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Objective: The current study aimed to apply the amplitude of low-frequency fluctuation 
(ALFF) method for investigating the spontaneous brain activity alterations and their relation-
ships with clinical features in patients with diabetic retinopathy (DR).
Patients and Methods: In total, 35 patients with DR (18 males and 17 females) and 
38 healthy control (HC) subjects (18 males and 20 females) were enrolled in this study. All 
participants underwent resting-state functional magnetic resonance imaging (rs-fMRI) scan-
ning, respectively. The ALFF method was used to assess the spontaneous brain activity, 
while the mean ALFF signal values of patients with DR and HCs were classified by the 
receiver operating characteristic (ROC) curve. Correlation analysis was performed to calcu-
late the relationship between the observed mean ALFF values of the altered regions in 
patients with DR and their clinical features.
Results: Compared with the HCs, patients with DR had significantly lower ALFF values in 
the left and right middle occipital gyrus (MOG). In contrast, patients with DR showed higher 
ALFF values in the left cerebellum (CER), left inferior temporal gyrus (ITG) and left 
hippocampus (Hipp). However, no relationship was observed between the mean ALFF signal 
values of the altered regions and clinical manifestations in the patients with DR.
Conclusion: We mainly found that patients with DR showed abnormal intrinsic brain 
activities in the left and right MOG, left CER, left ITG and left Hipp, which might provide 
useful information for explaining neural mechanisms in patients with DR.
Keywords: diabetic retinopathy, amplitude of low-frequency fluctuations, resting state, 
functional magnetic resonance imaging

Introduction
Diabetic retinopathy (DR) is the leading cause of blindness in working-age adults and 
is expected to be an important future health concern due to the rising incidence of 
diabetes. DR can be categorized as nonproliferative and proliferative, based on 
clinical assessments of disease progression.1 Patients with nonproliferative DR 
show increased permeability of retinal vessels, as well as micro-aneurysms, exudate 
deposition, and microhemorrhages. Proliferative DR is more severe than nonproli-
ferative DR; although affected patients exhibit clinical symptoms similiar to those of 
patients with nonproliferative DR, they also exhibit new blood vessels. These 
pathological blood vessels are fragile and tend to cause vitreous hemorrhage and 
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tractional retinal detachment. Moreover, diabetic macular 
edema is a common clinical feature of proliferative DR, 
which can cause serious vision problems for patients with 
DR.2 There are several risk factors for DR, including hyper-
glycemia, hypertension, dyslipidemia, obesity, duration of 
diabetes, and pregnancy.3 The World Health Organization 
estimated that DR contributes to 4.8% of the cases of 
blindness worldwide.4 Currently, 92.6 million patients 
with diabetes are estimated to have any form of DR; the 
total number of people with DR will presumably continue to 
rise due to a lack of awareness regarding DR, particularly in 
low-middle-income countries.5

The retinal microvasculature is similar to the cerebral 
microvasculature in terms of anatomical, biological, and 
embryological features; thus, retinopathy is regarded as 
a biomarker of cerebrovascular abnormalities.6 DR 
patients might exhibit abnormalities in the central nervous 
system. A previous study noted that patients with diabetes 
who had an advanced retinopathy also showed increased 
focal cortical atrophy on brain magnetic resonance ima-
ging (MRI).7 Lin et al found that alterations related to DR 
in brain metabolite levels were identified across most brain 
areas; these alterations were associated with peripheral 
glucose metabolism.8 There is compelling evidence that 
functional and structural cerebral changes in patients with 
DR may contribute to the progression of visual 
impairment.9,10 And growing evidence demonstrated that 
DR might be a potential predictor of cognitive decline 
progression in diabetes patients.11,12 In addition, retinal 
microvascular abnormalities constitute useful clinical bio-
markers for cognitive decline.13 Gupta et al demonstrated 
that strategies focusing on DR screening and prevention of 
DR progression may reduce the risk of cognitive impair-
ment in patients with diabetes mellitus (DM).14 Dai et al 
reported that patients with DR showed altered brain func-
tional networks, with specific decline in cognition, visual 
function, and motor function.15

