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Purrose. The purpose of this study was to explore the succession of the central and
peripheral neurovascular and microstructural impairments in patients with full-course
diabetic retinopathy (DR), consisting of preclinical DR, nonproliferative DR (NPDR), and
proliferative DR (PDR).

MetHoDs. Our analysis included 81 participants (including 23 healthy controls, 23 with
preclinical DR [diabetes without retinopathy], 13 with NPDR, and 22 with PDR) from
the Guangdong Diabetic Retinopathy Multiple Omics Study. Retinal structure and func-
tion were evaluated and quantified using ultra-widefield swept-source optical coher-
ence tomography angiography (UWF-SS-OCTA), electroretinography (ERG), and adaptive
optics scanning laser ophthalmoscopy (AOSLO). Correlation analysis was conducted to
explore the relationship between structural parameters and functional parameters.

Resurrs. In the preclinical DR group, decreased amplitude in the DR assessment protocol
were observed (P = 0.003), with no changes in structure and photoreceptor cells (all
P > 0.05). In the NPDR group, photoreceptor cells were impaired (all P < 0.05) with
delayed implicit time in the International Society for Clinical Electrophysiology of Vision
(ISCEV) Photopic flicker protocol, increased macular and inner nuclear layer thickness,
and decreased vessel density and perfusion area of the deep capillary plexus (all P <
0.05). In the PDR group, delayed implicit time and decreased amplitude in the ISCEV
Photopic flicker and photopic negative response (PhNR) protocol, and neurovascular
impairments were observed (all P < 0.05). Correlation analysis demonstrated a significant
correlation between functional parameters and various structural indicators (all P < 0.05).

Concrusions. The cone pathway function began to decline in preclinical DR and distinct
photoreceptor cell disorders were observed in NPDR. Notably, instruments with a wider
field of view or more detailed microscopic techniques will provide enhanced neurovas-
cular imaging, offering fresh insights into full-course DR.

Keywords: full-course diabetic retinopathy (full-course DR), diabetic retinopathy (DR),
neurovascular damage, adaptive optics

D iabetic retinopathy (DR) is conventionally categorized
as a microvascular complication of DM, standing as
a prominent cause of global blindness.! It is also known
as a neurovascular disorder characterized by the disrup-
tion of the retinal neurovascular unit (NVU), composed of
retinal neurons, glia, and vascular cells.? Identification of
NVU changes may lead to more effective prevention and
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treatment strategies for DR.> However, studies addressing
NVU changes in DR focus solely on individual phases of the
disease, lacking a comprehensive understanding of DR as a
whole,># and understanding the full course of the disease
is conducive to its prevention and intervention.>® Thus, it
becomes imperative to identify and monitor NVU alterations
in the full-course DR.
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Studies indicated that NVU changes impact the structure
and function of the retina in patients with DR.*7~° Diminu-
tions in the thickness of the ganglion cell complex layer and
retinal nerve fiber layer, and capillary vessel density (VD)
were observed in the preclinical DR group.*”? Compared
with the preclinical DR group, the nonproliferative DR
(NPDR) group’s central subfoveal thickness was higher.® In
the proliferative DR (PDR) group, decreased retinal VD at the
superficial capillary plexus (SCP) and deep capillary plexus
(DCP) were found.!® As for retinal function, delayed implicit
time and decreased amplitude found in electroretinographic
studies occur in individual phases of DR.&!! Although stud-
ies have demonstrated changes in the structure and function
of the NVU at different stages of DR, the topic remains to be
explored in depth. There is still a lack of a comprehensive
understanding of the full course of DR. It is necessary to clar-
ify NVU alterations in full-course DR using electrophysiology
and ophthalmic instruments with new technology, such as
ultra-widefield swept-source optical coherence tomography
angiography (UWF-SS-OCTA) and adaptive optics scanning
laser ophthalmoscopy (AOSLO).

