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ABSTRACT

Purpose To use optical coherence tomography
angiography (OCTA) parameters from both the retinal
and choroidal microvasculature to detect the presence
and severity of diabetic retinopathy (DR).

Method This is a cross-sectional case—control study.
OCTA parameters from retinal vasculature, fovea
avascular zone (FAZ) and choriocapillaris were evaluated
from 3x3 mm? fovea-centred scans. Areas under the
receiver operating characteristic (ROC) curve were used
to compare the discriminative power on the presence of
diabetes mellitus (DM), the presence of DR and need for
referral: group 1 (no DM vs DM no DR), group 2 (no DR
vs any DR) and group 3 (non-proliferative DR (NPDR) vs
proliferative DR (PDR)).

Results 35 eyes from 27 participants with no DM

and 132 eyes from 75 with DM were included. DR
severity was classified into three groups: no DR

group (62 eyes), NPDR (51 eyes), PDR (19 eyes).

All retinal vascular parameters, FAZ parameters and
choriocapillaris parameters were strongly altered with
DR stages (p<0.01), except for the deep plexus FAZ area
(p=0.619). Choriocapillaris parameters allowed to better
discriminate between no DM versus DM no DR group
compared with retinal parameters (areas under the

ROC curve=0.954 vs 0.821, p=0.006). A classification
model including retinal and choroidal microvasculature
significantly improved the discrimination between DR
and no DR compared with each parameter separately
(p=0.029).

Conclusions Evaluating OCTA parameters from both
the retinal and choroidal microvasculature in 3x3 mm
scans improves the discrimination of DM and early DR.

INTRODUCTION

Diabetic retinopathy (DR) is a microvascular ocular
complication of diabetes mellitus (DM), and a leading
cause of blindness in working age population.'™ The
diabetes population globally is estimated to reach
366 million in 2030, with 34.6% having DR, and
7% having vision-threatening DR.® ¢ The current
classification and staging systems of DR (eg, modified
Airlie House/Early Treatment Diabetic Retinopathy
Study (ETDRS)” or International Classification®) are
largely based on examination of changes in the retinal
vasculature since these vessels can be easily observed
on ophthalmoscopy and colour fundus photography.

"2 Nicole-Ann Lim,"* Rose Tan, " Alfred Tau Liang Gan,'
,"#® Simon Nusinovici
,">® Leopold Schmetterer ©,

1,5,6

,"® Chui Ming Gemmy Cheung @,

1,2,3,4,6,8

However, with a new understanding of the patho-
physiology and new imaging technology, these DR
classification systems may need updates and revision.’

Optical coherence tomography angiography
(OCTA) has been used to detect retinal microvas-
cular abnormalities associated with DR, such as
enlarged and noncircular foveal avascular zone,
capillary dropout and high vessel tortuosity,'""’
and is well poised to be added as a tool to aid clas-
sification of DR. OCTA has the advantages over
traditional imaging modalities such as fluorescein
angiography (FA) and indocyanine green angiog-
raphy (ICGA) by being non-invasive and dye injec-
tion free, fast and can resolve vascular plexuses in
individual layers.*® %!

Choroidal vascular changes such as choroidal
infarcts have long been described in eyes with
DR,** but these are infrequently quantified clini-
cally or used to determine the severity of DR. Visu-
alising choriocapillaris with FA and ICGA is difficult
because of insufficient optical resolution along with
limited depth information.?®*” Newer swept-source
OCTA (SS-OCTA) systems with 1060 nm wave-
length now enable choriocapillaris visualisation by
precisely segmenting this monolayer plexus under-
neath Bruch’s membrane.”*™! Using such SS-OCTA
systems, the choriocapillaris can be characterised
by a dense capillary network interspace by flow
deficits (FD), also called flow voids. Recent studies
have demonstrated choriocapillaris flow impair-
ment in patients with DM with and without DR
using commercial OCTA systems.'! '¢ 3277 Rosen
described the FD size and number relationship into
a power law distribution, whose parameters are
altered in different DR severities.*®

However, it is unknown if combining measures of
the retinal and choroidal microvasculature would
increase the discriminative ability of OCTA for DM
and DR. The objective of our current study was to
(1) evaluate retinal and choroidal microvascular
parameters measured using an SS-OCTA system
in patients with DM and stages of DR, and (2) to
determine whether their combination could better
detect the presence and severity of DR.

