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Objective: The aim of this study is to use amplitude of low-frequency fluctuation (ALFF) as a 

method to explore the local features of spontaneous brain activity in patients with primary angle - 

closure glaucoma (PACG) and ALFFs relationship with the behavioral performances.

Methods: A total of twenty one patients with PACG (eight males and 13 females), and twenty 

one healthy subjects (nine males and twelve females) closely matched in age, sex, and education, 

each underwent a resting-state functional magnetic resonance imaging scan. The ALFF method 

was used to assess the local features of spontaneous brain activity. The correlation analysis was 

used to explore the relationships between the observed mean ALFF signal values of the different 

areas in PACG patients and the thickness of the retinal nerve fiber layer (RNFL). 

Results: Compared with the healthy subjects, patients with PACG had significant lower ALFF 

areas in the left precentral gyrus, bilateral middle frontal gyrus, bilateral superior frontal gyrus, 

right precuneus, and right angular gyrus, and higher areas in the right precentral gyrus. In the 

PACG group, there were significant negative correlations between the mean ALFF signal value 

of the right middle frontal gyrus and the left mean RNFL thickness (r=-0.487, P=0.033), and 

between the mean ALFF signal value of the left middle frontal gyrus and the right mean RNFL 

thickness (r=-0.504, P=0.020). 

Conclusion: PACG mainly involved in the dysfunction in the frontal lobe, which may reflect 

the underlying pathologic mechanism of PACG.

Keywords: angle-closure glaucoma, amplitude of low-frequency fluctuation, functional mag-

netic resonance imaging, resting state, spontaneous activity, retinal nerve fiber layer

Introduction
Primary angle-closure glaucoma (PACG), a type of optic neuropathy, is characterized 

by progressive loss of retinal ganglion cells with degenerative optic neuropathy. 

Glaucoma is the most common cause in the world resulting in irreversible blindness.1 

Angle-closure glaucoma affects Asian and Eskimo eyes more frequently than in any 

other race with similar predisposing dimensions.2 Several risk factors have been 

identified for PACG, including sex, age, shallow anterior chamber depth, and most 

importantly (and the only modifiable risk factor for glaucoma) elevated intraocular 

pressure (IOP). Therefore, reducing IOP could prevent glaucoma from developing. 

However, some patients still lose vision in spite of normal IOP after glaucoma surgery. 

Therefore, it has been found that in addition to the retinal ganglion cells, glaucoma 

also damages post-retinal mechanisms, which include the lateral geniculate nucleus 

(LGN) of the thalamus, and the primary visual cortex. Neuronal degeneration of the 

LGN and activity changes in the primary visual cortex, have been discovered using 
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experimental models of glaucoma in primates.3–5 Although 

glaucoma is commonly considered as a retinal disease, there 

is substantial evidence that not only the retina ganglion cells 

and the optic nerve but also the upstream components of the 

visual pathway and visual cortex, are affected.6 However, The 

mechanisms of optic neuropathy and cerebral functional area 

damage caused by glaucoma remain to be further explored.

Diffusion tensor imaging can quantitatively measure the 

anterior visual pathway compression using the fractional 

anisotropy (FA) and mean diffusivity, and has been applied 

to glaucoma using various post-processing techniques.7  

A previous study found glaucoma patients had an altered 

FA and mean diffusivity measurements in the optical disk, 

optic chiasma, and optic radiation, and strong correla-

tions were found between the stage of glaucoma and these 

parameters.8 The glaucoma was involved with the optic disk, 

optic nerve, primary visual processing, and lateral geniculate 

body, and showed a positive correlation with the degree of 

glaucoma.4,9,10 Other evidence demonstrated the relationship 

between the degree of visual field loss and the altered blood 

flow of the visual cortex, or the blood perfusion of primary 

visual cortex.11 Although these findings showed neuronal 

morphological changes in the glaucoma, there was far less 

evidence for the neuromechanism changes.

