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Purpose: The aim of the study was to compare two non-overlapping blood supply systems
of the retina to obtain a better insight into the relation between diabetic macular retinopathy
and choroidopathy. Specifically, the study focused on the relationships between (1) retinal
vascular changes around the fovea in fluorescein angiography (FA) and (2) choroidal
thickness, volume and other parameters assessed by optical coherence tomography (OCT).
Patients and Methods: The retrospective cross-sectional single-center study included 210
eyes from 152 patients with diabetic retinopathy (mean age 60.7+12.4 years, 49.3% of
women; foveal avascular zone [FAZ] outline: 44.3% grade <2, 55.7% grade >3). The outline
of FAZ, a measure of capillary loss due to ischemic processes, was analyzed on FA according
to the Early Treatment Diabetic Retinopathy Study Research Group (ETDRS) standards. The
eyes were stratified according to the FAZ outline and size and the presence of clinically
significant diabetic macular edema (CSME). Then, resultant groups were compared in terms
of the spectral domain OCT parameters: choroidal thickness and volume (within ETDRS
subfields), luminal, stromal and total choroidal areas and choroidal vascularity index (based
on the foveal scan). Statistical analysis was based on univariate models with the choroidal
parameters as independent variables, and age, sex, panretinal photocoagulation, the severity
of diabetic retinopathy and CSME as covariates.

Results: No significant relationships were found between the FAZ outline and area and
choroidal characteristics of patients with diabetic retinopathy. In patients without CSME, no
correlation was observed between the FAZ area and choroidal characteristics. In patients with
CSME, no correlation was found between the FAZ area and choroidal characteristics other
than the choroidal vascularity index.

Conclusion: In patients with diabetic retinopathy, damage to the macular retinal vasculature
(FAZ) does not seem to be associated with changes in the choroidal vasculature, and these
two processes appear to occur independently.

Keywords: choroid, choroidal thickness, choroidal volume, choroidal vascularity index,
OCT

Introduction

Retina receives blood from two independent systems. The outer retina is supplied via
diffusion from the choriocapillaris, whereas the inner retina receives blood from the
central retinal artery. The outer plexiform layer constitutes the border. Foveal avas-
cular zone (FAZ), best visualized on fluorescein angiography (FA) or optical
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coherence tomography (OCT) angiography, is a capillary-
free area in the central macula with high photoreceptor
density and high metabolic activity." There is no retinal
circulation in the foveola (avascular zone). Choriocapillaris
circulation is the major source of oxygen and nutrients for
the outer retina and the only source of blood for the avas-
cular fovea.”

FAZ has regular boundaries in healthy persons. In patho-
logic conditions associated with retinal capillary dropout,
such as diabetes mellitus, FAZ margins can be enlarged
and irregular (Figure 1).! Diabetic macular ischemia (DMI)
is characterized by the occlusion and loss of the macular
capillary network or capillary dropout.>* Diabetes may also
lead to choroidal abnormalities, similar to those observed in
the retina, such as microaneurysms, dilatation and obstruc-
tion of the choriocapillaris, vascular remodeling with
increased vascular tortuosity, vascular dropout, focal vascu-

lar non-perfusion and choroidal vascularization.”’ Hence,

diabetes affects both retinal and choroidal vasculature.
However, it is unclear if the choroidal changes observed in
diabetes are predictive, modulatory, causative, or indepen-
dent for diabetic retinopathy.®*'°

Unlike commercially available OCT angiography that
visualizes only the choriocapillaris layer of the choroid,
enhanced depth imaging (EDI) and swept-source (SS)-
OCT are suitable for the evaluation of the entire cross-
sectional image of the choroid. Published data about chor-
oidal thickness in diabetic retinopathy are inconclusive,
and this parameter seems to be also influenced by diabetic
macular edema (DME).® To address this problem, the
choroidal vascular index (CVI), an OCT-based choroidal
quantitative parameter, was introduced. CVI specifically
analyzes the vascular component of the choroid, including
all choroidal vessel layers, ie choriocapillaris, Sattler’s and
Haller’s layer. CVI is defined as the ratio of the luminal
area (LA) to the total choroidal area (TCA). Compared

Figure | Representative fluorescein angiograms with FAZ outlines: (A) grade <2; (B) grade 23 according to the ETDRS report number |

FAZ area boundaries and sizes: (C and D).

|I5

The same angiograms with
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with choroidal thickness, this parameter appears to be less
dependent on various confounding factors.'"'* CVI
proved to be useful in the early diagnosis of various retinal
and choroidal diseases, as well as in the monitoring of
their progression and patient stratification.'! In the present
study, CVI was calculated complementarily to the evalua-
tion of the choroidal thickness and volume.

