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Abstract

Aims/hypothesis Our aim was to detect early structural and functional changes in the macular capillaries using optical
coherence tomography angiography during the course of type 1 or 2 diabetes mellitus.

Methods In this cross-sectional study, individuals with type 1 diabetes (n=143) or type 2 diabetes (n=197) from the German
Diabetes Study (ClinicalTrials.gov registration no. NCT01055093) underwent clinical examination and cluster analysis to
identify phenotype-based diabetes subtypes, using BMI, age, HbA |, homoeostasis model estimates and islet autoantibodies.
Colour fundus photography, optical coherence tomography and optical coherence tomography angiography were performed
within the first year of diabetes diagnosis (baseline) and at 5 year intervals up to year 10. Age- and sex-adjusted participants
served as control participants (n=105). Perfusion density, vessel density, presence of retinal microaneurysms in superfi-
cial, intermediate and deep capillary plexus (SCP, ICP, DCP), choriocapillaris flow deficit density (CC FD) and the foveal
avascular zone (FAZ) of the macula as well as retinal layer thickness, visual acuity and contrast sensitivity were analysed.
Results Perfusion density and vessel density of SCP were already reduced at baseline in type 2 diabetes (expected dif-
ference compared with control participants: —0.0071, p=0.0276, expected difference: —0.0034, p=0.0184, respectively),
especially in participants with severe insulin-deficient and mild obesity-related diabetes. At year 10 only perfusion density
of the SCP and DCP was reduced in both type 1 and 2 diabetes (p=0.0365, p=0.0062, respectively). The FAZ was enlarged
and the CC FD within the first year increased in type 1 (p=0.0327, p=0.0474, respectively) and more markedly in type 2
diabetes (p=0.0006, p<0.0001). The occurrence of microaneurysms in SCP and DCP was significant at year 5 (p=0.0209,
p=0.0279, respectively) and year 10 (p=0.0220, p=0.0007). Presence of microaneurysms in SCP and DCP was associated
with decreases in perfusion density and vessel density in both SCP and ICP. Furthermore, microaneurysms were associated
with decreased ganglion cell layer and inner plexiform layer thickness.

Conclusions/interpretation Type 2 diabetes already reduces macular perfusion SCP at time of clinical diagnosis, while
long-standing diabetes affects both SCP and DCP. The FAZ of the SCP and the CC FD are early indicators of diabetic altera-
tions, with more pronounced changes observed in type 2 diabetes. Microaneurysms in the macular plexus are associated
with a decrease of ganglion cell layer and inner plexiform layer. Subclinical microangiopathy occurs prior to manifestation
of diabetic retinopathy, disease-related visual acuity impairment or inner retinal layer thinning.

Keywords Choriocapillaris - Diabetes subtypes - Diabetic retinopathy - Foveal avascular zone - Ganglion cell layer -
Microaneurysms - Microvasculopathy - OCTA - Perfusion density - Vessel density

Abbreviations GCL Ganglion cell layer

CCFD  Choriocapillaris flow deficit density GDS German Diabetes Study

CS Contrast sensitivity ICP Intermediate capillary plexus
DCP Deep capillary plexus INL Inner nuclear layer

ED Expected difference IPL Inner plexiform layer
ETDRS Early Treatment Diabetic Retinopathy Study MA Microaneurysm

FAZ Foveal avascular zone MARD Mild age-related diabetes

MOD Mild obesity-related diabetes
OCT Optical coherence tomography
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What is already known about this subject?

Recent research indicates that neurodegeneration is an early event in diabetic retinopathy, although its exact
relationship to the stage of microvascular retinal disease remains uncertain

Optical coherence tomography angiography (OCTA) may be used for the detection of retinal microvascular
alterations before the clinical manifestation of diabetic retinopathy

Clinical parameters categorise individuals with diabetes into five groups, with the severe insulin-deficient diabetes
subgroup at higher risk for retinopathy and neuropathy

What is the key question?

When do individuals with diabetes mellitus and its subtypes begin to show altered macular capillary vessels and/or

signs of retinal neurodegeneration?

What are the new findings?

e (Capillary changes in the macula can be detected within the first year after the diagnosis of type 2 diabetes,
particularly in individuals with severe insulin-deficient and mild obesity-related diabetes

e The earliest changes in diabetes manifest in the choriocapillaris, which can serve as an early marker to differentiate
between individuals with diabetes and healthy control individuals

e  The occurrence of macula microaneurysms is associated with a decreased thickness of the ganglion cell layer,

indicating retinal neurodegeneration

How might this impact on clinical practice in the foreseeable future?

e Severe insulin-deficient diabetes and obesity-associated diabetes should be investigated early, including with the
use of OCTA, in order to detect microaneurysms, which may serve as a preclinical biomarker of early

microangiopathy

OCTA  Optical coherence tomography angiography
ONL Outer nuclear layer
OPL Outer plexiform layer

PD Perfusion density

RNFL  Retinal nerve fibre layer

RPE Retinal pigment epithelium
SAID Severe autoimmune diabetes
SCP Superficial capillary plexus
SIDD Severe insulin-deficient diabetes
SIRD Severe insulin-resistant diabetes
VA Visual acuity

VD Vessel density

Introduction

Diabetic retinopathy, one of the most common complica-
tions of diabetes mellitus, currently affects 100 million peo-
ple worldwide and is responsible for severe visual impair-
ment and blindness [1]. Clinically, diabetic retinopathy is
characterised by microvascular dysfunction manifesting

in retinal microaneurysms (MAs), haemorrhages, macular
oedema with hard exudates and retinal neovascularisation
[2]. Diagnosis and staging are performed using ophthalmos-
copy under pupil dilation and, if feasible, documented with
fundus photography [3].

Microvascular changes may be detectable with optical
coherence tomography angiography (OCTA) before the
appearance of MAs, the first fundoscopically visible sign of
diabetic retinopathy [4]. OCTA non-invasively uses erythro-
cyte movement as a contrast to distinguish perfused vessels
from static tissue and to quantify preclinical abnormalities
in the retinal vasculature [5]. Whether and to what extent
preclinical diabetic retinal changes can be detected by OCTA
is currently controversial [6, 7].

According to current understanding, diabetic retinopathy
evolves as an interplay between diabetic microangiopathy
and diabetic retinal neurodegeneration [8]. Diabetic neurode-
generation refers to the decline in visual function in diabetes,
characterised by retinal apoptosis, glial activation, reduced
inner retinal thickness on optical coherence tomography
(OCT) and functional deficits such as decreased ampli-
tudes, delayed implicit times and reduced retinal sensitivity
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[9]. The temporal relationship between vascular and neural
components in diabetes remains unclear. While some studies
suggest that neurodegeneration precedes vascular changes,
others propose independent effects of diabetes on both, leav-
ing their exact interplay unresolved [10, 11]. The prospective
observational German Diabetes Study (GDS) [12] allows
early capillary and neurodegenerative changes to be analysed
using a cohort that has been comprehensively phenotyped in
the first year of diabetes diagnosis and at follow-up examina-
tions for up to 15 years. Our study aims to determine when
individuals with diabetes mellitus or its subtypes begin to
show altered macular capillary vessels and/or signs of retinal
neurodegeneration.

