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PURPOSE. To analyze the altered amplitude of low-frequency fluctuation (ALFF) of the brain
using resting-state functional magnetic resonance imaging (fMRI) in patients with primary
open-angle glaucoma (POAG).

METHODS. Resting-state fMRI was conducted in 21 POAG patients and 22 age-matched healthy
control subjects. After the ALFF and fractional amplitude of low-frequency fluctuation (fALFF)
for slow 4 and slow 5 bands were calculated, the results between POAG patients and healthy
controls were compared. Then the correlations between ALFF/fALFF values and the disease
stage of POAG were analyzed.

RESULTS. Compared with controls, POAG patients showed significantly decreased ALFF/fALFF
values in the visual cortices, posterior regions of the default-mode network (DMN), and motor
and sensory cortices. Meanwhile, ALFF/fALFF values in the prefrontal cortex, left superior
temporal gyrus (STG), right middle cingulate cortex (MCC), and left inferior parietal lobule
(IPL) significantly increased in POAG patients. Hodapp-Anderson-Parrish (HAP) score for
POAG was positively correlated with ALFF values of the right superior frontal gyrus (SFG) and
negatively correlated with that of the left cuneus. For the slow 5 band, the fALFF values of the
bilateral middle temporal gyri (MTG) of POAG patients were negatively correlated with HAP
score.

CONCLUSIONS. Primary open-angle glaucoma is a neurodegenerative disease involving multiple
brain regions, including the visual cortices, DMN, limbic system, and motor and sensory
networks. Moreover, the alterations in some of these networks are correlated with the
progression of POAG; for the abnormal spontaneous neural activities in the left cuneus,
bilateral MTG and right prefrontal cortex are correlated with glaucoma severity.

Keywords: functional magnetic resonance imaging (fMRI), resting state fMRI, primary open
angle glaucoma, spontaneous activity

Primary open-angle glaucoma (POAG) is a type of progressive
neuropathy with no clear cause, characterized by the loss of

retinal ganglion cells (RGC).1 It always begins in a silent way
and slowly progresses to blindness.2,3 It is predicted that
glaucoma will affect 76.0 million people by 2020 and 111.8
million in 2040.4

At present, neurology and pathology research puts forward
the theory that POAG is a neurodegenerative disease involving
the brain,5,6,7 and the pathologic mechanism in glaucoma is
similar to that in Alzheimer’s disease (AD).8,9 Earlier research
showed abnormalities in the primary visual cortex (PVA) in
POAG.7,10–12 Subsequent studies reported structural abnormal-
ities extending into areas beyond the visual pathway.13,14 These
results suggest that POAG is not only a disease limited to the
visual system, but also a neurodegenerative disease involving
multiple brain regions. Functional magnetic resonance imaging
(fMRI), which is widely used in various neurodegenerative
diseases involving the central nervous system (CNS), is also

appropriate for exploring the mechanism of POAG. With
monocular visual stimulation, the attenuation of the blood
oxygenation level dependent (BOLD) signal in the PVA is
consistent with the visual defect in POAG patients.15,16

Furthermore, Qing et al.17 found that cortical depression is
negatively correlated with pattern standard deviation in a visual
field analysis. These task-related studies have helped in
correlating the visual defect with alteration of brain function.
Nonetheless, these results could not distinguish whether the
abnormal activity in the brain is spontaneous or a response to
the abnormal impulse introduced by the injured RGC.
Spontaneous BOLD fluctuations of resting-state fMRI could
reflect spontaneous neuronal activity.18 A previous study has
shown that nonrandom spontaneous activity exists in the PVA
of waking adults, and it could be associated with memory-
related mental imagery and visual memory consolidation
processes.19 In a resting-state fMRI study of POAG, Dai et al.20

made the point that the functional connectivity between the
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visual cortex and the components of some resting-state
networks is abnormal in patients with POAG. However, the
alteration of spontaneous neural activity in POAG patients is
still in need of further exploration.

