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Purpose: To provide clinical evidence of the associations between retinal neuronal
degeneration and microvasculopathy in diabetic retinopathy (DR).

Methods: This case-control study included 76 patients (76 eyes) with type 2 diabetes
mellitus (DM), and refraction error between —3.0 and +3.0 D. The eyes were assigned
into DM (without DR), non-proliferative DR (NPDR), and proliferative DR (PDR) groups.
Age-, sex-, and refractive error-matched normal subjects were enrolled as controls.
The mean retinal thickness (mRT), the relative mean thickness of the retinal nerve
fiber layer (rmtRNFL, mtRNFL/mRT), ganglion cell layer (rmtGCL), ganglion cell complex
(rmtGCQC) layer, foveal avascular zone area (FAZa), FAZ perimeter (FAZp), FAZ circularity
index (FAZ-CI), and vessel density (VD) in superficial capillary plexus (SCP) and deep
capillary plexus (DCP) were assessed by swept-source optical coherence tomography
(OCT) and OCT angiography (OCTA). Group comparison and Spearman’s partial
correlation coefficient analysis were applied to evaluate the correlation between these
morphological parameters.

Results: rmtBNFL, FAZa, and FAZp in SCP and DCP increased with the DR severity

(OrmtrneL < 0.001; praza,scp = 0.001; praza, pcp = 0.005; Prazp, scp < 0.001; prazp,
pcp < 0.001). The rmtGCL, FAZ-CI in SCP and DCP, and VD in DCP decreased with

the DR severity (omicer = 0.002, praz—ci, scp = 0.002; praz_cipcp < 0.001, puvp,
pcp < 0.001). After controlling age, sex, duration of diabetes, and hypertension, the
rmtRNFL, FAZa in SCP and DCP, and FAZp in SCP and DCP were correlated with the
severity of DR (p < 0.05), while VD in SCP and DCP, FAZ-CI, and rmtGCL were negatively
correlated with the severity of DR (p < 0.05). The rmtGCL was negatively correlated with
the FAZa in SCP (r = —0.34, p = 0.002) and DCP (r = —0.23, p = 0.033), and FAZp in
SCP (r = —0.37, p = 0.001) and DCP (r = —0.32, p = 0.003), but positively correlated
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with VD in SCP ( = 0.26, p = 0.016), VD in DCP (- = 0.28, p = 0.012), and FAZ-Cl in

DCP (r = 0.31, p = 0.0006).

Conclusions: rmtRNFL, FAZ-Clin SCP and DCP, and FAZp in SCP are strong predictors
of the severity of DR. The ganglion cell body loss is highly correlated with increased FAZp
and FAZa, decreased FAZ-CI, and reduced VD with the severity of DR.

Keywords: diabetic retinopathy, retinal neuronal degeneration, diabetic microvasculopathy, swept source optical
coherence tomography, OCT angiography

INTRODUCTION

Diabetic retinopathy (DR) is among the most significant
and disabling chronic complications of diabetes mellitus
(1, 2). Although cumulative evidence from basic science
and clinical research suggested that DR is a neurovascular
disease (3, 4), the correlation between diabetic retinal
microvasculopathy and neuronal degeneration still remains
uncertain, and their synergistic effect is yet to be illustrated
in humans.

In previous studies, retinal neuronal degeneration and
microvascular dysfunction have been shown to promote
the occurrence and development of DR (5-8). We further
confirmed that retinal ganglion cell is the most susceptible
retinal neuronal cell type in response to hyperglycemia in a
diabetic animal model (3). Clinical studies further confirmed
that retinal neurons dysfunction occurred before retinal
microvasculopathy using electroretinography (ERG) and visual
field examinations (9-11). However, the underlying mechanisms
and the correlation between diabetic retinal microvasculopathy
and neuron degeneration are yet uncertain. In this study,
advanced swept-source optical coherence tomography (SS-OCT)
and OCT angiography (OCTA) were used to further investigate
the correlation between the early and sensitive parameters
of retinal microvasculopathy including the foveal avascular
zone area (FAZa), FAZ perimeter (FAZp), FAZ circularity
index (FAZ-CI), and retinal vessel density (VD) in superficial
capillary plexus (SCP) and deep capillary plexus (DCP), and the
parameters for evaluation of the early morphological changes
of ganglion cells including the relative mean thickness of the

Abbreviations: ADA, American Diabetes Association; ANOVA, One-way analysis
of variance; BCVA, Best-corrected visual acuity; CBE, Cerebral blood flow;
D, Diopter; DCP, Deep capillary plexus; DM, Diabetes mellitus; DR, Diabetic
retinopathy; ERG, Electroretinography; ETDRS, Early Treatment Diabetic
Retinopathy Study Classification; FAZ, Foveal avascular zone; FAZa, Foveal
avascular zone area; FAZ-CI, Foveal avascular zone-circularity index; FAZp, Foveal
avascular zone perimeter; FFA, Fundus fluorescein angiography; GCC, Ganglion
cell complex; GCL, Ganglion cell; ICP, Intracranial pressure; ITH, Idiopathic
intracranial hypertension; IQR, Interquartile; mRT, Mean retinal thickness; NPDR,
Non-proliferative diabetic retinopathy; NVU, Neurovascular unit; OCT, Optical
coherence tomography; OCTA, Optical coherence tomography angiography;
PDR, Proliferative diabetic retinopathy; rmtGCC, Relative mean thickness of the
ganglion cell complex; rmtGCL, Relative mean thickness of the ganglion cell;
rmtRNFL, Relative mean thickness of the retinal nerve fiber; RNFL, Retinal nerve
fiber; RNVU, Retinal neuronal vascular unit; SCP, Superficial capillary plexus;
SS-OCT, Swept-source optical coherence tomography; T2DM, Type 2 diabetes
mellitus; TABS, TOPCON Advanced Boundary Segmentation; VD, Vessel density;
VEP, Visual evoked potential.

retinal nerve fiber layer (rmtRNFL, mtRNFL/mRT), the relative
mean thickness of the ganglion cell layer (rmtGCL), and the
relative mean thickness of the ganglion cell complex layer
(rmtGCC) in DR.

SUBJECTS AND METHODS

Participants

This study followed the Ethical Principles for Medical
Research Involving Human Subjects of the Declaration of
Helsinki and was approved by the Ethics Committee of
Beijing Tongren Hospital, Capital Medical University. All
the enrolled subjects signed an informed consent form
before participation.

A total of 76 patients (76 eyes) with type 2 diabetes mellitus
(T2DM) were enrolled in this study, including 39 males and
37 females, aged 40-71 years (average 58.34 £ 7.47 years),
with a refractive error between —3.0 diopter (D) and +3.0
D and registered in the outpatient clinic of Beijing Tongren
Hospital from September 2018 to September 2019. Age-, sex-,
and refractive error-matched 28 healthy subjects (28 eyes) [aged
43-78 years, median (interquartile, IQR) 53 (48-62) years]
constituted the normal control group. If bilateral eyes were
diagnosed as DR in patients with T2DM, only the severely
affected eye was enrolled in the study.

Sample Size Calculation

Combined with our pilot study results, which enrolled at least 15
subjects per group to show the statistical significance, Cochran’s
sample size formula was applied and the previous studies were
referenced (27). Sample size was calculated at 95% confidence
level with a margin of error of £5%. We determined the
minimum sample size to be 20 subjects in each group to detect
the difference (0.83) between means of the OCT and OCTA
parameters with a significance level of (alpha) 0.05.

Inclusion and Exclusion Criteria

The inclusion criteria were as follows: (1) participants aged 40—
70 years with T2DM; (2) refractive errors between —3.00 D
and +3.00 D. T2DM was defined according to the American
Diabetes Association (ADA) guidelines of DM (28-33), while DR
was defined and classified by ophthalmologists according to the
2017 “Diabetic Retinopathy: A Position Statement of Diabetic
Retinopathy” by the American Diabetes Association (34). Age-,
sex-, and refractive error-matched normal subjects were enrolled
as controls.
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The exclusion criteria were as follows: (1) cysts detected in
the neural retina by OCT; (2) macular edema secondary to any
other retinal vascular diseases; (3) patients with other fundus
diseases, such as age-related macular degeneration, uveitis, and
retinal inherited diseases; (4) eyes with history of posterior
surgery within 1 year; (5) eyes that underwent pan-retinal
photocoagulation or focal/grid laser treatment; (6) eyes treated
with intravitreal anti-vascular endothelial growth factor (VEGF)
agent or steroid within one year; (7) patients with glaucoma
or ocular hypertension; (8) fundus examination could not be
performed due to ocular media opacities; (9) patients could not
tolerate examinations due to severe systemic diseases.

