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Abstract

Background
Many neuroimaging studies have con�rmed that age-related macular degeneration (AMD) is closely
related to the changes of brain functional areas. However, the value of spontaneous brain activity
changes induced by AMD in early diagnosis of diseases has not been con�rmed.

Purpose
To explore potential functional network brain activity in patients with AMD using the voxel-wise degree
centrality (DC) method and reveal the functional changes of speci�c brain regions in patients with AMD.

Material and Methods
Eighteen patients with AMD (10 males, 8 females) and eighteen healthy controls (HCs) (10 males, 8
females) matched by gender, age, and education level were enrolled. The resting-state fMRI scanning was
applied to measure changes in initiative brain activities. We displayed the differences between the AMD
group and the healthy group with the receiver operating characteristic curves. Using correlation analysis,
the average DC values in speci�c cerebrum regions were analyzed to explore changes of behavioral
performance in AMD patients. The Hamilton Rating Scale for Depression and Anxiety (Ham-D/A) was
used to evaluate the relationship between emotional states and DC values of the subcallosal gyrus in
AMD patients.

Results
In AMD patients, DC values were signi�cantly lower in the bilateral lingual gyrus but were higher in the
bilateral inferior temporal gyrus, bilateral subcallosal gyrus, bilateral fusiform gyrus, bilateral middle
frontal gyrus, and left orbital middle frontal gyrus/insular gyrus/inferior frontal gyrus. There was no direct
relationship between the behavioral performance and the average DC values of some areas.

Conclusion
The DC values changed with the �uctuation of spontaneous brain activities in AMD patients, which may
be bene�cial for clinical diagnosis.

Introduction
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Age-related macular degeneration (AMD) is a medical problem characterized by acquired and progressive
deterioration, the most typical pathological feature of which is vision loss[1]. Loss of central vision
caused by retinal atrophy or neovascularization is the result of abnormal cells (retinal epithelial and
pigment cells) and membrane structures (choroid and sclera) [2] . There are two major types of AMD, wet
(exudative) and dry (nonexudative). Dry AMD is characterized by the distribution of yellow-white glass
membrane warts with limitations in the macular area and near-circle, appearing as atrophic lesions
located in the macular area and nearby retina and choroid [3] . Wet AMD may be accompanied by
intraretinal hemorrhage and exudation, characterized by choroidal neovascularization and macular
discoid scar [4]. The most common pathological type is dry AMD. Wet AMD, although not as common as
dry AMD, can progress faster to dvanced hypopsia [3]. A study showed that macular degeneration is
hereditary, and some speci�c genetic loci are highly correlated with macular degeneration, leading to a
signi�cant higher risk of AMD in future generations compared with the normal population [5]. In
developed countries, many elderly people become blind because of macular degeneration, and this loss
of vision is irreversible. Some people predict that by 2040, the number of patients with AMD worldwide
will reach 288 million, and the morbidity rate of AMD in early, late and any other stages will be 8.01%,
0.37%, and 8.69%, respectively [6, 7]. Previous study have found that 28% of AMD patients may progress
from middle stage to late stage within �ve years[8]. Anti-vascular endothelial growth factor drugs are a
highly recognized treatment scheme at present, but they need to be used for a long time, which affects
patients' compliance[9]. Moreover, the treatment effect of this method is not good in the middle and late
stage of AMD[8]. Therefore, the prevention and early diagnosis of AMD are very important. Relevant
preventive measures include quitting smoking and controlling hypertension[10]. And for the early
diagnosis of AMD, functional magnetic resonance imaging (fMRI) technology has been proved to have a
good application prospect[11]. 

Recently, magnetic resonance imaging (MRI) technology has demonstrated its pivotal role in the research
of various neuropsychiatric diseases. MRI can be used to detect temporal and spatial correlations of low
frequency activity �uctuations in various brain areas, which can be used to evaluate spontaneous brain
activities [12]. The DC method is included in resting-state fMRI, which monitors network structures and
functional connections of various cerebral regions at the voxel level [13]. It is the simplest and most
effective measure to describe the central node evaluation of network connections; the degree of the node
re�ects its centrality and importance. In the exploration of the neural mechanism of many other diseases
[14-19] , the DC method has frequently been adopted to identify altered spontaneous brain activity, with
good evaluation results. However, the application value of DC method in the diagnosis of brain function
changes in AMD has not been con�rmed. In the present study, the underlying relationships between
spontaneous changes in brain activities and clinical characteristics of patients with AMD was further
explored using the DC method.

