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Objective: To explore the changes in gray matter volume (GMV) and white matter volume
(WMV) in proliferative diabetic retinopathy (PDR) patients using voxel-based morphometry
(VBM).

Participants and Methods: In total, 15 patients (10 males, 5 females) with PDR were
enrolled to the patient group and 15 healthy controls (10 males, 5 females) to the control
group, matched for age, sex, handedness, and education status. All individuals underwent
voxel-based morphometry scans. GMV and WMV were compared between the two groups.
Results: GMYV in bilateral superior temporal gyrus, sixth area of left cerebellum, left middle
temporal gyrus, left orbital inferior frontal gyrus and left middle cingulum gyrus and WMV
in left thalamus and left precuneus were significantly lower in patients than controls
(P<0.01). Conversely, WMV was significantly higher in bilateral lenticular putamen of
patients than controls (P<0.01).

Conclusion: Abnormal GMV and WMV in many specific areas of the cerebrum provide
new insights for exploration of the occurrence and development of DR and its
pathophysiology.

Keywords: voxel-based morphometric, white matter, gray matter, proliferative diabetic
retinopathy

Introduction
As the prevalence of diabetes mellitus (DM) continues to increase, the
International Diabetes Federation has predicted a rise to 642 million globally
by 2040' along with an increase in related complications such as diabetic
retinopathy (DR). DR remains the leading vascular-associated cause of blind-
ness in both developing and developed countries. Clinically, DR is diagnosed
based on vascular abnormalities on examination by retinal fundus photography,
and is categorized as non-proliferative DR (NPDR) and proliferative DR
(PDR). The pathology of DR includes retinal microvasculopathy, inflammation
and retinal neurodegeneration.” The occurrence of atypical DR fundus lesions
before the development of diabetes may indicate a four to approximately
seven-year delay in disease diagnosis.’

This prompted us to adopt a fully automated, standardized, sensitive,
whole-brain technique known as voxel-based morphometry (VBM)* to study
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the pathological mechanism, clinical diagnosis and
treatment of DR. Based on the common anatomical,
embryological and physiological characteristics of ret-
inal vessels and cerebral microcirculation,>® the possi-
bility that retinopathy can provide indirect clues to
intracerebral lesions has attracted much attention.” '°
Some evidence indicates that diabetic retinopathy is
associated with stroke and white matter lesions, and
large epidemiological studies have found a significant
association with cognitive impairment or dementia.''”
4 Furthermore, the abnormalities of retinal arterioles
(such as arteriolar stenosis and microaneurysms) may
be bioindicators of concomitant cerebral small vessel
diseases.'” Ryan et al'® reported that diabetic retino-
pathy was associated with cognitive impairment in
diabetic patients. However, it is still unknown whether
diabetic retinopathy is an independent risk factor or is
associated with predicted brain injury.

Magnetic resonance imaging (MRI) may be applied
to basic and clinical research on DM and may guide
clinical treatment, while voxel-based morphometry
(VBM) quantifies changes in the volume and density
of gray matter and white matter in the brain and can
provide an accurate indication of morphologic changes
caused by neuropathy that cannot be detected by con-
ventional imaging. The VBM technique has been used
such as

in research on diseases

17,18

ophthalmic

comitant strabismus,'® primary open
0

amblyopia,
angle glaucoma,”® and optic neuritis.>' The frontal,
temporal and thalamus regions are part of the default
mode network, which is involved in cognitive, emo-
tional and memory functions.”** Therefore, we specu-

lated that the application of VBM to observe and study

the structural changes of cerebral gray matter (GM)
and white matter (WM) as well as the spontaneous
neuronal changes in the resting state in PDR patients
may identify biological indicators for the evaluation of
brain injury in patients with PDR, and connectivity
changes in visual areas or relevant cognition-related
arcas may lead to anxiety and depression. In this
study, VBM was used to explore the pattern of sponta-
neous neuronal activity and changes in GM and WM
volume caused by PDR (Figure 1), and to provide
a basis to explore the cerebral manifestations of visual
impairment.