Eye Examination

Routine Eye Examinations

The best-corrected visual acuity (BCVA), non-contact
intraocular pressure (TX20 Automatic Non-contact Tonometer,
Canon Co., Ltd, Tokyo, Japan), slit-lamp microscopic
examination (SL-IE Slit Lamp Microscope, Topcon Co.,
Ltd., Tokyo, Japan), and fundus examination with mydriasis
and fundus photography (CR-1 non-mydriatic Fundus Camera,
Canon Co., Ltd., Tokyo, Japan) were employed in all the
enrolled subjects.

Detection and Quantification of the Morphological
Parameters by OCT

Imaging with DRI-Triton OCT: All subjects were examined by
SS-OCT (DRI OCT1 Atlantis scanner, Topcon Co., Ltd., Tokyo,
Japan). A 9 x 9 mm scanning range mode was selected to obtain
B-scan images. The thickness of the retinal nerve fiber layer
(RNFL), ganglion cell layer (GCL), and ganglion cell complex
(GCC) in nine macular regions was measured automatically
using TOPCON Advanced Boundary Segmentation (TABS)
software. The nine regions were designed according to the Early
Treatment Diabetic Retinopathy Study Classification (ETDRS)
system. The ETDRS map was divided into nine parts: one 1 mm
diameter circle at the center, outside four inner-quarter annuluses
on the outside between the 1 and 3 mm diameter circles, and four
outer-quarter annuluses between the 3 and 6 mm diameter circles
(Figure 1). All images were measured independently by two
ophthalmologists. Computer-aided manual correction of OCT
segmentation was used for correcting thickness measurements in
cases with errors.

Detection and Quantification of the OCTA Parameters
Optical coherence tomography angiography images were
obtained using a 6 x 6 mm scanning mode in the macular area.
Individual images in SCP, DCP, outer retina, and choriocapillaris
plexus were generated by Topcon IMAGEnet® 6 software with
the computer-aided manual correction in cases with errors (35).
FAZa and FAZp in SCP and DCP were measured by Image |
software (version 1.48, available online at http://rsb.info.nih.gov/
ij/, National Institutes of Health, Bethesda, MD, USA). Foveal
avascular zone circularity index (FAZ-CI) (36) is an indicator
and novel biomarker representing disruption of the parafoveal
capillary network. The shape of FAZ is closer to a regular circular

shape when FAZ-CI is close to 1. The formula of the FAZ-CI is:

4w X area
FAZ - Cl= ———
perimeter?

OCTA images were binarized with Ostu threshold method using
Image J software (37). The VD in superficial and deep capillary
networks was measured by calculating the proportion of vessel
area with blood flow over the total area measured (38) (Figure 2).

To avoid individual differences and other confounding
factors, we used the mean value (the average of ETDRS nine
subfields) and relative thickness to describe the morphological
parameters of retinal ganglion cells determined by SS-OCT. The
relative mean thickness of RNFL (rmtRNFL), GCL (rmtGCL),
and GCC (rmtGCC) was defined as the mean thickness of RNFL,
GCL, or GCC/mean retinal thickness, respectively.

Statistical Analysis

Statistical analysis was performed using SPSS software (SPSS,
Inc. 24.0, Chicago, IL, USA). Age of patients, the duration
of diabetes, the FAZa, rmtRNFL, rmtGCL, and rmtGCC in
each group were described by means =+ standard deviation
(mean £ SD) or median (interquartile range). The comparisons
between the groups were analyzed by one-way analysis of
variance (ANOVA) or Kruskal-Wallis test. Spearman’s partial
correlation analysis was used to analyze the correlation between
the parameters of retinal degeneration and microvasculopathy
or between various morphological parameters with the severity
of DR after controlling the age, gender, duration of diabetes,
and hypertension. A value of P < 0.05 was considered
statistically significant.

RESULTS

Demographic Characteristics of the

Enrolled Subjects

The DM group included 10 males (10 eyes) and 11 females (11
eyes) (aged 42-70 years, average: 59.62 + 7.57 years), while 18
males (18 eyes) and 15 females (15 eyes) (aged 40-71 years,
average: 59.76 *+ 7.43 years) constituted the non-proliferative
diabetic retinopathy (NPDR) group, and 11 males (11 eyes) and
11 females (11 eyes) (aged 43-70 years, average: 55.00 £ 6.63
years) constituted the proliferative diabetic retinopathy (PDR)
group. In the control group, 28 patients (28 eyes) with normal
age matching were selected, including 11 males (11 eyes) and 17
females (17 eyes) (aged 43-78 years, median (IQR) 53 (12-26)
years) (Table 1).

No statistically significant difference was found in the gender
and age among the four groups (p gender = 0.633, page = 0.086).
No significant difference was observed in the duration of DM
in the DM, NPDR, and PDR groups (p = 0.171). Also, no
significant difference was noted in the fasting blood glucose in
the DM, NPDR, and PDR groups (p = 0.658). The glycosylated
hemoglobin levels in the DM, NPDR, and PDR groups did
not differ significantly (p = 0.464). Furthermore, no significant
difference was detected in the duration of hypertension among
the four groups (x2= 2.20, p = 0.333) (Table 1).
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Diabetic Retinopathy Study.

FIGURE 1 | Measurement and analysis of the thickness of RNFL, GCL, and GCC layers. The ETDRS map (nine subfields) was utilized to calculate the average
thickness of the RNFL, GCL, and GCC layers. RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; GCC, ganglion cell complex layer; ETDRS, the Early Treatment

Correlations of the Mean Macular
Thickness With Diabetic Retinopathy

Severity

According to the general trend, the mean macular thickness
increased with DR severity. However, there was no statistically
significant difference observed between the normal (277.60
+ 14.56jum), DM (282.17 £ 13.31 um), NPDR (289.05 =+
20.54 wm), and PDR (293.43 £ 34.23 um) groups (277.60 +
14.56 pmvs. 282.17 £ 13.31 pm vs. 289.05 &= 20.54 um vs. 293.43
4 34.23 um, pyy = 0.052) (Table 1).

Relative Mean RNFL Thickness Increased
With Diabetic Retinopathy Severity

The rmtRNFL thickness (ratio of the mean thickness of RNFL)
in the DM group was 0.11 £ 0.01, and that in the NPDR,
PDR, and normal control groups was 0.11 (0.11-0.12), 0.13 £

0.02, and 0.10 (0.10-0.11), respectively. The rmtRNFL thickness
in the normal group was significantly lower than that in the
NPDR and PDR groups [0.11 (0.110-0.12) vs. 0.10 (0.10U0-0.11),
PNPDRvs Normal = 0.007 and 0.13 & 0.02 vs. 0.10 (0.10-00.11),
PPDRvs.Normal < 0.001]. The rmtRNFL thickness in the DM group
was significantly lower than that in the PDR group [0.13 £ 0.02
vs. 0.11 % 0.01, ppprys.om < 0.001]. These results indicated that
the mean thickness of RNFL/RT increased gradually with an
increase in severity of DR (Figure 3A, Table 2).

Relative Mean GCL Thickness Decreased

With Diabetic Retinopathy Severity

The rmtGCL thickness (GCL/RT) layer was 0.27 £ 0.01 in the
DM group, 0.27 % 0.02 in the NPDR group, 0.25 % 0.02 in
the PDR group, and 0.26 £ 0.02 in the normal control group,
respectively. The rmtGCL thickness was significantly lower in
the PDR group than that in the normal control, DM, and NPDR
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Control group DM group NPDR group PDR group

SCp

Binarized

SCP

DCP

Binarized

DCP
FIGURE 2 | Representative OCTA images illustrate the quantification methods of VD, FAZa, FAZp, and FAZ-Cl in SCP and DCP. OCTA images were obtained using a
6 x 6mm scanning mode in the macular area. Individual images in SCP, DCP, outer retina, and choriocapillaris plexus were generated by Topcon IMAGENet® 6
software with the computer-aided manual correction in cases with errors in eyes with normal control (healthy subjects), DM (no DR), NPDR, and PDR. The FAZa and
perimeter (yellow circle) were quantified by Image J software. Ostu method was applied to calculate the VD using Image J software. OCTA, optical coherence
tomography angiography; VD, vessel density; FAZ, foveal avascular zone; FAZ-CI, FAZ circularity index; SCP, superficial capillary plexus; DCP, deep capillary plexus;
DM, diabetes mellitus; DR, diabetic retinopathy; NPDR, non-proliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy.

groups (0.25 =& 0.02 vs. 0.26 % 0.02, ppprys Normal = 0.040; 0.25
4 0.02 vs. 0.27 = 0.01, ppprys. oy = 0.002; 0.25 = 0.02 vs. 0.27 +
0.02, ppprys.NpDR = 0.009, respectively) (Figure 3B, Table 2).

