active stage. The activities of these two areas try to achieve the purpose of adaptation through such adjustment and compensation, so that the neural network works normally; second, it reflects the plasticity of the brain, assuming that the LAC area arise neurodegenerative in the central nervous system of OH patients, but the LP area exhibits selective plasticity repair to maintain the balance. When OH has got into POAG, these two mechanisms have broken and undergone complex changes, then the activities of cuneiform and cingulate gyrus of OH correspond to the opposite in POAG. It is hard to propose whether OH and POAG disease progression is inevitable related to the changes in the fALFF value of the brain area because of differences in diseases, but if rs-MRI scans can be added to the indicator monitoring of the OH population, taking fALFF value as a reliable biological markers and continue to track them along the progression of OH to glaucoma. This will be a direction worthy of further exploration and research.


Limitations

The potential limitations of this research include, first, the relatively small number of patients, which may have led to the lack of linear correlation of responses within each brain region between the two groups. Despite this weakness, other differences between the OH group and HC group were statistically significant. Second, the research is hospital based, and may be confounded by selection bias. Third, some of the differences observed between the study group and the control group were only apparent on one side of the brain. Future research may explore whether differences elsewhere will become significant with a larger number of research participants, or whether this is a biological phenomenon. Fourth, the study was limited by the currently available imaging technology, Many phenomena have not been explained strongly enough. For example, patients with POAG and PACG are prone to negative feelings such as eye pain or ipsilateral headache when the intraocular pressure is increased. Research has found that discomfort such as pain can induce the synaptic plasticity of ACC. Thereby enhancing the response to sensory stimuli (60, 61), which may be one of the factors that affect their response to the cingulate gyrus, but this evidence is not strong enough, because NVG patients may also have similar symptoms, however, the response to the cingulate gyrus of NVG was reduced. Regrettably, neither the previous studies of other diseases by scholars nor our current study have evaluated and compared the pain value of patients. Therefore, based on the existing research, the bias caused by pain on the research cannot be ruled out for the time being, which will be further updated and more powerful in combination with evaluation factors such as pain and depression in the future.




CONCLUSION

In conclusion, our current study confirmed that there are abnormal neural activities in the LP and LAC region of the brain of OH patients, which not only allows ophthalmologists to diagnose OH faster and more accurately, but also offers a new direction for distinguishing patients with OH from PAOG. Most importantly, fALFF could be used as a sensitive biomarker for monitoring the course of OH.



AUTHOR'S NOTE

Our research aims to use the fractional amplitude of low-frequency fluctuation method to compare the performance characteristics of the same brain regions in patients with ocular hypertension and healthy volunteers under resting-state functional magnetic resonance. Our current research has confirmed that there are changes in fALFF values in two brain regions related to vision: the left precuneus lobe (LP) and the left anterior cingulate lobe (LAC). This not only shows that although patients with ocular hypertension have not experienced significant changes in the fundus for the time being, they still need to cooperate with regular review and close follow-up. It also provides reliable evidence and effective ideas for the pathogenesis of the disease at the level of the central nervous system.
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Independent t-tests comparing the age of two groups (P < 0.05) represented
statistically significant differences). Male/female and Handedness were analyzed using
chi-squared test.

OH, ocular hypertension; HCs, healthy control; N/A, not applicable; VA, visuel acuity; R,
right; L, left; IOP, intraocular pressure.
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Multiple comparisons were corrected using Gaussian Random Field (GFR)theory (two-
tailed, voxel-level P < 0.01, cluster-level P < 0.05).

HC, Healthy control; OH:Ocular hypertension;MNI, Montreal Neurological Institute; BA,
Brodmann Area; LAC, left anterior cingulate; LP, left precuneus.
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