Participants and Methods

Participants
PDR patients (patient group, PG) and healthy controls
(control group, CG) were included. A total of 15 PDR
patients with type 2 diabetes were enrolled in PG,
including 10 male and five female PDR patients.
Intraocular pressure and best corrected visual acuity
were assessed in all patients. The inclusion criteria
for PDR patients were based on the 2018 American
Academy of Ophthalmology clinical guidelines for the
diagnosis and treatment of DR as follows: (1) at least
one PDR characteristic in imaging examinations and/or
fundus fluorescein angiography: (a) neovascularization,
(b) vitreous/retinal hemorrhage; (2) no other ocular
diseases in either eye (such as eye pain, dry eye syn-
drome, cataracts or optic neuritis); (3) no addiction to
drugs or alcohol abuse; (4) no neurological or psychia-
tric diseases; (5) no MRI contraindications.

Fifteen healthy controls (10 male and five female
subjects) without diabetes mellitus matched for age,

Figure | Example of PDR was examined on fundus camera (A) and fluorescence fundus angiography (B).

3654

Dove!

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove Xiao et al

Table | Basic Information of Participants in the Study

Condition PDR HCs t P-value
Male/female 10/5 10/5 N/A >0.99
Age (years) 55.26+5.65 56.96x5.14 0.087 0.881
Weight (kg) 61.39+7.54 62.96+7.59 0.096 0.896
Handedness I5R I5R N/A >0.99
Duration of PDR (days) 235.69+74.26 N/A N/A N/A
Best-corrected VA-left eye 0.14+0.06 1.01+0.16 —0.875 0.007
Best-corrected VA-right eye 0.21+0.14 1.04+0.18 —0.964 0.012
IOP left (mm Hg) 15.16+1.59 18.68+2.17 0.064 0.787
IOP right (mm Hg) 16.22x1.48 17.21+2.24 0.073 0.899

Note: Independent t tests comparing two groups (P<0.05).
Abbreviations: HCs, healthy controls; N/A, not applicable; PDR, proliferative diabetic retinopathy; VA, visual acuity; IOP, intraocular pressure; R, right.

gender, handedness, educational level and total intra- history; (2) no MRI contraindications; (3) no drug or
cranial volume were enrolled in the CG. The inclusion alcohol abuse history; (4) no neurological or psychia-
criteria for CG were as follows: (1) no ocular disease tric diseases.
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Figure 2 Spontaneous brain activity in the PG versus CG (A andB), and the gray matter signal value between the PG and CG (C). Compared with the CG, the gray matter
volume was obviously decreased of PG (*P<0.01) in left superior temporal gyrus, sixth area of left cerebellum, left middle temporal gyrus, left orbital inferior frontal gyrus,
right superior temporal gyrus, and left middle cingulum gyrus.

Abbreviations: L, left; PG, patient group; CG, control group; R, right.

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2021:14 heeps: 3655

Dove:


https://www.dovepress.com
https://www.dovepress.com

Xiao et al

Dove

Table 2 GMV Differences Between PG and CG

Clusters Brain Areas MNI Coordinates BA Number of Voxels Number of Cluster Voxels T value
X Y z
PG <CG
Cluster | LSTG —24 10.5 -5 5 2417 19911 —5.2256
6-ALC 2239
LMTG 1919
LOIFG 1643
Cluster 2 RSTG 39 18 -18 - 2340 14717 —6.4221
Cluster 3 LMCG —4.5 75 375 33 877 4425 —4.0399

Abbreviations: GMV, gray matter volume; PG, patient group; CG, control group; MNI, Montreal Neurological Institute; BA, Brodmann area; LSTG, left superior temporal
gyrus; 6-ALC, sixth area of left cerebellum; LMTG, left middle temporal gyrus; LOIFG, left orbital inferior frontal gyrus; RSTG, right superior temporal gyrus; LMCG, left

middle cingulum gyrus.

This study was approved by the Medical Ethics
Committee of the First Affiliated Hospital of Nanchang
University. The research is compliant with the Declaration
of Helsinki. All participants voluntarily participated in the
study and signed informed consent forms.