Correlations of the Mean GCC Thickness
With Diabetic Retinopathy Severity

No statistically significant difference was observed in the
rmtGCC thickness in the normal control (0.37 & 0.02), DM (0.38

+0.01), NPDR (0.38 = 0.03), and PDR (0.38 + 0.03) groups (0.37
=+ 0.02 vs. 0.38 = 0.01 vs. 0.38 £ 0.03 vs. 0.38 &= 0.03, p = 0.108)
(Figure 3C, Table 2).

Vessel Density in SCP and DCP Decreased

With Diabetic Retinopathy Severity

Superficial capillary plexus vessel density was 29.12 £+ 3.98%
in the normal control, 27.88 £ 4.18% in DM, 26.25 £ 4.94%
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TABLE 1 | The demographic characteristics and the biochemical indicators of subjects.

DM NPDR PDR Control F/x? P value
(N =21) (N =33) N =22) (N =28)

Age, y [mean £ SD or median (interquartile range)] 59.62 £+ 7.57 59.76 + 7.43 55.00 + 6.63 53 (48.62) 2.2592 0.086
Gender, female () (%) 11 (52.4) 15 (44.1) 11 (50.0) 17 (60.7) 1.720° 0.633
Duration of Hypertension>15 years/Duration of 6/10 14/18 5/16 - 2.197° 0.333
Hypertension<15 years

Duration of DM (mean =+ SD) 11.58 + 5.41 15.24 +7.51 14.32 £ 6.50 - 1.8082 0.171
Fasting blood glucose, mmol/L (mean +SD) 8.10 + 2.36 8.50 (6.35, 10.07) 8.06 + 2.49 - 0.836° 0.658
HbA1c, % (mean + SD) 8.02 +1.81 7.93+1.25 8.46 + 1.69 - 0.7752 0.464
RT, pum (mean + SD) 28217 £13.31 289.05 + 20.54 293.43 £+ 34.23 277.60 £ 14.56 2.6632 0.052

*Statistically significant: P < 0.05. According to the type of data and the data distribution, @one-way ANOVA analysis, Post-hoc Bonferroni’s statistic, ® Kruskal-Wallis test, and ¢ Chi-square
test were applied.

SD, standard deviation; HbATc, hemoglobin alc; RT, retinal thickness; DM, diabetes mellitus; NPDR, non-proliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy.

A B (&
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2 3 &
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FIGURE 3 | Comparisons of relative mean thickness of RNFL, GCL, and GCC layers among the DM, NPDR, PDR, and normal control groups. The bar charts show
the comparison results of the relative mean thickness of RNFL (A), GCL (B), GCC (C) in eyes with normal control (healthy subjects), DM (no DR), NPDR, and PDR.
RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; GCC, ganglion cell complex layer; DM, diabetes mellitus; DR, diabetic retinopathy; NPDR, non-proliferative
diabetic retinopathy; PDR, proliferative diabetic retinopathy. * p<0.05, ** p<0.01, *** p<0.001.

in NPDR, and 26.25 + 3.72% in PDR, respectively. From
these results, we found that the SCP vessel density decreased
with diabetic retinopathy severity while there was no significant
difference between the four groups (29.12 &+ 3.98% vs. 27.88
£ 4.18% vs. 26.25 + 4.94% vs. 26.25 £ 3.72%, p,; = 0.067)
(Figure 4A, Table 2).

Deep capillary plexus vessel density was 30.77 + 2.94% in
the normal control, 30.13 £ 2.81% in DM, 28.58 + 6.22% in
NPDR, and 25.28 &+ 2.76% in PDR, respectively. A significant
difference was observed between the four groups (30.77 =+
2.94% vs. 30.13 £ 2.81% vs. 28.58 £ 6.22% vs. 25.28 £ 2.76%,
Ppan < 0.001). DCP vessel density is significantly higher than
that in the PDR groups (25.28 £ 2.76% vs. 30.77 £ 2.94%,
PPDRvs.Normal < 0.001). DCP vessel density in the DM group was
significantly larger than that in PDR group (25.28 % 2.76% vs.
30.13 £ 2.81%, ppprys.om < 0.001), and the value in the NPDR
group was significantly larger than that in the PDR group (25.28

+ 2.76% vs. 28.58 £ 6.22%, ppprysnppR = 0.050) (Figure 4B,
Table 2).

Correlations of FAZ Area in SCP and DCP

With Diabetic Retinopathy Severity
The value of FAZa in SCP was 0.36 &+ 0.14 mm? in the normal
control, 0.34 & 0.10 mm? in DM, 0.47 & 0.17 mm? in NPDR, and
0.57 £ 0.25 mm? in PDR, respectively. A significant difference
was observed between the four groups (0.36 4 0.14 mm? vs.
0.34 + 0.10 mm? vs. 0.47 £ 0.17 mm? vs. 0.57 & 0.25 mm?,
pan = 0.001). The FAZa in the PDR group was significantly
enlarged than that in the DM (0.57 £ 0.25 mm? vs. 0.34 % 0.10
mmz,ppDRvs,DM = 0.006) and normal control (0.57 + 0.25 mm?
vs. 0.36 + 0.14 mm?, PPDRvs.Normal = 0.002) groups (Figure 4C,
Table 2).

The value of FAZa in DCP was 0.52 & 0.21 mm? in the normal
control, 0.59 & 0.16 mm? in DM, 0.69 + 0.21 mm? in NPDR, and
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TABLE 2 | Comparisons of the parameters of the ganglion cell degeneration and microvasculopathy in the normal (no DM), DM (no DR), NPDR, and PDR groups.

Control DM NPDR PDR F/x2 P-value
(N=28) (N =21) (N =33 (N=22) (all) (all)
rmtRNFL [mean +SD or median (interquartile range)]  0.10 (0.10, 0.11) 0.11 £ 0.01 0.11(0.11,0.12) 0.13 £ 0.02 35.10° <0.001*
P DMvs.Normal PNPDRvs Normal PPDRvs Normal PNPDRvs.DM  PPDRvs.DM  [PPDRvs.NPDR
1.000 0.007* <0.001* 0.249 <0.001* 0.039"
rmtGCL [mean +£SD or median (interquartile range)] 0.26 £ 0.02 0.27 £ 0.01 0.27 £0.02 0.25+£0.02 5.38% 0.002*
P DMvs.Normal PNPDRvs Normal PPDRvs Normal PNPDRvs.OM  PPDRvs.DM  PPDRvs.NPDR
1.000 1.000 0.040* 1.000 0.002* 0.009*
rmtGCC [mean £SD or median (interquartile range)] 0.37 £0.02 0.38 £ 0.01 0.38 £0.03 0.38 £0.08 2.082 0.108
P DMvs.Normal PNPDRvs.Normal PPDRvs Normal PnNPDRvs.DM  PPDRvs.DM  PPDRvs.NPDR
1.000 0.127 0.375 1.000 1.000 1.000
SCP vessel density, % (mean + SD) 29.12 +£ 3.98 27.88 £ 4.18 26.25 + 4.94 26.25 £ 3.72 2.458 0.067
P Dvvs.Normal PNPDRvs Normal PPDRvs Normal PNPDRvs.DM  PPDRvs.DM  [PPDRvs.NPDR
1.000 0.094 0.161 1.000 1.000 1.000
DCP vessel density, % [mean £ SD or median 30.77 £ 2.94 30.13 £ 2.81 28.58 £ 6.22 2528 £2.76 24.846° <0.001*
(interquartile range)] P DMvs.Normal PNPDRvs.Normal PrPDRvs Normal PNPDRvs.DM  PPDRvs.DM  PPDRvs.NPDR
1.000 0.144 <0.001* 0.457 <0.001* 0.050*
FAZ area in superficial capillary plexus, mm? [mean 0.36 +0.14 0.34 £ 0.10 0.47 £0.17 0.57 +£0.25 17.540 0.001*
+ SD or median (interquartile range)] P DMvs.Normal PNPDRvs .Normal PPDRvs.Normal PNPDRvs.DM  PPDRvs.DM  PPDRvs.NPDR
1.000 0.095 0.002* 0.197 0.006* 0.846
FAZ area in deep capillary plexus, mm? (mean 4 SD 0.52 + 0.21 0.59 +0.16 0.69 + 0.21 0.79 + 0.31 12.83° 0.005*
or median (interquartile range)l P Dvvs.Normal PNPDRvs Normal PPDRvs Normal PNPDRvs.DM  PPDRvs.DM  PPDRvs.NPDR
1.000 0.040* 0.007* 0.873 0.227 1.000
FAZ perimeter in superficial capillary plexus, mm 2.29+£0.49 2.32 +£0.33 2.86 +0.54 3.15(2.67, 4.07) 23.82° <0.001*
[mean = SD or median (interquartile range]] P DMvs.Normal PNPDRvs Normal PPDRvs Normal PNPDRvs.OM  PPDRvs.DM  [PPDRvs.NPDR
1.000 0.005* <0.001* 0.057 0.004* 1.000
FAZ perimeter in deep capillary plexus, mm [mean 2.67 + 0.61 3.19(2.80, 3.31) 3.31 (2.81, 3.94) 414 +£1.34 22.92° <0.001*
+ SD or median (interquartile range)] P DMvs.Normal PNPDRvs Normal PPDRvs Normal PNPDRvs.DM  PPDRvs.DM  PPDRvs.NPDR
0.557 0.009* <0.001* 1.000 0.023* 0.392
FAZ-Cl in superficial capillary plexus [mean + SD or 0.82 £ 0.10 0.79 + 0.08 0.71 £0.13 0.65 + 0.21 14.50° 0.002*
median (interquartie range] P DMvs.Normal PNPDRvs.Normal PPDRvs Normal PnNPDRvs.DM  PPDRvs.DM  PPDRvs.NPDR
1.000 0.011* 0.008* 0.395 0.241 1.000
FAZ-Cl in deep capillary plexus [mean + SD or 0.88 &+ 0.04 0.78 + 0.08 0.75 £ 0.10 0.63 +0.19 36.54° <0.001*
median (interquartie range] P Dvvs.Normal PNPDRvs Normal PPDRvs Normal PNPDRvs.DM  PPDRvs.DM  [PPDRvs.NPDR
0.004* <0.001* <0.001* 1.000 0.090 0.336