The studies mentioned above have shown that patients 
with DR exhibit the altered structural and functional 
changes in brain regions. However, it is largely unknown 
whether and how the spontaneous brain activity changes in 
patients with DR; the relationship of spontaneous brain 
activity with clinical manifestations in these patients is 
also unclear. The human brain is a complex dynamic 
system capable of generating low-frequency oscillations 
(LFOs) at rest. The pathophysiology of many human 
brain disorders may be associated with changes in sponta-
neous low-frequency (0.00–0.08 Hz) blood oxygenation 

level-dependent (BOLD) fluctuations measured during 
a resting state. Electrophysiological studies have shown 
that LFOs may reflect spontaneous neuronal activity, 
which manifests as rhythmic activity between intercon-
nected brain regions.16 LFOs (0.01–0.08 Hz) of BOLD 
signals in the brain are physiologically important, espe-
cially in terms of visual and cognitive functions.17 The 
spatial distribution of LFOs constitutes the basis of the 
structure and functional organization of the human brain, 
where higher LFO frequency power is present in the 
cortical region, while lower LFO frequency power is pre-
sent in the subcortical region.18 Resting-state functional 
MRI (rs-fMRI) is a reliable and noninvasive technique that 
has a good signal-to-noise ratio, requires minimal subject 
compliance, and is well suited for exploring the brain and 
central nervous system. Amplitude of low-frequency fluc-
tuation (ALFF) is a useful rs-fMRI analytic method for 
assessment of the activity of brain regions by measuring 
LFOs (0.01–0.08 Hz) in BOLD signals at rest.19 From an 
intraregional perspective, ALFF is an advanced approach 
for analysis of rs-fMRI data that uses voxel-based analysis 
and directly reflects the intensity of spontaneous neuronal 
activity in the baseline state.20 The ALFF method has been 
successfully applied to evaluate the neural mechanisms of 
eye diseases including glaucoma,21 retinitis pigmentosa,22 

and retinal vein occlusion.18 Here, we aimed to determine 
whether patients with DR show abnormal spontaneous 
brain activity compared to healthy controls (HCs) using 
the ALFF method. We investigated the relationships 
between the mean ALFF signal values and clinical fea-
tures, including duration of DM, fasting blood glucose, 
and best-corrected visual acuity (BCVA). We hypothesized 
that patients with DR would show altered spontaneous 
brain activity in several brain regions associated with 
visual and cognitive functions. Our findings might provide 
new insights into underlying neural mechanisms in DR.

Patients and Methods
Participants
A total of thirty-five patients with DR treated at the eye 
center of Renmin Hospital of Wuhan University between 
December 2018 and July 2019 were enrolled in the study. 
Thirty-eight HCs that were matched with the DR patients in 
terms of age, gender, and handedness were also recruited 
from the local community. All of the subjects participated in 
the study met the following criteria: (1) capable of under-
going MRI scanning (no cardiac pacemaker, insulin pump or 
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implanted metal devices); (2) no history of psychiatric dis-
ease, claustrophobia or cardiovascular disease; (3) no appar-
ent cerebral diseases based on T1-weighted images (T1WI); 
(4) no drugs or alcohol addiction; (5) right-handed.

All the patients fulfilled the criteria for nonproliferative 
DR diagnosed by two experienced ophthalmologists accord-
ing to the International Clinical Diabetic Retinopathy 
Disease Severity Scale.23 Inclusion criteria for DR subjects 
were as follows: (1) caused by type 2 diabetes mellitus 
(T2DM) (T2DM was diagnosed using the criteria estab-
lished by the American Diabetes Association: fasting plasma 
glucose ≥7.0 mmol/L, random plasma glucose ≥11.1 mmol/ 
L or two hours glucose ≥11.1 mmol/L); (2) based on fundu-
scopy and fundus fluorescein angiography, nonproliferative 
DR exhibited signs of retinal hemorrhage, microaneurysm 
and hard exudates; (3) fMRI was performed prior to DR 
surgery and laser treatment.

The exclusion criteria of individuals with DR in the 
present study were: (1) DR accompanied by diabetic nephro-
pathy (urinary albumin/creatinine ratio >30 mg/g for more 
than three months), diabetic neuropathy (the presence of 
pain, numbness, paresthesia, as well as abnormal nerve con-
duction function); (2) the presence of additional ocular- 
related complications (eg cataract, glaucoma, corneal ulcer, 
optic neuritis, and retinal detachment); (3) those with psy-
chiatric disorders (eg depression, sleep disorders, and bipolar 
disorders); (4) those with cerebral diseases (including cere-
bral infarction, cerebral hemorrhage, cerebrovascular malfor-
mation, brain tumor, cerebral trauma, and surgery history).