Methods

Study population The GDS (ClinicalTrials.gov registration
no. NCT01055093) performs comprehensive phenotyping
for metabolic alterations and the development of comorbidi-
ties and complications during the course of diabetes [12].
The inclusion and exclusion criteria have been described in
detail [12]. Individuals with diabetes were cluster analysed
for phenotype-based subtype determination, following sex-
specific classification criteria of Ahlqvist and colleagues

[13]. When the study was designed, it was decided to record
participants’ sex through self-report and only include people
of European descent, to exclude effects of genetic variabil-
ity. Each participant was assigned to one of the predefined
clusters: mild age-related diabetes (MARD), mild obesity-
related diabetes (MOD), severe insulin-deficient diabetes
(SIDD), severe insulin-resistant diabetes (SIRD) or severe
autoimmune diabetes (SAID), which aligns with type 1 dia-
betes [14]. For this analysis, the clusters were age-adjusted
to exclude age-related effects. For the cross-sectional analy-
ses at baseline, we used a consecutive sample with all par-
ticipants from the ongoing GDS who had complete baseline
data for the allocation to diabetes subtypes and who had
undergone a complete ophthalmic examination including
OCTA. Tables 1 and 2 show the enrolled study population.
The GDS, conducted in accordance with the Declaration of
Helsinki, was approved by the local institutional ethics com-
mittee (reference number 4508). Informed written consent
was obtained from all participants.

The ophthalmological examinations were performed at
the University Hospital of Ophthalmology Diisseldorf as
described by Schroder et al [15]. Classification was based
on the International Clinical Diabetic Retinopathy Disease
Severity Scale [16]. Non-mydriatic wide-angle fundus doc-
umentation was performed (Zeiss Clarus 500, Carl Zeiss

Table 1 Demographic and clinical characteristics of participants with type 1 and type 2 diabetes and control participants

Characteristic ~ TIDM T2DM (N=197) p value® Control partici- p value® p value® p value®
(N=143) pants (N=105)
Age (years) 412 +12.0 57.6 +10.3 <0.0001 46.5+ 153 0.0053 <0.0001 <0.0001
Male sex 77 (53.8) 132 (67.0) 0.0176 58 (55.2) 0.8975 0.0464 0.0263
BMI (kg/m?) 257 +44 31.5+64 <0.0001 26.8 +£5.1 0.0798 <0.0001 <0.0001
HbA,  (mmol/ 51.3 +10.2 51.1 +13.0 0.3512 33.1+3.6 <0.0001 <0.0001 <0.0001
mol)
HbA, (%) 6.8+0.9 68+12 0.3512 52+03 <0.0001 <0.0001 <0.0001
Blood pressure  128.7 + 139.9 + <0.0001/<0.0001 1314 + 0.1253/0.7392 <0.0001/0.0005 <0.0001/<0.0001
systolic/dias- 16.9/79.8 + 16.7/84.7 + 16.2/80.5 +
tolic (mmHg) 9.6 10.0 10.7
Known diabetes BL: 52 (36.4)  BL: 65 (33.0)  0.8159°
duration in Y5:51(35.7)  Y5:71(36.0)
years (1) Y10: 39 (27.3) Y10: 58 (29.4)
Y15:1(0.7) Y15:3(1.5)
NPDR (n) 3(2.1) 6 (3.0) 0.7391

Data are presented as mean + SD for quantitative variables and n (%) for categorical variables

4Comparison of TIDM and T2DM
®Comparison of TIDM and control participants

“Comparison of T2DM and control participants

dComparison of TIDM, T2DM and control participants. In the case of quantitative variables, p values were calculated via Kruskal-Wallis test
for comparison of three groups (i.e. p value®) and Mann—Whitney U test for comparison of two groups (i.e. p value?, p value® and p value®). For
categorical variables, p values are related to X2 test or Fisher’s exact test when it was possible

¢p value was calculated without cases with Y15 since assumptions of X2 test were not fulfilled for all four categories of diabetes duration
BL, baseline; NPDR, non-proliferative diabetic retinopathy; T1DM, type 1 diabetes; T2DM, type 2 diabetes; Y5-Y 15, years of follow-up
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Table 2 Demographic and clinical characteristics of different diabetes clusters

Characteristic SAID (111) SIDD (10) SIRD (21) MOD (84) MARD (94) p value*
Age (years) 41.6 +12.5 449 +12.3 61.0+12.4 51.4+94 60.8 + 10.1 <0.0001
Male sex (%) 57 (51.4) 8 (80.0) 15 (71.4) 47 (56.0) 71 (75.5) 0.0029
BMI (kg/m?) 255+42 26.6 +4.3 36.0+5.5 349 +6.1 27.0 +3.8 <0.0001
Blood pressure 128.0 + 17.5/80.0  139.9 + 13.7/86.7 143.6 + 16.6/85.5 140.2 + 16.0/87.1 137.6 + 17.9/81.6 <0.0001/<0.0001
(mmHg) + 10.1 +6.6 +11.6 + 89 +10.3
HbA,, (mmol/mol) 51.4 +9.4 68.0 + 14.2 479 +13.0 525 +£139 479+93 <0.0001
HbA,, (%) 6.9+ 0.9 84+13 65+12 70+13 6.5+0.8 <0.0001
NPDR (n) 3.7 1(10.0) 0 3(3.6) 1(1.1) 0.3985°
Participants at the =~ BL: 43 (38.7) BL: 5 (50.0) BL: 7 (33.3) BL: 22 (26.2) BL: 34 (36.2) 0.4033°¢
visits (1) Y5:38(34.2) Y5: 4 (40.0) Y5: 6 (28.6) Y5:38 (45.2) Y5:30 (31.9)
Y10: 29 (26.1) Y10: 1 (10.0) Y10: 8 (38.1) Y10: 24 (28.6) Y10: 30 (31.9)
Y15:1(0.9)

Data are presented as mean + SD for quantitative variables and n (%) for categorical variables

4Comparison of the five diabetes clusters. In the case of quantitative variables, p values were calculated via Kruskal-Wallis test for comparison

of the five clusters. For categorical variables, p values are related to Xz test

® Assumptions of XZ were not fulfilled

°p value was calculated without cases with Y15 since assumptions of X2 test were not fulfilled for all four categories of diabetes duration

BL, baseline; NPDR, non-proliferative diabetic retinopathy; Y5-Y 15, years of follow-up

Table3 ETDRS VA and CS in control participants and participants
with type 1 and type 2 diabetes within 1 year after diagnosis (base-
line) and 5 and 10 years after diagnosis

OCTA protocol OCTA and OCT images were acquired by
a trained professional photographer using spectral domain
OCT (Spectralis, Heidelberg Engineering, Germany). Fove-