Amplitude of low-frequency fluctuations (ALFF) represents
the intensity of low-frequency oscillations (LFOs).21 It has been
proven to be a valuable parameter to reflect the intensity of
spontaneous neural activity.22 With a small difference, frac-
tional ALFF (fALFF) is an index that reflects the relative
contribution of specific LFOs to the entire frequency range.
Previous neuroimaging results have indicated that fALFF could
improve sensitivity and specificity in detecting abnormal brain
activities.23 In previous resting-state fMRI studies, spontaneous
oscillation activities have been commonly examined at a
frequency band of 0.01 to 0.1 Hz, which is considered to be
linked to neuronal BOLD fluctuations.18,24 However, the high
frequency is for high-level interactions involving distant
structures, while the low frequency is for relatively local area
computation.25 Meanwhile, several rhythms can temporally
coexist in the same or different structures and interact with
each other.26 Thus, a combination of the two parameters can
acquire more information about the brain with POAG and
verify the abnormal functional activities reported before.

In the present study, the distribution of anomalous regional
intrinsic activities in the glaucomatous brain was explored, and

a correlation between the brain abnormalities and the severity
of the disease was revealed. Considering that the pattern of
intrinsic brain activity is sensitive to specific frequency
bands,27,28 we analyzed the changes in fALFF in the slow 5
band (0.01–0.027 Hz) and the slow 4 band (0.027–0.073 Hz)
separately, and then compared the two results. We hypothe-
sized that in patients with POAG, the abnormal spontaneous
activities are not located only in the visual cortex but also in
some other functional networks.

MATERIALS AND METHODS

Subjects

Twenty-one POAG patients and 22 age-matched healthy control
subjects were included in this study (see Table 1 for subjects’
characteristics). There were no statistically significant differ-
ences in age and sex between the two groups (P > 0.05). After
being given a complete description of the study, all subjects
signed the informed consent form. All protocols were
approved by a local subcommittee on human studies and in
accordance with the Declaration of Helsinki.

Primary open-angle glaucoma patients were recruited at the
Beijing Tongren Hospital, and the healthy subjects came from
the local community. The patients were recruited into the
study based on the clinical diagnostic criteria of POAG: a
history of open anterior chamber angle, visual field defects,
abnormal optic disc, and increased intraocular pressure.
Subjects underwent a thorough history and physical examina-
tion including an ophthalmology examination. Inclusion
criteria for the POAG group were (1) a clinical examination
confirming POAG and (2) the presence of a visual field defect.
Exclusion criteria for the POAG group included (1) clinical
evidence or history of other oculopathy; (2) history of any
significant medical, neurological, or psychiatric illness includ-
ing hypertension and diabetes; and (3) use of alcohol, caffeine,
or nicotine within the last 3 months. Inclusion criteria for the
control group stipulated that they be healthy volunteers age
and sex matched to the patient group without clinical evidence
or history of glaucoma. Exclusion criteria were (1) history of

TABLE 1. Subject Characteristics

POAG Controls

N 21 22

Age range, y 17–75 24–65

Age, mean 6 SD 46.4 6 16.4 45.6 6 11.9

Sex, M/F 10/11 11/11

Handedness, right/left 21/0 22/0

HAP score, mean 6 SD 4.7 6 2.2 0/0

Mean deviation, right/left �13.6/�12.6 0/0

Mean IOP, right/left 17.8/17.7 12.3/13.1

Hodapp-Anderson-Parrish score is the summation of HAP grading
scales of both eyes. IOP, intraoptic pressure.

FIGURE 1. Results of ALFF across all healthy control subjects (A) and patients with POAG (B) in the resting state (one-sample t-test; P < 0.05, FDR
correction).
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any significant medical, neurological, or psychiatric illness
including hypertension and diabetes; (2) presence of ocular
disease via a routine clinical ophthalmology test; and (3) use of
alcohol, caffeine, or nicotine within the last 3 months. The
clinical history of every patient was inquired about in detail.
After recruitment into the study, all the patients signed an
integrity agreement stating that they would not meet the
exclusion criteria. On the other hand, all the healthy
volunteers sighed the integrity agreement 3 months before
the MRI scan.