All HCs in the study must fulfill the following criteria: 
(1) no ocular disease with uncorrected or corrected VA 
≥1.0; (2) no type of diabetes mellitus and autoimmune 
diseases; (3) those who were not pregnant or breastfeeding 
at the time of the study.

The protocol of the research was in accordance with 
the Declaration of Helsinki and was formally approved by 
the Ethical Committee for Medicine of the Renmin 
Hospital of Wuhan University, Hubei Province, People’s 
Republic of China. All participants enrolled in the study of 
their own accord and provided written informed consent.

MRI Parameters
All brain MR imaging was acquired using a 3-Tesla MR 
scanner (Discovery MR 750W system;GE Healthcare, 
Milwaukee, WI, USA) with an eight-channel phased- 
array head coil. During the whole MRI scanning, subjects 
were required to keep their eyes closed while awake and 
keep their mind blank. We used earplugs and foam pads to 
minimize scanner noise and head motion. 3D T1WI with 
three-dimensional fast spoiled gradient-echo sequences 
was scanned prior to BOLD-fMRI sequence. The respec-
tive scanning parameters were shown in Table 1.

MRI Data Processing
All functional images were preprocessed employing the 
Data Processing & Analysis of Brain Imaging (DPABI, 
http://www.rfmri.org/dpabi) toolbox, and Statistical 
Parametric Mapping (SPM8, http://www.fil.ion.ucl.ac.uk/ 
spm/software/spm8) implemented in MATLAB 2013a 
(MathWorks, Natick, MA, USA). Standard preprocessing 
steps were conducted on the rs-fMRI data sets, described 
in the following steps: (1) data format was converted to 
NIFTI format, and the first ten time-point images were 
discarded to achieve steady-state magnetization equilibra-
tion; (2) then, corrected for slice timing and head motion. 
We removed those movements more than 2 mm or rotation 
exceeded 2° during scanning; (3) the remaining functional 
images were spatially normalized using an echo-planar ima-
ging standard template from the Montreal Neurological 
Institute (MNI) with s resolution of 3×3×3 mm3; (4) esti-
mated smoothness was used to spatially smooth the images, 
after regressing out several nuisance signals (including glo-
bal mean signals, six head motion parameters, cerebrospinal 
fluid signals, and white matter signals); (5) finally, linear 
detrending and temporal bandpass filtering (0.01–0.08 Hz) 
were applied to reduce the effects of physiological noise.

ALFF Calculation
ALFF is thought to reflect spontaneous neural activity in 
humans. After the preprocessing, the time series of each 
voxel was transformed to the frequency domain with 

Table 1 Scanning Parameters of T1WI and BOLD Sequence

Sequence TR (ms) TE (ms) Thickness (mm) Gap (mm) AM FOV (mm2) FA VS (mm3)

T1WI 8.5 3.3 1.0 0 256×256 240×240 12° –

BOLD 2000 25 3.0 1.2 64×64 240×240 90° 3.6×3.6×3.6

Abbreviations: T1WI, T1-weighted imaging; BOLD, blood oxygenation level dependent; TR, repetition time; TE, echo time; AM, acquisition matrix; FOV, field of view; FA, 
flip angle; VS, voxel size.
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a Fast Fourier Transform and the power spectrum was then 
obtained based on DPABI software. The square root of the 
power spectrum was z-transformed with Fisher’s r-to-z 
transformation to reduce the global impact of variability 
across the participants. This finally created a standardized 
whole-brain ALFF map.

Statistical Analysis
Variables of the demographic and clinical features of the 
DR and HC groups were analyzed using the SPSS soft-
ware version 16.0 (SPSS Inc, Chicago, Illinois, USA) via 
chi-squared test and independent-samples t-test. P value 
<0.05 was considered to have a significant statistical 
difference.

A one-sample t-test was performed to assess the mean 
ALFF results within each group using the SPM8 software. 
The mean ALFF values in each voxel of the two groups 
were compared by a two-sample t-test based on the SPM8 
software (two-tailed, voxel-level P<0.01, Gaussian ran-
dom field correction, cluster-level P<0.05). Age and sex 
were incorporated as covariates.