Variable VA CS ally centred 512 A-scans X 512 B-scans covering a scan
RE LE RE LE BE pattern of 10° X 10° (~2.9 X 2.9 mm) with a lateral resolu-
: tion of 5.7 pm/pixel and an axial resolution of 3.9 pm/pixel
Baseline were performed in enhanced depth imaging (EDI) mode.
Control zi 1483 83 8987 6 ?26 ol ?96 o1 ?17 o1 En face OCTA images of the superficial, intermediate and
A+ o, e B i 8 O+ 0. O +0. . x0. . . . .
- - - - - deep capillary plexus (SCP, ICP, DCP) and choriocapillaris
TIDM 46 44 47 46 46 ith . d f. | d df
86.8+54 859+80 16+01 1.6+01 1.7+0.1 with activated artefact removal mode were exported from
T2DM 62 61 62 60 60 the Spectralis Heidelberg Eye Explorer viewing program
8154122 841+64 15+01 1.6+0.1 1.7+0.1 (software version 1.10.2.0, Heidelberg Engineering, Hei-
5 years delberg, Germany) into the tagged image file format for
TIDM 46 46 45 45 45 analysis. The artefact rate was minimised by implement-
872+56 862+73 1.6+01 16+01 17+02  ing measures to enhance participant comfort and stability,
T2DM 65 65 066 64 65 as well as improving repeatability with real-time feedback.
822+9.1 825+78 15+01 1502 17£0.1 14y quality OCTA scans (23%, 32.8% for choriocapillaris)
10 years were excluded due to reduced resolution, motion artefacts,
TIDM 38 37 37 35 38 defocus or shadowing.
806+152 828+73 1.6+03 1.6+0.1 1.7+0.1 . .
Images were generally blindly analysed. Two experienced
T2DM 51 49 51 49 52

785+14.6 80490 1.5+£01 1.5+02 1.6+0.1

Data are presented as sample size, mean + SD

BE, both eyes; LE, left eye; RE, right eye; TIDM, type 1 diabetes;
T2DM, type 2 diabetes

Meditec, Jena, Germany, Optos, Dunfermline, UK). The dis-
tribution of the included individuals for visual acuity (VA)
and contrast sensitivity (CS, at reading distance using the
Mars Letter Test, Mars Percetrix, Chappaqua, NY, USA) is
shown in Table 3.

ophthalmologists performed the detection of MAs in the
foveal-centred area (Fig. 1).

The foveal avascular zone (FAZ, mm?) of the SCP was
manually delineated by a trained clinical expert, while the
FAZ perimeter (mm) was automatically measured, both
using Fiji (ImageJ, version 1.53c; http://imagej.nih.gov/
ij) [17]. FAZ circularity was calculated using the formula:
circularity = 4n X (area)/(perimeter?), which quantifies the
degree of similarity to a circle (with a value of 1 for a perfect
circle, while O reflects an irregular shape) [18].

@ Springer


http://imagej.nih.gov/ij
http://imagej.nih.gov/ij

1144

Diabetologia (2025) 68:1140-1156

Fig. 1 Retinal MAs. Examples of MAs (circled in red) of a participant with diabetes located in the SCP (a) and ICP (b) within the foveal-centred

(10° x 10°) area. Scale bar, 200 pum

Choriocapillaris flow deficit density (CC FD) was ana-
lysed after binarisation using Phansalkar’s local threshold-
ing method (6 pixel radius, 17.4 um) and calculated as the
flow deficit area divided by the total area using the Analyze
Particles tool in ImageJ [19].

To calculate perfusion density (PD, defined as the per-
centage of perfused area, calculated by dividing the num-
ber of flow pixels by the total number of pixels), images
were converted to 8 bit files using Fiji and binarised using
the Otsu thresholding method. The vessel density (VD, the
sum of vessel lengths per area) was obtained by dividing the
number of white pixels by the number of total pixels after
eliminating the influence of vessel diameter by skeletonising
the vessels into a line 1 pixel wide (Fig. 2) [20].

For PD and VD analysis of the SCP, ICP and DCP, 333
eyes of 172 individuals with type 2 diabetes, 210 eyes of 107
individuals with type 1 diabetes and 185 eyes of 98 control
individuals were available (Table 4). The distribution of the
included participants for FAZ and CC FD is summarised in
Tables 5 and 6.

OCT protocol For retinal layer thickness analysis, retinal
layers were segmented using the Spectralis Heidelberg Eye
Explorer software and subsequently screened for segmenta-
tion errors. The thicknesses of full retina, retinal nerve fibre
layer (RNFL), ganglion cell layer (GCL), inner plexiform
layer (IPL), inner nuclear layer (INL), outer plexiform layer
(OPL), outer nuclear layer (ONL) and retinal pigment epi-
thelium (RPE) were determined in the inner nasal pericentral

Fig.2 Visualisation of image processing. All OCTA images were
converted into 8 bit files (a). Then, images were binarised using the
Otsu thresholding method (b). The binarised images were used to
calculate the PD, which is determined as the number of flow pixels

@ Springer
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ence of vessel diameter was eliminated by generating a skeletonised
image (c). Then, the number of white pixels was divided by the total
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Table 5 FAZ area, FAZ perimeter and FAZ circularity of control participants and participants with type 1 and type 2 diabetes within 1 year of

diagnosis (at baseline) and 5 and 10 years after diagnosis

Variable FAZ area FAZ perimeter FAZ circularity Missing
RE LE RE LE RE LE values
Baseline
Control, N=105 89 85 89 85 89 85 36
0.38 +0.15 0.37 +0.15 342+ 1.16 3.29+0.98 0.44 +0.16 0.46 +0.16 (17.14)
T1DM, N=52 34 34 34 34 34 34 36
0.42 +0.18 0.45 +0.20 393 +1.83 457 +£281 0.42 +0.19 0.37+0.17 (34.62)
T2DM, N=65 52 52 52 52 52 52 26
0.46 +0.16 0.47 £ 0.15 5.03+2.14 5.30 +2.19 0.31+0.19 0.28 +£0.17 (20.00)
5 years
T1DM, N=51 41 41 41 41 41 41 20
0.41 +0.16 0.41 +0.16 411+ 1.73 428 + 1.69 0.36 +0.17 0.34+0.18 (19.61)
T2DM, N=T71 63 60 63 60 63 60 19
0.45+£0.15 0.45 £ 0.12 457 £1.82 474 £ 1.63 0.33 £ 0.16 0.31 £0.16 (13.38)
10 years
T1DM, N=39 33 31 33 31 33 31 14
0.42 +0.16 0.45+0.21 424 +1.96 432+ 1.69 0.37 +0.17 0.36 +0.16 (17.95)
T2DM, N=58 49 46 49 46 49 46 21
0.45+0.14 0.44 +0.15 430+ 1.43 432+ 1.48 0.36 +0.17 0.35+0.17 (18.10)

Data are presented as sample size, mean + SD. Missing values are presented as both sample size and percentage. FAZ area is given in mm? and

perimeter in mm

LE, left eye; RE, right eye; T1DM, type 1 diabetes; T2DM, type 2 diabetes

Table 6 Choriocapillaris flow deficit area of control participants and
participants with type 1 and type 2 diabetes within 1 year of diagnosis
(at baseline) and 5 and 10 years after diagnosis