It is proposed that the resting-state functional magnetic 

resonance imaging (fMRI), a field of research that is cur-

rently receiving a lot of interest in neuroimaging and one 

that is suitable for central mechanism research, can detect 

the spontaneous neuronal activity of the human brain and can 

provide new insights into the pathophysiology of disease, 

because of its advantage in not requiring exposure to radioac-

tive tracers, accurate positioning, and combining functional 

imaging with structural imaging.12 The amplitude of low-

frequency fluctuation (ALFF) is an index in which the square 

root of the power spectrum is integrated in a low-frequency 

range, to detect the regional spontaneous neuronal activity 

in blood oxygenation level dependent (BOLD) signal. ALFF 

investigates the low-frequency BOLD signal fluctuation from 

the aspect of regional brain activity during rest, reflecting 

intensity of regional spontaneous brain activity. Previous 

studies have demonstrated that the ALFF showed good to 

moderate test–retest reliability.12,13 The simple calculation 

and reliable characterization of the ALFF measurement 

makes it a suitable and useful tool for resting-state fMRI 

data analysis in order to investigate a disease trait. The 

ALFF measurement has been investigated as being a reliable 

biomarker for many neurological conditions and could pro-

vide some important information for understanding several 

diseases such as epilepsy,14 Parkinson,15 sleep deprivation,12 

and obstructive sleep apnea.16 Our study is the first to use the 

ALFF method to investigate the regional spontaneous brain 

activity in PACG and its relationship with the mean retinal 

nerve fiber layer thickness (RNFLT).

Materials and methods
Subjects
Twenty one patients with PACG (13 females and eight males) 

were recruited from the Department of Ophthalmology at The 

First Affiliated Hospital of Nanchang University. All patients 

met the following criteria: 1) the IOP from two measurements 

were both higher than 21 mmHg (1 mmHg =0.133 kPa); 2) 

shallow anterior chamber and narrow corner signs were found 

in the slit lamp and gonioscopy exams; 3) a change of typical 

glaucoma optic disk cup-to-disc ratio (CDR) .0.6 in fundu-

scopic examination, also, the patient had visual field damage, 

including the central scotoma, nasal side of the ladder, bow sco-

toma, annular scotoma, tubular vision, or temporal side guide; 

4) no other ocular diseases (iridocyclitis and ocular trauma), or 

optic neuropathy (such as infection, inflammation, ischemic dis-

eases, and compressibility damage), history of ocular operation, 

intraocular diseases, and other diseases that affect the visual 

field (such as pituitary damage, demyelinating disease, human 

immunodeficiency virus, diabetic retinopathy, and age-related 

macular degeneration); 5) no obvious abnormality in the brain 

parenchyma through head magnetic resonance imaging (MRI);  

6) right-handedness; 7) no history of inborn or acquired 

diseases such as psychiatric disorder, hypertension, diabetes 

mellitus, coronary artery disease, and no addictions such as 

to heroin, smoking, or alcohol; 8) no foreign implants in the 

body; and 9) moderate body shape and weight (Body Mass 

Index is between 18.5 kg/m2 and 24.9 kg/m2).

Twenty one healthy subjects (HSs) (twelve females and 

nine males) who were similar in age, sex, and education to 

the twenty one patients with PACG, were recruited for this 

study. All HSs met the following criteria: 1) no abnormali-

ties in visual pathways and brain parenchyma through head 

MRI; 2) no ocular disease, and naked eye corrected visual 

acuity (VA) .1.0; 3) a normal nervous and mental system, 

no hemicrania; and 4) no contraindications for MRI. 

This study was approved by The Human Research Ethics 

Committee of the First Affiliated Hospital of Nanchang 

University. All subjects participated voluntarily and were 

informed of the purpose, methods, and the potential risks; 

all subjects signed an informed consent form.

The cumulative clinical measurement, such as mean 

RNFLT (using the CIRRUS™ HD-OCT), CDR, and IOP, 

was calculated as the sum of the measurements in both eyes 

of each participant.
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MRI parameters
MRI scanning was performed on a 3-Tesla MRI scanner 