All the glaucomatous eyes were classified using the Hodapp-
Anderson-Parrish (HAP) system.29 We consider the summation
of the HAP grading scales of both eyes a HAP score for
evaluating disease severity.

Data Acquisition

Magnetic resonance imaging data was acquired using a GE
Signa HDxt 3.0T MRI scanner (General Electric Medical
Systems, Milwaukee, WI, USA). For the resting-state scans,
subjects were instructed simply to rest with their eyes closed,
to relax but not to fall asleep. Head movements were
prevented by a custom-built head holder. The images were
parallel to the anterior commissure (AC)-posterior commissure

(PC) line and covered the whole brain. The resting-state scan
lasted 6 minutes 40 seconds and acquired 200 resting-state
volumes. Twenty-eight axial slices were obtained using a T2*-
weighted single-shot, gradient-recalled echo planar imaging
sequence (FOV¼240 3 240 mm, matrix¼64 3 64, thickness¼
5 mm, TR¼ 2000 ms, TE¼ 35 ms, flip angle ¼ 908). After the
functional run, high-resolution structural information (3D-
BRAVO) on each subject was also acquired using three-
dimensional MRI sequences with a voxel size of 1 mm3 for
anatomical localization (TR¼8.8 ms, TE¼3.5 ms, matrix¼256
3 256, FOV¼ 240 3 240 mm, flip angle¼ 138, slice thickness¼
1 mm).

Data Preprocessing

Standard professional data processing software, Data Process-
ing Assistant for Resting-State fMRI (DPARSF 2.1; State Key
Laboratory of Cognitive Neuroscience and Learning, Beijing
Normal University, Beijing, China; available in the public
domain at http://restfmri.net/forum/DPARSF), was used for the
data analysis. DPARSF is plug-in software running on a matrix
laboratory platform (MATLAB R2012a; MathWorks, Inc., Natic,
MA, USA) and is based on statistical parametric mapping (SPM;
Wellcome Trust Centre for Neuroimaging, University College
London, London, UK; available in the public domain at http://
www.fil.ion.ucl.ac.uk/spm) and a resting-state fMRI data
analysis toolkit (REST 1.8; Song et al., available in the public
domain at http://www.restfmri.net).

The preprocessing steps were as follows. After converting
DICOM files to NIFTI images, the first 10 time points were
discarded. Slice timing and spatial realignment were then
performed. We used a linear regression process to remove the
effects of head motion and other possible sources of artifacts:
(1) six motion parameters, (2) whole-brain signal averaged over
the entire brain, (3) white matter signal, and (4) cerebrospinal
fluid signal. The remaining data were then normalized to
Montreal Neurological Institute (MNI) space by using echo
planar imaging templates and resampling to 3-mm isotropic
voxels. The linear trend of time courses was removed. Finally,
the fMRI wave form of each voxel was temporally band-pass
filtered (0.01–0.08 Hz).

Amplitude of Low-Frequency Fluctuation Analysis

Amplitude of low-frequency fluctuation analysis was calculated
using the Resting-State fMRI Data Analysis Toolkit (http://www.
restfmri.net). The time series of each voxel was transformed to
the frequency domain using Fast Fourier Transform (FFT)
(parameters: taper percent¼ 0, FFT length¼ shortest), and the
power spectrum was obtained. Then the power spectrum
obtained by FFT was square rooted and then averaged across
0.01 to 0.08 Hz at each voxel. This averaged square root was
taken as ALFF. Fractional ALFF is the fraction of ALFF in a given

FIGURE 2. ALFF differences between POAG patients and healthy
subjects. Compared with values in the control group, ALFF values in
POAG patients increased in the right medial frontal gyrus (RMFG) and
right supplementary motor area (RSMA), and decreased in the right
occipital lingual gyrus (RLING), right inferior temporal gyrus (ITG),
and left precentral gyrus. Threshold was set at P < 0.01 (AlphaSim
corrected, P < 0.05, 54 voxels).