Variable Choriocapillaris flow deficit area ~ Missing
(%) values
RE LE
Baseline
Control, N=105 74 71 65
38.03 +7.01 37.44 + 6.85 (30.95)
T1DM, N=52 31 31 42
36.85 +5.63 3777 £ 6.25 (40.38)
T2DM, N=65 50 50 30
44.50 + 8.98 4436 + 7.48 (23.08)
5 years
T1DM, N=51 34 32 36
38.22 + 6.08 39.83 +7.44 (35.29)
T2DM, N=T71 58 51 33
44.80 + 6.87 45.50 +7.73 (22.24)
10 years
T1DM, N=39 28 24 26
40.61 +5.70 40.84 + 6.51 (33.33)
T2DM, N=58 43 42 31
45.58 + 8.04 45.99 + 8.47 (26.72)

Data are presented as sample size, mean + SD. Missing values are
presented as both sample size and percentage

LE, left eye; RE, right eye; TIDM, type 1 diabetes; T2DM, type 2

diabetes mellitus

@ Springer

Fig.3 Spectral domain coherence tomography thickness map.
Spectral domain OCT thickness map labelling the 1-, 3- and 6-mm
ETDRS subfield, with the examined nasal pericentral segment N1
highlighted. Scale bar, 200 pm

segment of the foveal-centred Early Treatment Diabetic
Retinopathy Study (ETDRS) grid, the site of importance for
full central VA and CS [15] (Fig. 3). Only essential param-
eters were analysed to avoid multiple testing, as summarised
in Table 7.



1147

Diabetologia (2025) 68:1140-1156

sajeqeIp 7 2dA) ‘INAZL ¢se3eqerp T odA) IAQTL ‘oKo 1S1I ‘g 049 1391 ‘T
wirl Ul U9AIS A1 SJUSWIAINSBIW [[y S F ueaw ‘ozIs ajdwes se pajuasaid are eieq

91 el 6¢l 69 S'L ['y (4 (% 0L S'L €T |4 1'oc 81T
8TF16l F 161 FEVL F9¢L FLIE F1ree FLw  FCWSYFTUIY  FSIY Fo8 Fv8y  FSIT FEITC Fo6Ive  FIO¥E
6V 5y (1% 53 6 5% 14 IS 6¥ IS 6y IS 6 IS 6 IS NdZL
6’1 811 Ll 6'L 8L Le s 8T 09 9Y ST 6'1 I'S1 891
LTF961 F6°S1 FTEL FoTL F e F6'S¢ Foww  FOWIoOCFVEY  Feegy  FETS +87¢¢ +8'1¢ FTUIC F8ISe  F60S¢
LE LE LE LE LE LE LE LE Lt LE LE LE LE LE LE LE NAIL
s1BA O
91 (40! 601 8¢ 6'L I'y (44 8¢ 'S 8¢ 9Y [ 6°CI LI
STFTCI SR Ay FoeL FTTL FI¢ F4Te 8y FLIWVYEFOIY FTUIF  FTO0S Frer F9TC 97T FOTre F86LE
99 69 99 69 99 69 99 69 99 69 99 69 99 69 99 69 AL
€l 601 I'e 99 0¢ €8 geF 6'¢ 'S 145 e Ic 8Ll S'LT
CIF6vI Fv el F6'IL +8¢L +LTe FTI¢ +8¢h SwoeF+Ivy FTvr  Feeg F0¢S +41C F9IT Fo8PE  FO8YE
Ly Sy Ly 194 Ly St Ly St Ly 97 Ly 197 Ly Sy Ly St WAIL
s1edk G
L'l [aN! 6’11 L L8 6'¢ oy e 6'v 6'Y 0c (U7 ¢l I'vi
L'TF GGl F9°¢1 FLYL F9¢L +8C¢ F0v¢ Frer  FOTweeFSEy  F8Ey  FITS F07cs F0'1¢ ST F8eve FTOVE
19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 09 INdCL
6’1 g0l 601 8 8L 144 I'vy 9¢ 1Y 149 ¥'C Ic ad! Syl
LTF LG F8¢I F9TL FIeL Feee F0¢e FIw FCIWWLEFSW  F8UW  FYIS F91¢ FTIC FTUIC FEove  FYore
% Ly % Ly 9 Ly 9 Ly 9y Ly o Ly Si% Ly 9 Ly IWAIL
81 (N1 611 I'L ¥'9 9¢ 9'¢ I'y 9°¢ ¥'S ¥'C (4 0°LT 'Lt
8T+96I F9¢1 F0¢L FTyL F9¢e +8¢ FIoy FrwweceFLEy  F8Y F6TS F TS FY¥IC +9TC FSeve FLo6VE [on
101 01 101 01 101 (4! 101 <0l 101 0l 101 0l 101 (40! 101 1 -uop
qurfeseg
q71 qd a1 q3d q471 g4 a1 g4 a1 qHd 341 q3d 341 q3d q471 g4
ddd INO 1dO INI 1dI 109D TANY  ssouddly) [eunaI[ng  S[qeLIeA

Hd¥ PuB INO “1dO “INI “1dI 109D “TINY Ut
s1souSerp I91je s1edk ()] pue ¢ pue (urfaseq) SISOuSeIp Jojje Jedk | uryim sajeqerp ¢ odAy pue 1 odK) yym sjuedronaed pue syuedronted [01U0D JO SSAUNOIY) JOAR] [BUIIQI pUR [BUIRI [[N] / d|qel

pringer

As



1148

Diabetologia (2025) 68:1140-1156

Statistical analysis We modelled PD, VD, CC FD, FAZ
parameters, VA, CS and retinal layer thickness separately
as linear functions of age, sex, diabetes type (type 1 and 2
diabetes, no diabetes as control participants) as well as dia-
betes clusters, known diabetes duration (15 years of follow-
up are not shown due to the small number of participants),
as well as the appearance of MAs using mixed linear models
(PROC MIXED). The influence of HbA | levels and blood
pressure on OCTA parameters was analysed by classifying
HbA,, as a categorical variable (>59 mmol/mol or >7.5%
vs <59 mmol/mol or <7.5%) and systolic, diastolic and
mean arterial blood pressure as continuous variables. In the
case of quantitative variables, p values were calculated via
Kruskal-Wallis test for comparison of three groups (Table 2)
and Mann—Whitney U test for comparison of two groups
(Table 1). For categorical variables, p values are related to
X2 test or Fisher’s exact test if possible (Table 1).

Fisher’s exact test calculated the association of the pres-
ence of MAs with HbA | level and blood pressure. A logistic
regression model with random intercept (PROC GLIMMIX)
was used to analyse the effect of diabetes duration on MAs
in SCP, DCP and ICP separately, adjusted for age, sex and
diabetes type. In all models, dependence between measure-
ments on two eyes of the same person was implemented via
a compound symmetry structure.

The significance level was set to a=0.05. Statistical analy-
ses were performed with SAS software, version 9.4 (SAS
Institute, Cary, NC, USA).