(Siemens, Erlangen, Germany). High-resolution T1-weighted 

images were acquired with a three-dimensional spoiled 

gradient-recalled sequence in an axial orientation: 176 images 

(repetition time =1,900 ms, echo time  =2.26  ms, thick-

ness =1.0 mm, gap =0.5 mm, acquisition matrix =256×256, 

field of view =250  mm ×250  mm, flip angle  =9°) were 

obtained. Finally, 240 functional images (repetition 

time  =2,000 ms, echo time =30 ms, thickness =4.0  mm, 

gap =1.2 mm, acquisition matrix =64×64, flip angle =90°, 

field of view =220  mm ×220  mm, 29 axial slices with 

gradient-recalled echo-planar imaging pulse sequence), 

covering the entire brain, were obtained.

fMRI data analysis 
Functional data were checked by MRIcro software  

(www.MRIcro.com) to exclude defective data. The first ten 

time points of the functional images were discarded due to 

the possible instability in the initial MRI signal and the par-

ticipants’ adaptation to the scanning environment. On the basis 

of MATLAB 2010a (MathWorks, Natick, MA, USA), the 

rest of the data preprocessing was performed with DPARSFA 

(http://rfmri.org/DPARSF) software, including Digital Imaging 

and Communications in Medicine form transformation, slice 

timing, head motion correction, spatial normalization, and 

smooth with a Gaussian kernel of 6×6×6 mm3 full-width at half-

maximum. Motion time courses were obtained by estimating 

the values for translation (mm) and rotation (degrees) for each 

subject. Participants who had more than 1.5 mm maximum 

displacement in x, y, or z and 1.5° of angular motion during 

the entire fMRI scan would be rejected. The Friston six head 

motion parameters were used to regress out head motion effects 

based on recent work showing that higher-order models were 

more effective in removing head motion effects.17,18 Linear 

regression was also applied to remove other sources of spuri-

ous covariates along with their temporal derivatives, including 

the signal from a ventricular region of interest (ROI), and the 

signal from a region centered in the white matter.19 Of note, 

the global signal was not regressed out in the present data as 

was in our previous studies,12,16,20 due to controversy around 

removing the global signal in the preprocessing of resting-state 

data.21,22 After the head motion correction, the fMRI images 

were spatially normalized to the Montreal Neurological 

Institute space criteria using the standard echo-planar imag-

ing template and resampling the images at a resolution of  

3 mm ×3 mm ×3 mm. After preprocessing, the time series for 

each voxel were linearly detrended to reduce low-frequency 

drift, physiological high frequency respiratory, cardiac noise, 

and time series linear detrending. To reduce the global effects of 

variability across the participants, the ALFF of each voxel was 

divided by the global mean ALFF value for each participant. 

Brain–behavior correlation analysis
Based on the ALFF findings, the different brain regions 

between groups were classified as ROIs with REST soft-

ware (http:// www.resting-fmri.Sourceforge.net). For each 

ROI, the mean ALFF value was extracted by averaging the 

ALFF value over all voxels. Finally, correlation analysis 

was performed to investigate the relationship between the 

mean ALFF value in each of those different areas in the 

PACG group and the related behavioral performances.

Statistical analysis
Subject characteristics, including age, weight, height, course 

of PACG , and other findings of visual testing parameters, 

were tested using Student’s t-tests to compare the PACG 

patients with the HSs using IBM Statistical Pack-age for 

the Social Sciences version 19.0 (SPSS 19.0), and a P-value 

,0.05 was deemed significant. The chi-square test was used 

for categorical data. For functional data, two-sample t-test was 

used to analyze the difference between the two groups, with 

age and sex as nuisance covariates of no interest. A corrected 

significance level of individual voxel P,0.005 and a cluster 

size of 26, using an AlphaSim-corrected cluster threshold of 

P<0.05, was used to determine statistical significance.

Results
Behavioral results
There were no significant differences in age (P=0.08), weight 

(P=0.303), and height (P=0.265) between the PACG patients 

and the HSs. Significant differences were seen in the best-cor-

rected VA-right (P=0.015), best-corrected VA-left (P,0.05), 

RNFLT-right (P=0.01), and RNFLT-left (P,0.001), between 

the PACG patients and the HSs (Table 1).

ALFF differences 
Compared with HSs, PACG patients had significantly lower 

ALFF areas in the left precentral gyrus, bilateral middle 

frontal gyrus, bilateral superior frontal gyrus, right precuneus, 

and right angular gyrus, and higher ALFF area in the right 

precentral gyrus (Figure 1 and Table 2).