The UWF-SS-OCTA has an ultra-wide field of view that
allows visualization of peripheral retinal damage.!*> AOSLO
enables evaluation of the living human retinal vasculature
at the cellular level, offering insight into the microstruc-
tural impairments.’® It has been applied to identify vascu-
lar biomarkers in DR and detected that decreased regular-
ity of the cone arrangement is consistently associated with
increasing DR severity.!*1>

In this study, we aimed to present the combined NVU
results in full-course DR by using the UWF-SS-OCTA, AOSLO,
and electroretinography (ERG). We analyzed the thickness,
blood perfusion, and functional changes throughout the full-
course DR in the central and peripheral retina. We assessed
photoreceptor damage in the progression of DR. Further-
more, we evaluated the associations between structural and
functional impairments across the DR process.

METHODS
Study Population

The GD-RMOS study is a hospital-based cohort study recruit-
ing 114 participants aged 35 to 85 years from January
2023 to March 2024 in Guangzhou, China. Written informed
consent was obtained from all participants. Participants in
the cohort study have provided various blood and intraocu-
lar fluids for multi-omics analysis, which includes the exam-
ination of the transcriptome, proteome, metabolome, and
other omics data. Concurrently, they have undergone a series
of ophthalmic examinations, such as ERG, UWF-SS-OCTA,
and AOSLO, etc. This study was approved by the Medi-
cal Research Ethics Committee of the Guangdong Provin-
cial People’s Hospital (KY2023-1210-02) and adhered to the
tenets of the Declaration of Helsinki.

Ascertainment of T2DM and Full-Course DR

The diagnosis of type 2 diabetes mellitus (T2DM) was estab-
lished by endocrinologists according to the diagnostic crite-
ria of the American Diabetes Association.!® The concept of
the full-course DR emphasized in this study includes three
stages of the DR: preclinical DR (refers to patients with
diabetes without clinically detectable retinopathy), NPDR,
and PDR. The diagnosis and classification of DR were
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confirmed according to the international clinical diabetic
retinopathy based on color fundus images.'” If both eyes
were eligible, one eye was randomly selected for the study.
Exclusion criteria included: (1) other ocular conditions (glau-
coma, uveitis, retinal vein, or artery occlusion); (2) history
of ocular surgery; (3) intraocular pressure > 21 millimeters
of mercury (mm Hg); and (4) the inability to cooperate with
the eye examination.

Full-Field Flicker Electroretinography

The RETeval system (LKC Technologies, Inc., Gaithersburg,
MD, USA) is a small, handheld, mydriasis-free full-field
flicker ERG recording device that provides constant retinal
illuminance across different pupil sizes using the equation:
photopic flash retinal illuminance (Td-s) = photopic flash
luminance (cd-s/m?) x pupillary area (mm?). Thus, pupil
dilation is unnecessary for consistent results. The device
was used according to the manufacturer’s instructions, as
described in previous studies.'®! Three different protocols
were selected. First, the “DR assessment protocol” in the
current study was chosen to assess the cone pathway in the
inner retina. The protocol defaults the flash retinal illumi-
nance as 16 and 32 photopic Td-s. A 28.3 hertz (Hz) flick-
ering white-light stimulus was produced by brief flashes
(<1 ms) in the ganzfeld. Second, the International Society
for Clinical Electrophysiology of Vision (ISCEV) Photopic
Flicker, Td protocol was used to overview the function-
ality of the bipolar cell pathways.?® The ISCEV Photopic
Flicker defaults the flash retinal illuminance as 85 photopic
Td-s with a 28.3 Hz flickering white-light stimulus. Third,
the photopic negative response (PhNR) 3.4 Hz Td Long
protocol was used to overview the functionality of the reti-
nal ganglion cells.?! The PhNR protocol has a red flash
(1.0 cd-s/m? or 38 Td-s) on a blue background (10 c¢d/m? or
380 Td), with 3.4 Hz stimulus frequency and 200 (long proto-
col) flashes. A special sensor strip skin electrode can monitor
the electrical activity of the retina and parameters, including
that the implicit time and amplitudes were obtained in three
protocols.