*Statistically significant: P < 0.05. According to the type of data and the data distribution, @one-way ANOVA analysis, Post-hoc Bonferroni’s statistic, ® Kruskal-Wallis test, and ¢ Chi-square
test were applied.

SD, standard deviation; rmtRNFL, relative mean thickness of retinal nerve fiber layer; rmtGCL, relative mean thickness of ganglion cell layer; rmtGCC, relative mean thickness of ganglion
cell complex; SCR, superficial capillary plexus; DCF, deep capillary plexus; FAZ, foveal avascular zone; FAZ-CI, circularity index of the foveal avascular zone; DM, diabetes mellitus; NPDR,
non-proliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy.

0.79 £ 0.31 mm? in PDR, respectively. There was a significant
difference between the four groups (0.52 £ 0.21 mm? vs. 0.59 +
0.16 mm? vs. 0.69 + 0.21 mm? vs. 0.79 & 0.31 mm?, p,y; = 0.005).
The FAZa in DCP in the normal control group was significantly
smaller than that in the NPDR (0.69 =+ 0.21 mm? vs. 0.52 & 0.21
mm?, pxppRys.Normal = 0.040) and PDR (0.79 #+ 0.31 mm? vs. 0.52
+0.21 mm?, PPDRvs.Normal = 0.007) groups (Figure 4D, Table 2).

Correlations of FAZ Perimeter in SCP and

DCP With Diabetic Retinopathy Severity
The FAZp in SCP was 229 £ 049mm in the normal
control group, 2.32 £+ 0.33mm in DM, 2.86 =+ 0.54mm in

NPDR, and 3.15 (2.67-4.07) mm in PDR, respectively. A
significant difference was detected between the four groups
[2.29 & 0.49mm vs. 2.32 £ 0.33mm vs. 2.86 + 0.54 mm vs.
3.15 (2.67-4.07) mm, p,; < 0.001]. The FAZp in SCP layer
in the NPDR and PDR groups were significantly enlarged
than that in the normal group [2.86 + 0.54mm vs. 2.29
+ 0.49mm, pNppRrysNormal = 0.005 and 3.15 (2.67-4.07) mm
vs. 229 £ 049 mm, ppprysNormal < 0.001, respectively]. The
FAZp in SCP layer in the PDR group was significantly
enlarged than that in the DM group [3.15 (2.67-4.07)
mm vs. 232 + 0.33mm, pppryspm = 0.004] (Figure 4E,
Table 2).
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The value of FAZp in DCP was 2.67 + 0.61mm in the
normal control, 3.19 (2.80-3.31) mm in DM, 3.31(2.81-3.94)
mm in NPDR, and 4.14 & 1.34 mm in PDR, respectively. There
was a significant difference between the four groups (2.67 +
0.61 mm vs. 3.19 (2.80-3.31) mm vs. 3.31 (2.81-3.94) mm vs.
414 £+ 1.34mm, p,; < 0.001). The FAZp in DCP in the
NPDR and PDR group was significantly enlarged than that in
the normal group [3.31(2.81-3.94) mm vs. 2.67 £ 0.61 mm,
PNPDRvs.Normal = 0.009 and 4.14 £ 1.34 mm vs. 2.67 £ 0.61 mm,
PPDRvs.Normal < 0.001, respectively]. The FAZp in DCP in the
PDR group was significantly enlarged than that in the DM group
(4.14 + 1.34mm vs. 3.19 (2.80-3.31) mm, pppryspy = 0.023]
(Figure 4F, Table 2).

FAZ-CIl in SCP and DCP Decreased With

Diabetic Retinopathy Severity

The value of FAZ-CI in SCP was 0.82 % 0.10 in the normal
control, 0.79 = 0.08 in DM, 0.71 £ 0.13 in NPDR, and 0.65 £+
0.21 in PDR, respectively. A significant difference was observed
between the four groups (0.82 & 0.10 vs. 0.79 & 0.08 vs. 0.71 +
0.13 vs. 0.65 = 0.21, poy = 0.002). The FAZ-CI in SCP in the
normal control group was significantly bigger than that in the
NPDR (0.71 = 0.13 vs. 0.82 = 0.10, pxpDRys Normal = 0.011) and
PDR (0.65 % 0.21 vs. 0.82 =% 0.10, pppRrys.Normal = 0.008) groups
(Figure 4G, Table 2).

The value of FAZ-CI in DCP was 0.88 £ 0.04 in the normal
control, 0.78 &+ 0.08 in DM, 0.75 £ 0.10 in NPDR, and 0.63 £+
0.19 in PDR, respectively. A significant difference was observed
between the four groups (0.88 £ 0.04 vs. 0.78 %+ 0.08 vs. 0.75
£ 0.10 vs. 0.63 £ 0.19, pyy < 0.001). The FAZ-CI in DCP in
the normal control group was significantly bigger than that in
the DM (0.78 £ 0.08 vs. 0.88 £ 0.04, ppprys.Normar = 0.004),
NPDR (0.75 = 0.10 vs. 0.88 =& 0.04, pxppRys Normal< 0.001), and
PDR (0.63 =+ 0.19 vs. 0.88 = 0.04, pppprys.Normal< 0.001) groups
(Figure 4H, Table 2).

Correlation Between Microvasculopathy
and Neuronal Degeneration Among

Different Groups

After controlling the age, sex, duration of diabetes, and
hypertension, Spearman’s partial coefficient correlation analysis
showed that the rmtRNFL (r = 0.52, p < 0.001); FAZa in SCP
(r=0.34,p < 0.001) and in DCP (r = 0.26, p = 0.015); and FAZp
in SCP(r = 0.43, p < 0.001) and in DCP (r = 0.36, p = 0.001)
were positively significantly correlated with the severity of DR.
SCP vessel density (r = —0.24, p = 0.027), DCP vessel density
(r = —0.39, p < 0.001), FAZ-CI in SCP(r = —0.44, p < 0.001),
DCP (r = —0.46, p < 0.001), and rmtGCL (r = —0.24, p = 0.022)
were negatively correlated with the severity of DR.

The rmtGCL was significantly negatively correlated with the
FAZa in SCP (r = —0.34, p = 0.002) and DCP (r = —0.23,
p = 0.033), and with FAZp in SCP (r = —0.37, p = 0.001) and
DCP (r = —0.32, p = 0.003). However, the rmtGCL was positively
correlated with SCP vessel density (r = 0.26, p = 0.016) and DCP
vessel density (r = 0.28, p = 0.012), and FAZ-CIin DCP (r = 0.31,
p = 0.006) (Figure 5).