Correlation analysis
In the PACG group, there were negative correlations between 

mean ALFF value of the right middle frontal gyrus and the left 

mean RNFLT (r=-0.468; P=0.033), between the mean ALFF 

value of the left middle frontal gyrus and the right RNFLT 
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(r=-0.504; P=0.020), and between the right mean RNFLT and 

the course of the PACG (r=-0.495; P=0.022), (Figure 2).

Discussion
During the resting state, correlated spontaneous fluctuations 

occur within spatially distinct and functionally related groups of 

cortical and subcortical regions, consisting of the human brain’s 

intrinsic functional networks.23 Altered features during the rest-

ing state can serve as a marker to promote further understanding 

of the possible pathogenesis of multiple diseases such as pri-

mary insomnia,20 obstructive sleep apnea,16,24 and sleep depri-

vation.25 Therefore, it is critical to take the intensity of regional 

spontaneous brain activity in the task-free state into account 

to better understand how the brain functions adapt in PACG.  

As well as the resting-state functional connectivity, the ALFF 

is an important aspect of the resting-state fMRI study and 

may provide further ways to understand the PACG-related 

functional reorganization. Our previous studies have sug-

gested that the ALFF method may be a reliable and robust 

marker to examine the brain activity between groups.12,16,26  

In the present study, it was found that PACG showed lower 

ALFF areas in the left precentral gyrus, bilateral middle frontal 

gyrus, bilateral superior frontal gyrus, right precuneus, right 

angular gyrus, and a higher ALFF area in the right precentral 

gyrus. Furthermore, negative correlations were found between 

the mean ALFF value of the right middle frontal gyrus and 

the left mean thickness of the RNFL, and between the mean 

ALFF value of the left middle frontal gyrus and the right 

RNFLT, which may suggest that the ALFF analysis is an early 

biomarker for detecting the altered brain activity and could be 

useful for indexing the clinical features.

The precentral gyrus is a part of the primary motor 

cortex that contains large neurons, which connect to the 

muscle.27 Song et al28 found that primary open-angle 

glaucoma (POAG) patients showed decreased regional 

homogeneity areas in the bilateral precentral gyrus and 

bilateral postcentral gyrus. Dai et al29 demonstrated that 

POAG patients showed a significant decrease in functional 

connectivity between the right precentral gyrus and pri-

mary visual cortex (BA17). In support of these findings, 

we found PACG patients showed lower ALFF area in the 

left precentral gyrus and higher ALFF area in the right 

precentral gyrus, which may suggest a harmful effect on 

the precentral gyrus.

Table 1 Demographic characteristics in PACG subjects and HSs

PACG subjects HSs P-value

Sex (male/female) 8/13 9/12 0.753
Age (years) 51.95±13.80 60.57±4.61 0.08
Weight (kg) 56.95±5.41 58.67±5.24 0.303
Height (cm) 159±8.54 162.81±7.81 0.265
Course of PACG (days) 77.67±49.31 N/A N/A
Best-corrected VA-right 0.42±0.38 1.26±0.26 0.015*
Best-corrected VA-left 0.52±0.44 1.36±0.30 0.03*
Best-corrected VA-PACG 0.22±0.32 N/A N/A

RNFLT-right (µm) 75.90±17.03 130.24±10.57 0.01*

RNFLT-left (µm) 80.43±24.03 135.43±7.50 ,0.001#

RNFLT-PACG 68.24±16.57 N/A N/A

Notes: Significant at *P,0.05; #P,0.001, using a chi-square test for sex data and 
an independent t-test for continuous data. P-value is between PACG and HSs. Data 
presented as mean ± SD.
Abbreviations: PACG, primary angle-closure glaucoma; HSs, healthy subjects; 
N/A, not applicable; VA, visual acuity; RNFLT, retinal nerve fiber layer thickness.