Ultra-Widefield Swept-Source Optical Coherence
Tomography Angiography

After pupil dilation, macular imaging was performed using
UWF-SS-OCTA (VG200D; SVision Imaging, Ltd., China), as
previously described.!? The scanning mode “Angio 26 x 21
1280 x 1034 R2” was chosen in this study with a 130-degree
inner eye angle, centered on the fovea. Each scan comprised
1280 A-scans with 1034 A-scans per B-scan, repeated twice,
and the average value was used to improve the signal-to-
noise ratio (SNR). The instrument was equipped with an
eye-tracking utility and had a combining follow-up mode to
eliminate eye-motion artifacts. Images with signal intensity
>6 were included in the data analysis. The UWF-SS-OCTA
images were automatically segmented using the built-in van
Gogh version 1.36.10 instrument software and exported
for further analysis. The software automatically fits a circle
(1.0 mm in diameter) centered on the fovea. The perifovea
region is defined as a 21.0 mm wide round annulus around
the fovea 1.0 mm circle and the perifovea is defined as a
26.0 mm wide round annulus around the parafovea. The
following parameters were quantified: the thickness of the
ganglion cell layer (GCL) and internal plexiform layer (IPL),
inner nuclear layer (INL), and retina; the VD and perfusion
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area (PA) of superficial vascular plexus (SVP), intermediate
capillary plexus (ICP), and DCP.

Adaptive Optics Scanning Light Ophthalmoscopy

After pupil dilation, a subgroup was divided to undergo
AOSLO imaging with a commercialized AOSLO system
(Mona IIa, Robotrak Technologies, Nanjing, China) to obtain
high-resolution and visual enface images of the retinal
cells.?? This system utilizes an 840 nm light source with
a full-width half-maximum of 40 nm. The field of view
on the retina spans 2.4 x 2.4 degrees (approximately 700
x 700um). The AOSLO system is equipped with a real-
time retina tracking module, ensuring eye-motion stabiliza-
tion and efficient imaging. To capture high-quality images,
each retinal location is imaged for approximately 3 seconds,
resulting in approximately 40 frames. These frames undergo
a de-warping process to eliminate distortion introduced by
the sinusoidal motion of the resonant scanner. Subsequently,
an automatic detection system identifies and removes invalid
frames caused by blinking or saccades, ensuring only the
most reliable frames are retained. Finally, a strip-based regis-
tration process is used. The aligned frames are averaged
to improve the SNR. The entire process takes place right
after each imaging session and will automatically generate
a registered image by the Mona IIa software. For quantita-
tive cell analysis, the software uses an artificial intelligence
(AD-based algorithm for automatic photoreceptor segmen-
tation and generates statistical descriptors of photoreceptor
morphology properties like cone density, nearest neighbor
distance (NND), dispersion, and regularity.?

Covariates

All the participants underwent comprehensive ocular exam-
inations, including best-corrected visual acuity, intraocular
pressure, refractive error (auto-refractometry), and mydri-
atic slit-lamp fundus examination. Data on sex, age, smoking
status, drinking status, and duration of T2DM of each patient
were recorded, along with levels of glycated hemoglobin
(HbAlo), estimated glomerular filtration rate (eGFR), and
cholesterol. HbAlc was measured using ion-exchange liquid
chromatography (Tosoh, Tokyo, Japan), and cholesterol was
measured using the enzymatic colorimetric assay (Roche).
The eGFR was calculated using the Chronic Kidney Disease
Epidemiology Collaboration formula combining creatinine-
cystatin C.%

Statistical Analysis

The 2-tailed test was used, the effect size was 0.341 accord-
ing to Zeng Y’s research,® o was 0.05, test efficacy (1-8)
was 0.8, and the total sample size was 49. At present, the
total sample size of this study is 81, which meets the condi-
tions. The #-test was used to estimate the sample size before
the correlation analysis. Baseline characteristics at different
stages in full-course DR were compared using the #-test for
continuous variables, and the chi-squared test for categorical
variables. One-way analysis of variance (ANOVA) was used
to assess differences in baseline characteristics, functional,
and structural parameters across different stages of full-
course DR. Spearman correlation analysis was conducted to
evaluate the rank correlation between functional and struc-
tural parameters, adjusted for participant characteristics that
were either significantly different at baseline in the different
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stages of full-course DR or previously associated with DR
in people with diabetes. Covariates included age, diabetes
duration, and HbAlc.