DISCUSSION

In this study, we found that increased rmtRNFL, FAZa, and
FAZp, decreased rmtGCL, VD, and FAZ-CI are correlated with
the severity of DR. rmtRNFL, FAZ-CI in SCP and DCP, and
FAZp in SCP are stronger predictors of the severity of DR
than the FAZa. The ganglion cell body loss (rmtGCL) is highly
correlated with increased FAZa and perimeter, decreased FAZ-
CIL, and reduced VD with the severity of DR. These results
indicated that diabetic microvasculopathy is highly correlated
with neuronal degeneration, and neuron protection is an
essential strategy to improve prevention and management in
DR (3).

Neurovascular unit (NVU) is a new concept in neuroscience
introduced by the Stroke Progress Review Group (39). The
NVU is a complex structural and functional unit that regulates
regional cerebral blood flow (CBF) and the delivery of nutrients
(40). The dysfunction of NVU has been implicated in several
diseases, such as stroke and Alzheimer’s disease (41). Based on
the concept of brain NVU and the close correlation between
the retina and the brain in all aspects of function and anatomy,
the concept of retinal neuronal vascular unit (RNVU) was
proposed (42, 43). Neurons and endothelial cells are the critical
components of RNVU. The interactions between neurons and
microvasculature in DR have gained increasing attention in
recent years. In this study, we found that the ganglion cell
body loss is highly correlated with the retinal vasculature
changes (increased FAZp, decreased FAZ-CI, and reduced VD)
with the severity of DR, which is consistent with previous
reports (44, 45).

A ganglion cell is mainly composed of a cell body (soma), a
single axon, and dendrites. The electrical impulses transmitted
by neurons mainly depend on axon transport, the process by
which nerve cells transfer substances from the cell body to the
axon tip. This ATP-dependent process plays an important role
in maintaining the physiological activities of neurons and can
occur in two delivery directions: anterograde (from the cell body
to the axon tips) and retrograde (from the axon tips back to the
cell body) transport. The microtubule cytoskeleton and motor
proteins are critical for long-range axon transport.

The axons of the GCL constitute RNFL. Increasing evidence
speculated that mitochondrial dysfunction and axoplasmic flow
stasis in optic neuropathy (44, 45) lead to axonal swelling
and contribute to most of the neurodegenerative diseases
including DR (46-49). Eyes with early Leber Hereditary Optic
Neuropathy (E-LHON) showed a thicker RNFL, but a thinner
RNFL was seen in eyes with atrophic LHON (A-LHON) in
comparison with the control group, thereby suggesting that the
changes in RNFL thickness represent the different course of
the disease (50). In a diabetic rat model, expression level of
the synaptic proteins including vesicular glutamate transporter-
1, syntaxin-1, and synaptotagmin-1 was decreased in the GCL,
but the level of dynein motor proteins increased in the GCL
after 8 weeks of diabetes, indicating that axonal transport
contributes to early signs of neural dysfunction in the diabetic
rat retinas (51). Furthermore, the degree of increased thickness
of RNFL is closely correlated with visual evoked potential (VEP)
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FIGURE 4 | Comparisons of the retinal microvasculopathy (FAZa, FAZp, FAZ-CI, and VD in SCP and DCP) among the normal control (healthy subjects), DM (no DR),
NPDR and PDR groups. The bar charts show the comparison results of the VD in SCP (A), VD in DCP (B), FAZa in SCP (C), FAZa in DCP (D), FAZp in SCP (E), FAZp
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FIGURE 5 | correlation analysis, the rmtGCL was negatively correlated with the FAZa in SCP (r = —0.34, P = 0.002) and DCP (r = —0.23, P = 0.033), and FAZp in
SCP (r = —0.37, P = 0.001) and DCP (r = —0.32, P = 0.003), but positively correlated with VD in SCP (r = 0.26, P = 0.016) and DCP (r = 0.28, P =0.012), and
FAZ-Clin DCP (r = 0.31, P = 0.006). The correlations between rmtRNFL, rmtGCL and rmtGCC with the FAZa in SCP (A), FAZa in DCP (B), FAZp in SCP (C), FAZp in
DCP (D), FAZ-Cl in SCP (E), FAZ-Cl in DCP (F), VD in SCP (G) and VD in DCP (H) were described. The rmtRNFL was negatively correlated with FAZ-Cl in SCP
(r=—0.23, P = 0.088). The rmtGCC was positively correlated with SCP vessel density (- = 0.24, P = 0.029). FAZ, foveal avascular zone; FAZ-CI, FAZ circularity
index; VD, vessel density; SCP, superficial capillary plexus; DCP, deep capillary plexus; rmtRNFL, relative mean thickness of retinal nerve fiber layer; rmtGCL, relative
mean thickness of ganglion cell layer; rmtGCC, relative mean thickness of ganglion cell complex; DM, diabetes mellitus.

amplitude loss and degree of optic atrophy, indicating that
during the progression of DR, a thinner RNFL is a sign of
optic atrophy following the swelling stage of axons of ganglion
cells (52), and the degree of thickened RNFL may be an
indicator of optic atrophy for patients with DR. Furthermore,
in a primate model of human non-arteritic anterior ischemic
optic neuropathy, RNFL swelling is confirmed as a strong and
independent predictor of optic nerve atrophy, which agrees with
our results (52). In this study, we have shown that the relative
thickness of RNFL increased with DR severity concomitant with
the decreased thickness of the GCL layer. This phenomenon
suggested that the swelling of the GCL axon preceded the
GCL cell body loss under hyperglycemia, thereby reflecting
the unique hypoglycemia-mediated pathological damage of
GCL. The pathological evidence, either in animal models
or humans, is consistent with the findings of the current
study (53-57).

Furthermore, FAZp, FAZ-CI, and VD are good sensors of
retinal ischemia and have been implicated in several clinical
studies to predict disease progression (58-60). Increased FAZp,
FAZ-CI, and VD have been found to be an earlier sign of
diabetic retinal vasculopathy (60-62) and are highly correlated
with the severity of DR (12, 62). In comparison with FAZa,
which significantly varies in the population, FAZ-CI is a better
measurement index to assess FAZ circularity with a value
range from 0 to 1 (13). FAZ-CI has been found to be tightly
correlated with visual acuity in patients with DR (13, 14). We
also found that enlargement of FAZp in SCP and DCP was
correlated with DR severity as well as the duration of diabetes,
which is in parallel to the previously published data (15-17). In
previous studies, SCP and DCP vessel density was demonstrated
to be decreased in DM (18) and highly correlated with DR
progression (19), which are consistent with our results. We
further demonstrated that microvascular injury is associated with
GCL cell body loss in DR, providing the evidence for the first time
that there is an interaction between retinal microvasculopathy
and neuronal degeneration. Interestingly, we also found that
in comparison with RNGL, GCL has a closer relationship
with the vasculature ischemic parameters (FAZp, FAZ-CI, VD),
indicating that the ganglion cell body is a good sensor for
retinal ischemia.

The rapid revolution of OCT and OCTA has provided
a powerful weapon for evaluating the morphological and
structural changes in the various layers of the retina (20-
22). Compared to traditional OCT, SS-OCT provides longer
and deeper detection ability, ultra-high image acquisition
speed, and a more powerful function of eliminating motion
artifacts, thereby providing a distinct retinal microstructure

(20, 23-26). OCTA has the advantage of investigating
retinal vasculature non-invasively layer-by-layer (Figure 2).
Automatic quantitative OCTA metrics have provided
valuable information for disease progression beyond that
could be obtained from fundus fluorescein angiography
(FFA) (63).

In this study, to avoid the individual differences, the inter-
eye correlation, and the other confounding factors, we used the
following: (1) average value of ETDRS nine subfields to describe
the thickness of the retina, RNFL, GCL, and GCC (64, 65); (2)
all the values were automatically provided by Topton triton SS-
OCT TABS software; (3) the relative mean thickness of RNFL,
GCL, and GCC was defined as the mean thickness of RNFL,
GCL, or GCC/mean retinal thickness. Gabriele et al. described a
relative method in which RNFL thickness profiles relative to the
distance from the disc center were computed for quadrants and
clock hours (66). In our pilot study, a linear trend was established
among the four groups, which was similar between the relative
mean ETDRS macular thickness and absolute thickness; however,
data distribution was based on relative thickness and indicated
the differences among the groups.