METHODS

Study participants

We conducted a cross-sectional study. For this
analysis, we compared SS-OCTA measures in
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three groups to evaluate the discriminative power of the OCTA
metrics on the presence of DM, the presence of DR and need for
referral: group 1 (no DM vs DM no DR), group 2 (no DR vs any
DR) and group 3 (non-proliferative DR (NPDR) vs proliferative
DR (PDR)).

The study was performed from April 2018 to July 2019 in a
single tertiary eye centre, the Singapore National Eye Center,
Singapore. Written informed consent was obtained from all
participants. For DM participants, the inclusion criteria were
patients aged =21 years old with type 2 diabetes >3 years dura-
tion, while the non-DM population included patients with no
known DM. The severity of DR was assessed using two field
fundus photography and the ETDRS DR grading scale.” Exclu-
sion criteria were glaucoma, age-related macular degeneration,
significant media opacity or diabetic macula oedema. Inclusion
criteria for the control participants were no self-reported history
of diabetes and evidence of ocular pathology, including glau-
coma, age-related macular degeneration or media opacity. IOL
Master700 measured the axial eye length, and eyes longer than
26.5 mm were excluded.

This study followed the Strengthening the Reporting of Obser-
vational Studies in Epidemiology (STROBE) reporting guideline.

Optical coherence tomography angiography

We used a prototype SS-OCTA system (PlexElite 9000, Zeiss
Meditec, Dublin, California, USA) with a wavelength scanning
laser (A =1050 nm) as the light source. The system operation
speed is dependent on the scanning rate of the swept-source
(100 000 Ascan/s), and the axial and lateral resolutions in tissue
are 6.3 um and 20 um, respectively.

The same trained ophthalmic technician scanned all the
participants. A 3x3 mm? scanning protocol centred at the fovea
was applied, and each data volume consists of 300 A-scans and
300 B-scans. Each B-scan was repeated four times to generate

Motion-related artefacts were minimised by an integrated line
scanning ophthalmoscope eye tracker during data acquisition.
A review software (Zeiss Meditec) provided automated segmen-
tation of retinal layers and retinal pigment epithelium (RPE).
A manual correction was applied for the improper automatic
segmentation and choriocapillaris layers were segmented by a
standard protocol developed by Spaide®® (between 31 pm and 39
pum underneath RPE). Scans were excluded from further analysis
if one or more of the following criteria were met: poor clarity
images, weak local signals caused by obstacles such as vitreous
floaters, and excessive motion artefacts.

The quantification flowchart is shown in online supplemental
figure S1. To quantify the vascular components of the retinal
circulation, we manually outlined the area of the foveal avas-
cular zone (FAZ) of the superficial and deep vascular plexus FAZ
and obtained FAZ size and perimeter. Two annulus masks (500
pm and 1000 pm) were generated around the superficial FAZ,
and one annulus mask (500 um) was generated around the deep
FAZ.*® Retinal angiograms were binarised by a global threshold,
and the area with perfusion was set to 1 whereas the background
was set to 0. Perfusion density in each annulus was calculated as
the perfused area per total annulus area. The binarised perfusion
map was consequently skeletonised (Matlab function: bwmorph)
to shrink the vessel diameter down to 1 pixel, and vessel density
in each annulus was calculated as the vessel length per total
annulus area.