TABLE 2. Regions Showing ALFF Differences Between POAG Subjects and Healthy Controls

Brain Regions BA Voxels

MNI Coordinates, mm
t-Score for

Peak Voxelsx y z

Right MFG 10 57 33 48 24 3.934

Right SMA 6 65 9 �6 63 3.9336

Right lingual gyrus 17/18 271 3 �87 0 �4.3535

Right ITG 37 60 33 �3 �30 �4.6129

Left PCG 4 55 �54 �9 48 �4.6382

BA, Brodmann’s area; x, y, z, MNI coordinates of primary peak locations in the space of Talairach. Positive sign in the peak t-score represents
increase, and negative sign represents decrease. The statistical threshold was set at P < 0.01, with AlphaSim corrected (P < 0.05, 54 voxels). The
brain regions are shown in Figure 2.
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frequency band to the ALFF over the entire frequency range
detectable in a given signal. As fALFF may be more robust
against physiological noise, the low-frequency range for the
BOLD signal was further decomposed into a slow 4 (0.027–
0.073 Hz) and a slow 5 (0.01–0.027 Hz) band. Finally, the fALFF
for slow 4 and slow 5 bands were calculated. For standardi-
zation purposes, the ALFF/fALFF of each voxel was divided by
the global mean ALFF/fALFF value. Finally, all the ALFF/fALFF
images were smoothed by a Gaussian kernel with a full width
at half maximum of 4 mm.

Statistical Analysis

Statistical analysis utilized REST (http://www.restfmri.net). A
one-sample t-test (P < 0.05, false discovery rate [FDR]
correction) was performed to extract the ALFF results across
the subjects within each group. Then we compared ALFF and
fALFF for the slow 4 and slow 5 band results between POAG
patients and healthy controls by performing a two-sample t-
test. Finally, to further investigate the association between the
ALFF abnormalities and the HAP grading scale of POAG
patients, correlation analyses were carried out using REST
with age and sex as covariates.

RESULTS

Altered ALFF results across all subjects of the two groups
during resting state are illustrated in Figure 1 (P < 0.05, FDR
correction). The major regions of default-mode network
(DMN) exhibited significant, higher ALFF values than other
brain regions during the resting state, that is, the medial
temporal lobe, posterior cingulate cortex (PCC), precuneus,
medial prefrontal cortex, and inferior parietal lobule (IPL).

We then made a comparison between POAG patients and
healthy controls to find the regions showing abnormal ALFF or
fALFF values in POAG patients during the resting state. As
shown in Figure 2, the results of a two-sample t-test revealed
that POAG patients showed a significant ALFF value increase in
the right middle frontal gyrus (MFG) and supplementary motor
area (SMA), and a decrease in the right occipital lingual gyrus,
right inferior temporal gyrus (ITG), and left postcentral gyrus
(PCG) at P < 0.01 (AlphaSim corrected, P < 0.05, 54 voxels;
Table 2). To compare with normal controls, we further
investigated the abnormalities in fALFF of POAG patients for
the slow 4 and slow 5 bands. The results revealed that POAG
patients had decreased fALFF values in the right superior
frontal gyrus (MTG), left lingual gyrus and cuneus, and right
cuneus and left PCG, and an increased fALFF value in the left
middle temporal gyrus (STG) for slow 4 band at P < 0.01
(AlphaSim corrected, P < 0.01, 16 voxels; Fig. 3; Table 3). They
also had decreased fALFF values in the left PCC, left cuneus,
right limbic lobe, and left PCG and increased fALFF values in
the left IPL, right middle cingulate cortex (MCC), and right
MFG for slow band 5 at P < 0.01 (AlphaSim corrected, P <
0.05, 30 voxels; Fig. 4; Table 4).

In addition, we investigated the correlation between ALFF
and fALFF and HAP score. The results showed that the ALFF
value of the right superior frontal gyrus (SFG) was positively
correlated with HAP score and that the ALFF value of the left
cuneus was negatively correlated with HAP score at P < 0.01
(AlphaSim corrected, P < 0.05, 30 voxels; Fig. 5; Table 5). For
the slow 5 band, the fALFF values of bilateral MTG were
negatively correlated with HAP score at P < 0.01 (AlphaSim
corrected, P < 0.05, 30 voxels; Fig. 6; Table 6). There was no
significant correlation between the fALFF values in the slow 4
band and the HAP score.