Figure 1 The different ALFF areas between the PACG subjects and HSs. 
Notes: The different brain regions are seen in the bilateral precentral gyrus, bilateral middle frontal gyrus, bilateral superior frontal gyrus, right precuneus and right angular 
gyrus. The red areas denote higher ALFF brain regions, and the blue areas denote lower ALFF brain regions. 
Abbreviations: ALFF, amplitude of low-frequency fluctuation; PACG, primary angle-closure glaucoma; HSs, healthy subjects.
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Table 2 Brain regions with significant differences in ALFF between HSs and PACG subjects

Condition Brain areas BA t-score of peak voxel Voxels MNI coordinates

x y z

PACG,HSs Right middle frontal gyrus 10 -4.6243 48 36 33 18

PACG,HSs Left middle frontal gyrus 10 -4.8234 39 -42 42 15

PACG,HSs Right superior frontal gyrus 9 -3.9157 27 6 57 27

PACG,HSs Right precuneus 23 -4.8576 30 9 -54 30

PACG,HSs Left precentral gyrus 9 -4.9299 34 -45 12 33

PACG,HSs Right angular gyrus 39 -4.3023 51 45 -66 33

PACG,HSs Left superior frontal gyrus 9 -4.3136 43 -18 24 39

PACG.HSs Right precentral gyrus 6 4.418 26 26 -12 69

Notes: The statistical threshold was set at voxel with P,0.005, cluster size with P,0.05 and cluster size $26 between PACG and HSs, corrected by AlphaSim.
Abbreviations: ALFF, amplitude of low-frequency fluctuation; HSs, healthy subjects; PACG, primary angle-closure glaucoma; BA, Brodmann area; MNI, Montreal 
Neurological Institute.

Figure 2 The correlations between the mean ALFF signal values of the different areas and the behavioral performances.
Notes: The stapeldiagram presents the mean ALFF signal value of the different brain regions (A). The mean ALFF signal value of the right middle frontal gyrus showed a 
negative correlation with the left mean RNFLT (B), (r=-0.487; P=0.033); the mean ALFF value of the left middle frontal gyrus showed a negative correlation with the right 
mean RNFLT (C), (r=-0.504; P=0.02); and the right mean RNFLT showed a negative correlation with the course of the PACG (D), (r=-0.495; P=0.022).
Abbreviations: ALFF, amplitude of low-frequency fluctuation; PACG, primary angle-closure glaucoma; HSs, healthy subjects; RNFLT, retinal nerve fiber layer thickness. 
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Chen et al30 found that POAG had a smaller volume of 

gray matter in the superior frontal gyrus and inferior frontal 

gyrus compared with HSs. Song et al28 found that POAG 

patients showed significantly higher regional homogeneity 

areas in the bilateral medial frontal gyrus compared with 

HSs. Zikou et al31 found that POAG patients showed a sig-

nificant decrease of FA value in the inferior fronto-occipital 

fasciculus and inferior frontal fasciculi, relative to HSs. In 

support of these findings, in the present study we found 

the lower ALFF areas in the bilateral middle frontal gyrus 

and bilateral superior frontal gyrus in PACG compared 

with HSs. Furthermore, the mean ALFF signal value of the 

middle frontal gyrus showed a negative correlation with the 

heterolateral mean RNFLT. These findings suggest that the 

PACG showed significant damage on the frontal gyrus, and 

the middle frontal gyrus could be useful for indexing the 

heterolateral RNFLT, which may be related to underlying 

neural mechanisms.

The precuneus is involved in the visuospatial imag-

ery, episodic memory retrieval, self-processing, and 

consciousness.32,33 The posterior precuneus is primarily 

involved in the visuospatial functions.34,35 In a previous study, 

Song et al28 found decreased regional homogeneity in the 

bilateral precuneus in POAG. Chen et al30 found a significant 

increase in gray matter volume in the bilateral precuneus 

in POAG. Consistent with these findings, in the present 

study it was found that PACG showed lower ALFF in the 

right Precuneus. Therefore, we conclude that the decreased 

regional activity in the precuneus could reflect an impaired 

visual function.

Conclusion
In summary, our study demonstrated that PACG had abnor-

mal regional spontaneous activities involved in the regional 

brain changes, which showed negative correlations with the 

RNFLT. These findings provide important information in 

order to understand the underlying neural mechanisms of 

PACG. Future studies are needed to recruit larger  sample 

sizes to explore the differences of underlying functional 

mechanisms between the PACG with left and right eye 

disease.
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