The extracted choriocapillaris angiograms were first compen-
sated using its corresponding morphological images,*® followed
by a binarisation using a threshold of mean—SD.*" The size
(Sz) of each FD was computed, and a size-selective FD density
FDD1y, was calculated as:

Zg\; Sz

OCTA images using an optical microangiography algorithm.®” FDD, = Total Tmaged Area (Sz > Th)
Table 1 Characteristics of study participants by diabetes and DR status
Characteristic Control (n=27) No DR (n=32) NPDR (n=29) PDR (n=14) P value
Male, No. (%) 15 (55.6) 22 (68.8) 21 (72.4) 11 (78.6) 0.41
Age, mean (SD), years 62.1+6.4 66.3+6.9 66.2+7.5 64.5+11.7 0.37
BMI 24.5+2.7 25.2+3.6 26.1+4.2 26.1+3.3 0.33
Hypertension, yes (%) 18 (66.7) 26 (81.3) 20 (69) 9 (90) 0.34
Systolic BP (SD), mm Hg 129.6+£19.4 147.6+25.6 143.4+20.2 149.4+28.6 0.01*
Diastolic BP (SD), mm Hg 73.0£6.4 75.2£10.6 71.6+£9.6 72.0+£12.3 0.76
Diabetes duration (SD), years NA 17.0+8.9 23.7+16.8 20.5+11.4 0.13
Haemoglobin Alc (SD), % NA 7.0£1.0 8.4+1.7 8.6+1.7 0.001t
Creatinine (SD), pmol/L NA 87.8+28.4 95.1+40.8 82.3+36.6 0.54
Serum glucose (SD), mmol/L NA 9.2+4.3 11.0+5.0 11.7+4.1 0.21
Cholesterol (SD), mmol/L NA 4.2+0.7 4.2+0.9 4,9+0.8 0.11
HDL cholesterol (SD), mmol/L NA 1.2+0.2 1.2+0.3 1.3+0.4 0.52
Triglycerides (SD), mmol/L NA 1.9+0.7 2.1+1.2 2.0+0.8 0.32
LDL cholesterol (SD), mmol/L NA 2.5+0.7 2.4+0.6 2.9+0.8 0.05
Cholesterol ratio (SD) NA 3.6+1.0 3.6+0.9 3.7+0.8 0.008%
Axial eye length (SD), mm NA 24.5+1.1 24711 25.0+1.2 0.59

SI conversion factors: to convert cholesterol to mmol/L, multiply values by 0.0259.
Comparison was performed among diabetic groups.
Analysis of variance and post hoc Bonferroni comparing continuous variables and > test comparing categorical variables among study groups.

*Significant between control and PDR.

tSignificant between no DR and PDR; NPDR and PDR.

1Significant between no DR and NPDR; no DR and PDR.
BMI, body mass index; BP, blood pressure; DM, diabetes mellitus; DR, diabetic retinopathy; HDL, high-density lipoprotein; LDL, low-density lipoprotein; NPDR, non-proliferative
diabetic retinopathy; PDR, proliferative diabetic retinopathy.
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Figure 1 Representative images from different diabetic retinopathy
severities.

where N was the number of FDs with size larger than Th,
which was set to 200 pm?, 400 pm?, 600 pm?, 800 um?, respec-
tively.*! The filter size was decided based on previous reports
on high-resolution in-vivo* and ex-vivo®* * choriocapillaris
images.

Statistical analysis

We compared retinal and choroidal microvascular metrics
between three groups: group 1 (no DM vs DM no DR), group
2 (no DR vs any DR) and group 3 (NPDR vs PDR). A gener-
alised estimating equation (GEE) was applied to adjust the
inter-eye correlation when calculating the association between
OCTA metrics and DR severities. Receiver-operating character-
istic (ROC) curve analysis was performed to assess the accuracy
of each OCTA metric in discriminating different groups and
between all classes.>*** GEE cannot be applied in areas under the
ROC curve (AUC) where assuming independent observations.