DISCUSSION

In the current study, we measured ALFF values and fALFF
values to assess the altered spontaneous neural activity in
patients with POAG. Compared with controls, POAG patients
had significantly decreased ALFF values in right occipital
lingual gyrus, right ITG, and left precentral gyrus, and
significantly increased ALFF values in right MFG and SMA.
Meanwhile, POAG patients showed significantly decreased

FIGURE 3. Fractional ALFF differences between POAG patients and
healthy subjects for slow 4. Compared with the control group values,
fALFF values in POAG patients decreased in the right middle temporal
gyrus (MTG), left lingual gyrus (LLING), right cuneus (RCUN), and left
postcentral gyrus (LPCG); and an increased fALFF value was seen in the
left superior temporal gyrus (STG) for band slow 4 at P < 0.01
(AlphaSim corrected, P < 0.01, 16 voxels).

TABLE 3. Regions Showing Difference in fALFF in Slow 4 Between the POAG Patients and Healthy Controls

Brain Regions BA Voxels

MNI Coordinates, mm
t-Score for

Peak Voxelsx y z

Left STG 13/38 21 �36 6 �15 3.6916

Right MTG 21 28 54 �27 �18 �4.9546

Left lingual gyrus 17/18 16 �24 �99 �9 �3.53

Left cuneus 17/18 21 �9 �90 3 �4.4303

Right cuneus 18/19 63 12 �90 18 �4.2766

Left PCG 3/4 33 �48 �18 45 �4.0714

Positive sign in the peak t-score represents increase, and negative sign represents decrease. The statistical threshold was set at P < 0.01, with
AlphaSim corrected (P < 0.01, 16 voxels). The brain regions are shown in Figure 3.
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fALFF values in the bilateral cuneus, right MTG, PCG, left PCC,
and right limbic lobe, and significantly increased fALFF values
in the right MCC, left IPL, and right MFG. The results also
showed that HAP stage was negatively correlated with the
spontaneous neural activities in the left cuneus and bilateral
MTG, and positively correlated with that in the right SFG.

Both ALFF and fALFF values were calculated in this study,
since ALFF had higher test–retest reliability in previous studies

while fALFF was verified to be less susceptible to physiological

artifacts.23 As ALFF bear similarities to fluctuations in

neurophysiological, dynamic, and metabolic parameters,30

those brain regions with decreased ALFF could suffer from

dynamic and metabolic problems. In the study of fALFF, we

used the slow 4 band (0.027–0.073 Hz) and slow 5 band (0.01–

0.027 Hz),31 since other bands of frequency mainly reflected

noise rather than the physiological signal.21 As certain brain

regions may have varying sensitivity to different frequency

bands,32 we could get more information about the pattern of

spontaneous neural activity in POAG patients with these two

bands.

TABLE 4. Regions Showing Difference in fALFF in Slow 5 Between the POAG Patients and Healthy Controls

Brain Regions BA Voxels

MNI Coordinates, mm
t-Score for

Peak Voxelsx y z

Left IPL 40 35 �63 �36 24 5.1854

Right MCC 32 78 �6 9 39 4.2131

Right MFG 9 39 �24 39 30 3.8876

Left PCG 3/2 30 �48 �33 54 �3.9936

Right calcarine/limbic lobe 23 33 24 �51 6 �4.1031

Left cuneus 17/18 110 �9 �99 6 �4.2655

Left calcarine/posterior cingulate 30 32 �24 �60 9 �5.183

Positive sign in the peak t-score represents increase, and negative sign represents decrease. The statistical threshold was set at P < 0.01, with
AlphaSim corrected (P < 0.05, 30 voxels). The brain regions are shown in Figure 4.

FIGURE 4. Fractional ALFF differences between POAG patients and
healthy subjects for slow 5. Compared with the control group values,
fALFF values in POAG patients degreased in cuneus of the left occipital
lobe (LCUN) and left postcentral gyrus (LPCG), and increased in the
left inferior parietal lobule (IPL) and right middle cingulate cortex
(RMCC). Threshold was set at P < 0.01 (AlphaSim corrected, P < 0.05,
30 voxels).