Results

OCTA analysis of vascular parameters At baseline, individu-
als with type 2 diabetes showed a reduced PD (expected dif-
ference [ED] compared with control individuals: —0.0071,
p=0.0276; Table 8) and VD (ED: —0.0034, p=0.0184) in

Table 8 PD/VD of the SCP as dependent variable

the SCP compared with control individuals. This effect on
PD and VD of the SCP remained even after adjusting for
systolic (p=0.0269, p=0.0217) and diastolic blood pres-
sure (p=0.0293, p=0.0203, respectively; electronic sup-
plementary material [ESM] Tables 1, 2) as well as HbA .
(p=0.0488, p=0.0197, respectively; ESM Table 3).

Considering heterogeneity among diabetes subtypes, a
significant difference in PD and VD of the SCP was found
between the diabetes subgroups SIDD and MOD compared
with SAID (Table 9). MOD had reduced PD and VD of the
SCP compared with MARD (p=0.0232, p=0.0237, respec-
tively). SIDD showed lower PD of the SCP compared with
all other subtypes (vs SIRD p=0.0073, vs MOD p=0.0412,
vs MARD p=0.0036). No subtype-related difference in PD
between ICP and DCP was found (Table 10). A reduced
PD of SCP (p=0.0365; Table 8) and DCP was observed in
individuals with 10 years of diabetes (p=0.0062; Table 11).

An association between PD across all plexuses and diabe-
tes duration was found (p<0.05). In contrast, no clear asso-
ciation between HbA . and PD was observed in the SCP (left
eye: p=0.0520, right eye: p=0.0574).

The PD of the SCP, ICP and DCP as well as the VD of the
SCP decreased with age (Tables 8,9, 10 and 11). The PD of
SCP was higher in men (p=0.0026) and the FAZ was larger
in female participants (p=0.0001; Table 12), indicating sex
differences. The FAZ was greater in both type 1 diabetes
(p=0.0327) and type 2 diabetes (p=0.0006) compared with
healthy participants. Individuals with diabetes had lower
FAZ circularity and a larger perimeter, more pronounced in
type 2 (both p=0.0001; Table 12), especially in the MARD
and MOD subgroups (ESM Table 4).

FAZ and CC FD negatively correlated with PD in the
SCP, ICP and DCP (ESM Table 5).

Participants with both type 1 and, in particular, type 2
diabetes exhibited higher CC FD than control individuals
(p=0.0474, p<0.0001, respectively). Men had lower CC FD
than women (Table 13).

Effect PD of SCP VD of SCP

ED (95% CI) p value ED (95% CI) p value
Age (year) —0.0005 (—0.0007, —0.0003) <0.0001 —0.0002 (—0.0003, —0.0001) <0.0001
Sex (male vs female) 0.0066 (0.0023, 0.0109) 0.0026 0.0013 (—0.0006, 0.0033) 0.1750
Diabetes type (1 vs no diabetes) —0.0031 (—0.0099, 0.0038) 0.3792 —0.0015 (—0.0046, 0.0016) 0.3407
Diabetes type (2 vs no diabetes) —0.0071 (—0.0133, —0.0008) 0.0276 —0.0034 (—0.0062, —0.0006) 0.0184
Diabetes type (1 vs 2) 0.0040 (—0.0017, 0.0097) 0.1678 0.0019 (—0.0007, 0.0045) 0.1435
Known diabetes duration (Y5 vs 0) 0.0008 (—0.0050, 0.0066) 0.7856 0.0008 (—0.0018, 0.0034) 0.5472
Known diabetes duration (Y10 vs 0) —0.0068 (—0.0132, —0.0004) 0.0365 —0.0027 (—0.0056, 0.0001) 0.0618

Mixed-effects model
Values with p<0.05 are considered statistically significant

Y5-Y10, years of follow-up
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Table 9 PD/VD of the SCP as dependent variable, adjusted for age and diabetes duration

Effect PD of SCP VD of SCP

ED (95% CI) p value ED (95% CI) p value
SIDD (SIDD vs SAID) —0.0264 (—0.0431, —0.0096) 0.0021 —0.0089 (—0.0163, —0.0015) 0.0189
SIRD (SIRD vs SAID) —0.0003 (-0.0116, 0.0111) 0.9629 —0.0020 (—0.0071, 0.0030) 0.4250
MOD (MOD vs SAID) —0.0089 (—0.0156, —0.0021) 0.0100 —0.0050 (—0.0080, —0.0020) 0.0011
MARD (MARD vs SAID) —0.0009 (—0.0087, 0.0068) 0.8168 —0.0015 (—0.0049, 0.0020) 0.4022
Known diabetes duration (Y5 vs 0) 0.0018 (—0.0043, 0.0078) 0.5660 0.0011 (-0.0016, 0.0037) 0.4324
Known diabetes duration (Y10 vs 0) —0.0073 (—0.0142, —0.0005) 0.0347 —0.0031 (-0.0062, —0.0001) 0.0412
Age —0.0005 (—0.0007, —0.0002) 0.0001 —0.0002 (—0.0003, —0.0001) 0.0040
Mixed-effects model
Values with p<0.05 are considered statistically significant
Y5-Y10, years of follow-up
Table 10 PD of the ICP and DCP as dependent variable
Effect PD of ICP PD of DCP

ED (95% CI) p value ED (95% CI) p value
SIDD (SIDD vs SAID) —0.0140 (-0.0358, 0.0078) 0.2077 —0.0090 (—0.0407, 0.0226) 0.5747
SIRD (SIRD vs SAID) 0.0003 (-0.0146, 0.0151) 0.9727 0.0102 (—0.0116, 0.0320) 0.3575
MOD (MOD vs SAID) —0.0011 (-=0.0099, 0.0077) 0.8064 —0.0005 (—0.0133, 0.0123) 0.9376
MARD (MARD vs SAID) 0.0008 (—0.0093, 0.0109) 0.8812 0.0087 (—0.0061, 0.0234) 0.2475
Known diabetes duration (Y5 vs 0) —0.00140 (—0.0093, 0.0065) 0.7267 —0.0003 (—-0.0117,0.0112) 0.9617
Known diabetes duration (Y10 vs 0) —0.00490 (—0.0138, 0.0040) 0.2788 —0.0170 (—0.0301, —0.0040) 0.0107
Age —0.0010 (—0.0012, —0.0006) <0.0001 —-0.0012 (—0.0017, —0.0007) <0.0001
Mixed-effects model
Values with p<0.05 are considered statistically significant
Y5-Y10, years of follow-up
Table 11 PD of the DCP/ICP as dependent variable and age, sex, diabetes type and diabetes duration as independent variables
Effect PD of DCP PD of ICP

ED (95% CI) p value ED (95% CI) p value
Age —0.0013 (—0.0016, —0.0001) <0.0001 —0.0009 (—0.0011, —0.0007) <0.0001
Sex (male vs female) 0.0076 (—0.0009, 0.0160) 0.0805 0.0024 (—0.0028, 0.0076) 0.3732
Diabetes type (1 vs no diabetes) —0.0074 (—0.0209, 0.0060) 0.2790 —0.0040 (—0.0123, 0.0042) 0.3380
Diabetes type (2 vs no diabetes) 0.0014 (-0.0110, 0.0137) 0.8277 —0.0043 (—0.0119, 0.0033) 0.2647
Known diabetes duration (Y5 vs 0) —0.0009 (—0.0123, 0.0105) 0.8749 —0.0015 (—0.0086, 0.0055) 0.6664
Known diabetes duration (Y10 vs 0) —-0.0177 (—0.0303, —0.0051) 0.0062 —0.0056 (—0.0133, 0.0022) 0.1573