Reported P values are 2-sided and the results were
considered statistically significant with a P value < 0.05.
All analyses were performed using G-Power (version 3.1;
University of Dusseldorf, USA), Stata (version 17; Stata Corp),
and R (version 3.4.1; R Project for Statistical Computing,
Vienna, Austria).

RESULTS

Figure 1 shows the flow chart of our study design. The
changes in retinal structure and function throughout the full
course of DR are shown in Figure S1. After excluding indi-
viduals with missing data on ophthalmic examinations, 81
participants were enrolled in the study, including 23 healthy
controls, 23 with preclinical DR, 13 with NPDR, and 22 with
PDR. Table 1 shows the demographic and clinical data of the
preclinical DR, NPDR, and PDR, and the healthy participants’
group. At baseline, participants comprised 49.38% women,
with a mean age (standard deviation [SD]) of 67.69 (SD =
9.74) years. Differences in baseline characteristics among the
four groups are described in Table 1. Participants with DR
were more likely to be older, with longer diabetes duration
and higher HbAlc. However, gender, smoking status, drink-
ing status, the condition of hypertension, eGFR, and choles-
terol were comparable across the four groups (all P > 0.05).
Twenty-six participants were divided into subgroups with a
mean age (SD) of 68.25 (SD = 7.16) years, 57.69% women,
including 6 healthy patients, 9 with preclinical DR, 6 with
NPDR, and 5 with PDR (Supplementary Table S1).

The Transformation of ERG Parameters in
Full-Course DR

The comparisons of the DR assessment protocol results
among the different stages of full-course DR are demon-
strated in Table 2. Compared with the control groups, the
decreased amplitude of the cone pathway was first observed
in the preclinical DR group in comparison to the control
group (all P < 0.05). Then, delayed implicit time and
decreased amplitude were found in the NPDR and PDR
groups compared with the control groups (all P < 0.05).
These results suggest that the cone pathway function begins
to decline in preclinical DR and worsens with the progres-
sion of the disease. The implicit time of ISCEV Photopic
flicker was delayed in NPDR (P = 0.020) and PDR (P <
0.001), with decreased amplitude observed in PDR (P =
0.018), which indicates the impairment of bipolar cell func-
tion begins from the NPDR stage (Supplementary Table S2).
The delayed implicit time of PhNR was found in the PDR in
comparison to the healthy controls (P = 0.041), representing
impaired function of retinal ganglion cells (see Supplemen-
tary Table S2).

The Transformation of UWF-SS-OCTA Parameters
During the Full-Course DR

Compared with the control group, the results for neural
structures including the thickness of the macula, GCL + IPL,
and INL were variable, whereas VD and PA of SVP, ICP, and
DCP showed a decreasing trend at different stages of DR
(Table 3). The thickness of the macula and INL increased
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Retinal neurovascular impairment in Full-course DR (GD-RMOS)
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Graphical abstract. The UWF-SS-OCTA means ultra-widefield swept-source optical coherence tomography angiography. The

AOSLO means adaptive optics scanning light ophthalmoscopy. The ERG means electroretinography. ISCEV means International Society for
Clinical Electrophysiology of Vision. The preclinical DR means patients with diabetes without clinically detectable retinopathy. The NPDR
means nonproliferative diabetic retinopathy. The PDR means proliferative diabetic retinopathy. GCL 4 IPL means ganglion cell layer and
internal plexiform layer. INL means inner nuclear layer. VD means vessel density. PA means perfusion area. SVP means superficial vascular
plexus. ICP means intermediate capillary plexus. DCP means deep capillary plexus. PhNR means photopic negative response. ANOVA
adjusted the LSD test or Tamhane’s T2 test with age, duration of diabetes, and HbAlc (*P < 0.05 vs. the control group; #P < 0.05 vs. the no