Subjects And Methods
Subjects
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We enrolled 18 patients with AMD (10 men and 8 women) and 18 HCs from the First A�liated Hospital of
Nanchang University and they were highly matched by gender, age, weight, handedness and education
level. All subjects included in this experiment met the following criteria: 1) at least 50 years of age; 2)
absence of brain parenchyma damage; 3) absence of neuropsychiatric disorders; 4) secondary or primary
choroidal neovascularization in the macular area; and 5) fundoscopy and �uorescein fundus
angiography revealing pathological characteristics of AMD (Figure 1); 6) no history of diabetes. The
study met the ethical standards of the Medical Ethics Committee of the First A�liated Hospital of
Nanchang University as well as the ethical standards of Declaration of Helsinki. We explained the
materials, methods ,purpose, and underlying risks of this experiment in advance, and obtained informed
consent from all participants.

MRI parameters

Using a Trio 3-Tesla MR scanner (Trio; Siemens, Munich, Berlin, Germany), under the same physical
conditions, we completed MRI scanning for each participant. All patients remained awake during the
scanning, with eyes closed and breathing normally until the experiment was completed [20].The spoiled
gradient-recalled echo sequence was applied to obtain whole-brain T1-weights. Revelant parameters were
as follows: echo time = 2.26 ms, repetition time = 1900 ms, �eld of view = 250 × 250 mm2, acquisition
matrix = 256 × 256, thickness = 1.0 mm, �ip angle = 9°, and gap = 0.5 mm. We performed fMRI with these
relevant parameters: echo time = 30 ms, repetition time = 2000 ms, �eld of view = 220 × 220 mm2,
acquisition matrix = 64×64, thickness =4.0 mm, �ip angle = 90°, gap = 1.2 mm, and 29 axials.

fMRI data processing

We pre-�ltered datas using MRIcro (www.MRIcro.com) to avoid the interference of invalid datas. We
preprocessed the �ltered data using SPM8 (https://www.�l.ion.ucl.ac.uk/spm/), the Resting-state Data
Analysis Toolkit (http://www.restfmri.net/forum/), and DPARSFA (http://rfmri.org/DPARSF). To obtain a
balance among signals and to make the participants adapt to the noise generated during scanning, under
normal circumstances, the �rst few volumes of functional magnetic resonance images were regarded as
invalid data and were excluded. Second, the remaining functional BOLD images are checked for slice
head motion, and we �ltered out subjects with excessive head movement. The standard is no more than 2
mm in the X, Y, or Z directions of the maximum offset. Then, a Gaussian �lter was used for smoothing
pretreatment to remove the linear tread, and �nally we used a band-pass �lter to reduce the in�uence of
physiological noise on experimental results. This method has been described in detail [21-23].

Degree centrality

To calculate DC values, we calculated the total correlations that signi�cantly exceeded the threshold of
every participant on the basis of a single-voxel functional network. Then, to transform every individual
voxel-wise DC diagram into a z-score map, we adopted the following conversion formula [24]: Zi = DCi

meanall/stdall (Zi refers to the voxel z-score and DCi refers to its voxel-wise DC value, meanall and

file:///C%3A/Users/lenovo/Desktop/Age-related%20macular%20degeneration/FIG-1.tif
https://www.mccauslandcenter.sc.edu/crnl/
https://www.fil.ion.ucl.ac.uk/spm/
http://www.restfmri.net/forum/
http://rfmri.org/DPARSF
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stdall refer to average DC value and standard deviation of total voxels in our cerebral areas, respectively)
[25].

Correlation analysis

We applied correlation linear analysis to analyze the associations between the average DC value of
various cerebral areas and clinical characteristics, and then the interesting regions and non-interesting
regions were divided. The statistical threshold was P <0.05.

Statistical analysis

Using SPSS software version 20.0 (IBM Corp, Armonk, NY, USA), we compared the common clinical
variables and demographic datas of AMD and healthy controls(HCs) using independent sample t-tests at
the signi�cance level of 5%. Using receiver operating characteristic (ROC) curves, the mean DC values in
various cerebral regions of HCs and patients with AMD were classi�ed. To determine whether the average
DC value of each brain region is related to the clinical behavior of AMD patients such as anxiety or
depression, we used the Pearson correlation analysis to describe the relationship between the two groups.