Magnetic Resonance Image Parameters
A 3-Tesla magnetic resonance scanner (Siemens,
Munich, Germany) with a 12-channel head coil was
used to scan participants, while the fast gradient echo
sequence (magnetization prepared rapid acquisition
gradient echo, MP RAGE) was used to acquire high
resolution images covering the whole cerebrum. The
T1-weighted cross-sectional images were prepared as
follows: 176 slices with a thickness of 1.0 mm; echo
time of 2.26 ms; repetition time of 1900 ms; and field
of view about 215x230 mm. All individuals were
scanned by the same radiologist, and had no abnorm-
alities in the parenchyma of the cerebrum.

Image Processing

Functional data were classified using MRIcro software
data.
Structural images were processed using VBMS8 imple-
mapping (SPMS&)
(Wellcome Department of Imaging Neuroscience,
London, UK) running on MATLAB 7.9.0 (R2009b;
The MathWorks, Inc., Natick, MA, USA). Individual
cerebrums were divisible into GM, WM, and cerebrosp-

(www.MRIcro.com) to eliminate incomplete

mented in statistical parametric

inal fluid using VBMS8 with default estimation options
(very light bias regularization, 60 mm cut-off for the
assessment of Gaussian smoothness in image intensity;

European template for the original affine transformation

of ICBM (International Consortium for Brain
Mapping)). Spatial normalization to the Montreal
Neurological  Institute = (MNI)  standard  space

was conducted using the implementation in VBMS8 of
high-dimensional DARTEL (diffeomorphic anatomical
registration  through exponentiated lie algebra).
DARTEL was applied to generate gray and white matter
templates, while the generated template was used to
acquire standardized GM and WM in data from all
The then

smoothed by a 6-mm full-width-at-half-maximum

individuals. modulated volumes were
Gaussian kernel. Normalized, modulated and smoothed

images were subjected to group-level analyses.

Processing of Data and Statistical Analysis
We used the SPMS toolkit to perform general linear model
analysis. GM volume (GMV) and WM volume (WMV)
were compared between PG and CG after controlling for
age and sex. Significant voxels were superimposed on the
normalization of 3DT1WTI (three-dimensional magnetiza-
tion, fast acquisition gradient echo sequence) to produce
a kromogram. Regional analysis was performed on adja-
cent voxels after selecting the voxel threshold.

SPSS version 19.0
Armonk, NY, USA) was applied to analyze the cumulative

software (IBM Corporation,

data. Double sample ¢ test and false discovery rate were
used to process multiple comparison correction. The para-
meters of correction were set as voxel-level threshold of
0.005, cluster-level threshold of 0.05, two-sided test.
P<0.05 was regarded as statistically significant. In addi-
tion, receiver operating characteristic (ROC) curves were
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Figure 3 Spontaneous brain activity in the PG versus CG (A-C), and the white matter signal value between the PG and CG (D). Compared with the CG, the white matter
volume was significantly higher in bilateral lenticular putamen of PG, while it was significantly reduced in left thalamus and left precuneus of PG (*P<0.01).
Abbreviations: L, left; PG, patient group; CG, control group; R, right.

used to compare specific cerebral regions between the two  scores of anxiety and depression were considered indica-

groups. tors of clinical behavior. The GraphPad Prism 8 software
(GraphPad Inc., San Diego, CA, USA) was used to find
Correlation Analysis Pearson’s correlation, and to evaluate and plot the linear

PG participants were required to accurately complete the correlation between HADS scores and GMV in the left
Hospital Anxiety and Depression Scale (HADS), and the thalamus.
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Table 3 WMV Differences Between PG and CG

Brain MNI Coordinates BA | Number T value
Areas of Voxels

X Y z
PG >CG
RLP 19.5 10.5 -10.5 | - 5268 59511
LLP -19.5 | 12 -10.5 | - 1778 4.4854
PG <CG
LT -7.5 =21 6 77 1782 —4.2273
LP 0 —49.5 | 66 68 4047 —4.7884

Abbreviations: WMV, white matter volume; PG, patient group; CG, control group;
MNI, Montreal Neurological Institute; BA, Brodmann area; L, left; R, right; RLP, right
lenticular putamen; LLP, left lenticular putamen; LT, left thalamus; LP, left precuneus.