Mixed-effects model. Data for 15 years of follow-up are not shown due to the small number of participants

Values with p<0.05 are considered statistically significant
Y5-Y10, years of follow-up

Overall, MAs were found in 12.0% of individuals in the SCP
(2.7% in type 1, 9.0% in type 2 diabetes), 14.4% in the ICP
(3.3% in type 1, 10.8% in type 2 diabetes) and 10.2% in the DCP
(2.4% in type 1, 7.8% in type 2 diabetes). One control participant
(0.3%) showed MAs in the ICP and DCP. Of the 170 MAs (51
MAs in DCP, 69 MAs in ICP and 50 MAs in SCP) detected by

OCTA in 57 individuals, only 11 (9%) exhibited correspond-
ing findings on non-mydriatic fundus images. MAs in the SCP
and DCP were significantly more prevalent after 5 (p=0.0209,
p=0.0279, respectively) and 10 years (p=0.0220, p=0.0007) of
diabetes, while the occurrence of MAs in the ICP was more
frequent after 10 years, compared with baseline (Table 14).
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Table 12 FAZ area, FAZ perimeter and FAZ circularity of the SCP as dependent variable

Effect FAZ area FAZ perimeter FAZ circularity
ED (95% CI) p value ED (95% CI) p value ED (95% CI) p value
Age (year) 0.0002 (—=0.0011, 0.0015) 0.7721  —0.0054 (—0.0186, 0.4227  0.0012 (—=0.0001, 0.0025) 0.0590
0.0078)
Sex (male vs female) —0.0689 (-0.1013, <0.0001 —0.2534 (—0.5833, 0.1317  —-0.0254 (-0.0575, 0.1210
—0.0365) 0.0765) 0.0067)
Diabetes type (1 vs no 0.0552 (0.0046, 0.1059) 0.0327  1.1039 (0.5889, 1.6189) <0.0001 —0.0829 (-0.1331, 0.0013
diabetes) —0.0328)
Diabetes type (2 vs no 0.0819 (0.0355, 0.1283) 0.0006  1.6052 (1.1322,2.0782) <0.0001 —0.1358 (—0.1819, <0.0001
diabetes) —0.0897)
Diabetes type (1 vs 2) —0.0267 (—0.0684, 0.2085 —0.5013 (—0.9248, 0.0205  0.0529 (0.0116, 0.0941) 0.0121
0.0150) —0.0778)
Known diabetes duration ~ —0.0160 (—0.0588, 0.4635  —0.3569 (—0.7920, 0.1075  0.0028 (—0.0396, 0.0452)  0.8968
(Y5 vs0) 0.0268) 0.0781)
Known diabetes duration ~ —0.0128 (—0.0595, 0.5884 —0.4567 (—0.9311, 0.0592  0.0151 (—0.0311,0.0614) 0.5198
(Y10 vs 0) 0.0338) 0.0178)
Mean arterial pressure 0.0002 (-0.0012, 0.0017) 0.7531  0.0096 (—0.0049, 0.0241) 0.1949  —0.0011 (-0.0025, 0.1252
0.0003)
Mixed-effects model
Values with p<0.05 are considered statistically significant
Y5-Y10, years of follow-up
Table 13 ,Choriocapﬂlaris Effect Choriocapillaris flow deficit area (%)
flow deficit area as dependent
variable ED (95% CI) p value
Age (year) 0.2372 (0.1799, 0.2946) <0.0001
Sex (male vs female) —2.3573 (-3.8116, —0.9031) 0.0016
Diabetes type (1 vs no diabetes) 2.2775 (0.0265, 4.5286) 0.0474
Diabetes type (2 vs no diabetes) 4.8155 (2.7404, 6.8907) <0.0001
Diabetes type (1 vs 2) —2.5380 (—4.4044, —0.6716) 0.0079
Known diabetes duration (Y5 vs 0) —0.0273 (—1.9081, 1.8535) 0.9772
Known diabetes duration (Y10 vs 0) —0.4354 (—2.4836, 1.6128) 0.6761
Mean arterial pressure 0.0619 (—0.0015, 0.1253) 0.0554

Mixed-effects model

Values with p<0.05 are considered statistically significant

Y5-Y10, years of follow-up

The detection of MAs in all retinal plexuses was associ-
ated with thinning of the GCL, specifically in the SCP (ED
by manifestation of MAs=—1.95 um, p=0.0129). Detection
of MAs in the ICP is associated with a thinner GCL (1.72
um, p=0.0069). MAs in the DCP were associated with a
thinner GCL (2.14 um, p=0.0008) and a low IPL thickness
(—1.28, p=0.0044), while MAs in the SCP were linked
to thin ONL (—3.70 um, p=0.0312; Table 15). Besides,
MAs in the SCP and DCP were associated with reduced
PD in both the SCP and ICP, and decreased VD in the SCP
and DCP (Table 16). MAs located in the ICP were associ-
ated with decreased PD there (p=0.0423). Furthermore,
the occurrence of MAs in the DCP and the HbA | value

@ Springer

were moderately linked (Fisher’s exact test: p=0.0044).
Moreover, higher systolic and diastolic blood pressure were
associated with the presence of MAs in the DCP (p=0.0199
and p=0.0040, respectively), while high diastolic blood
pressure was also linked to the presence of MAs in the SCP
and ICP (p=0.0126 and p=0.0166, respectively).

Structural OCT analysis Total retinal thickness decreased
with age (annual ED: —0.4 pm, p<0.0001) and was
thicker in male than in female individuals (ED: +6.3 pm,
p=0.0001). Thus, there was an age-related thinning of the
layer thickness of the GCL (ED: —0.2 um, p<0.0001), IPL
(ED: —0.1 pm, p<0.0001), OPL (ED: —0.05 um, p=0.0491),
ONL (ED: —0.1 um, p=0.0140) and RPE (ED: —0.02 um,
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Table 14 Presence of MAs in the DCP, ICP and SCP as dependent
variable and known diabetes duration, diabetes type, age and sex as

influencing factors

Effect OR (95% CI) p value
MAs in DCP
Age 1.01 (0.98, 1.04) 0.4531
Sex (female vs male) 0.71 (0.35, 1.46) 0.3540
Diabetes type (1 vs 2) 0.65 (0.27, 1.58) 0.3385
Diabetes duration (5 vs 0) 3.52(1.15, 10.81) 0.0279
Diabetes duration (10 vs 0) 6.98 (2.27, 21.47) 0.0007
MAs in ICP
Age 1.03 (1.0, 1.06) 0.0893
Sex (female vs male) 0.75 (0.39, 1.46) 0.4023
Diabetes type (1 vs 2) 0.75(0.33, 1.71) 0.4891
Diabetes duration (5 vs 0) 1.72 (0.74, 4.00) 0.2045
Diabetes duration (10 vs 0) 2.43(1.02,5.81) 0.0461
MAs in SCP
Age 1.00 (0.96, 1.04) 0.9831
Sex (female vs male) 0.83 (0.35, 1.98) 0.6692
Diabetes type (1 vs 2) 0.43 (0.13, 1.38) 0.1537
Diabetes duration (5 vs 0) 4.45 (1.26, 15.74) 0.0209
Diabetes duration (10 vs 0) 4.78 (1.26, 18.23) 0.0220

GLIMMIX model

Values with p<0.05 are considered statistically significant

p=0.0103). Male individuals also showed a thicker RNFL
(ED: +0.6 pm, p=0.0070), ONL (ED: +2.8 um, p=0.0092)
and INL (ED: +2.2 um, p<0.0001). Diabetes duration had
no impact on total retinal thickness up to 10 years after
diagnosis.