DR group; and "P < 0.05 vs. the NPDR group).

significantly in NPDR compared with the control group
(both P < 0.05). The thickness of the GCL + IPL increased
significantly only in PDR compared with the control group
(P = 0.036). The VD of SVP showed a gradual decline in
full-course DR, but there was a significant change in PDR (P

= 0.046) compared with the control group. The VD of ICP
showed a decreasing trend in the full-course DR, although
it was not significant compared with the control group. The
VD of DCP showed a slow decrease with the progression
of the disease, and compared with the control group, there

Taste 1. Baseline Demographic Characteristics of the Preclinical DR, the NPDR, the PDR, and the Healthy Group

Overall Healthy Preclinical NPDR PDR
(n = 81) (n = 23) DR (n = 23) (n=13) (n = 22) P Value
Age, mean (SD) 67.69 (9.74) 71.52 (9.02) 70.41 (9.13) 67.00 (5.12) 61.91 (10.18) 0.004
Gender, n (%) 0.589
Female 40 (49.38) 11 (47.83) 14 (60.87) 6 (46.15) 9 (40.91)
Male 41 (50.62) 12 (52.17) 9 (39.13) 7 (53.85) 13 (59.09)
Smoker, 7 (%) 0.588
No 59 (92.19) 16 (94.12) 17 (94.44) 9 (100.00) 17 (85.00)
Yes 5(7.81) 1 (5.88) 1 (5.56) 0 (0.00) 3 (15.00)
Drinker, 1 (%) 0.146
No 59 (92.19) 17 (100.00) 17 (94.44) 9 (100.00) 16 (80.00)
Yes 5 (7.81) 0 (0.00) 1 (5.56) 0 (0.00) 4 (20.00)
Duration of diabetes, mean (SD) 8.73 (8.80) 0.00 (0.00) 7.43 (6.50) 6.00 (NA) 14.57 (8.26) <0.001
HbAlc, n (%) 6.76 (1.45) 5.85 (0.66) 6.61 (0.46) 8.33 (2.63) 7.10 (1.23) <0.001
eGFR, mean (SD) 64.29 (25.15) 64.88 (27.97) 46.52 (7.55) 72.07 (35.91) 87.01 (3.34) 0.291
Cholesterol, mean (SD) 4.82 (1.40) 4.96 (1.12) 4.65 (1.80) 5.33 (1.49) 4.60 (1.34) 0.635

DR, diabetic retinopathy; eGFR, glomerular filtration rate; HbAlc, glycated hemoglobin; NA not applicable; NPDR, nonproliferative

diabetic retinopathy; PDR, proliferative diabetic retinopathy.

Statistical significance was set at P < 0.05 and tested using-way ANOVA. Bold values indicate statistically significant results.
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TasLe 2. Comparison of DR Assessment Protocol Results for the Preclinical DR, the NPDR, the PDR, and the Healthy Group

Mean (SD)
Healthy Preclinical NPDR PDR P Value (Healthy P Value (Healthy P Value (Healthy
Parameters (n = 23) DR (z = 23) (n =13) (n = 22) vs. Preclinical DR) vs. NPDR) vs. PDR)
Implicit time, ms 30.58 (1.50) 30.16 (2.32)  34.51 (4.48) 38.37 (4.87) 0.999 0.208 <0.001
(16 Td-s)
Amplitude, pv 16.61 (7.41)  14.56 (6.67)  15.20 (6.60)  7.31 (3.09) 0.003 0.020 <0.001
(16 Td-s)
Implicit time, ms  29.32 (1.51) 29.14 (1.87) 34.81 (5.12) 38.14 (6.06) 0.690 0.004 <0.001
(32 Td-s)
Amplitude, pv 20.37 (8.30) 17.77 (9.06)  18.04 (8.20)  9.35 (3.90) 0.018 0.042 <0.001
(32 Td-s)

DR, diabetic retinopathy; NPDR, nonproliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy.
ANOVA adjusted the LSD test or Tamhane’s T2 test with age, duration of diabetes, and HbA1lc. Bold values indicate statistically significant

results.