Results
Basic Information of Participants
No significant differences were found in age

(P=0.881), weight (P=0.896), or intraocular pressure
of either eye (P>0.05) between PG and CG. However,
binocular best corrected visual acuity was significantly
different (P<0.05) between the two groups. Details are
presented in Table 1.
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Gray and White Matter Differences

GMV was significantly decreased in PG (P<0.01) com-
pared with CG in the bilateral superior temporal gyrus,
sixth area of left cerebellum, left middle temporal
gyrus, left orbital inferior frontal gyrus and left middle
cingulum gyrus (Figure 2 and Table 2). The gray mat-
ter and white matter signal values in the two groups are
shown in Figures 2C and 3D. We also found that the
WMV was significantly higher in the bilateral
lenticular putamen of PG than CG (P<0.01), while it
was significantly lower in the left thalamus and left
precuneus of PG than CG (P<0.01) (Figure 3 and
Table 3).

ROC Curve

To verify whether differences in GMV and WMV
values could be used as diagnostic biomarkers to dif-
ferentiate the patient group from the control group,
a ROC curve analysis was performed to analyze the
mean GMV and WMV values for specific brain
regions. The individual areas under the curve (AUCs)
of GMV values were as follows: The LSTG/6-ALC/

B ROC Curve
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Figure 4 ROC curve analysis of the mean GMV and WMV values for the altered brain regions. (A) The area under the ROC curve for the GMV was 0.969 for cluster |
(LSTG/6-ALC/LMTG/LOIFG) (P<0.001; 95%ClI: 0.918-1.000), 0.956 for the cluster 2 (RSTG) (P<0.001; 95%ClI: 0.892-1.000) and 0.889 for cluster 3 (LMCG) (P<0.001; 95%
Cl: 0.774-1.000). (B) The area under the ROC curve for the WMV was 0.956 for RLP (P<0.001; 95%ClI: 0.891-1.000), 0.907 for LLP (P<0.001; 95%ClI: 0.796—1.000), 0.91|

for LT (P<0.001; 95%CI: 0.809—-1.000) and 0.947 for (P<0.001; 95%Cl: 0.866—1.000).

Abbreviations: LSTG, left superior temporal gyrus; 6-ALC, sixth area of left cerebellum; LMTG, left middle temporal gyrus; LOIFG, left orbital inferior frontal gyrus; RSTG,
right superior temporal gyrus; LMCG, left middle cingulum gyrus; RLP, right lenticular putamen; LLP, left lenticular putamen; LT, left thalamus; LP, left precuneus.
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LMTG/LOIFG (0.969, P<0.001), RSTG (0.956,
P<0.001) and LMCG (0.889, P<0.001) (Figure 4A),
the AUCs of WMV values were as
follows: RLP (0.956, P<0.001), LLP (0.907,
P<0.001), LT (0911, P<0.001) and LP (0.947,
P<0.001) (Figure 4B).

while

Correlation Analysis

We found significant negative correlations between HADS
scores and overall GMV values in PG (=0.7539, P<0.0001
—0.7568, P<0.0001 for depression;
Figure 5), but this correlation was not found in the left thala-
mus (r=—0.2647, P>0.05 and r =—0.2676, P>0.05; Figure 5).