Little is known about the temporal relationship
between diabetic retinopathy (DR) and diabetic choroido-
pathy. A better insight into the relationship between retinal
and choroidal vasculature would shed new light on the
pathogenesis of these two conditions and improve patient
stratification in terms of the disease progression or treat-
ment responses. Our present study centered primarily on
the evaluation of the macula. Macular changes do not
reflect the severity of DR; for example, DME may develop
at any stage of the DR.'* Thus, in this study, we focused
specifically on the macular retinal and choroidal vascula-
tures. Aside from the severity of DR, we also analyzed
FAZ to estimate the degree of macular ischemia. The aim
of this study was to analyze a unique relationship between
the FA-assessed degree of DMI and OCT-based choroidal
characteristics in patients with DR.

Materials and Methods
Study Design, Participants, Eligibility
Criteria and Ethics
This retrospective single-center cross-sectional study
included 210 eyes from 152 patients with type 1 and 2
diabetes mellitus, who underwent same-day FA and OCT
at the Department of Ophthalmology, University Teaching
Hospital of Bialystok (Poland) between March 22, 2017,
and November 13, 2020. All patients presented with DR.
The patients’ eyes were stratified according to the FAZ
outline and size, with clinically significant diabetic macu-
lar edema (CSME) taken into account.

Patients were not eligible for the study if they had
a history of prior posterior segment surgery or intravitreal
injections, macular laser photocoagulation, ametropia >3.0
diopters, macular changes resulting from other ocular dis-
eases, glaucoma, known ocular or systemic pathology
potentially able to affect choroidal vasculature and insuffi-
cient quality of fluorescein angiograms or OCT images.
Controls were recruited among non-diabetic patients
scheduled for routine ocular examination.

The protocol of the study followed the provisions of
the Declaration of Helsinki and was approved by the Local

Bioethics Committee at the Medical University of
APK.002.216.2020). Written
informed consent was sought from all patients involved

Bialystok (decision no.

in the study.

Fluorescein Angiograms Acquisition and
Analysis
OCT and FA images were acquired one after another in
mydriasis, between 8 am and 11 am. The images were inde-
pendently assessed by two investigators (D.A.D. and P.S.),
blinded to the clinical characteristics of the examined eyes.
FA remains the gold standard in the evaluation of
retinal perfusion status and potential leakage and in the
detection of macular ischemia in patients with DR. FA was
performed with Spectralis HRA+OCT imaging device
(Heidelberg Engineering, Heidelberg, Germany) according
to the standard procedure. The FA images were used to
assess the severity of DR, to detect CSME and to char-
acterize FAZ according to the Early Treatment Diabetic
Retinopathy Study Research Group (ETDRS) criteria.'*!”
An early phase frame (after 20-30 seconds) and a late
frame (after 3—5 minutes) were selected for further analy-
sis. CSME was defined as the dye leakage within 500 um
radius from the fovea or 1500 um radius in cases with hard
exudate in this area. The severity of perifoveal capillary
occlusion was characterized based on the FAZ outline
graded according to the ETDRS report number 11 (grade
0 = normal; grade 1 = questionable, outline not smoothly
round or oval, but visible irregularities not definitely
abnormal; grade 2 = outline definitely destroyed in less
than one half of the original circumference; grade 3 =
outline definitely destroyed for one half or more of the
original circumference, but some remnants remain; grade 4
= capillary outline completely destroyed; grade 8 = cannot
be graded). Angiograms with grade 8 FAZ outline were
excluded from the analysis.'” Representative images of
FAZ outlines are shown in Figure 1. The examined eyes
were divided into two groups according to the severity of
damage to the FAZ outline: grade <2 and grade >3. FAZ
boundaries were delineated manually, and the area was
measured automatically.

Optical Coherence Tomography Images
Acquisition and Analysis

SD-OCT was carried out with a Spectralis HRA+OCT
imaging device (Heidelberg Engineering, Heidelberg,
Germany). The protocol of SD-OCT imaging comprised
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of 25 horizontal raster scans (20 x 20°) and a linear B-scan
centered at the fovea, as shown in Figure 2.