Although the current study successfully showed the
correlation between diabetic retinal vasculopathy and neuronal
degeneration, these findings are limited due to the case-
control design, and the causal relationship between neuronal
degeneration and microvasculopathy cannot be determined,
hence future validation using longitudinal data is warranted.
Furthermore, the small sample size could not eliminate some
confounding factors in the analysis, and so well-designed and
large-scale prospective clinical trials are also needed to support
the conclusions in the study. Morphological (OCT/OCTA) and
functional evaluations (ERG) of neurons in a cohort study could
also be considered to further determine the pathological changes
in other neuronal cell types under hyperglycemia.

In summary, we found that there was a close correlation
between diabetic retinal microvasculopathy and neuronal
degeneration with respect to the occurrence and severity of DR
in humans. The current results also hinted that neuroprotection
is also critical for the prevention and managing of DR. Further,
well-designed, large cohort studies are warranted to validate the
findings of this study.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary materials, further inquiries can be
directed to the corresponding author/s.

Frontiers in Medicine | www.frontiersin.org

11

December 2021 | Volume 8 | Article 778283


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Qiu et al.

Microvasculopathy and Neuronal Degeneration in Diabetic Retinopathy

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Beijing Tongren Hospital, Capital Medical
University. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

XZ contributed to the conception and design of the study and
revision of the manuscript. BQ and LZ organized the database

REFERENCES

10.

11.

12.

13.

14.

. Spaide RF. Measurable aspects of the retinal neurovascular unit in

diabetes, glaucoma, and controls. Am ] Ophthalmol. (2019) 207:395-
409. doi: 10.1016/.2j0.2019.04.035

. Yau JW, Rogers SL, Kawasaki R, Lamoureux EL, Kowalski JW, Bek T, et al.

Global prevalence and major risk factors of diabetic retinopathy. Diabetes
Care. (2012) 353:556-64. doi: 10.2337/dc11-1909

. Zhang XY, Lai D, Bao S, Hambly BD, Gillies MC. Triamcinolone

acetonide inhibits p38MAPK
in early diabetic retinopathy. Curr
58. doi: 10.2174/1566524011313060007

and neuronal
Med. (2013)

activation
Mol

apoptosis
136:946-

. Zhang XY, Wang NL, Barile GR, Bao S, Gillies MC. Diabetic retinopathy:

neuron protection as a therapeutic target. Int | Biochem Cell Biol. (2013)
457:1525-9. doi: 10.1016/j.biocel.2013.03.002

. Zafar S, Sachdeva M, Frankfort BJ, Channa R. Retinal neurodegeneration as

an early manifestation of diabetic eye disease and potential neuroprotective
therapies. Curr Diab Rep. (2019) 194:17. doi: 10.1007/s11892-019-
1134-5

. Stem MS, Gardner TW. Neurodegeneration in the pathogenesis of

diabetic retinopathy: molecular mechanisms and therapeutic implications.
Curr Med Chem. (2013) 2026:3241-50. doi: 10.2174/092986731132099
90027

. Antonetti DA, Barber AJ, Bronson SK, Freeman WM, Gardner TW,

Jefferson LS, et al. Diabetic retinopathy: seeing beyond glucose-induced
microvascular disease. Diabetes. (2006) 559:2401-11. doi: 10.2337/db

05-1635

. Zhang X, Bao S, Lai D, Rapkins RW, Gillies MC. Intravitreal triamcinolone

acetonide inhibits breakdown of the blood-retinal barrier through differential
regulation of VEGF-A and its receptors in early diabetic rat retinas. Diabetes.
(2008) 574:1026-33. doi: 10.2337/db07-0982

. Pescosolido N, Barbato A, Stefanucci A, Buomprisco G. Role of

electrophysiology in the early diagnosis and follow-up of diabetic
retinopathy. ] Diabetes Res. (2015) 2015:319692. doi: 10.1155/2015/
319692

Tzekov R. Full-fild ERG in diabetic retinopathy: a
tool?  Graefes Arch Clin  Exp  Ophthalmol.  (2015)

8. doi: 10.1007/s00417-015-3037-8

Bearse MA, Adams AJ, Ying H, Schneck ME, Ng ],
Castain K, et al. A multifocal electroretinogram model predicting
the development of diabetic retinopathy. Prog Retinal Eye Res. (2006)
255:425-48. doi: 10.1016/j.preteyeres.2006.07.001

Johannesen SK, Viken JN, Vergmann AS, Grauslund J]. Optical
coherence tomography angiography and microvascular changes in
diabetic retinopathy: a systematic review. Acta Ophthalmol. (2019)
971:7-14. doi: 10.1111/a0s.13859

Tang FY, Ng DS, Lam A, Luk E Wong R, Chan C, et al. Determinants
of quantitative optical coherence tomography angiography metrics in
patients with diabetes. Sci Rep. (2017) 71:2575. doi: 10.1038/s41598-017-0
2767-0

Sim DA, Keane PA, Zarranz-Ventura ], Fung S, Powner MB, Platteau E,
et al. The effects of macular ischemia on visual acuity in diabetic retinopathy.

screening
2537:987-

Bronson-

and drafted the manuscript. YW and BQ performed the statistical
analysis. QW, YN, XC, and CC helped to enroll subjects. All
authors contributed to manuscript revision, and read approved
the submitted version.

FUNDING

This work was supported by the National Natural Science

Foundation of China

[Grants 81570850, 81170859, and

82070988] and the Ministry of Science and Technology
Foundation of China [Grant 2016YFC1305604].

20.

21.

22.

23.

24,

25.

26.

27.

Invest Ophthalmol Vis Sci. (2013) 543:2353-60. doi: 10.1167/iovs.12-
11103

. Gill A, Cole ED, Novais EA, Louzada RN, de Carlo T, Duker

JS, et al. Visualization of changes in the foveal avascular zone in
both observed and treated diabetic macular edema using optical
coherence tomography angiography. Int ] Retina Vitreous. (2017)
3:19. doi: 10.1186/540942-017-0074-y

Liu L, Jian G, Bao W, Hu C, Xu Y, Zhao B, et al. Analysis of foveal
microvascular abnormalities in diabetic retinopathy using optical coherence
tomography angiography with projection artifact removal. J Ophthalmol.
(2018) 2018:3926745. doi: 10.1155/2018/3926745

Krawitz BD, Mo S, Geyman LS, Agemy SA, Scripsema NK, Garcia PM,
et al. Acircularity index and axis ratio of the foveal avascular zone in
diabetic eyes and healthy controls measured by optical coherence tomography
angiography. Vision Res. (2017) 139:177-86. doi: 10.1016/j.visres.2016.
09.019

Lupidi M, Cerquaglia A, Gujar R, Fruttini D, Cardillo Piccolino F
Fiore T, et al. Functional correlation between choroidal and retinal
vascularity in low-grade diabetic retinopathy. Acta Diabetol. (2020) 578:983-
90. doi: 10.1007/500592-020-01507-7

Ryu G, Kim I, Sagong M. Topographic analysis of retinal and choroidal
microvasculature according to diabetic retinopathy severity using optical
coherence tomography angiography. Graefes Arch Clin Exp Ophthalmol.
(2021) 2591:61-8. doi: 10.1007/s00417-020-04785-7

Vira J, Marchese A, Singh RB, Agarwal A. Swept-source optical coherence
tomography imaging of the retinochoroid and beyond. Expert Rev Med Dev.
(2020) 175:413-26. doi: 10.1080/17434440.2020.1755256

Spaide RE  Klancnik JJ, Cooney M]J. Retinal vascular layers
imaged by fluorescein  angiography and  optical  coherence
tomography  angiography. JAMA  Ophthalmol. ~ (2015)  1331:45-

50. doi: 10.1001/jamaophthalmol.2014.3616

Jia Y, Tan O, Tokayer ], Potsaid B, Wang Y, Liu JJ, et al. Split-spectrum
amplitude-decorrelation angiography with optical coherence tomography.
Optics Exp. (2012) 204:4710-25. doi: 10.1364/OE.20.004710

Miller AR, Roisman L, Zhang Q, Zheng E Rafael de Oliveira Dias
J, Yehoshua Z, et al. Comparison between spectral-domain and
swept-source optical coherence tomography angiographic imaging
of choroidal neovascularization. Invest Ophthalmol Vis Sci. (2017)
583:1499-505. doi: 10.1167/i0vs.16-20969

Statler B, Kosmorsky G, Rachitskaya A. Swept source OCT angiography of
optic nerve head retinal capillary hemangioma. Ophthalmol Retina. (2020)
48:822. doi: 10.1016/j.0ret.2020.04.004

