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Purpose: The purpose was to investigate the differences in spontaneous functional con-
nectivity (FC) of the primary visual cortex (V1) between patients with neovascular glaucoma
(NVG) and healthy controls (HCs) using resting-state functional magnetic resonance imaging
data.

Methods: A total of 18 patients with NVG (nine males and nine females) and 18 HCs with
similar age and sex background were enrolled in the study and inspected using resting-state
functional magnetic resonance imaging. The differences in FC of the V1 between the two
groups were compared using the independent samples #-test. We used the receiver operating
characteristic (ROC) curve to compare the average FC values of NVG subjects with those of
HCs.

Results: FC in the left V1 and right fusiform gyrus, bilateral cuneus, and left precuneus was
significantly decreased in the NVG group compared with that reported in the HC group.
Meanwhile, patients with NVG presented increased FC between the right V1 and bilateral
middle frontal gyrus. However, they also exhibited declining FC between the right V1 and
left precuneus, and bilateral cuneus. The ROC curve analysis of each brain region indicated
that the accuracy of the area under the ROC curves regarding NVG was excellent.
Conclusion: NVG involves aberrant FC in the V1 in different brain areas, including the
visual-related and cognitive-related regions. These findings may assist in unveiling the
underlying neural mechanisms of impaired visual function in NVG.

Keywords: neovascular glaucoma, functional connectivity, spontaneous brain activity,

primary visual cortex

Introduction

Neovascular glaucoma (NVG) refers to the distribution of a large number of neovas-
cularization and fibrous vascular membranes on the surface of the iris and anterior
chamber angle, resulting in the destruction of the trabecular net structure. The early
anterior chamber angle does not adhere to form open-angle glaucoma, whereas late
anterior chamber angle adhesion forms open-angle glaucoma (also termed refractory
glaucoma).! Studies have shown that the average incidence of NVG is 6.6/10,000
patients (0.66%). In the Asian population, NVG accounts for 0.7-5.1% of glaucoma
cases.” A study found that NVG accounts for 3.5% and 13.2% of all glaucoma and
secondary glaucoma cases, respectively. It is the third secondary glaucoma after
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intraocular surgery and trauma.> NVG is a common condi-
tion caused by ischemic retinal diseases, such as diabetic
retinopathy and central retinal vein occlusion. According to
the effect of angle neovascularization on angle and intraocu-
lar pressure (IOP), NVG is divided into three stages. Early
Stage I glaucoma: neovascularization in the angle of the
chamber does not impair the trabecular filtration function in
the early stage, and the IOP is not high. Stage II open-angle
glaucoma: as the disease progresses, neovascularization
impairs the filtration function of the trabecular net, and
a neovascularization membrane is formed, obstructing the
outflow of aqueous fluid and increasing IOP. Stage I1I angle-
closure glaucoma: later neovascularization causes partial
anterior synechiae in the anterior horn of the anterior cham-
ber, which leads to complete anterior synechiae around the
periphery of the iris.* NVG is one of the most greatest
challenges in ophthalmology, the release of large amounts
of vascular endothelial growth factor after retinal ischemia
and hypoxia is one of the main pathogenesi-s.>* It further
stimulates the iris and anterior chamber angle formation on
the surface of a large number of new blood vessels and the
blood vessel membrane, the anterior chamber angle trabecu-
lar tissue destruction, anterior chamber angle closure, and
abnormal drainage of aqueous humor, leading to an increase
in intraocular tension.>> The treatment of NVG mainly
includes two aspects: (1) reduction of IOP by the adminis-
tration of drugs or surgery; and (2) improve retinal ischemia
and reduce the formation of new blood vessels. Although
IOP can be effectively controlled with aggressive treatment,
patients' vision can be severely impaired. The investigation
of NVG-related brain processes through neuroimaging is
a new aspect of visual neuroscience. This approach may
assist in revealing the potential mechanisms involved in
these processes.

Functional magnetic resonance imaging (fMRI) is based
on the correlation effect of the levels of oxygen in blood. It
detects changes in these levels and performs real-time func-
tional imaging of brain tissue, which can reflect the functions
of the living brain without harming the patient. Task-related
fMRI can reflect the brain activation following stimulation,
while resting-state fMRI research can reflect the pathophy-
siological changes in brain function in the basic state. It is the
most extensively used technique on account of its sensitivity,
simplicity, and easily interpretation to provide insights into
neural interactions.”® Many recent studies have demon-
strated that abnormal spontaneous functional connectivity
(FC) as
amblyopia,”® and strabismus,'*'""*'* between the primary

observed in patients with glaucoma,®’

visual cortex (V1) and the other cortex. Based on these
studies, we further studied patients with NVG to investigate
the abnormal intrinsic FC of the V1.