The internal limiting membrane (ILM) and Bruch’s
membrane (BM) were detected automatically, and the
choroidal-scleral junction was marked manually on each
scan by the same grader. The retinal parameters were
calculated from the ILM to the BM while the choroidal
parameters from the BM to the choroidal-scleral junction.

Averaged thickness and volume maps were created auto-
matically according to the conventional ETDRS grid with
nine subfields: central macular subfield (a central field within
a 500 um radius), four inner subfields (within a 500-1500
pum radius) and four outer subfields (within a 1500-3000 pm
radius).'* There were separate maps for the retinal thickness/
volume as well as for the sum of the retinal and choroidal
thickness/volume. The values of the choroidal parameters
were calculated by subtracting retinal parameters from the
summed retinal and choroidal parameters.

Subfoveal choroidal thickness (SFCT) was defined as
the distance between the BM and the choroidal-scleral
junction at the fovea.

CVI quantifies the vascular status of the choroid.'"'® To
calculate CVI, choroidal areas on the OCT scans were
binarized with a modified Niblack method, as described by
Sonoda et al.'*'"” Briefly, the entire horizontal scan (6 mm)
across the fovea was assessed, with the BM as an upper
margin and the choroidal-scleral junction as the lower mar-
gin. Binarization and segmentation of the images were done
with Image] software (http:/imagej.nih.gov/ij, version
1.49). TCA, LA and stromal area (SA) were calculated,
and CVI was determined as the LA to TCA ratio.

Statistical Analysis

Statistical analyses were carried out with R software, version
3.5.1
included numbers (% of each group) for nominal variables

(http://cran.r-project.org).  Descriptive  statistics

and means + standard deviations (SD) or medians with
lower and upper quartiles (Q1; Q3) for continuous variables,
depending on the data distribution. The normality of the
distribution was verified with the Shapiro—Wilk test, on the
basis of skewness and kurtosis values, as well as based on
visual inspection of histograms. Between-group compari-
sons were carried out with a chi-square test for nominal
variables and ¢-test or Mann—Whitney U-test for continuous
variables, whichever appropriate. Linear mixed-effects mod-
els were created for the comparisons of FAZ outlines (grade
<2 vs grade >3) and FAZ areas (<0.355 vs >0.355 mm?’
based on median), with random effects for the correlation of
two eyes from the same patient. A range of univariate
models with choroidal parameters as independent variables
and age, sex, panretinal photocoagulation (PRP), DR sever-
ity and CSME as covariates was developed as well. Finally,
the relationships between pairs of continuous variables were
verified on Spearman correlation analysis. All tests were
two-tailed with o = 0.05.

Results

Baseline Characteristics

Demographic and clinical characteristics of the study
patients are shown in Table 1. The groups selected accord-
ing to the FAZ outline and CSME were age-, sex- and
refractive error-matched. The groups identified based on

Figure 2 Representative OCT scan across the fovea. ILM and BM were detected automatically, while the choroidal-scleral junction was marked manually. SFCT was defined
as the distance between the BM and the choroidal-scleral junction at the fovea (blue arrow b). The SFCT was obtained as a difference between the total thickness (retinal +
choroidal thickness, from the ILM to the choroidal-scleral junction) (yellow arrow c) and the central foveal thickness (red arrow a). Analogically, the choroidal thickness
outside the fovea (blue arrow e) was calculated by subtracting the retinal thickness (red arrow d) from the total thickness (retinal + choroidal thickness, from the ILM to the

choroidal-scleral junction) (yellow arrow f).
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Table | Baseline Characteristics of Patients with Diabetic Retinopathy