Cicinelli MYV, Cavalleri M, Consorte AC, Rabiolo A,
R, Bandello E et al. Swept-source and spectral domain optical
coherence tomography angiography dye angiography in
the measurement of type 1 neovascularization. Retina. (2020)
403:499-506. doi: 10.1097/TAE.0000000000002452

Alibhai AY, Or C, Witkin AJ. Swept source optical coherence tomography:
a review. Curr Ophthalmol Rep. (2018) 6:7-16. doi: 10.1007/s40135-018-
0158-3

Liu L, Wang Y, Liu HX, Gao J. Peripapillary region perfusion and retinal
nerve fiber layer thickness abnormalities in diabetic retinopathy assessed by

Sacconi

versus

Frontiers in Medicine | www.frontiersin.org

December 2021 | Volume 8 | Article 778283


https://doi.org/10.1016/j.ajo.2019.04.035
https://doi.org/10.2337/dc11-1909
https://doi.org/10.2174/1566524011313060007
https://doi.org/10.1016/j.biocel.2013.03.002
https://doi.org/10.1007/s11892-019-1134-5
https://doi.org/10.2174/09298673113209990027
https://doi.org/10.2337/db05-1635
https://doi.org/10.2337/db07-0982
https://doi.org/10.1155/2015/319692
https://doi.org/10.1007/s00417-015-3037-8
https://doi.org/10.1016/j.preteyeres.2006.07.001
https://doi.org/10.1111/aos.13859
https://doi.org/10.1038/s41598-017-02767-0
https://doi.org/10.1167/iovs.12-11103
https://doi.org/10.1186/s40942-017-0074-y
https://doi.org/10.1155/2018/3926745
https://doi.org/10.1016/j.visres.2016.09.019
https://doi.org/10.1007/s00592-020-01507-7
https://doi.org/10.1007/s00417-020-04785-7
https://doi.org/10.1080/17434440.2020.1755256
https://doi.org/10.1001/jamaophthalmol.2014.3616
https://doi.org/10.1364/OE.20.004710
https://doi.org/10.1167/iovs.16-20969
https://doi.org/10.1016/j.oret.2020.04.004
https://doi.org/10.1097/IAE.0000000000002452
https://doi.org/10.1007/s40135-018-0158-3
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Qiu et al.

Microvasculopathy and Neuronal Degeneration in Diabetic Retinopathy

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

OCT angiography. Transl Vis Sci Technol. (2019) 84:14. doi: 10.1167/tvst.
8.4.14

American Diabetes Association. Standards of medical care in diabetes-
2016 abridged for primary care providers. Clin Diabetes. (2016) 341:3-
21. doi: 10.2337/diaclin.34.1.3
American Diabetes A. Standards
2017 abridged for primary care providers.
351:5-26. doi: 10.2337/cd16-0067

American Diabetes Association. Standards of medical care in diabetes-
2018 abridged for primary care providers. Clin Diabetes. (2018) 361:14—
37. doi: 10.2337/cd17-0119

American Diabetes Association. Standards of medical care in diabetes-
2019 abridged for primary care providers. Clin Diabetes. (2019) 371:11-
34. doi: 10.2337/cd18-0105

American Diabetes Association. Standards of medical care in diabetes-
2020 abridged for primary care providers. Clin Diabetes. (2020) 381:10-
38. doi: 10.2337/cd20-as01

American Diabetes Association. Standards of medical care in diabetes-
2021 abridged for primary care providers. Clin Diabetes. (2021) 391:14-
43. doi: 10.2337/cd21-as01

Solomon SD, Chew E, Duh EJ, Sobrin L, Sun JK, VanderBeek BL, et al. Diabetic
retinopathy: a position statement by the American Diabetes Association.
Diabetes Care. (2017) 403:412-8. doi: 10.2337/dc16-2641

Spaide RE Curcio CA. Evaluation of segmentation of the superficial
and deep vascular layers of the retina by optical coherence tomography
angiography instruments in normal eyes. JAMA Ophthalmol. (2017)
1353:259-62. doi: 10.1001/jamaophthalmol.2016.5327

Choi J, Kwon J, Shin JW, Lee J, Lee S, Kook MS. Quantitative
optical tomography angiography
structure and foveal avascular zone in glaucoma. PLoS One. (2017)
129:¢0184948. doi: 10.1371/journal.pone.0184948

Nicolo M, Rosa R, Musetti D, Musolino M, Saccheggiani M, Traverso CE.
Choroidal vascular flow area in central serous chorioretinopathy using swept-
source optical coherence tomography angiography. Invest Ophthalmol Vis Sci.
(2017) 584:2002-10. doi: 10.1167/iovs.17-21417

You QS, Chan JCH, Ng ALK, Choy BKN, Shih KC, Cheung JJC, et al. Macular
vessel density measured with optical coherence tomography angiography and
its associations in a large population-based study. Invest Ophthalmol Vis Sci.
(2019) 6014:4830-7. doi: 10.1167/iovs.19-28137

Stamatovic SM, Keep RE Andjelkovic AV. Brain endothelial cell-cell
junctions: how to “Open” the blood brain barrier. Curr Neuropharmacol.
(2008) 63:179-92. doi: 10.2174/157015908785777210

Cai W, Zhang K, Li PY, Zhu L, Xu J, Yang BY, et al. Dysfunction of the
neurovascular unit in ischemic stroke and neurodegenerative diseases: an
aging effect. Ageing Res Rev. (2016) 34:77-87. doi: 10.1016/.arr.2016.09.006
Shabir O, Berwick J, Francis SE. Neurovascular dysfunction in vascular
dementia, Alzhiemers and atherosclerosis. BMC Neurosci. (2018)
191:62. doi: 10.1186/s12868-018-0465-5

Zhang XY, Zeng H, Bao S, Wang NL, Gillies MC. Diabetic macular
edema: new concepts in patho-physiology and treatment. Cell Biosci. (2014)
41:27. doi: 10.1186/2045-3701-4-27

Gardner TW, Davila JR. The neurovascular unit and the pathophysiologic
basis of diabetic retinopathy. Graefes Arch Clin Exp Ophthalmol. (2017)
2551:1-6. doi: 10.1007/s00417-016-3548-y

Berdahl JP, Ethier CR, Allingham RR. Cerebrospinal fluid pressure and
glaucomatous optic disc cupping. Graefes Arch Clin Exp Ophthalmol. (2009)
2479:1289-90; author reply 1291-1284. doi: 10.1007/s00417-009-1110-x
Hayreh ~ SS.  Optic  disc edema in  raised intracranial
pressure. V.  Pathogenesis. ~Arch  Ophthalmol.  (1977)  959:1553-
65. doi: 10.1001/archopht.1977.04450090075006

Baptista FI, Gaspar JM, Cristovao A, Santos PF, Kofalvi A, Ambrosio
AF. Diabetes induces early transient changes in the content of vesicular
transporters and no major effects in neurotransmitter release in hippocampus
and retina. Brain Res. (2011) 1383:257-69. doi: 10.1016/j.brainres.2011.
01.071

Gaspar JM, Castilho A, Baptista FI, Liberal ], Ambrosio AF. Long-
term exposure to high glucose induces changes in the content and
distribution of some exocytotic proteins in cultured hippocampal neurons.

of medical care in diabetes-
Clin Diabetes. (2017)

coherence of macular vascular

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Neuroscience. 1714:981-92.  doi:
10.019

Morgan JE. Circulation and axonal transport in the optic nerve. Eye. (2004)
1811:1089-95. doi: 10.1038/sj.eye.6701574

Chevalier-Larsen ~ E,  Holzbaur ~ EL.  Axonal  transport and
neurodegenerative disease. Biochim Biophys Acta. (2006) 176211-12:1094-
108. doi: 10.1016/j.bbadis.2006.04.002

Barboni P, Savini G, Valentino ML, Montagna P, Cortelli P, De Negri AM,
et al. Retinal nerve fiber layer evaluation by optical coherence tomography
in Leber’s hereditary optic neuropathy. Ophthalmology. (2005) 1121:120-
6. doi: 10.1016/j.ophtha.2004.06.034

Baptista FI, Pinto M]J, Elvas F, Martins T, Almeida RD, Ambrosio AF.
Diabetes induces changes in KIF1A, KIF5B and dynein distribution in the
rat retina: implications for axonal transport. Exp Eye Res. (2014) 127:91-
103. doi: 10.1016/j.exer.2014.07.011