FIGURE 5. Correlations between ALFF and HAP scores. ALFF value of
the right superior frontal gyrus (SFG) was positively correlated with
HAP scores, and ALFF value of the left cuneus (LCUN) was negatively
correlated with HAP scores. P < 0.01 (AlphaSim corrected, P < 0.05).

TABLE 5. Regions Showing Significant Correlations Between ALFF and HAP Scores for the POAG Patients

Brain Regions BA Voxels

MNI Coordinates, mm
r-Score for

Peak Voxelsx y z

Right SFG 11 47 9 63 �21 0.73632

Left cuneus 19/18 209 �15 �84 36 �0.7003

Positive r-score indicates positive correlation between the HAP score and the ALFF value, and negative r-score indicates negative correlation
between the HAP score and the ALFF value. The statistical threshold was set at P < 0.01, with AlphaSim corrected (P < 0.05, 30 voxels). The brain
regions are shown in Figure 5.
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In the present study, significantly decreased spontaneous
neural activities were detected in visual cortices of POAG
patients, including bilateral occipital lobe and right ITG. The
lingual gyrus and cuneus of the occipital lobe are parts of
Brodmann’s area 17 (BA17), Brodmann’s area 18 (BA18), and
Brodmann’s area 19 (BA19). Brodmann’s area 17 is defined as
the PVA that is directly connected with RGC. Brodmann’s areas
8 and 19 are defined as higher visual cortices that receive input
information from the PVA. When given visual stimulation, the
PVA receives information from the lateral geniculate nucleus
and then sends it out through two distinct anatomical
streams.33 The ITG is a component of the ventral stream,
where the decreased spontaneous neural activity in this area
might suggest dysfunction in visual stimuli processing, object
identification, and memory recall. A reduction of spontaneous
neural activity in these areas indicated that both primary and
higher visual cortices are impaired. A recent study of regional
homogeneity34 and prior studies of proton magnetic resonance
spectroscopy35,36 led to a similar consequence. As the loss of
RGCs and transsynaptic degeneration of the lateral geniculate
nucleus are accepted as the mechanism of glaucoma,37

transsynaptic degeneration and input reduction could be the
main reasons for the dysfunction of visual cortices. In studies
of optic neuritis, similar alterations of brain function were
interpreted as a result of reduced neuronal input caused by
edema, inflammation, later demyelination, and axonal loss.38

The degeneration of synapse plays an important role in other
neural degenerative diseases.39,40 In prior research, the neural
activity in visual cortex was also decreased in AD.41 However,

we cannot absolutely exclude the possibility of primary
involvement, which might partly contribute to the hypome-
tabolism. From these types of evidence, we catch a glimpse of
the potential relationship between glaucoma and other
neurodegenerative diseases.

The abnormalities were located not only in visual cortex,
but also in the DMN, limbic system, and motor and sensory
networks. This alteration of brain function is similar to that in
other neurodegenerative diseases. Among these areas, the
DMN is primarily concerned. The PCC, MTG, medial prefrontal
cortex (MPFC), and IPL are major regions of the DMN. The PCC
is considered the central node in the DMN, and the decreased
ALFF of this area is tightly linked to AD progression in previous
studies.42–44 The hypometabolism and atrophy of medial
temporal lobe in AD progression was also revealed.45,46 In
this study, significantly decreased fALFF values in the left PCC
and right MTG were observed in POAG patients, and those in
the right MFG and left IPL were significantly increased in POAG
patients. These results were not totally the same as those of
prior AD research, which showed decreased spontaneous
neural activity in MPFC.44,47 The difference could be due to
differing progression of neurodegeneration. At an early stage of
AD, the posterior cortical regions were the first to be affected,
and other regions, including frontal cortex, were vulnerable at
lower levels and later stages.45 With respect to our results, the
increased activity in anterior DMN areas could be interpreted
as a compensatory process for decreased activity in posterior
DMN areas.48 Similar alterations in healthy elderly persons,
mild cognitive impairment, and neuromyelitis optica have also
been interpreted as compensatory.48–50 In POAG patients, a
significant decrease in fALFF was shown in the right limbic
lobe while a significant increase of fALFF was shown in the
right MCC. As parts of the limbic system, these areas are
primarily responsible for emotion, behavior, and long-term
memory. Although POAG patients have been reported to
experience higher levels of emotional instability than con-
trols,9 it was unfortunate that the patients recruited in this
study did not undergo psychological testing to confirm the
correlation between the psychological abnormalities and the
fALFF values. Moreover, in patients with POAG, a reduction of
spontaneous neural activity could also be found in some motor
and sensory cortices, including the left PCG and left precentral
gyrus. The PCG and precentral gyrus constitute the motor and
sensory networks51; and in previous studies, this network was
reported to be associated with PVA spontaneous activity.19