Overall FAZ Outline P CSME p
Grade <2 Grade >3 Absent Present
Number of patients 152 63 89 60 92
Number of eyes 210 93 117 76 134
Age, years, mean + SD 60.73£12.40 62.18+12.06 59.71x12.61 0.225 60.80+13.01 59.95+£12.73 0.704
Sex, female, n (%) 75 (49.3) 28 (44.4) 47 (52.8) 0.395 30 (50.0) 45 (48.9) >0.999
Spherical equivalent, mean + SD 0.30£1.02 0.42+0.95 0.20£1.07 0.107 0.14+0.83 0.39x1.11 0.076
DR severity, n (%)
NPDR 135 (64.3) 78 (83.9) 57 (48.7) <0.001 49 (64.5) 86 (64.2) >0.999
PDR 75 (35.7) 15 (l6.1) 60 (51.3) 27 (35.5) 48 (35.8)
CSME, n (%)
Present 134 (63.8) 55 (59.1) 79 (67.5) 0.267 - . =
Absent 76 (36.2) 38 (40.9) 38 (32.5) - -
PRP, n (%)
No 138 (65.7) 72 (77.4) 66 (56.4) 0.002 51 (67.1) 87 (64.9) 0.866
Yes 72 (34.3) 21 (22.6) 51 (43.6) 25 (32.9) 47 (35.1)
FAZ area, mm?, median (QI; Q3) 0.36 (0.25;0.51) 0.32 (0.10;0.75) 0.41 (0.28;0.59) <0.001 0.42 (0.29;0.53) 0.35 (0.24;0.49) 0.034
FAZ outline, n, (%)
Grade <2 93 (44.3) - - - 38 (50.0) 55 (41.0) 0.267
Grade 23 117 (55.7) - - 38 (50.0) 79 (59.0)

Notes: Groups compared with the chi-square test for nominal variables and with t-test or Mann—Whitney U-test (FAZ area) for continuous variables.
Abbreviations: FAZ, foveal avascular zone; CSME, clinically significant macular edema; DR, diabetic retinopathy; NPDR, non-proliferative diabetic retinopathy; PDR,

proliferative diabetic retinopathy; PRP, panretinal photocoagulation.

the FAZ
Supplementary Material, Table S1).

area was age- and sex-matched (see

FAZ Outline and Choroidal
Characteristics of Patients with Diabetic
Retinopathy

Choroidal thickness, volume and other choroidal para-
meters, stratified according to the FAZ outline and size,
are presented in Table 2. No significant differences in the
analyzed parameters were found between the eyes with
grade <2 and grade >3 FAZ outline. The two groups did
not also differ significantly when potential confounders,
such as sex, age, CSME, DR severity, and PRP, were
included in the model (Table 3).

FAZ Area and Choroidal Characteristics

in Patients with Diabetic Retinopathy

In the entire group of patients with DR, FAZ area did not
correlate significantly with choroidal thickness, volume
and other choroidal parameters (Tables 2 and 4). Given
a significant difference in the FAZ area in patients with

CSME and without (Table 1), a subgroup analysis was
carried out as well. The analysis did not demonstrate
significant correlations between the FAZ area and the
choroidal parameters other than CVI in patients with
CSME (Table 4).

The study patients were further stratified according to
their FAZ area, with the median of 0.355mm? as a cut-off
level. The groups did not differ in terms of the choroidal
thickness, volume and other parameters. Similarly, no sig-
nificant between-group differences were found when poten-
tially confounding factors such as sex, age, CSME, DR
severity and PRP were included in the model (Table 5).

Discussion

In the present study, the angiographically-identified status
of the FAZ was compared with the OCT-based choroidal
characteristics in patients with DR. In general, no signifi-
cant associations were found between the FAZ outline/area
and choroidal parameters, such as thickness and volume
(within the ETDRS subfields), LA, SA, TCA and CVI
(based on the foveal scan). This observation is consistent
with the results published by Gerendas et al.>° and Adhi

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2021:14
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Table 2 Choroidal Parameters in Patients with Diabetic Retinopathy

Characteristic Total Group FAZ Outline FAZ Area (mm?)