for anxiety and r

Discussion
In this study, we found significantly different GMV and
WMV in patients than in controls. The GMV in
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bilateral superior temporal gyrus, sixth area of left
cerebellum, left middle temporal gyrus, left orbital
inferior frontal gyrus and left middle cingulum gyrus
and WMV in the left thalamus and left precuneus were
significantly decreased in PG compared with CG, while
the WMV was significantly higher in bilateral lenticu-
lar putamen of PG than CG (Figure 6). VBM provides
a powerful basis for the clinical diagnosis and treat-
ment of diseases, and becomes a powerful tool to
clarify the pathological mechanism and monitor pro-
gression of diseases.”* In contrast to the region of
interest method, VBM is not limited to predetermined
regions, but evaluates the differences in brain histo-
morphology by calculating the density or volume of
gray matter and white matter throughout the brain.
The method has high repeatability and the results are

objective.
B
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Figure 5 Correlations between the clinical behaviors and GMV values and left thalamus. (A) The anxiety scores showed a negative correlation with GMV values (r =
—0.7539, P<0.001); (B) the depression scores showed a negative correlation with GMV values ((r = —0.7568, P<0.001); (C) there is no correlation between anxiety scores
and left thalamus (r = —0.2647, P>0.05); (D) there is no correlation between depression scores and left thalamus (r = —0.2676, P>0.05).

Abbreviations: GMV, gray matter volume; AS, anxiety scores; DS, depression scores.
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@® Deceased

Increased

‘ Visual function impairment

Figure 6 The mean GMV and WMV values of cerebrum in PDR patients. Compared with CG, the PG presented abnormal signals in specific regions of cerebrum as
followed: |. bilateral superior temporal gyrus (Left, t = —5.2256; Right, t = —6.4221); 2. sixth area of left cerebellum (t = —5.2256); 3. left middle temporal gyrus (t = —5.2256);
4. left orbital inferior frontal gyrus (t = —5.2256); 5. left middle cingulum gyrus (t = —4.0399); 6. left thalamus (t = —4.2273); 7. left precuneus (t = —4.7884); 8. bilateral

lenticular putamen (left, t=4.4854; right, t=5.9511).
Note: The areas of the spots represent the degree of quantitative changes.

Many scholars have studied brain structure in dia-
betes. Current VBM research on the impact of DR in
cerebellar regions is shown in Table 4. Previous reports
indicated that patients with type 2 DM have reduced
GMYV throughout the brain, including right inferior
frontal gyrus, occipital lobe, frontal lobe, and temporal
cortex, medial temporal, anterior cingulate, and medial
frontal lobes.>>?® Furthermore, a large sample study
suggested that patients with type 2 DM have atrophy in
brain regions including the hippocampus,®*>° but
mainly in the temporal lobe.*! Wang et al** indicated
that the amplitude of low frequency fluctuation values
of the bilateral medial frontal gyri, right superior tem-
poral gyrus, right middle frontal gyrus, left middle/
inferior frontal gyrus, bilateral precuneus, and left
inferior parietal lobule were reduced in DR patients.
One study pointed out that impaired visual function
will lead to abnormal structure of the visual cortex,>?
suggesting that decreased visual cortex stimulation in
DR patients leads to changes in its structure. Another
study found that intrinsic functional connectivity was
altered in distinct cerebrum regions of PDR patients,
including primary visual cortex.>* The above studies
indicate that many cerebral areas in diabetic patients
have shown abnormalities and loss of GMV.

Some of our results are consistent with and supple-
ment previous findings. Decreased GMV indicates neu-
ronal loss and atrophy in some cerebral regions in DR
patients.”* Although the mechanism of association
between retinopathy and decreased GMV is not clear,
hyperglycemia may play an important role in causing
both lesions.*> An impaired blood-brain barrier leads
to reduced neuronutrient delivery, decreased neural
death.?®

Neuronal loss caused by microinfarction of gray matter

metabolism, and ultimately neuronal
may also be an important mechanism leading to
decreased GMYV in patients with DR. However, micro-
infarction cannot be observed on conventional MRI
images and pathological evidence is still needed to
support it. To our knowledge, PDR not only leads to
visual impairment, but also can affect emotions, such
as anxiety and depression. A study showed that the
adjacent anterior cingulate gyrus and prefrontal cortex
played an important role in emotion regulation.>” In
addition, the patients with medial frontal lobe lesions
were related to activations in emotional and social
behavior, which are prone to perform anxiety and
depression.”® The PG group had significantly decreased
of GMV values in many regions of cerebral and corre-

lation analysis with HADS, which performed that
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Figure 7 Relationship between GMV values and emotional state. The GMV values were decreased in many specific regions of cerebrum in PDR patients compared with
healthy controls, and PDR patients seem more likely to produce anxiety and depression.

anxiety and depression scores were negatively corre-
lated with GMV values, and abnormal neural electrical
activity may also occur in cerebral regions related to
emotional processing (Figure 7). Therefore, our study
demonstrated that the decrease of GMV values in many

regions of the cerebrum may be related to the anxiety
and depression of PDR patients.