Furthermore, it was reported that this network would have
decreased functional connectivity and reduced regional
homogeneity in patients with POAG.20,34 Our results provided
further evidence for the alteration in these areas.

In the present study, more brain regions were detected in
slow 5 band than in slow 4 band. The slow 5 band revealed
abnormalities in the left PCC, right limbic lobe, left IPL, right
MCC, right MFG, left PCG, and left cuneus. However, the slow
4 band showed alteration in the left MTG, left lingual gyrus,
right cuneus, left PCG, and left cuneus. In other research, the
slow 5 band and slow 4 band also appeared to have different

TABLE 6. Regions Showing Significant Correlations Between fALFF in Slow 5 and HAP Scores for the POAG Patients

Brain Regions BA Voxels

MNI Coordinates, mm
r-Score for

Peak Voxelsx y z

Left MTG 22 75 �45 �3 �12 �0.757

Right MTG 22 35 54 �42 6 �0.74998

Positive r-score indicates positive correlation between the HAP score and the ALFF value, and negative r-score indicates negative correlation
between the HAP score and the ALFF value. The statistical threshold was set at P < 0.01, with AlphaSim corrected (P < 0.05, 30 voxels). The brain
regions are shown in Figure 6.

FIGURE 6. Correlations between fALFF for slow 5 and HAP scores. The
fALFF values of bilateral MTG were negatively correlated with HAP
scores. P < 0.01 (AlphaSim corrected, P < 0.05, 30 voxels).
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sensitivities for detecting abnormalities in the human brain.52

Thus, we inferred that the slow 5 and slow 4 bands could
reflect different constituents of spontaneous neural activity
and reveal the abnormalities from different perspectives.

The HAP grading scale was commonly used in previous
studies to evaluate the severity of POAG.53,54 We found that the
HAP score was negatively correlated with the spontaneous
neural activities in the left cuneus and bilateral MTG. The
spontaneous activity in the right prefrontal cortex was
positively correlated with the HAP score. These data indicated
that the abnormalities in the visual cortex and DMN were
related to the progression of POAG. This could further support
the theory that POAG is a neurodegenerative disease in the
CNS. As functional alteration appears before organic changes,
ALFF/fALFF might be a complementary index to help in
diagnosing and monitoring the disease.

There are several limitations in the present study. Firstly, the
patients recruited in this study did not undergo neuropsycho-
logical tests. Although some patients in the study complained
of depression or insomnia, there was no quantitative evidence
to evaluate their mental problems. Thus, despite the fact that
the abnormalities detected in the DMN and visual cortex were
similar to those in neurodegenerative disease, it is difficult to
confirm whether these alterations are correlated with cogni-
tive impairment. We believe that this problem will attract more
attention in the future. Secondly, dysfunction of the dorsal
stream was not obvious in our results. Whether its appearance
is caused by the mechanism of glaucoma or other factors still
needs further research.

In conclusion, alterations in ALFF/fALFF in the visual cortex,
DMN, limbic system, and motor and sensory networks are
present in POAG, indicating that it is a complex neurodegen-
erative disease that affects multiple brain networks. Moreover,
the abnormal spontaneous neural activities in left cuneus,
bilateral MTG, and right prefrontal cortex are correlated with
glaucoma stage, suggesting that ALFF and fALFF might be
complementary indicators for the disease.
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