Grade <2 Grade >3 <0.355 >0.355
Choroidal thickness (um):
Outer T 246.64+50.99 240.82+56.25 249.76+47.86 251.89+53.55 241.35+47.95
Inner T 256.75+55.06 251.82+62.94 259.37+£50.41 261.07£57.61 252.43+£52.30
Central macular 260.06+56.19 252.47+64.44 264.11+51.04 262.47+57.14 257.66+55.38
Inner N 250.23+61.33 240.81+65.74 255.25+58.48 252.22+62.24 248.24+60.64
Outer N 222.36+63.89 213.93+65.66 226.85+62.70 224.11+64.34 220.60+63.68
Outer S 263.91+53.76 259.72+59.59 266.14+50.48 267.10+54.62 260.69+52.96
Inner S 265.41+53.13 261.34+62.42 267.58+47.56 267.04+55.08 263.78+51.33
Inner | 254.22+60.01 244.66166.34 259.32+£55.93 256.78+60.65 251.67+59.54
Outer | 243.82161.14 238.15+64.00 246.91+£59.55 248.01%62.11 239.59+60.16
SFCT 260.07+58.57 251.11+64.85 264.85+54.58 263.10+58.59 257.05+58.67
Choroidal volume (mm?):
Outer T 1.31£0.27 1.28+0.30 1.32+0.25 1.33£0.28 1.28+0.25
Inner T 0.41+0.09 0.40+0.10 0.41+0.08 0.41+0.09 0.40+0.09
Central macular 0.20+0.04 0.20+0.05 0.21+0.04 0.21+0.04 0.20+0.04
Inner N 0.39+0.10 0.38+0.11 0.40+0.09 0.40+0.10 0.39+0.10
Outer N 1.17+0.34 1.13+0.34 1.20£0.33 1.18+0.34 1.16+0.34
Outer S 1.40£0.28 1.38+0.31 1.41£0.27 1.42+0.29 1.38+0.28
Inner S 0.42+0.08 0.41+0.10 0.42+0.07 0.42+0.09 0.41+0.08
Inner | 0.40+0.09 0.38+0.10 0.41+0.09 0.40+0.10 0.40+0.09
Outer | 1.29+0.32 1.26+0.34 1.30£0.31 1.31£0.33 1.26+0.31
Total 6.99£1.49 6.81x1.66 7.09£1.39 7.09£1.52 6.89+1.46
Other choroidal parameters:
Cvi 0.59+0.06 0.59+0.06 0.59+0.06 0.59+0.06 0.59+0.05
LA (mm?) 1.35£0.40 1.27+0.40 1.37£0.38 0.13+0.42 1.34+0.37
SA (mm?) 0.91+0.23 0.87+0.23 0.94+0.22 0.93+0.24 0.90+0.22
TCA (mm?) 2.25+0.56 2.13+0.56 2.31+0.55 2.27+0.59 2.23+0.53

Note: Data presented as means + SD.

Abbreviations: FAZ, foveal avascular zone; T, temporal; |, inferior; N, nasal; S, superior; SFCT, subfoveal choroidal thickness; CVI, choroidal vascularity index; LA, luminal
area; SA, stromal area; TCA, total choroidal area; conventional ETDRS grid with nine subfields, central macular field (central field within a 500 pym radius), four inner
subfields (within a 500—1500 um radius) and four outer subfields (within a 1500-3000 pm radius).

et al.?' according to whom choroidal changes did not
correlate with the level of retinal pathology in patients
with DR; however, it needs to be stressed that those
authors used different methodological approach than in
the present study.

We analyzed two FAZ parameters, outline and size.
FAZ outline might be a better indicator of ischemia
given the heterogeneity in the size of FAZ in healthy
persons (as reviewed by Sun et al.”). Johannesen et al
postulated to determine FAZ area as a part of the diag-
nostic process but emphasized that this parameter might
be unsuitable if used alone.?* Therefore, our study was
mainly focused on the FAZ outline; this parameter
reflects capillary loss and ischemic processes and
seems to be a more reliable measure of potential

impairment of blood supply to the inner retina than the
FAZ area. Choroidal characteristics analyzed in this
study included not only the thickness and volume but
also a novel parameter, CVI. The latter quantifies the
vascular component of the choroid. In previous studies,
CVI was determined not only in ocular pathologies but
also in systemic disorders, including inflammatory con-
ditions, whereby it was implicated as a biomarker of
disease activity.!' Choroidal thickness depends on var-
ious physiological and pathological factors, including
age, ethnicity, sex, refraction, axial length and time of
the day.”® In contrast, CVI is modulated solely by
SFCT.** According to Campos et al, choroidal thickness
(and consequently volume) may be affected by age, sex,
CSME, DR severity and PRP. Thus, we included all
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Table 3 Univariate Models to Analyze Relationships Between
Choroidal Parameters and FAZ Outline in Patients with Diabetic
Retinopathy

Table 4 Correlations Between FAZ Area and Choroidal
Parameters in Patients with Diabetic Retinopathy Overall and in
Patients with CSME and Without