CIs and hypothesis tests comparing AUC were calculated using
a non-parametric approach to estimate SEs that allowed for
correlation of measurements within an individual where both
eyes were included. Briefly, bootstrapping was performed with
individuals as the resampling units and stratified by DR severity
to ensure a representative distribution across the DR severity
spectrum in each bootstrap sample.* All OCT metrics were
preadjusted for age, gender and systolic blood pressure by using
in place of the metrics, the residuals from a linear regression of
each metric on these variables. The combined performance of
OCT metrics was assessed by simultaneously including them as
predictors in a logistic regression model and obtaining model
predicted probabilities for each observation.

As the retinal and choriocapillaris metrics, especially five
choriocapillaris metrics, were highly correlated with one another,
we used principal components analysis to reduce them to fewer
components that explain over 90% of the variation in the orig-
inal metrics. Number of components were selected by inspecting
scree plots—two components for choriocapillaris metrics were
selected, respectively. These components were included in
place of the metrics in a model evaluating the respective diag-
nostic accuracies of the retinal and choriocapillaris metrics. We
reported all AUCs with their 95% Cls and considered p<0.05 a
statistically significant improvement in model accuracy.

RESULTS

Patient characteristics

A summary of participant characteristics is shown in table 1.
The group with no DM with a mean age of 62.1 (6.4) years
consisted of 27 participants who contributed a total of 35 eyes.
In participants with DM the DR severity was classified into three
groups: no DR (62 eyes from 32 patients), NPDR (51 eyes from
29 participants) and PDR (19 eyes from 14 participants). Higher
HbAlc levels were associated with DR severity (p=0.001).
There was no difference in body mass index (p=0.33), gender

Table 2 Quantitative metrics from retinal perfusion, FAZ and choriocapillaris

OCTA metrics No DM DM no DR NPDR PDR P trend
Retina 500 pm annulus

SCP perfusion density, % 28.21+1.79 26.24+2.52 25.04+3.29 23.33+4.40 <0.001

DCP perfusion density, % 18.17 (1.82) 18.48 (2.27) 17.11 (2.11) 16.07 (3.69) 0.003

SCP vessel density, % 21.39+1.51 18.48+2.27 17.11+2.12 16.07+3.69 <0.001

DCP vessel density, % 4.61+0.36 4.05+0.56 3.78+0.53 3.48+0.69 0.007
Retina 1000 pm annulus

SCP perfusion density, % 28.38+1.46 26.47+2.12 25.32+2.72 24.26+4.44 <0.001

SCP vessel density, % 6.18+0.39 5.57+0.57 5.09+0.58 4.68+1.00 <0.001
Superficial FAZ

Area, mm’ 0.30+0.13 0.25+0.09 0.32+0.12 0.33+0.10 <0.001

Perimeter, mm 2.16+0.50 2.26+0.46 2.88+0.94 2.97+0.63 <0.001
Deep FAZ

Area, mm’ 1.29+0.43 1.25+0.46 1.24+0.70 1.70+0.82 0.619

Perimeter, mm 6.62+1.49 6.42+1.26 6.69+1.70 6.69+1.07 <0.001
Choriocapillaris flow voids density, %

All 16.08 (0.58) 16.42 (1.05) 17.06 (0.94) 17.63 (1.03) <0.001

>200 pm? 14.43 (0.66) 15.89 (1.02) 16.53 (0.89) 17.17 (1.13) <0.001

>400 pm? 12.13 (0.80) 13.67 (1.02) 14.40 (0.88) 15.35 (1.44) <0.001

>600 pm? 10.24 (0.89) 12.61 (1.08) 13.39(0.94) 14.46 (1.50) <0.001

>800 pm’ 8.74 (0.94) 8.28 (1.43) 9.36 (1.34) 10.77 (1.72) <0.001

DCP, deep capillary plexus; DM, diabetes mellitus; DR, diabetic retinopathy; FAZ, fovea avascular zone; NPDR, non-proliferative diabetic retinopathy; OCTA, optical coherence
tomography angiography; PDR, proliferative diabetic retinopathy; SCP, superficial capillary plexus.
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Table 3  Area under the receiver operating characteristic curve for DR severity classification