The relationship between the ALFF values in signifi-
cantly altered regions and clinical features in the DR group 
was calculated using Pearson correlation. The regions of 
the cerebrum with a distinctly different mean ALFF signal 
value between the two groups were assessed using the 
receiver operating characteristic (ROC) curve. Both the 
Pearson correlation and the ROC curve were performed 
using the SPSS software version 16.0.

Results
Demographics and Disease 
Characteristics
There were no statistically significant differences between the 
DR and HC groups in gender (P=0.918) or age (P=0.719), but 

significant differences in BCVA of the right eye (P<0.001), 
and left eye (P<0.001). The results of these data were listed in 
Table 2.

Imaging of the Retinal Fundus
Figure 1A and C shows fundus photography and fluorescein 
fundus angiography of a right eye, showing the following 
signs of the HCs: no exudation, edema, and no microaneur-
ysm formation. The Figure 1B is typical fundus photogra-
phy of the right eye, presenting the following signs of DR: 
retinal punctate hemorrhage, hard exudation, and microa-
neurysms formation. Fluorescein fundus angiography 
(Figure 1D) showed strong fluorescence at the later stage 
of angiography: there are visible retinal hemorrhages and 
fluorescein leakage.

Group Differences in ALFF
The spatial distribution of ALFF maps of the DR and HCs 
within each group was shown in Figure 2. Compared with 
the HCs, patients with DR had significantly lower ALFF 
values in the left and right middle occipital gyrus (MOG). 
In contrast, patients with DR showed higher ALFF values 
in the left cerebellum (CER), left inferior temporal gyrus 
(ITG) and left hippocampus (Hipp) (Figure 3 and Table 3). 
However, no relationship was observed between the mean 
ALFF signal values of the altered regions and clinical 
manifestations in the patients with DR.

ROC Curve
The ROC curve was utilized to analyze the mean ALFF 
signal values of the different brain areas between DR and 
HC groups. The area under the ROC curve (AUC) repre-
sented the diagnosis rate. AUC values of 0.5 to ~0.7 indi-
cated low accuracy, AUC values between 0.7 and ≤0.9 
indicated medium accuracy, and AUC values exceeding 

Table 2 Characteristics of Participants Included in the Study

Condition DR Group HC Group T/χ2 values P-value*

Gender (male/female) 18/17 18/20 0.011 0.918

Age (years) 54.17±8.67 53.47±7.73 0.362 0.719
Duration of diabetes (years) 9.94±5.10 N/A N/A N/A

BCVA-OD 0.49±0.19 1.18±0.16 −16.461 <0.001

BCVA-OS 0.52±0.14 1.13±0.18 −15.876 <0.001
HbA1c (%) 7.47±1.26 5.59±0.39 8.442 <0.001

Fasting blood glucose (mmol/L) 8.23±2.30 5.96±0.48 5.758 <0.001

Notes: Chi-squared test for sex (n). Independent samples t-test for the other normally distributed continuous data (means ±SD). *P<0.05 indicated significant differences. 
Abbreviations: DR, diabetic retinopathy; HC, healthy control; N/A, not applicable; BCVA, best corrected visual acuity; OD, oculus dexter; OS, oculus sinister; Hb, 
glycosylated hemoglobin.
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0.9 are considered high accuracy. The AUC for ALFF 
values was shown as follows: left CER (0.897; P<0.001; 
95%CI=0.827–0.967), left ITG (0.823; P<0.001; 95% 
CI=0.728–0.918) and left Hipp (0.866; P<0.001; 95% 
CI=0.786–0.946) (Figure 4A); left MOG (0.809; P<0.001; 
95%CI=0.710–0.908) and right MOG (0.805; P<0.001; 
95%CI=0.706–0.905) (Figure 4B).

Discussion
At present, there is no satisfactory treatment that 
allows patients with DR to recover good vision; thus, 
there is an urgent need to clarify the pathological 
mechanism involved in DR. ALFF is an index of 
LFOs that can focus on the neural processes of impor-
tant regions, rather than correlations among regions. In 
the present study, we compared the resting-state ALFF 
in the brains of patients with DR and HCs. We found 

significantly elevated ALFF in the left CER, left ITG, 
and left Hipp; we found significantly reduced ALFF in 
the bilateral MOG.