Characteristic Univariate Models Univariate models
(Sex, Age, CSME,
PRP, DR Severity as
Covariates)
B SE p B SE p
Choroidal thickness
(um):
Outer T 5.17 6.93 0456 | —1.79 6.75 0.790
Inner T 2.86 8.04 0.723 | —3.92 7.94 0.622
Central macular 9.29 8.0l 0.248 | 2.67 7.93 0.644
Inner N 12.30 | 8.52 0.150 | 5.97 8.53 0.485
Outer N 13.38 | 853 0.118 | 7.97 8.56 0.353
Outer S 2.85 7.56 0.706 | —2.54 7.36 0.730
Inner S 7.69 7.50 0307 | 1.21 7.46 0.871
Inner | 11.75 | 844 0.165 | 6.27 8.39 0.456
Outer | 4.20 8.36 0616 | —0.56 8.16 0.945
SFCT 741 8.66 0394 | 1.94 851 0.820
Choroidal volume
(mm3):
Outer T 0.03 0.04 0.422 | —0.01 0.04 0.829
Inner T 0.008 | 0.0l 0.522 | —0.004 | 0.0l 0.782
Central macular 0.007 | 0.006 | 0.264 | 0.003 0.006 | 0.638
Inner N 0.02 0.0l 0.206 | 0.0l 0.01 0.332
Outer N 0.08 0.04 0.082 | 0.05 0.04 0.246
Outer S 0.02 0.04 0.705 | —0.01 0.04 0.748
Inner S 0.0l 0.0l 0.367 | 0.001 0.01 0.908
Inner | 0.02 0.02 0.172 | 0.009 0.0l 0.467
Outer | 0.02 0.04 0.601 | —0.002 | 0.04 0.962
Total 0.25 0.19 0.182 | 0.10 0.19 0.593
Other choroidal
parameters:
CVI 0.003 | 0.009 | 0.682 | 0.004 0.009 | 0.595
LA (mm?) 0.04 0.06 0.522 | 0.006 0.06 0912
SA (mm?) 0.02 0.03 0.614 | —0.009 | 0.04 0.810
TCA (mm?) 0.05 0.08 0.553 | —0.008 | 0.08 0.924

Notes: Only patients with DR were included, 210 eyes (93 eyes with FAZ grade <2
and |17 eyes with FAZ grade 23). Covariates: age in years, sex (male/female), CSME
(absent/present), PRP (nolyes), DR severity (NPDR/PDR).

Abbreviations: B, coefficient from regression model; SE, standard error; CSME,
clinically significant macular edema; PRP, panretinal photocoagulation; T, temporal; I,
inferior; N, nasal; S, superior; SFCT, subfoveal choroidal thickness; CVI, choroidal
vascularity index; LA, luminal area; SA, stromal area; TCA, total choroidal area;
conventional ETDRS grid with nine subfields, central macular field (central field
within a 500 pm radius), four inner subfields (within a 500—1500 ym radius) and
four outer subfields (within a 1500-3000 um radius).

these variables as potential confounding factors in linear
mixed-effects models of FAZ.?

One previous study analyzed a relation between the FAZ
and choriocapillaris visualized with OCT angiography.”
Associations of DR with choroidal thickness®***’
CVI?*2® have been studied as well, but the results are