Results
Demographics and behavioral results

The 18 patients with AMD (10 males and 8 females) and the 18 HCs (10 males and 8 females) showed
no signi�cant differences in terms of gender (P > 0.99), weight (P = 0.542) age (P = 0.794), IOP-left (P =
0.824), or IOP-right (P = 0.786). However, statistically signi�cant differences were discovered in the best-
corrected VA-left (P = 0.007) and the best-corrected VA-right (P = 0.004).(Table 1)

Differences in DC

In comparison with HCs, patients with AMD represented greatly reduced DC values in the bilateral lingual
gyrus, but increased DC values in the bilateral fusiform gyrus, bilateral subcallosal gyrus, bilateral inferior
temporal gyrus, bilateral middle frontal gyrus, and left orbital middle frontal gyrus/insular gyrus/inferior
frontal gyrus (Figures 2a 2b and Table 2). Figure2c shows the average DC values between the patients
with AMD and HCs.

Receiver operating characteristic curves

Based on our experimental results, we suspected that differential progress of AMD might be re�ected by
altered DC values, which will help measure the progression of AMD in clinical use. ROC curves was
generated to show the average DC values in speci�c brain regions. The following datas are the values for
the areas under the ROC curves (AUCs) in various brain areas: bilateral fusiform gyrus (0.889), bilateral
inferior temporal gyrus (0.940), bilateral subcallosal gyrus (0.861), bilateral middle frontal gyrus (0.858),

file:///C%3A/Users/lenovo/Desktop/Age-related%20macular%20degeneration/Table%201.doc
file:///C%3A/Users/lenovo/Desktop/Age-related%20macular%20degeneration/FIG-2.tif
file:///C%3A/Users/lenovo/Desktop/Age-related%20macular%20degeneration/Table%202.doc
file:///C%3A/Users/lenovo/Desktop/Age-related%20macular%20degeneration/FIG-2.tif
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and left orbital middle frontal gyrus/insular gyrus/inferior frontal gyrus (0.920) (AMD >HCs; Figure 3a);
bilateral lingual gyrus (0.957) (AMD <HCs; Figure 3b).

Correlation analysis            

For patients with AMD, anxiety scores positively related with DC values of the subcallosal gyrus (r = 0.947,
p < 0.001). Depression scores also had a positive relationship with DC values in the subcallosal gyrus (r = 
0.826, p < 0.001) . Figure 4

Discussion
To the best of our knowledge, we are the �rst to evaluate functional network brain-activity changes
associated with AMD using the DC method (Figure 5). This method has been used to study optic
neuritis [26], congenital comitant strabismus [27], high myopia [28] and other diseases, and has made
good progress, toward the prospect of clinical application.(Figure 6).

The lingual gyrus is located in the visual joint cortex of the occipital lobe, where it is mainly responsible
for vision processing [29]. Studies have shown that glutamate andγ-aminobutyrate (GABA) in the
occipital cortex are involved in the process of vision development , and local brain function activity of our
visual system represented by fMRI decreased with increases in GABA level [30]. Another study used
resting-state cortical entropy to express the activity of cerebral cortex after hypopsia, and found that the
loss of central vision was associated with increased resting-state cortical entropy [31]. Studies have
found that the activity of the lingual gyrus increases with the development of vision [32, 33]. In the
present study, DC values of the lingual gyrus in patients with AMD decreased to a certain level in
comparison with that of healthy people, suggesting that the activity of the lingual gyrus decreased;
nevertheless, it retained a high DC value, which may suggest that the lingual gyrus is very active in brain
visual processing. When AMD patients have poor vision, it may maintain a high level of activity to slow
the development of vision loss.

The fusiform gyrus lies in the mid-bottom of the visual joint cortex, responsible for face recognition and
object secondary classi�cation recognition, which can produce face-like recognition of visual images that
are unreal faces [34]. Previously, researchers studied the relationships between the fusiform gyrus and
autism [35], epilepsy [36], chronic schizophrenia [37], and found that blood �ow in the fusiform gyrus
increased with visual stimulation, and that the fusiform gyrus is closely related to vision [38]. The DC
value of the fusiform gyrus increased in our study, possibly as a result of compensatory increase of facial
classi�cation and recognition in patients with AMD.