AUC (95% ClI)*

Parameter No DM vs DM no DR group 1 DR vs no DR group 2 PDR vs NPDR group 3 Multiclasst

Retinal OCTA metrics
Retina 500 pm annulus
SCP perfusion density, % 0.668 (0.530 to 0.805) 0.641 (0.561 to 0.722) 0.613 (0.444 t0 0.782) 0.702 (0.626 to 0.778)
DCP perfusion density, % 0.730 (0.602 to 0.858) 0.743 (0.645 to 0.840) 0.638 (0.480 to 0.795) 0.782 (0.721 to 0.844)
SCP vessel density, % 0.688 (0.545 to 0.832) 0.633 (0.538 to 0.728) 0.558 (0.400 to 0.716) 0.697 (0.629 to 0.765)
DCP vessel density, % 0.729 (0.596 to 0.863) 0.724 (0.616 to 0.832) 0.617 (0.468 to 0.766) 0.773 (0.709 to 0.837)

Retina 1000 pm annulus
SCP perfusion density, %
SCP vessel density, %
FAZ metrics
Superficial area (mm?)
Superficial perimeter (mm)
Deep area (mm?)
Deep perimeter (mm)
Choriocapillaris flow deficits density, %
All
>200 pm?
>400 pm?
>600 pm’
>800 pm’
Best one from each categoryt
All parameters included§
AUC comparison*

0.577 (0.442 t0 0.712)
0.546 (0.440 to 0.653)

0.626 (0.482 to 0.770)
0.458 (0.315 to 0.600)
0.568 (0.436 to 0.700)
0.546 (0.412 to 0.680)

0.579 (0.455 to 0.704)
0.853 (0.757 to 0.950)
0.840 (0.729 to 0.950)
0.912 (0.839 to 0.985)
0.654 (0.504 to 0.804)
0.927 (0.865 to 0.989)
0.993 (0.982 to 1.000)
z=1.91, p=0.056

Comparison between retinal and choriocapillaris parameters

All retinal parameters
All choriocapillaris parameters§
AUC comparison*

0.821 (0.737 to 0.905)
0.954 (0.909 to 0.999)
z=2.77, p=0.006

0.697 (0.611 to 0.783)
0.663 (0.560 to 0.765)

0.678 (0.568 to 0.787)
0.741 (0.662 to 0.820)
0.520 (0.441 to 0.599)
0.551 (0.464 to 0.638)

0.768 (0.680 to 0.855)
0.751 (0.665 to 0.837)
0.753 (0.670 to 0.837)
0.748 (0.653 to 0.842)
0.788 (0.708 to 0.868)
0.861 (0.800 to 0.922)
0.907 (0.853 to 0.961)
z=2.18, p=0.029

0.834 (0.753 to 0.916)
0.789 (0.706 to 0.872)
z=1.07, p=0.286

0.608 (0.427 to 0.789)
0.612 (0.415 to 0.809)

0.574 (0.430 t0 0.717)
0.586 (0.477 to 0.696)
0.701 (0.551 to 0.850)
0.534 (0.426 to 0.641)

0.690 (0.515 to 0.866)
0.685 (0.484 to 0.887)
0.699 (0.486 to 0.911)
0.709 (0.529 to 0.889)
0.755 (0.610 to 0.901)
0.755 (0.630 to 0.880)
0.816 (0.698 to 0.934)
z=1.92, p=0.055

0.667 (0.498 to 0.836)
0.733 (0.577 to 0.889)
7=0.849, p=0.396

0.702 (0.619 to 0.785)
0.667 (0.577 to 0.758)

0.606 (0.526 to 0.686)
0.691 (0.618 to 0.764)
0.627 (0.541 t0 0.712)
0.533 (0.473 to 0.593)