and

Characteristic | Overall CSME CSME
Absent Present

rho P rho P rho P
Choroidal
thickness (pm):
Outer T —0.10 | 0.273 | —0.14 | 0.389 | —0.10 | 0.380
Inner T —0.11 | 0260 | —0.17 | 0.301 | —0.07 | 0.531
Central macular | —0.05 | 0.618 | —0.16 | 0.331 | —0.03 | 0.8I5
Inner N —0.05 | 0.598 | —0.14 | 0.399 | 0.0l 0.956
Outer N —0.01 | 0.876 | —0.11 | 0.487 | 0.06 0.590
Outer S —0.06 | 0481 | —0.14 | 0.398 | —0.0l | 0913
Inner S —0.04 | 0.699 | —0.12 | 0.454 | 0.02 0.896
Inner | —0.04 | 0.641 | —0.14 | 0.388 | 0.02 0.893
Outer | —0.10 | 0295 | —0.16 | 0.316 | —0.04 | 0.719
SFCT —0.04 | 0.681 | —0.09 | 0.571 | —0.02 | 0.84I
Choroidal
volume (mm?3):
Outer T —0.10 | 0.283 | —0.15 | 0.371 | —0.10 | 0.402
Inner T —0.07 | 0440 | —0.11 | 0.488 | —0.05 | 0.649
Central macular | —0.05 | 0.559 | —0.15 | 0.34] | —0.03 | 0.784
Inner N —0.04 | 0.708 | —0.09 | 0.575 | 0.0l 0.972
Outer N —0.04 | 0.695 | —0.11 | 0.482 | 0.03 0.810
Outer S —0.06 | 0491 | —0.14 [ 0.391 | —0.0l | 0918
Inner S —0.07 | 0435 | —0.13 | 0438 | —0.04 | 0.717
Inner | —0.03 | 0.748 | —0.11 | 0.516 | 0.02 0.886
Outer | —0.10 | 0295 | —0.16 | 0.318 | —0.04 | 0.727
Total -0.09 | 0316 | —0.16 | 0.345 | —0.05 | 0.680
Other choroidal
parameters:
CVvI 0.16 0.087 | —0.12 | 0.466 | 0.27 0.020
LA (mm?) 0.05 0.622 | —0.12 | 0478 | 0.12 0.298
SA (mm?) —0.13 | 0.180 | —0.0l | 0.932 | —0.16 | 0.164
TCA (mm?) —0.01 | 0.908 | —0.06 | 0.721 | 0.03 0.772

Notes: Only patients with DR were included, solely single eyes, n=116. Since the
data set included a single eye from each patient, there was no violation of the
independence assumption between observations for correlation analysis.
Abbreviations: rho, Spearman correlation coefficient; CSME, clinically significant
macular edema; T, temporal; |, inferior; N, nasal; S, superior; SFCT, subfoveal
choroidal thickness; CVI, choroidal vascularity index; LA, luminal area; SA, stromal
area; TCA, total choroidal area; conventional ETDRS grid with nine subfields,
central macular subfield (central field within a 500 ym radius), four inner subfields
(within a 500-1500 ym radius) and four outer subfields (within a 1500-3000 pm
radius).

inconclusive. To the best of our knowledge, the present
study was the first to analyze the relation between FAZ and
choroidal parameters, not only the thickness and volume but
also other vascular indices, in patients with DR.

Our study confirmed that the FAZ area’s enlargement
was associated with DR progression™’* and that the FAZ
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Table 5 Univariate Mixed-Effect Models to Compare Choroidal
Parameters in Patients with Diabetic Retinopathy and FAZ Area
>0.355 and <0.355mm”

Characteristic Univariate Models Univariate Models
(Sex, Age, CSME,
PRP, DR Severity as
Covariates)
B SE p B SE p
Choroidal thickness
(um):
Outer T —4.30 5.71 0453 | —2.27 5.41 0.675
Inner T —4.11 6.97 0.556 | —0.92 6.62 0.889
Central macular -2.52 6.75 0.709 | 0.83 6.44 0.897
Inner N —5.51 6.99 0.432 | —2.52 6.75 0.709
Outer N 0.19 6.88 0.977 | 2.16 6.63 0.745
Outer S -2.28 6.25 0.716 | 0.83 591 0.888
Inner S 0.14 6.27 0.983 | 2.98 6.00 0.620
Inner | =112 6.98 0.872 | 1.95 6.69 0.771
Outer | —-0.60 6.72 0929 | 1.74 6.42 0.787
SFCT —6.35 7.57 0.403 | —2.03 7.16 0.777
Choroidal volume
(mm3):
Outer T —-0.02 0.03 0.504 | —0.01 0.03 0.740
Inner T —0.003 | 0.0l 0.779 | 0.002 0.0l 0.841
Central macular —0.002 | 0.005 | 0.775 | 0.001 0.005 | 0.823
Inner N —0.009 | 0.0l 0.441 | —0.004 | 0.001 | 0.750
Outer N 0.001 0.03 0.986 | 0.0l 0.03 0.797
Outer S —-0.01 0.03 0.741 | 0.005 0.03 0.870
Inner S —0.001 | 0.0l 0.924 | 0.003 0.009 | 0.740
Inner | —0.002 | 0.0l 0.836 | 0.003 0.01 0.789
Outer | —0.004 | 0.03 0.904 | 0.005 0.03 0.869
Total -0.03 0.15 0.829 | 0.02 0.14 0.903
Other choroidal
parameters:
CVI 0.006 0.007 | 0.432 | 0.009 0.007 | 0.220
LA (mm?) 0.02 0.05 0.589 | 0.04 0.04 0.375
SA (mm?) —0.005 | 0.03 0.878 | —0.001 | 0.03 0.963
TCA (mm?) 0.03 0.07 0.687 | 0.05 0.07 0.512