TaBLE 3. Comparison of UWF-SS-OCTA Results for the Preclinical DR, the NPDR, the PDR, and the Healthy Group, Respectively

Mean (SD)
Healthy Preclinical NPDR PDR P Value (Healthy P Value (Healthy P Value (Healthy

Parameters (n = 23) DR (n = 23) (n =13) (n = 22) vs. Preclinical DR) vs. NPDR) vs. PDR)
Thickness

Macula 207.44 (18.50) 211.49 (9.72) 225.23 (30.06) 219.01 (29.94) 0.546 0.026 0.090

GCL + IPL 29.50 (5.28) 28.77 (3.71)  32.24 (6.82) 33.89 (10.15) 0.718 0.254 0.036

INL 29.73 (2.64) 30.61 (1.00)  31.93 (2.59) 31.01 (4.49) 0.316 0.036 0.152
Vessel density

SVP 21.51 (3.61) 21.17 (3.08)  19.66 (4.45) 19.50 (2.37) 0.729 0.113 0.046

ICP 12.67 (3.43) 13.82 (5.13) 11.25(5.79) 10.18 (2.88) 0.364 0.343 0.055

DCP 6.85 (2.95) 5.77 (2.05) 5.07 (1.79) 4.82 (2.50) 0.137 0.038 0.006
Perfusion area

SVP 56.10 (10.31)  57.33 (10.92) 54.50 (3.05) 53.21 (6.53) 0.636 0.602 0.274

ICP 41.12 (7.57) 44.74 (13.61) 40.82 (4.84) 38.29 (3.95) 0.166 0.921 0.283

DCP 39.46 (7.77) 37.07 (12.16) 33.31 (7.06) 31.92 (4.40) 0.343 0.041 0.004

DCP, deep capillary plexus; DR, diabetic retinopathy; GCL + IPL, ganglion cell layer and internal plexiform layer; gPDR, proliferative
diabetic retinopathy; ICP, intermediate capillary plexus; INL, inner nuclear layer; NPDR, nonproliferative diabetic retinopathy; SVP, superficial

vascular plexus.

ANOVA adjusted the LSD test or Tamhane’s T2 test with age, duration of diabetes, and HbA1lc. Bold values indicate statistically significant

results.

was a significant difference in the NPDR (P = 0.038) and
PDR (P = 0.006). The PA of SVP and ICP showed a slight
decrease insignificantly. The PA of DCP decreased signifi-
cantly in NPDR (P = 0.041) and PDR (P = 0.004) compared
with the control group.

The Transformation of Photoreceptor Cell
Parameters Throughout DR

The photoreceptor cell relative results among the subgroups
were demonstrated in Supplementary Table S3. The density
cones, nearest neighbor distance, regularity, and disper-
sion were found to be significant in NPDR compared
with the control group (all P < 0.05) after adjustment
for age, duration of diabetes, and HbAlc. There was no
significant difference among other groups in photorecep-
tor cell relative results compared with the control group (all
P > 0.05).