0.762 (0.697 to 0.826)
0.834 (0.772 to 0.897)
0.832 (0.771 to 0.893)
0.855 (0.806 to 0.905)
0.758 (0.686 to 0.830)
0.878 (0.840 to 0.916)
0.892 (0.855 to 0.929)
z=1.39, p=0.163

0.838 (0.786 to 0.890)
0.830 (0.759 to 0.901)
7=0.334, p=0.738

The multiclass AUC is calculated as the average of all possible pairwise AUCs, ie, no DR-NPDR and NPDR-PDR.
*Cls and Wald-test p values were calculated using SEs from non-parametric cluster bootstrapping with individuals as the unit of sampling and stratified by DR severity.

tHand and Till.”
+Parameters selected in bold.
§Adjusted for age, gender and systolic blood pressure.

9IThe first two principal components of a principal components analysis of the five flow deficit density parameters.
AUC, areas under the receiver-operating characteristic curve; DCP, deep capillary plexus; DM, diabetes mellitus; DR, diabetic retinopathy; FAZ, fovea avascular zone; NPDR, non-
proliferative diabetic retinopathy; OCTA, optical coherence tomography angiography; PDR, proliferative diabetic retinopathy; SCP, superficial capillary plexus.

(p=0.41), age (p=0.37), diabetes duration (p=0.13), the pres-
ence of hypertension (p=0.33), serum glucose (p=0.21), creat-
inine (p=0.54), cholesterol (p=0.11), high-density lipoprotein
(HDL) cholesterol (p=0.52), low-density lipoprotein cholesterol
(p=0.05) and triglycerides (p=0.32) among groups, but systolic
blood pressure was higher in the PDR group than no DR group
(p=0.001), and cholesterol ratio (total/ HDL) was higher PDR
group than no DR or NPDR (p=0.008).

Examples of OCTA images from retinal plexuses and chorio-
capillaris of patients with different DM and DR stages are shown
in figure 1. A retinal perfusion reduction in superfical capillary
plexus (SCP) and deep capillary plexus (DCP) was associated
with severer DR. Worsen DR was also associated with rarefac-
tion of the choriocapillaris and increased number and area of
large FDs. The quantitative analysis from retinal and chorio-
capillaris metrics is summarised in table 2. Boxplots of the
choriocapillaris and retinal OCTA metrics further highlighted
the relationship between OCTA metrics and DR severities in
online supplemental figure S2. As expected, worsening DR was
associated with most parameters, but no trend was observed in
the deep FAZ area (p=0.619). Interestingly, there was an initial
non-significant increase in the DCP in eyes with DM but no DR.

Moreover, flow deficit density (FDD) increased with DR sever-
ities, and setting a size selectivity on FDD could better stratify
the DR severities.

Using both Pearson’s R and R? full correlation matrices are
shown in online supplemental figure S3. Parameters from retinal
vasculature, FAZ and choriocapillaris were not well correlated
(R*=0.18 (0.10)), and weak correlations were detected between
SCP and DCP parameters (R*=0.39 (0.10)), as well as between
superficial and deep FAZ parameters (R?=0.08 (0.06)).

Further quantification of the diagnostic power of different
OCTA metrics was listed in table 3. Among all the retinal OCTA
metrics, VD in SCP in its 500 um annulus had the highest AUC.
Moderate discrimination of FAZ metrics was shown in multiple
DR severity comparisons. Superficial FAZ perimeters had higher
AUC in multiclass comparison (0.691 (0.618 to 0.764)) and DR
versus no DR comparison (0.741 (0.662 to 0.820)), while PDR
was best discriminated by the area of deep FAZ (0.701 (0.554 to
0.847)) from NPDR.