Significant correlations have been found between diabetes
and WM lesions.”® Two studies have shown that WM loss is
distributed in the frontal and temporal regions of the

Table 5 Alternation of Cerebellum Regions and Its Potential Impact

Cerebellum Experimental Cerebellum Functions Anticipate Effects

Regions Results

Superior temporal PG <CG Information processing, language comprehension and perception, and | Auditory aphasia, reflect intraocular inflammation

gyrus associated with ocular diseases and visual impairment

Sixth area of PG <CG Motor learning and memory, cardiovascular activities, emotional Social and emotional problems

cerebellum processing

Middle temporal PG <CG Auditory information processing and language function, affective Aphasia and mental disorders, including

gyrus information processing depression and anxiety

Orbital inferior PG <CG Processing of pitch and duration information Alzheimer's disease

frontal gyrus

Middle cingulum PG <CG Manage emotion, cognition, and movement, and integrate visual Affective and cognitive dysfunction, visual function

gyrus information abnormals

Lenticular putamen PG >CG Relay points in the extrapyramidal pathway Motor and sensory dysfunction, such as

Parkinson’s disease

Thalamus PG <CG Sensory processing, memory function, emotion associated with visual | Emotional problems, endocrine disease and visual
function dysfunction

Precuneus PG <CG Associated with many high levels of cognitive function Movement and sensory impairment.

Abbreviations: PG, patient group; CG, control group.
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Macular Edema
Hemorrhage

‘ Retinal microangiopathy

diabetic retinopathy

Neovascularization

Figure 8 Relationship between VBM and clinical manifestation of PDR. Retinal under the condition of ischemia and hypoxia promoted neovascularization and hemorrhage,

further result in alterations of retinal thickness and cerebellum activity.

cerebrum.®'*° Although GM loss may result in downstream
atrophy of WM, the cerebral regions associated with WM loss
were unchanged in type 2 DM, suggesting a primary effect of
WM in type 2 DM patients. However, white matter hyperin-
tensities (WMH) were detected in the regions of bilateral
frontal, bilateral occipital, superior and middle frontal gyri,
and bilateral semicovoid center in elderly or older people

with hypertensive retinopathy,***!

while higher retinopathy
grades were significantly associated with WMH.* One study
indicated a relationship between background diabetic retino-
pathy and small focal WMH in periventricular, lateral ventri-
cles, basal ganglia and enlarged perivascular spaces,” and
a strong association has been found between WMH and retinal
arteriolar signs in the subcortical frontal lobe, parietal caps and
periventricular frontal.** WMH lesions represent specific
regions of increased water content, demyelination, and gliosis
within WM,* which are thought to signify foci of microvas-
cular ischemia. The lenticular putamen is an important location
of the main nerve conduction tract in and out of the cerebral

cortex. Due to the microvascular ischemia of cerebrum specific
areas in DM, elderly, and serve PDR, WMH was reasonable,
occurred and distributed in many specific regions of cerebrum,
including the bilateral lenticular putamen. Based on the above
research results, we speculated that diabetic retinopathy is
significantly associated with dysfunction of the cerebellum
(Table 5 and Figure 8). Although we have explored the specific
cerebrum regions and pattern of PDR cerebrum injury, there
are still some limitations to the study. Therefore, more in-
depth, longitudinal and horizontal studies are still needed in
future.

Conclusion

In our study, we found abnormalities in GMV and WMV in
patients with DR. These findings promote understanding of the
impact of DR on the whole visual pathway in terms of sub-
stantial morphological alterations, and provide new insight for
exploration of the occurrence and development of DR and its
pathophysiology.
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