Correlation Analysis Between the Ocular
Structural and Functional Parameters

Correlation analysis between the ocular structural and func-
tional parameters are shown in Figure 2 and Supplementary
Table S4. Delayed implicit time for 16 Td-s was associated
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with the thickness of GCL + IPL (r = 0.563, P = 0.025).
Delayed implicit time for 32 Td-s was positively associated
with the density cones (r = —0.782, P = 0.043), the thick-
ness of the macula ( = 0.567, P = 0.024), the thickness
of GCL + IPL (r = 0.667, P = 0.0006), the VD of SVP (r =
—0.649, P = 0.008), the VD of ICP (+ = —0.609, P = 0.014),
and the PA of DCP (» = —0.519, P = 0.041). Delayed implicit
time for PhNR was associated with regularity (» = —0.812,
P = 0.033) and the VD of ICP (r = —0.509, P = 0.046). The
decreased amplitude for PhNR was associated with density
cones, NND, and dispersion (r = —0.946, P = 0.005; » =
0.913, P = 0.012; and » = 0.782, P = 0.043, respectively).
The decreased amplitude for PhNR was also associated with
the thickness of GCL + IPL ( = 0.568, P = 0.023), and the
VD of SVP and ICP (» = —0.635, P = 0.010; and » = —0.604,
P = 0.015, respectively). The delayed implicit time for ISCEV
Photopic Flicker was positively associated with the thickness
of macula, GCL + IPL, and INL (» = 0.656, P = 0.007; r =
0.704, P = 0.003; and » = 0.583, P = 0.019, respectively),
and the VD of SVP, ICP, and DCP (r = —0.624, P = 0.011;
r = —0.625, P = 0.011; and r = —0.526, P = 0.038, respec-
tively). The decreased amplitude for ISCEV Photopic Flicker
was positively associated with the thickness of the GCL +
IPL (r = —0.562, P = 0.025, respectively; see Supplementary
Table S4).
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Macular thickness
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Ficure 2. Correlation between ERG parameters and structural parameters. GCL + IPL means ganglion cell layer and internal plexiform
layer. INL means inner nuclear layer. VD means vessel density. PA means perfusion area. SVP means superficial vascular plexus. ICP means
intermediate capillary plexus. DCP means deep capillary plexus. ISCEV means International Society for Clinical Electrophysiology of Vision.
PhNR means photopic negative response. Spearman Correlation analyses were used and adjusted with age, duration of diabetes, and HbAlc

(*P < 0.05).

DiIScUSSION

In the current study, we evaluated the impact of DR on
the neurovascular structure and function by applying the
ERG, UWF-SS-OCTA, and AOSLO simultaneously. Our data
showed that with the progression of DR, functional impair-
ment occurred earliest in the preclinical DR, followed by
visual cell impairment, a decrease of VD and PA in SVP, ICP,
and DCP, and changes in thickness. Impairments in vascular,
neural, and cellular structures were significantly associated
with the decreased cone pathway function.

The results of flicker ERG in our study suggested that as
the DR progresses, patients with DR experience a decline
in overall cone pathway function, including the bipolar cell
layer and the GCL. ERG parameters are considered sensi-
tive markers of early neuronal abnormalities.?*?> The cone
pathway function relies on the integrity of both neural and
vascular structures. In our study, although there was no
statistical difference between patients with preclinical DR
and the control group in retinal structure, including optic
cells, thickness, and perfusion, there was a tendency for
damage. ERG has shown signs of significant impairment of
cone pathway function during the preclinical DR period,
which is consistent with previous studies.®?° At the same
time, our results showed that the bipolar cell layer func-
tion was impaired in NPDR and the ganglion cell func-
tion was impaired in PDR, which may be attributed to
attenuated feedback occurring early in the retina at the
synapse of cone photoreceptors and OFF bipolar cells in
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patients with NPDR and progressive loss of GCIPL in DR
progression.>”:2

The UWF-SS-OCTA improves the ability to identify
peripheral DR lesions compared with standard imaging.
More and more evidence has addressed that patients with
diabetes have varying degrees of neurovascular damage as
the disease progresses.??=3! Eyes with any DR had thicker
macular, and such thickening was most prominent in those
with moderate or worse DR.? In addition, the study showed
that the thickness of GCL + IPL and INL were increased in
NPDR compared with controls.>! However, in our cohort,
there was a tendency for macular, GCL + IPL, and INL
thickening in both preclinical DR and NPDR, whereas there
was a decrease in the macular and INL thickness in PDR,
which may be related to the severity of DR. Previous stud-
ies found that there were considerable differences in retinal
layer structuring based on the severity of DR.>° The inner
retina has higher metabolic demands and relatively lower
perfusion, which makes it more vulnerable to the metabolic
stress induced by diabetes.>? Therefore, more evidence is
needed to clarify the changes in neurovascular structures.
Similarly, the reduction of VD and PA in patients with DR has
been found in previous studies.** Altered VD and PA may
be due to the disruption of retinal neurovascular autoreg-
ulation, which could dynamically regulate blood flow in
response to metabolic demands.>* Besides, endothelial cell
injury is a central pathogenic response to chronic hyper-
glycemia and initiates the progressive ischemic character-
istic of DR.3 The retinal capillary becomes acellular once
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the dropout of endothelial cells begins, which may lead to
reduced VD and PA in the retina.®® Our results align with
previous studies demonstrating that UWF-SS-OCTA had high
sensitivity and specificity in detecting VD and PA, crucial for
evaluating DR progression and treatment courses. %37