The inferior temporal gyrus is part of the temporal lobe that is mainly responsible for speech processing,
memory processing, visual perception and integration functions [39]. Grotheer et al. found that the inferior
temporal gyrus is selective to visual stimuli, suggesting a function involved in information
processing [40]. Previous studies showed that patients without language disorders and language
advantages showed declines in language and visual memory after partial resection of the inferior

file:///C%3A/Users/lenovo/Desktop/Age-related%20macular%20degeneration/FIG-3.tif
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temporal gyrus [41-44]. Similarly, we recorded low DC values in the inferior temporal gyrus in patients with
AMD, although with an increasing trend compared with the HCs. We speculate that the visual processing
ability of the inferior temporal gyrus in patients with AMD has a compensatory effect on vision loss.

The subcallosal gyrus is part of limbic system and is mainly responsible for the regulation of
emotion [45]. Subcallosal gyrus dysfunction is related to depression [45], schizophrenia [46], Alzheimer’s
disease [47], and others. In our study, we adopted the Ham-D/A to evaluate potential emotional changes
of patients. We found that scores of depression and anxiety both positively correlated with the DC values
of the subcallosal gyrus in patients with AMD; therefore we suspect that loss of vision caused by the
disease triggers mood swings, leading to the occurrence of mental diseases.

The middle frontal gyrus is located between the suprafrontal sulcus and the subfrontal sulcus, and is
related to memory processing and attention control [48]. The frontal orbital area is located around the
intersection of the papillary muscle of the optic nerve and the precentral gyrus, while the precentral gyrus
is closely related to eye movement and visual attention [49]. Reseachers reported that, under normal
conditions, the middle frontal gyrus can change attention control from exogenous to
endogenous [50]. Gohel et al. reported that the functional activity of the middle frontal gyrus increased in
patients with glioma, suggesting that the resting-state fMRI of the middle frontal gyrus can be added to
the non-invasive mode list, and can be used in the context of glioma to assess the hemispheric
advantage of language and to guide the selection of treatment options [51]. Similarly, a study indicated
that the increase in the DC value may be represent a compensatory activation of visual connection in the
middle frontal gyrus.

The insular gyrus is anatomically closely connected with the frontal lobe, the parietal lobe and the
temporal lobe [52], and is mainly responsible for dealing with sensory experiences produced by
convergence information[53]. The insula includes the anterior insular gyrus and the posterior insular
gyrus [54]. A previous study found that the insular promoted emotional changes and formation of
subjective feelings by integrating sensory information of internal and external sensations; therefore, it is
considered to be the center of the signi�cant network [55]. In our study, compared with HCs, the insular
lobes showed increased DC values, and this may be a functional compensation for the reduction of
integrated internal and external senses, thereby avoiding the separation of senses (Table 3).

Our study has some limitations. First, we did not include su�cient samples, which may give rise to
unintended errors. Second, the visual impairment caused by AMD may have in�uence on patient
psychology. Before the study, the neuropsychological status of the patients was not evaluated; emotional
states might have an impact on the experimental results. Third, the in�uences of sound and light and
other physical factors were not ruled out during MRI examinations. In future studies, we will expand the
sample size, assess psychological changes of patients with AMD in advance, and control the in�uence of
physical factors, so as to further study the neuropathological mechanism of patients with AMD.

Conclusion

file:///C%3A/Users/lenovo/Desktop/Age-related%20macular%20degeneration/Table%203.doc
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In conclusion,patients with AMD show different DC values in various brain regions, suggesting changes
in spontaneous brain activities. Changes in DC values suggest the possible physiological and
pathological changes of brain areas. It may be bene�cial to further explore the pathogenesis and neural
mechanism of AMD so that these can be used for clinical diagnosis.
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Brain areas L/R BA MNI
coordinates

Voxels t

X Y Z

HC AMD              

Fusiform Gyrus B 37 39 -24 -36 408 -4.636

Inferior Temporal Gyrus B 20 -27 -21 -39 569 -5.2586

Subcallosal Gyrus B 36 -3 -9 -21 167 -4.6032

Middle Frontal Gyrus B 10 46 12 39 -30 163 -4.7596

Frontal_Mid_Orb_L (aal)/Insula/Inferior
Frontal Gyrus

L  12 47
13 11

36 -39 0 1729 -4.5632

HC AMD              

Lingual Gyrus B 18 3 -81 -6 1545 5.0328

55. Gujing, L., et al., Increased Insular Connectivity and Enhanced Empathic Ability Associated with
Dance/Music Training. Neural Plast, 2019. 2019: p. 9693109.