To the best of our knowledge, this is the first study to
explore changes in FC of the V1 in NVG. The results of
this study may provide a more accurate and exhaustive
view on the specific connectivity of the V1 in NVG, and
assist in understanding the underlying neural mechanisms
of impaired visual function in patients with NVG versus
healthy controls (HCs).

Materials and Methods
Subjects

A total of 18 subjects with NVG (nine males, nine females)
were enlisted according to the following inclusion criteria in
the First Affiliated Hospital of Nanchang University
(Nanchang, China): (1) an anterior photograph showing the
presence of new blood vessels in the iris (Figure 1); and (2)
Stage III NVG. The exclusion criteria were (1) patients with
a history of intraocular or extraocular surgery; and (2) diag-
nosis of psychiatric disorders, cardiovascular diseases, and
other systemic diseases.

In addition, 18 HCs (nine males, nine females) com-
parably matched in terms of age and sex background with
those classified in the NVG group were enrolled. Inclusion
criteria were: (1) no history of ocular disease; (2) absence
of deformities in the cerebral parenchyma; (3) absence of
psychiatric diseases and cardiovascular diseases; and (4)
capability for MRI examination.

The study was approved by the Medical Ethics Committee
of the First Affiliated Hospital of Nanchang University, also

Figure | Example of NVG seen on photographic images of the anterior segment.
Abbreviation: NVG, neovascular glaucoma.
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conducted in accordance with the Declaration of Helsinki. All
subjects provided written informed consent.

MRI Parameters

The MRI was performed using a Trio 3-Tesla MRI scanner
(Siemens AG). The functional data were obtained using
a three-dimensional metamorphic gradient recalled-echo
pulse sequence. The entire process was performed within 8
min. Ultimately, 240 functional images were captured with
the following settings: acquisition matrix, 64x64; field of
view, 220%220 mm; thickness, 4.0 mm; gap, 1.2 mm; repeti-
tion time, 2000 ms; echo time, 30 ms; flip angle, 90°, 29 axial.

fMRI Data Processing

The data were preprocessed using the Data Processing
Assistant for resting-state fMRI (rs-fMRI) (DPARSF
2.3, http://rfmri.org/DPARSF) run on MATLAB2014b
(Mathworks, Natick, MA, USA). This was based on
statistical parametric mapping (SPM; http://www.fil.ion.

ucl.ac.uk/spm) and the rs-fMRI Data Analysis Toolkit
(REST; http://www.restfmri.net). This approach has been

previously described in detail.” !

FC Analysis

The rs-fMRI data were analyzed using the statistical mod-
ule of the dpabi (http://rfmri.org/dpabi). One-way analysis

of covariance and the generalized linear model were
applied to produce the FC maps. The two-sample #-test
was used to examine differences in FC between the
patients with NVG and HCs (at voxel level P<0.01 and
cluster level P<0.05, Gaussian random field-corrected).

Clinical Data Analysis

The SPSS version 20.0 (IBM Corp., Armonk, NY, USA)
software was used to compare the clinical data between
patients with NVG and HCs through the independent
samples #-test (age and weight) and chi-squared test (sex
and handedness). A P<0.05 denoted statistical signifi-
cance. The differences in FC values between the NVG
and HC groups were determined, and receiver operating
characteristic (ROC) curves were plotted and analyzed.

Results

Demographics and Behavioral results

There were no statistically significant differences in age
(P=0.986) between the patients with NVG and HCs. In
patients with NVG, the IOP in the left and right eyes was

Table | Demographics and Clinical Measurements of NVG and
HC Groups

NVG HC t-value | p-value
Male/female 9/9 9/9 N/A >0.99
Age (years) 53.34£10.42 | 53.26%9.63 0.142 0.986
Handedness 18R 18 R N/A >0.99
Duration 4.21x1.65 N/A N/A N/A
(years)
Best- 0.25+0.07 1.02+0.16 6.985 0.021
corrected
VA-L
Best- 0.21£0.09 0.96£0.19 7.163 0.019
corrected
VA-R
IOP-L 28.16x11.24 14.36+4.12 12.631 0.007
IOP-R 27.16£12.37 15.52+3.23 10.163 0.009

Notes: Independent t-tests comparing the two groups (p<0.05 represented statis-
tically significant differences). Data shown as mean standard deviation or n.
Abbreviations: HC, healthy control; L, left; N/A, not applicable; NVG, neovascular
glaucoma; VA, visual acuity; R, right; IOP, intraocular pressure.