This study has assessed the relationship between
photoreceptor cell morphology and different stages of the
full-course DR using the AOSLO system. In our study,
we found significantly decreased cone density, decreased
regularity, increased NND, and increased dispersion in the
NPDR group compared with healthy controls after adjusting
for age, duration of diabetes, and HbAlc, consistent with
previous research.!® Diabetic retinal abnormalities seen in
early to moderate NPDR include pericyte loss and base-
ment membrane thickening, which are potentially difficult
to detect by clinical examination.!> Previous studies showed
that the AOSLO system allows observation of cellular struc-
tures in living human eyes and reveals retinal microstruc-
tures, such as the nerve fiber layer, photoreceptors, RPE
cells, and retinal vasculature.®® Interestingly, cone density
and cone spacing have been reported in cross-sectional stud-
ies of patients with retinal degeneration to provide more
sensitive measures of disease severity than visible changes
on optical coherence tomography (OCT) or decline in visual
acuity.?~#? Decreased regularity of cone arrangement is
consistently associated with the presence of diabetics and
increasing DR severity.!* Thus, abnormality of cone density,
regularity, NND, and dispersion in different disease courses
may reflect the severity of DR progression, and our results
may reveal the relationship between full-course DR and
deterioration of neuronal metabolism and phototransduc-
tion alteration.

In addition, thickness changes, blood perfusion, and cell
microstructure were related to functional changes in this
study. There was an overall tendency for retina, GCL +
IPL, and INL thickening in patients with DR, which may
be the cause of functional impairment.®?-3! The flicker
response under 28.3 Hz light stimuli is produced by the
ON and OFF pathway activity, and postreceptoral ON and
OFF components contribute substantially to the sine-wave
flicker ERG at higher stimulus frequencies.”> The VD and
PA detected by optical coherence tomography angiography
(OCTA) perfectly reveal the perfusion of postreceptoral ON
and OFF components, which indicates that the decrease in
perfusion is closely related to the decline of function.®*
Furthermore, photoreceptor cells are part of the cone path-
way, and the damage to the cone pathway was visualized
by ultra-microscopic fundus imaging.'¥% Taken together,
we presumed that the functional changes in patients with
DR might result from neurovascular impairment, and ERG
may serve as a sensitive marker to predict the progression
of DR.

There are several limitations in the study. First, the sample
size of the research was relatively small, and more patients
with NPDR are still needed to enhance the study’s validity
and the generalizability of its conclusions. However, after
our sample size calculation in the Methods section, the
sample size of this study is scientifically feasible. Second,
this study was based on the international clinical diabetic
retinopathy grouping. We plan to perform a more detailed
grouping of DR and conduct associated proteomic mech-
anism analysis. Third, this is a cross-sectional study, so no
conclusions can be drawn about causality. Therefore, further
studies are needed to investigate the longitudinal develop-
ment of neural function and structural impairments. Finally,
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we only focused on the functional changes in the cone path-
way of the retina and ignored the rod pathway. To fully
assess the function of the retina, a comprehensive under-
standing of the rod pathways is essential.

In conclusion, we found that functional impairments
might precede the presence of visible retinal lesions in
preclinical DR. This has positioned ultra-wide angle or more
microscopic instruments for use in clinical scenarios, primar-
ily as exploratory outcome measures or biomarkers for early
screening of DR or monitoring DR progression and treat-
ment response.
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