Johnson MA, Miller NR, Nolan T, Bernstein SL. Peripapillary retinal nerve
fiber layer swelling predicts peripapillary atrophy in a primate model of
nonarteritic anterior ischemic optic neuropathy. Invest Ophthalmol Vis Sci.
(2016) 572:527-32. doi: 10.1167/i0vs.15-17880

Skau M, Yri H, Sander B, Gerds TA, Milea D, Jensen R. Diagnostic value
of optical coherence tomography for intracranial pressure in idiopathic
intracranial hypertension. Graefes Arch Clin Exp Ophthalmol. (2013)
2512:567-74. doi: 10.1007/s00417-012-2039-z

Huang-Link YM, Al-Hawasi A, Oberwahrenbrock T, Jin YP.
OCT measurements of optic nerve head changes in idiopathic
intracranial hypertension. Clin Neurol Neurosurg. (2015) 130:122-
7. doi: 10.1016/j.clineuro.2014.12.021

Soni D, Sagar P, Takkar B. Diabetic
as a form of diabetic retinopathy. Int
41:3223-481. doi: 10.1007/s10792-021-01864-4

Ng DS, Chiang PP, Tan G, Cheung CG, Cheng CY, Cheung CY, et al. Retinal
ganglion cell neuronal damage in diabetes and diabetic retinopathy. Clin Exp
Ophthalmol. (2016) 444:243-50. doi: 10.1111/ce0.12724

Mantelli E Lambiase A, Colafrancesco V, Rocco M L, Macchi I, Aloe
L. NGF and VEGF effects on retinal ganglion cell fate: new evidence
from an animal model of diabetes. Eur J Ophthalmol. (2014) 242:247-
53. doi: 10.5301/ej0.5000359

de Carlo TE, Chin AT, Bonini Filho MA, Adhi M, Branchini
L, Salz DA, et al. Detection of microvascular changes in eyes
of patients with diabetes but diabetic  retinopathy
using optical coherence tomography angiography. Retina. (2015)
3511:2364-70. doi: 10.1097/IAE.0000000000000882

Ishibazawa A, Nagaoka T, Takahashi A, Omae T, Tani T, Sogawa
K, et al. Optical coherence tomography angiography in diabetic
retinopathy: a prospective pilot study. Am ] Ophthalmol. (2015)
1601:35-44.¢31. doi: 10.1016/j.2j0.2015.04.021

Al-Sheikh M, Akil H, Pfau M, Sadda SR. Swept-Source OCT angiography
imaging of the foveal avascular zone and macular capillary network
density in diabetic retinopathy. Invest Ophthalmol Vis Sci. (2016) 578:3907-
13. doi: 10.1167/i0vs.16-19570

Kim K, Kim ES, Yu SY. Optical coherence tomography angiography
analysis of foveal changes and inner retinal layer
thinning in patients with diabetes. Br ] Ophthalmol. (2017)
1029:1226-31. doi: 10.1136/bjophthalmol-2017-311149

Inanc M, Tekin K, Kiziltoprak H, Ozalkak S, Doguizi S, Aycan Z. Changes
in retinal microcirculation precede the clinical onset of diabetic retinopathy
in children with Type 1 diabetes mellitus. Am J Ophthalmol. (2019) 207:37-
44. doi: 10.1016/}.2j0.2019.04.011

Lee H, Lee M, Chung H, Kim HC. Quantification of retinal vessel tortuosity
in diabetic retinopathy using optical coherence tomography angiography.
Retina. (2017) 385:976-85. doi: 10.1097/TAE.0000000000001618

Huang JJ, Liu X, Wu ZQ, Xiao H, Dustin L, Sadda S. Macular
measurements eyes with
Fourier-domain  optical ~ coherence  tomography.
297:980-7. doi: 10.1097/TAE.0b013e3181a2cla7

Grover S, Murthy RK, Brar VS, Chalam KV. Comparison of retinal thickness
in normal eyes using stratus and spectralis optical coherence tomography.
Invest Ophthalmol Vis Sci. (2010) 515:2644-7. doi: 10.1167/i0vs.09-4774

(2010) 10.1016/j.neuroscience.2010.

retinal neurodegeneration
Ophthalmol. ~ (2021)

not clinical

microvascular

and
(2009)

thickness in  normal time-domain

Retina.

Frontiers in Medicine | www.frontiersin.org

December 2021 | Volume 8 | Article 778283


https://doi.org/10.1167/tvst.8.4.14
https://doi.org/10.2337/diaclin.34.1.3
https://doi.org/10.2337/cd16-0067
https://doi.org/10.2337/cd17-0119
https://doi.org/10.2337/cd18-0105
https://doi.org/10.2337/cd20-as01
https://doi.org/10.2337/cd21-as01
https://doi.org/10.2337/dc16-2641
https://doi.org/10.1001/jamaophthalmol.2016.5327
https://doi.org/10.1371/journal.pone.0184948
https://doi.org/10.1167/iovs.17-21417
https://doi.org/10.1167/iovs.19-28137
https://doi.org/10.2174/157015908785777210
https://doi.org/10.1016/j.arr.2016.09.006
https://doi.org/10.1186/s12868-018-0465-5
https://doi.org/10.1186/2045-3701-4-27
https://doi.org/10.1007/s00417-016-3548-y
https://doi.org/10.1007/s00417-009-1110-x
https://doi.org/10.1001/archopht.1977.04450090075006
https://doi.org/10.1016/j.brainres.2011.01.071
https://doi.org/10.1016/j.neuroscience.2010.10.019
https://doi.org/10.1038/sj.eye.6701574
https://doi.org/10.1016/j.bbadis.2006.04.002
https://doi.org/10.1016/j.ophtha.2004.06.034
https://doi.org/10.1016/j.exer.2014.07.011
https://doi.org/10.1167/iovs.15-17880
https://doi.org/10.1007/s00417-012-2039-z
https://doi.org/10.1016/j.clineuro.2014.12.021
https://doi.org/10.1007/s10792-021-01864-4
https://doi.org/10.1111/ceo.12724
https://doi.org/10.5301/ejo.5000359
https://doi.org/10.1097/IAE.0000000000000882
https://doi.org/10.1016/j.ajo.2015.04.021
https://doi.org/10.1167/iovs.16-19570
https://doi.org/10.1136/bjophthalmol-2017-311149
https://doi.org/10.1016/j.ajo.2019.04.011
https://doi.org/10.1097/IAE.0000000000001618
https://doi.org/10.1097/IAE.0b013e3181a2c1a7
https://doi.org/10.1167/iovs.09-4774
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Qiu et al.

Microvasculopathy and Neuronal Degeneration in Diabetic Retinopathy

66. Gabriele ML, Ishikawa H, Wollstein G, Bilonick RA, Kagemann L,
Wojtkowski M, et al. Peripapillary nerve fiber layer thickness profile
determined with high speed, ultrahigh resolution optical coherence
tomography high-density scanning. Invest Ophthalmol Vis Sci. (2007)
487:3154-60. doi: 10.1167/i0vs.06-1416

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Qiu, Zhao, Zhang, Wang, Wang, Nie, Chen and Cheung. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Medicine | www.frontiersin.org

14

December 2021 | Volume 8 | Article 778283


https://doi.org/10.1167/iovs.06-1416
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Associations Between Diabetic Retinal Microvasculopathy and Neuronal Degeneration Assessed by Swept-Source OCT and OCT Angiography
	Introduction
	Subjects and Methods
	Participants
	Sample Size Calculation
	Inclusion and Exclusion Criteria
	Eye Examination
	Routine Eye Examinations
	Detection and Quantification of the Morphological Parameters by OCT
	Detection and Quantification of the OCTA Parameters

	Statistical Analysis

	Results
	Demographic Characteristics of the Enrolled Subjects
	Correlations of the Mean Macular Thickness With Diabetic Retinopathy Severity
	Relative Mean RNFL Thickness Increased With Diabetic Retinopathy Severity
	Relative Mean GCL Thickness Decreased With Diabetic Retinopathy Severity
	Correlations of the Mean GCC Thickness With Diabetic Retinopathy Severity
	Vessel Density in SCP and DCP Decreased With Diabetic Retinopathy Severity
	Correlations of FAZ Area in SCP and DCP With Diabetic Retinopathy Severity
	Correlations of FAZ Perimeter in SCP and DCP With Diabetic Retinopathy Severity
	FAZ-CI in SCP and DCP Decreased With Diabetic Retinopathy Severity
	Correlation Between Microvasculopathy and Neuronal Degeneration Among Different Groups

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