Table 2 Demographics and IOP Characteristics in NVG Patients

Sex Age Duration | Sides | Handedness | IOP
(Years) (mmHg)
| Female | 65 4.87 L R 37
2 Female | 64 6.54 L R 42
3 Female | 62 4.52 R R 36
4 Female | 62 4.65 R R 36
5 Female | 64 6.76 R R 38
6 Female | 42 2.12 L R 39
7 Female | 40 476 L R 41
8 Female | 42 243 R R 59
9 Female | 48 3.04 L R 51
10 | Male 59 5.63 L L 43
Il | Male 41 2.62 L L 47
12 | Male 42 4.87 R L 54
13 | Male 43 575 R L 36
14 | Male 60 276 R L 32
I5 | Male 63 6.73 R L 29
16 | Male 40 201 L L 32
17 | Male 62 321 R L 38
18 | Male 6l 2.56 R L 42

Abbreviations: HC, healthy control; NVG, neovascular glaucoma; R, right; L, left;
IOP, intraocular pressure.

28.16£11.24 mmHg and 27.16+12.37 mmHg, respectively
(further details are shown in Tables 1 and 2).

FC Differences

Brain regions demonstrating statistically significant differ-
ences between two groups in terms of FC in the left
(Figure 2A and B, Table 3). The histogram shows that

Neuropsychiatric Disease and Treatment 2020:16
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FC in the left V1 and right fusiform gyrus (FG), bilateral
cuneus, and left precuneus was significantly decreased in
the NVG group compared with that reported in the HC
group (Figure 2C). Brain regions demonstrating statisti-
cally significant differences between two groups in terms
of FC in the right (Figure 3A and B, Table 3). The
histogram shows that patients with NVG presented
increased FC between the right V1 and bilateral middle
frontal gyrus. However, they exhibited declining FC
between the right V1 and left precuneus, and bilateral
cuneus (Figure 3C).

ROC Curve

The mean FC values of the two groups were analyzed using
ROC curves, with a larger area under the curve (AUC)
indicating a higher diagnostic rate. The following AUCs
were determined for the average FC values (NVGs<HCs) in
different brain regions: right FG (0.854, P<0.001), bilateral
cuneus (0.839, P<0.001), left precuneus (0.822, P<0.001)
(Figure 4A, left V1); left precuneus (0.873, P<0.001), bilat-
eral cuneus (0.852, P<0.001) (Figure 4B, right V1). For the
amplitude of low-frequency fluctuations values (retinal vein
occlusions>HCs), the following AUC was determined:
bilateral middle frontal gyrus (MFG) (0.864, P<0.001)
(Figure 4B, right V1).

Discussion

Previous studies investigating ophthalmological diseases
(Table 4) revealed abnormal spontaneous FC between
the V1 and other regions in patients with anisometropic

. 13-15 8,16,7,16
blindness, Sl

amblyopia,'? glaucoma,
exotropia,'®’ acute open globe injury,!” and retinitis
The FC in the left V1 and right FG,

bilateral cuneus, and left precuneus was significantly

pigmentosa.'®

decreased in the NVG group compared with that
reported in the HC group (Figure 5). Meanwhile,
patients with NVG presented increased FC between the
right V1 and bilateral middle frontal gyrus. However,
they also exhibited declining FC between the right V1
and left precuneus, and bilateral cuneus (Figure 6).

The FG is located in the middle and bottom of the visual
association cortex, also termed discontinuous occipitotem-
poral gyrus. The lateral and medial parts of the FG are sepa-
rated by a shallow intermediate sulcus of the FG. Studies have
shown that the part of the fusiform area responsible for face
recognition is termed fusiform face area. The FG showed
higher FC of V1 with familiar faces and lower with unfamiliar
faces.'” Following disruption of the fusiform face area, the