The discriminative power of choriocapillaris parameters was
higher than that of retinal and FAZ parameters for detecting DM
and DR. Stratifying choriocapillaris FDD by size could increase
the discrimination between DR severities. This difference was
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A. AUCs with combined parameters

DM no DR vs. No DM

PDR vs. NPDR

Sensitivity

e
S
]
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Retinal AUC: 0.82

Choriocapillaris AUC: 0.95

Sensitivity

0.75

0.50

0254 |

Any DR vs. No DR

Retinal AUC: 0.83

Choriocapillaris AUC: 0.79
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1.004
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77777 Choriocapillaris AUC: 0.73

0.00 0.25 0.50 0.75 1.00

0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00 .
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B. AUCs with individual parameters
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Figure 2 Perfusion density change and discriminative power in stratified DR severities. (A) Total perfusion reduction; (B) capillary reduction; (C)
ROC curves for discriminating DR severities using TPD and CPP. AUC, areas under the receiver-operating characteristic curve; DM, diabetes mellitus;
DR, diabetic retinopathy; FAZ, fovea avascular zone; FDD, flow deficit density; NPDR, non-proliferative diabetic retinopathy; PDR, proliferative diabetic

retinopathy.

significant for group 1 (AUC: 0.579 (0.455 to 0.704) FDD all;
0.912 (0.839 to 0.985) FDD_,, p<0.001) and multiclass DR
detection (AUC: 0.762 (0.697 to 0.826) FDD_; 0.855 (0.806
t0 0.905) FDD all, p<0.001).

Using a multivariable logistic regression model, AUCs with
combined predictors were higher than AUC from any indi-
vidual predictor. Excellent AUCs were achieved in differenti-
ating groups 1 and 2 and multiclass (AUC >0.89). Comparison
between retinal and choriocapillaris parameters in discrimi-
nating different DR groups and the performance of individual
parameters are shown in figure 2. Retinal and choriocapillaris
parameters yielded similar AUC in groups 2 and 3 and multiclass,
but group 1 comparison was more accurate to choriocapillaris
parameters (p<0.001). Combining all parameters significantly
improved the discrimination in group 2 (0.907 (0.853 to 0.961)
vs 0.861 (0.800 to 0.922), p=0.029), as compared with selecting
the best predictor from each category.

600;

DISCUSSION

In this study, we evaluated several OCTA metrics known to
be affected in type II diabetes in the eyes of persons with and
without DR. We examined retinal vascular perfusion density,
vessel density, FAZ parameters and choriocapillaris parame-
ters. We also evaluated a multivariable prediction model which
combined OCTA parameters from retinal and choroidal micro-
vasculature for DR diagnosis. We found that FDD with a size
threshold better stratified DR severity, and our findings suggest
that incorporating retinal and choroidal microvascular metrics
improves the discriminative power of our models identifying
eyes with no DR from those with DR.

Focal and diffuse rarefaction of choriocapillaris has been well
documented in patients with diabetes using histology.** OCTA
allows quantification of the FDD in vivo with high reproduc-
ibility.* * Tt has elucidated some of the earliest changes in the
retinal vasculature in DR. Notably, focal rarefaction was more

prominent in the fovea and is generally due to an excessive
change in the size of a few FDs.?* Consistent with the previous
studies,'® 1 13141732 we found that increased FD density was
strongly associated with the level of DR, and a significant differ-
ence was found between the no DM and DM no DR(p<0.01).
The loss of the choriocapillaris or the decrease of the flow signal
to the noise floor could result in the merging of the several small
FDs into a large FD. This effect would decrease the number of
small FD and increase the number of large FD, which could be
described as a change of FD size and density relationship.’® +’
By stratifying FDD by size, and simply calculating the FDD with
a size threshold could increase the sensitivity of detecting the
rarefaction from both focal and diffuse choriocapillaris degen-
eration in DR.