The diabetes subtype analysis showed lower RPE thick-
ness for people with SIDD than for those with SAID
(ED=-1.1192 pm, p=0.0491).

VA and CS VA and CS showed a decrease with increas-
ing age (p<0.0001 for both; ESM Table 6). Lower CS
values were found in male participants (compared with
women, p=0.0317) and with higher systolic blood pressure
(p=0.0395). At 10 year follow-up, VA was reduced in indi-
viduals with diabetes (p=0.0434).

Discussion

This study showed that clinically invisible microvascular
changes of PD, VD and FAZ can be detected by OCTA in
type 2 diabetes, especially in participants with SIDD and
MOD, with a known duration up to 1 year, without any evi-
dence of diabetic retinal neurodegeneration or functional
deficits. Moreover, our findings indicate that MAs and signs
of retinal neurodegeneration occur simultaneously.

Table 15 GCL, IPL and ONL as dependent variables and the presence of MAs in the different plexuses as independent variables

Effect GCL IPL ONL

ED (95% CI) pvalue ED (95% CI) pvalue ED (95% CI) p value
MAs in DCP  —2.1420 (—3.3045, —0.9796)  0.0008  —1.2808 (—2.1243, —0.4373)  0.0044  —1.8272 (—4.5746, 0.9202) 0.1833
MAs in ICP —1.7215 (-2.9194, —0.5235)  0.0069  —0.7873 (—1.6490, 0.0744) 0.0713  —2.2821 (-5.0042, 0.4399) 0.0961
MAs in SCP —1.9482 (-=3.4211, -0.4753)  0.0129  —0.7070 (—1.7647, 0.3507) 0.1747  -3.6972 (-7.0132, -0.3811)  0.0312

Mixed-eftects models; adjustments were made for age, sex, diabetes type and diabetes duration

Values with p<0.05 are considered statistically significant

Table 16 PD of the SCP, ICP and DCP and VD of the SCP as dependent variables and the presence of MAs in the different plexuses as inde-

pendent variables

Effect PD in SCP VD in SCP PD in DCP PD in ICP
ED (95% CI) pvalue ED (95% CI) pvalue ED (95% CI) pvalue ED (95% CI) p value

MAsin DCP —0.0082 (=0.0157,  0.0316 —0.0035(=0.0067,  0.0368 —0.0064 (=0.0239,  0.4598 —0.0110 (=0.0200,  0.0192
—0.0008) —0.0002) 0.0111) —0.0019)

MAsinICP  —0.0020 (=0.0089,  0.5533 —0.0016 (=0.0046,  0.2829 —0.0038 (=0.0191,  0.6141 —0.0086 (-=0.0169,  0.0423
0.0049) 0.0014) 0.0115) ~0.0003)

MAsin SCP  —0.0131 (=0.0214,  0.0039 —0.0058 (=0.0095,  0.0037 —0.0123 (=0.0307,  0.1754 —0.0150 (~=0.0250,  0.0058

—0.0049)

-0.0022)

0.0061)

—0.0050)

Mixed-effects model; adjustments were made for age, sex, diabetes type and diabetes duration

Values with p<0.05 are considered statistically significant
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Retinal microvascular parameters Consistent with other
publications, we found an association between diabetes and
reduced PD before clinical signs of diabetic retinopathy
appeared [6, 21-24]. However, while reduced superficial
macular capillary flow has previously been observed after
more than a year of type 2 diabetes, we noted reduced PD
and VD even within the first year after diagnosis.

Lee et al found reduced VD in the SCP in individuals
with type 2 diabetes with a mean disease duration of 3.5
years [21]. Tan et al showed a reduced retinal capillary den-
sity in the macular SCP and DCP in individuals after a mean
duration of type 2 diabetes of 5.5 years [22]. Vujosevic et al
demonstrated microvascular changes, including capillary
loss in both the superficial and deep plexus, in individuals
with type 1 diabetes after 16.3 years and in those with type
2 diabetes after 7.7 years, as detected by OCTA [24].

Another important finding from our data is that the three
levels of the capillary plexus are affected to varying degrees
by diabetes. The earliest diabetes-related alterations are
found in the choriocapillaris and SCP, and later in the DCP.
The ICP is not involved within up to 10 years. An anatomical
reason could be that the intermediate plexus is not always
clearly defined [25].

Consistent with other publications, an enlarged FAZ,
increased FAZ perimeter and reduced FAZ circularity in
the SCP were observed in individuals with diabetes without
diabetic retinopathy compared with healthy control individu-
als [26]. This increase in FAZ was detectable within the
first year of the disease and was accompanied by reduced
SCP perfusion, consistent with other studies [27]. Capillary
occlusions are suspected to be the most likely cause of the
increase in FAZ in diabetes [28].

We were able to demonstrate that the SIDD subtype,
known for its high risk of developing diabetic retinopathy
[13], and MOD, characterised by obesity and moderate
insulin resistance [14], are more likely to exhibit microvas-
cular changes in the SCP compared with SAID. In SIDD,
the microvascular retinal changes in the SCP are different
in comparison with all other clusters. This effect is intrigu-
ing as SIDD closely resembles metabolic features of type 1
diabetes, except for the absence of islet-directed antibodies.
The older age at diagnosis in SIDD compared with type 1
diabetes, along with a relatively later start of insulin therapy
and persistent hyperglycaemia, may explain the higher fre-
quency of retinal microangiopathy observed in SIDD.

No early changes in VD or PD in the SCP were observed
in type 1 diabetes, but a smaller FAZ perimeter and greater
circularity were found compared with type 2 diabetes. This
may be explained by both the lower age and lower rates
of comorbidities such as hypertension, dyslipidaemia and
obesity, which are known risk factors of endothelial dys-
function [29, 30]. In our cohort, individuals with type 1
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diabetes showed a lower prevalence of hypertension as well
as lower BMI (Table 1). However, the effect on perfusion
remained statistically significant even after adjustment for
these parameters. Moreover, individuals with type 2 diabetes
are more likely to initially develop diabetic macular oedema
than those with type 1 diabetes [31], while those with type
1 diabetes are more prone to diabetic retinopathy [32]. This
could be explained by the longer asymptomatic phase of
dysglycaemia before diagnosis and the associated longer
exposure to metabolic dysregulation in type 2 diabetes with
higher susceptibility to macular vascular damage [29]. Inter-
estingly, Fleissig et al demonstrated a higher rate of crossing
vessels through the fovea and a less severe FAZ in individu-
als with type 1 diabetes compared with those with type 2
diabetes, consistent with our findings. It is conceivable that
individuals with type 1 diabetes release early protective fac-
tors that may lead to secondary capillary remodelling [33].