Tables
Due to technical limitations, Table 1 is only available as a download in the Supplemental Files section.

Table 2 Signi�cant differences in DC between groups

Notes: The statistical threshold was set at voxel with P<0.05 for multiple comparisons usingGaussian
random �eld (GRF) theory (z>2.3, P<0.01, cluster > 40 voxels , AlphaSim corrected). Abbreviations: DC,
Degree centrality; HC, Health controls; AMD, age-related macular degeneration; BA, Brodmann area; MNI,
Montreal Neurological Institute; L, left; R, right; B, bilateral; Frontal_Mid_Orb, orbital middle frontal gyrus.

Table 3 Brain regions changes and its potential impact

Abbreviations: AMD, age-related macular degeneration; HCs, healthy controls; Frontal_Mid_Orb_L, left
orbital middle frontal gyrus.

Figures
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Brain regions Experimental
result

Brain function Anticipated
results

Lingual gyrus AMDs HCs Visual processing Visual
impairment

Fusiform gyrus AMDs HCs Face recognition  object secondary
classi�cation recognitio

Visual
impairment
and mental
illness

Inferior temporal gyrus AMDs HCs Language and semantic memory
processing, visual
perception,multimodal sensory
integration

Memory
impairment

Subcallosal gyrus AMDs HCs Part of the default model network Depression
and anxiety

Middle frontal gyrus AMDs HCs Memory processing ,

attention control

Visual
impairment

Frontal_Mid_Orb_L
(aal)/Insula/Inferior
Frontal Gyrus

 

AMDs HCs Part of the default model
network,converge information,eye
movement ,visual attention

Mental
disorders
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Figure 1

Funduscopy (a) showed that there were yellowish-white lesions in the macular area with more hard
exudates around. The �uorescein fundus angiography (b) showed mottled high �uorescence in the
macular area.
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Figure 2

Spontaneous brain activities of AMD and healthy controls We observed the bilateral fusiform gyrus,
bilateral middle frontal gyrus, bilateral subcallosal gyrus,bilateral inferior temporal gyrus, bilateral lingual
gyrus and left orbital middle frontal gyrus/insular gyrus/inferior frontal gyrus. Brain areas with higher DC
values are represented by yellow or red, while lower DC values are represented by green or blue. P < 0.001,
cluster > 40 voxels, AlphaSim corrected
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Figure 3

ROC curve analysis of the mean DC values for altered brain regions The AUCs for DC values: BFFG: 0.889,
BITG: 0.940, BSG: 0.861, BMFG: 0.858, ORBmid.L/INS/ORB: 0.920, BLING: 0.957.BFFG: bilateral fusiform
Gyrus;BITG: bilateral inferior temporal gyrus; BMFG: bilateral middle frontal gyrus; BSG: bilateral
subcallosal gyrus; ORBmid.L/INS/INF: middle frontal gyrus,orbital.left/insular gyrus/inferior frontal
gyrus;BLIFG: bilateral lingual gyrus.
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Figure 4

Correlations between the average DC values of the subcallosal gyrus and the clinical characteristics. Both
the AS (r = 0.947, p < 0.001) a and the DS (r =0.826, p < 0.001) b are represented a positive relationship
with the DC values of the subcallosal gyrus.
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Figure 5

DC results of brain activity in AMD group The DC values of the cerebrum areas in AMD group were in the
following: 1- bilateral fusiform gyrus (t=-4.636), 2- bilateral inferior temporal gyrus (t=-5.2586), 3- bilateral
subcallosal gyrus (t=-4.6032), 4- left middle frontal gyrus (t=-4.7396), 5- left orbital middle frontal
gyrus/insular gyrus/inferior frontal gyrus (t=-4.5632), 6- bilateral lingual gyrus (t=5.0328). The intensity of
brain activity is re�ected by the size of spots.
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Figure 6

DC method applied in ophthalmological diseases.
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