ability to recognize faces (even those of the closest family
members) is lost. The eyes are responsible for perceiving
visual information processed by the visual cortex, and subse-
quently by the FG to identify biological features that distin-
guish individuals. Individuals with autism exhibit a reduced
ability to recognize faces, and the FG is not activated when
looking at faces.”® A voxel-wise analysis demonstrated
a decreased FC in the primary open-angle glaucoma group
between the V1 and the FG.*' This is consistent with our
findings showing that FC decreases in the FG of patients
with NVG. This is attributed to the blindness of the patients
included in the present study, suggesting reduced transmission
of visual information from the primary to the higher cortex.
The MFG lies between the inferior and superior frontal
sulci, in front of the precentral gyrus. It can be used as
a clinical indicator of hemispheric dominance for
language.”” The frontal eye field is located around the
intersection of the MFG with the precentral gyrus, which
is involved in eye movement and visual attention.”
A study revealed that the EEF is associated with saccade
and movement generation.”* Japee et al*> compared the
performance of patients undergoing right MFG resection
with that of HCs. They found that the normal function of
the MFG may play an important role in shifting attention
from exogenous to endogenous attention control. The
that this 1is attributed to
a compensation mechanism activated after impairment of

investigators speculated
the normal function of the MFG. A previous study demon-
strated that the FC value was increased in primary open-
angle glaucoma between the V1 and bilateral MFG.'**!
Moreover, studies investigating several eye diseases have
observed increased activation in the frontal eye field,
retinal  detachment,®

including age-related macular

degeneration,”” progressive retinitis pigmentosa,'® and
macular hole.?® In line with these preceding results, the
increased FC values between the right V1 and MFG
shown in this study reflected an activation of the visual
processing.

The precuneus is part of the parietal lobule, which is
located in the medial hemisphere of the brain. It lies
anteriorly in the wedge, bounded anteriorly by the mar-
ginal branches of the cingulate sulcus, posteriorly by the
parietal occipital sulcus, and below by the parietal sulcus.
Numerous studies confirmed that the precuneus/posterior
cingulated cortex (pC/pCC) is a part of the default func-
tional network, which participates in declarative memory
function as an internal attention network.” Studies have
shown that the precuneus is responsible for constantly
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Figure 2 Brain regions demonstrating statistically significant differences between two groups in terms of FC in the left (A and B). The blue areas denote lower FC values.
The histogram shows that FC in right fusiform gyrus (FG), bilateral cuneus, and left precuneus was significantly decreased in the NVG group compared with that reported in
the HC group (C).

Abbreviations: NVG, neovascular glaucoma; HCs, healthy controls; FC, functional connectivity; RFG, right fusiform gyrus; BC, bilateral cuneus; LP, left precuneus.

collecting information from ourselves and the environ- state, pC/pCC is one of the brain regions with the largest
ment, and automatically allocating this information.”’  metabolic activity, playing a crucial role in the integration
The posterior precuneus region is also associated with  of visual space.’’ Abnormal function of pC/pCC node may
conscious short-term memory recall.’® In the resting lead to certain physiological diseases. For example, in

Table 3 Brain Regions with Significant Differences in FC Between NVG Patients and HCs

Brain Areas MNI Coordinates BA Peak Voxels t-value
X Y z

ROl in left VI
Right Fusiform Gyrus 36 —69 -15 19 36 —4.5666
Bilateral Cuneus 0 —87 21 18 70 —4.3865
Left Precuneus =12 =72 24 / 13 —4.2315

ROl in right VI
Bilateral Middle Frontal Gyrus 30 15 60 10 13 45191
Left Precuneus -9 =72 24 / 30 —4.3577
Bilateral Cuneus 0 —87 24 18 84 —4.6494

Note: The statistical threshold was set at voxel with p<0.01 for multiple comparisons using Gaussian random field corrected.
Abbreviations: FC, functional connectivity; BA, Brodmann area; NVG, neovascular glaucoma; HC, healthy control; MNI, Montreal Neurological Institute; L, left; R, right;
RO, region of interest.
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Figure 3 Brain regions demonstrating statistically significant differences between two groups in terms of FC in the right (A and B). The red areas denote higher FC values,
and the blue areas denote lower FC values. The histogram shows that patients with NVG presented increased FC in bilateral middle frontal gyrus, declining in left precuneus

and bilateral cuneus compared with that reported in the HC group (C).

Abbreviations: NVG, neovascular glaucoma; HCs, healthy controls; FC, functional connectivity; BMFG, bilateral middle frontal gyrus; LP, left precuneus; BC, bilateral

cuneus.

attention-deficit/hyperactivity disorder,®* the FC of pC/
pCC in the resting state of patients is weakened compared
with that observed in HCs. The FC of the anterior wedge
of patients with brain injury was weakened compared with
that reported in HCs.>® A decrease in the FC value of the
precuneus was also observed in patients with anisometro-
pic amblyopia'> and comitant exotropia.'®® A study
showed that individual sensitivity to pain varies depending
on precuneus reactivity.’® This is consistent with the
results of the present study. The FC value of the precuneus
decreased in patients with NVG, and this effect may be
related to pain tolerance.