Multivariable models perform better than single biomarkers
in discriminating most diseases,* ** and in the field of ophthal-
mology, it has been adopted to predict glaucoma,’® myopia®!
and DR.’? Recently, Ashraf et al’® established a multivariable
regression model using retinal OCTA metrics to increase the
sensitivity and specificity in differentiating NPDR and PDR as
well as no DR and no DM. Our study evaluated whether adding
OCTA metrics from choriocapillaris will improve discriminatory
performance. The retina receives its blood supply from two inde-
pendent circulations, the retinal and choroidal circulations with
different anatomical structures, flow rates and regulatory mech-
anisms. The retinal vasculature primarily nourishes the inner
retina, while the choroidal vasculature mainly provides oxygen
and metabolic supply to the outer retina, including photore-
ceptors.’* Compared with retinal vasculature changes, diabetic
choroidopathy is less well characterised and its relationship to
DR is less clear. The physiological differences between retinal
and choroidal circulatory systems in terms of blood flow rate,
oxygen saturation rate, haemodynamic properties, autoregula-
tory function, response to hypoxia®® and vessel permeability,’®
are factors that may explain the lack of correlation between
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retinal and choroidal blood vascular parameters in the eyes of
persons without DM and those with DM. Our data indicate
that using the information from both circulatory systems allows
better characterisation of the changes in blood flow and vascular
regulation that occur with worsening DR. It is notable that in
our study we achieved a higher AUC for DR than individual
parameter, which is we found to be driven by the parameters
that were gained from the analysis of the choriocapillaris. We
hypothesise that these OCTA metrices derived through analysis
of choriocapillaris might be better biomarkers for early DR.

Other investigators have reported inconsistent findings in
the context of OCTA markers in patients with no DRs.** °"~%°
A recent study by Rosen et al reported an initial increase of the
PD in patients with DM but no DR using an annulus-based anal-
ysis,*® while other investigators found no such relationship. The
use of the annulus-based analysis can distinguish FAZ, which is
affected by ocular magnification.®® ® Nonetheless, in keeping
with Rosen’s observation,’® the PD increased in the DCP but
decreased in the SVP. Data from prior work suggest that capillary
damage is exacerbated by blood viscosity, decreasing blood cell
deformability, platelet aggregation, and increasing blood vessel
wall stiffness, which results in capillary closure and retinal isch-
aemia.®® Discrepancy in the parameters observed in the SCP and
DCP may indicate the different rates of capillary damage with
diabetes in these distinct layers, as tissue hypoxia levels, oxygen
extraction rates and haemoglobin oxygen affinity rate are not
the same and thereby increasing susceptibility to damage in the
DCPp!7 63 64

Our study has several limitations. We have a relatively small
sample size, especially in the PDR group. The image FOV is
limited to 33 mm which is only a small portion of posterior
eye. Patients with pan-retinal photocoagulation (PRP) were not
excluded from this study. Although the laser coagulation sites
were not within the 3X3 mm FOV, PRP may have a secondary
effect on the parafoveal vasculature.®® Several patient character-
istics were not available in the control group. Our cross-sectional
study provided no insight into how well the OCTA detected FD
correlate with DR progression. The strict image quality control
process excluded 30%-40% of the scans, which might intro-
duce bias in quantification as patients with more severe vision
loss may have problems with fixation, which in turn might have
resulted in excessive motion artefacts and therefore were more
likely to be excluded. The quantification of choriocapillaris
can be complicated by instrumental parameters, such as laser
power, wavelength, optical resolution, A-scan rate, B-scan rate,
sampling rate and motion tracker, as well as algorithm parame-
ters for OCTA calculation, layer segmentation, and FD segmen-
tation. However, discussions on the effect of the parameters on
the choriocapillaris quantification are beyond the scope of this
paper. The reader is referred to some recent publications that
discuss this topic in more detail.*” ** ¢ Finally, we currently do
not have an external dataset for the algorithm validation, which
is deemed as future work.

In summary, evaluating SS-OCTA parameters from retinal
and choroidal microvasculature in 3X3 mm FOV improves
the discrimination in early-stage DR, where the predominant
changes happen in the choriocapillaris, but not in late-stage DR.
It might open on differential therapeutic target sites and poten-
tial mechanisms depending on the stage of severity.
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