The MOG is a component of the occipital cortex that 
performs visual spatial processing. In addition, the MOG 
is a vital component of the dorsal visual pathways. The 
MOG has been shown to play important roles in effective 
dysfunction and category-selective attention.24 Dogan et al 
found that patients with DR showed elevations in apparent 
diffusion coefficient values in the visual cortex, which 
supported the association between DR and brain micro-
structural damage.10 Moreover, a conventional MRI study 
of gray matter density in DR individuals and patients with 
DM, revealed that patients with DR showed significantly 
reduced gray matter density in the occipital lobe, accord-
ing to voxel-based morphometry results.7 Retinal ganglion 
cells are known to play key roles in visual stimulation.25 

Figure 1 Examples of retinal fundus photography and fluorescence fundus angiography in the DR patients and HC group.  
Notes: (A) Fundus photography of a right eye of healthy controls; (B) fundus photography of a right eye of DR patients; (C) fluorescence fundus angiography in a right eye 
of healthy controls; (D) fluorescence fundus angiography of an eye of DR patients.  
Abbreviations: DR, diabetic retinopathy; HC, healthy control.
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The pathological mechanisms of DR involve retinal vas-
cular leakage, altered retinal thickness, and retinal gang-
lion cell loss. These retinal abnormalities lead to the 
disruption of visual signals and the reduction of visual 
stimulation.9 Therefore, visual stimuli processing abnorm-
alities may cause changes in spontaneous neuronal activity 
in the visual regions. In the present study, the ALFF values 
of the right/left MOG were significantly lower in patients 
with DR than in the HC group, suggesting that MOG 
function is reduced in patients with DR.

The Hipp is a critical hub in the default mode network 
(DMN), a network responsible for spontaneous cognition. 
Characterized as an integrated network, the brain’s DMN 
has been defined as a distributed set of regions in asso-
ciated cortices that showed elevated spontaneous activity 
during wakeful rest.26 The Hipp is also a key structure of 
the limbic system, which is involved in learning, episodic 
memory, and spatial navigation.27 An rs-fMRI study 
demonstrated elevated functional connectivity between 
the left Hipp and left MOG, which may reflect memory 
impairment and sleep disturbance in patients with major 
depressive disorder.28 DR is reportedly associated with 
cognitive decline, especially in the domains of learning, 
memory, and mental speed.29 Patients with T2DM and 
mild cognitive impairment reportedly showed significant 

ALFF changes in a variety of brain regions, including the 
Hipp, which reflected aggravated cognitive and brain func-
tional impairment.30 Consistent with the findings of pre-
vious studies, significant ALFF elevation was observed in 
the Hipp of patients with DR in the present study; this may 
be a compensatory reallocation or recruitment of cognitive 
resources from other regions.

With respect to cognitive function, compared to HCs, 
patients with DR showed increased ALFF values in the 
left CER in our study. The CER is typically regarded as 
a component of pathways related to balance and motor 
control;31 some studies have reported that the CER is also 
involved in higher cognitive processes.32,33 Prior studies 
have demonstrated increased risks of cognitive impairment 
in patients with DR.15,34 Moreover, Wang et al found that 
patients with T2DM showed abnormal spontaneous brain 
activity in the posterior lobe of the CER, compared with 
HCs; this abnormal activity was associated with poor 
cognitive performance.35 Cognitive deficits in patients 
with DR are presumably due to changes in neural function 
and neurotransmitter metabolism, as well as the loss of the 
blood–brain barrier.36 Thus, we speculate that elevated 
spontaneous brain activity in the CER may serve as com-
pensation for other types of cognitive-related brain dys-
function in patients with DR.