The cuneus is a wedge-shaped area between the
posterior and parietal sulci involved in the processing
of visual information. A study reported that the cuneus
is activated almost simultaneously with the V1 in
response to a visual stimulus, and may act to modulate
signals travelling from the V1 to the extrastriate

cortices.*’

Studies of world-class gymnasts using
voxel-based morphological measurements showed sig-
nificant structural changes in the cuneus.’® Another
study suggested that the cuneus is associated with
panic disorder.’” The same changes in brain function
have been observed in eye diseases. Investigators illu-
strated that the FC of the cuneus decreased in

8.16.7.16 acute open globe injury,'” and mono-

glaucoma,
cular blindness.'” Consistent with these previous stu-
dies, in the present study, we detected a significant
reduction in FC between the bilateral V1 and bilateral
cuneus, indicating the severity of NVG and visual
quality. Collectively, these findings imply a functional
deficiency in patients with NVG, providing new evi-
dence that the NVG may result in dysfunction of the
cuneus.

In the present study, the mean FC values of specific
regions of interest were determined and subjected to ROC
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Figure 4 ROC curve analysis of the mean FC values for altered brain regions.

Notes: (A) The AUCs of different brain regions were as follows: right fusiform gyrus (0.854, P<0.001), bilateral cuneus (0.839, P<0.001), left precuneus (0.822, P<0.001).
(B) The AUC:s of different brain regions were as follows: left precuneus (0.873, P<0.001), bilateral cuneus (0.852, P<0.001), bilateral middle frontal gyrus (0.864, P<0.001).
Abbreviations: ROC, receiver operating characteristic; FC, functional connectivity; BMFG, bilateral middle frontal gyrus; LP, left precuneus; RFG, right fusiform gyrus; BC,

bilateral cuneus.

curve analyses. An AUC >0.8 denoted excellent accuracy. In
the present ROC curve analysis, excellent AUC values were
obtained for all regions of interests. This indicates that the
FC methodology may provide promising biological indica-
tors for distinguishing patients with NVG from HCs.

Limitations

There were several limitations in our research. Firstly, the
number of patients with NVG included in the study was
relatively small. The small sample size may induce errors in
the experimental results. Secondly, patients with NVG suffer
from a sudden loss of vision and physical discomfort caused by
high IOP, which is likely to cause psychological distress,
irritable ratio, low mood, and other mental symptoms. The
neuropsychological state of patients should be evaluated before

Table 4 FC Method Applied in Ophthalmological Diseases

Author Year Disease

Ding et al'? 2013 Anisometropic amblyopia
Burton et al'? 2014 Early blind

Wang et al'® 2016 Primary open-angle glaucoma
Shenghong et al®’ 2017 Primary angle-closure glaucoma
Zhu et al'®? 2018 Comitant exotropia

Zhi et al"* 2018 Late blindness

Shao et al'® 2018 Monocular blindness

Huang et al'’ 2018 Acute open globe injury

Huang et al'® 2019 Retinitis pigmentosa

Abbreviation: FC, functional connectivity.

fMRI examination to exclude the influence of the emotional
state. Thirdly, the present study included patients with Stage I11
NVG. Thus, we did not evaluate whether patients with the
other two stages of the disease exhibit the same changes in
brain areas. In subsequent studies, we can further compare the
changes in brain FC caused by NVG in different stages.

Conclusion
The present study was the first to report that brain activity
disorders occur in patients with NVG. In the future, FC

Decreased FC

@ Impaired visual
function

Figure 5 Significant differences in spontaneous brain activity between the NVG
group and HCs in the left regions.

Notes: The different brain regions were observed in the right fusiform gyrus (1),
bilateral cuneus (2), left precuneus (3). The yellow areas denote lower FC brain
regions.

Abbreviations: LP, left precuneus; RFG, right fusiform gyrus; BC, bilateral cuneus.
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@ Increased FC
Decreased FC

@ Impaired visual
function

|

Figure 6 Significant differences in spontaneous brain activity between the NVG
group and HCs in the right regions.

Notes: The different brain regions were observed in the left precuneus (3),
bilateral cuneus (2), bilateral middle frontal gyrus (I). The yellow areas denote
lower FC brain regions, and the red areas denote higher FC brain regions.
Abbreviations: LP, left precuneus; BC, bilateral cuneus; BMFG, bilateral middle
frontal gyrus.

signals may provide guidance for the early detection of the

neuropathological mechanisms of NVG, and provide

a basis for clinical diagnosis.
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