The altered choriocapillary perfusion observed early in
type 1 and type 2 diabetes, as shown here and by others [27],
may correspond to choriocapillaris occlusions caused by
hyperglycaemia-induced leukostasis and inflammation [34].

MAs Widefield swept-source OCTA is comparable to ultra-
widefield fluorescein angiography in the detection rate of
MAs, intraretinal microvascular abnormalities and neovas-
cularisations [35]. Moreover, OCTA allows the detection
of early ophthalmoscopically undetected retinal diabetic
changes [36]. We showed that only 9% of the MAs detected
by OCTA were visible in the fundus photography.

Another novel association we found was reduced GCL
and IPL thickness as well as reduced PD and VD in indi-
viduals with diabetes when MAs were detectable on OCTA.
Reduced perfusion in the SCP and ICP may be responsible
for the thinning of GCL and IPL, which is described as the
earliest neurodegenerative change before the onset of dia-
betic retinopathy [37, 38]. Qiu et al showed that the GCL
cell complex correlates with the VD of SCP and DCP as
well as the severity of diabetic retinopathy, suggesting an
interaction between retinal microvasculopathy and neuronal
degeneration [39]. We found no relationship between MAs
in the DCP and the thickness of the INL and OPL, which are
anatomically located at the same level [38].

Another important observation is the association between
non-invasive detection of MAs using OCTA and blood pres-
sure, which reflects perfusion disturbances and thus provides
insights into cardiovascular and metabolic status. As Yao
et al, we observed reduced PD and VD in the SCP of indi-
viduals with diabetes, but without evidence of an influence
of blood pressure on retinal microcirculation [40]. One
explanation could be that our cohort consisted of individu-
als highly motivated to adhere to the therapy recommenda-
tions [12].
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Retinal neurodegenerative alterations Several studies have
indicated that the retinal neurodegenerative component
already occurs before the onset of diabetic retinopathy sub-
stantiated by retinal thinning of the inner retina including
the GCL, RNFL and IPL, and functional deficits demon-
strated by colour vision deficits, delayed dark adaptation,
visual field defects, poorer CS and abnormal multifocal elec-
troretinogram [41—-43]. A longitudinal study investigating
neurodegenerative changes in the macular retinal layers in
type 1 diabetes demonstrated a significant decrease in RNFL
and GCL [44].

We recently demonstrated that individuals from the GDS
baseline cohort showed no signs of neurodegenerative damage
to the retina as detected by retinal thickness measurements
using spectral-domain optical coherence tomography [15].
However, we now have evidence of neurodegeneration, as
measured by reduced GCL, IPL and ONL in individuals with
diabetes when MAs are present on OCTA. Since MAs were
found more frequently after 5 and especially after 10 years, the
neurodegenerative changes appear to be time-dependent and
linked to vascular changes (Tables 14, 15). Otherwise, spe-
cific characteristics of our study cohort as a highly motivated
and informed group with conscious disease management and
exclusion of participants with very high HbA,_ levels could
account for the overall lack of evidence of general thinning of
retinal inner layers. The resulting improved treatment adher-
ence may prevent neurodegeneration [12].

Another interesting observation emerged from our diabe-
tes subtype analysis, indicating that the SIDD subtype has
lower RPE thickness than individuals with SAID. According
to clinical and animal data, RPE damage in the early stages
of diabetes could serve as an early biomarker for disease pro-
gression [45]. Consistent with our results, Yang et al found
that RPE thickness in type 2 diabetes is associated with the
risk of the microvascular phenotype (diabetic retinopathy,
macular capillary loss) [45]. It is possible that the relatively
late start of insulin treatment and metabolic control explains
the higher risk of diabetic retinopathy and polyneuropathy
[13], initially manifested by reduced capillary density in the
SCP or RPE dysfunction, and, as we show, reduced chorio-
capillary flow.

Physiological effects Consistent with previous studies, we
found progressive thinning with age of total retinal thick-
ness, and of GCL, IPL, ONL and RPE, and larger values of
total retinal thickness, INL, ONL, RNFL and PD in male
participants [46—48]. CS decreases with age and, in con-
trast to the literature, we found that CS is lower in male
participants [49]. This finding might be consistent with the
hypothesis that women tend to perform better in near vision,
while men typically perform better in accurately perceiving
and estimating the size of distant objects (hunter—gatherer
hypothesis) [50].

Men exhibited a smaller FAZ than women, likely due to
their greater central retinal thickness observed in our study.
When the study was designed, it was decided to determine
the gender of participants through self-report. This could
result in discrepancies between self-assessment and biologi-
cal sex and, under certain circumstances, comparability with
studies that determined biological sex could be limited.

Limitations As the primary aim of this study was to inves-
tigate early diabetes-associated changes in the capillary sys-
tem of the macula, a cross-sectional design was used, which
inherently limits the study. To rule out early functional neu-
rodegeneration, it would be ideal to include multifocal elec-
troretinography, along with CS assessments, which was not
feasible in this large-scale study. Selection bias cannot be
ruled out when evaluating the GDS cohort [12].

The heterogeneous OCTA data in diabetic retinopathy
result from inconsistent nomenclature, varying quantifica-
tion of OCT angiograms, OCT manufacturer-dependent
algorithms, lateral resolution, scanning modes and different
angiocube scan size, even with the same device [6].

A strength of the present study is the use of only one type
of OCT/OCTA device and the combined approach of OCTA
and OCT to evaluate neurodegenerative and microvascular
changes. Another strength is the prospective long-term fol-
low-up, including sophisticated metabolic phenotyping and
quantitative assessment of diabetes-related chronic complica-
tions and comorbidities in all participants [12]. This advan-
tage will be used to assess retinal microvascular and neuro-
degenerative changes in a longitudinal analysis in the future.

Conclusions In the early stages of type 2 diabetes, particu-
larly in individuals with SIDD and MOD, OCTA can detect
alterations in capillary perfusion in the SCP of the macula.
With longer disease duration, such alterations extend to both
the SCP and DCP in type 1 and type 2 diabetes. Addition-
ally, early alterations in the choriocapillaris in both diabetes
types could serve as a potential early marker of the disease.
Furthermore, OCTA-detected MAs, associated with thinning
of the GCL and IPL and reduced PD in the SCP and ICP,
may serve as biomarkers for preclinical retinal neurovascular
damage. This study suggests that the SIDD subtype, charac-
terised by early reduction in RPE thickness and microvas-
cular changes, may represent the microvascular phenotype
of type 2 diabetes.

All in all, these findings emphasise OCTA’s ability to
detect early choroidal vasculopathy, reduced retinal perfu-
sion and MAs associated with neurovascular alterations—
key changes that occur before a decline in VA. Consequently,
OCTA parameters could enable sensitive and comprehensive
assessment of neurovascular interactions in the retina and
potentially serve as endpoints for future intervention studies
in preclinical diabetic retinopathy.
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