Figure 2 Distribution patterns of ALFF were observed at the group level in DR and HC groups in the typical frequency band (0.01–0.08 Hz).  
Note: One-sample t-test result of ALFF maps within the DRs (A) and HCs (B) (P<0.001).  
Abbreviations: ALFF, amplitude of low-frequency fluctuation; DR, diabetic retinopathy; HC, healthy control; L, left; R, right.
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The ITG is located on the ventral and medial surfaces 
of the temporal lobe. The ITG is regarded as a key com-
ponent of the ventral visual pathway implicated in visual 
memory and visual shape categorization.37 In addition, 
previous studies have demonstrated that the inferotemporal 
cortex contains shape-selective neurons, which underlie 

the recognition and categorization of three-dimensional 
objects.38 Recent clinical experimental and neuroimaging 
studies have demonstrated that, in addition to retinal 
microvascular changes, the visual impairment of patients 
with DR is related to abnormities in the cerebral visual 
pathway and neural activities of visual network areas.9,39 

Figure 3 Spontaneous brain activity in the DRs and HCs.  
Notes: (A and B) Significant activity differences were observed in the L-cerebellum, L-ITG, L-Hipp, L-MOG, and R-MOG. The blue denotes lower ALFF values, and the red 
or yellow areas indicate higher ALFF values (voxel-level P<0.01, GRF correction, cluster-level P<0.05). (C) The mean values of distinctly altered ALFF values between the DR 
and HC groups.  
Abbreviations: DR, diabetic retinopathy; HC, healthy control; ITG, inferior temporal gyrus; Hipp, hippocampus; MOG, middle occipital gyrus; L, left; R, right.
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Yu et al reported that patients with T2DM displayed sig-
nificant changes in the absolute cerebral blood flow-mean 
ALFF coupling of the cerebral blood flow-network, which 
was involved in the temporal lobe.40 A neuroimaging 

study also revealed that patients with T2DM and mild 
cognitive impairment exhibited significant ALFF altera-
tions in the temporal lobe.30 Consistent with the prior 
findings, we observed significantly higher ALFF values 
in the left ITG of patients with DR, indicating stronger 
local spontaneous brain activity than that observed in HCs. 
Furthermore, the ROC curve in Figure 4 shows that the 
abnormal ALFF signal value of the left ITG exhibited 
robust accuracy and excellent specificity for distinguishing 
between the two groups. The elevated intrinsic brain activ-
ity in the left ITG might suggest ITG function is enhanced 
in patients with DR.

Conclusion
In summary, the ALFF method is a reliable index of 
LFOs, which can focus on the neural activity of key 
regions. Compared to HCs, patients with DR exhibited 
abnormal spontaneous neural activity in a specific subset 
of brain regions, including the MOG, CER, ITG, and 
Hipp. These results imply the presence of impaired 
cognition and vision in patients with DR, and may 
enable further exploration of the underlying pathophy-
siology of DR.

Table 3 Brain Areas with Significantly Different ALFF Values 
Between Two Groups

Brain 
Areas

BA T value Voxels MNI 
Coordinates

Hemisphere

x y z

DR>HC

CER − 4.9969 240 −21 −36 −45 L

ITG 20 4.4959 82 −54 −18 −36 L
Hipp − 5.0328 151 −33 −48 9 L

DR<HC
MOG 18 −4.863 180 −24 −99 3 L

MOG 18 −4.8804 182 30 −90 0 R

Notes: The “DR>HC” is that DR group had higher mean ALFF signal value relative 
to HC group, and the “DR<HC” means DR group had lower mean ALFF signal 
value relative to HC group. The statistical threshold was set at the voxel level with 
P<0.01 for multiple comparisons using Gaussian Random Field theory (voxel-level 
P<0.01; GRF correction, cluster-level P<0.05). 
Abbreviations: DR, diabetic retinopathy; HC, healthy control; BA, Brodmann 
area; MNI, Montreal Neurological Institute; CER, cerebelum; ITG, inferior temporal 
gyrus; Hipp, hippocampus; MOG, middle occipital gyrus; L, left; R, right.

Figure 4 ROC curve analysis of the mean ALFF values for altered brain regions within two groups.  
Notes: The area under the ROC curve (AUC) represented the diagnosis rate. The values of AUC were 0.897 for L-CER (P<0.001; 95%CI=0.827–0.967), 0.823 for L-ITG 
(P<0.001; 95%CI=0.728–0.918) and 0.866 for L-Hipp (P<0.001; 95%CI=0.786–0.946) (A); 0.809 for L-MOG (P<0.001; 95%CI=0.710–0.908) and 0.805 for R-MOG (P<0.001; 
95%CI=0.706–0.905) (B).  
Abbreviations: AUC, area under the curve; CER, cerebellum; ITG, inferior temporal gyrus; Hipp, hippocampus; MOG, middle occipital gyrus; L, left; R, right.
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