Notes: Only patients with DR were included, 210 eyes (105 eyes with FAZ area
<0.355mm? and 105 eyes with FAZ area >0.355mm?). Covariates: age in years, sex
(male/female), CSME (absent/present), PRP (no/yes), DR severity (NPDR/PDR).
Abbreviations: f, coefficient from regression model; SE, standard error; CSME,
clinically significant macular edema; PRP, panretinal photocoagulation; T, temporal; I,
inferior; N, nasal; S, superior; SFCT, subfoveal choroidal thickness; CVI, choroidal
vascularity index; LA, luminal area; SA, stromal area; TCA, total choroidal area;
conventional ETDRS grid with nine subfields, central macular subfield (central field
within a 500 ym radius), four inner subfields (within a 500-1500 ym radius) and
four outer subfields (within a 1500-3000 um radius).

area was significantly larger in eyes with higher FAZ out-
line grades.'>%

Similar to Sim et al.*® we found no association between
the FAZ outline and choroidal thickness. Also, no signifi-
cant correlation was observed between the FAZ enlarge-

ment and choroidal thickness, which is consistent with the

findings published by Lee et al.*' We also found no sig-
nificant relationships between choroidal volume and FAZ
outline/area. Furthermore, no associations between the FAZ
area and other choroidal parameters, such as LA, SA, TCA
and CVI, were observed, other than a correlation between
the FAZ area and CVI in patients with CSME (rho=0.27,
p=0.02). This could be either due to luminal area increase
and/or due to a decrease in TCA. However, the latter two
parameters did not correlate significantly with the FAZ area
in patients with CSME and hence, this finding should be
interpreted with caution. Unlike Oh et al, we did not find an
inverse correlation between CVI with FAZ area.*? This
discrepancy might be associated with the fact that those
authors examined a group of healthy persons, whereas our
study included patients with already established diabetes-

related vascular damage.

We speculate that the unparallel rate of macular vas-
cular damage to the retina and choroid might reflect the
multifactorial impact of diabetes on these vessels. First,
the rate of development and progression of microangio-
pathy may vary, and the changes within the choroid seem
to occur at early stages.®> Second, not only the vascular
mechanism should be considered, as autonomic neuropa-
thy also seems to be implicated in choroidopathy.®*>?
Choroidal vascular tone does not depend solely on local
regulation but autonomic innervation as well. Third, some
other factors, such as VEGF and inﬂammation,5 might
affect both vascular systems differently. Those factors
might also contribute to changes in morphometric choroi-
dal parameters analyzed in the present study. Fourth,
macular changes may occur independently of peripheral
changes in DR."® Similarly, submacular choroidal changes
might not necessarily correspond to the peripheral ones.
Some location-based differences in the choriocapillaris
structure are probably related to the different vulnerability
of these vessels to diabetes, with the mid-peripheral ves-
sels being affected first.>**” These factors could explain
the variable rate of diabetes-related damage in different
vascular regions. Fifth, unlike the relatively stable FAZ
patterns, the choroidal patterns might vary considerably
even in healthy persons. Examples of such individual
variability are the irregularities of the choroidal-scleral
junction and the differences in the number and distribution
of the posterior ciliary arteries.’® Also, this factor might
contribute to interpersonal and regional variability in chor-
oidal characteristics and their relation to FAZ.
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This study has some strengths, among them the inclu-
sion of DME treatment-naive patients and the analysis of
age-, sex- and refractive error-matched groups. All mea-
surements were taken between 8 am and 11 am to avoid
diurnal variations. Only patients with spherical equivalent
refractive error <3.0 diopters were included. Compared
with previous studies, we included a larger number of
patients with proliferative DR, often underrepresented in
clinical research. We also conducted a subgroup analysis
with the presence of CSME as a grouping factor.
Importantly, we analyzed not only the FAZ area but the
FAZ outline as well. Further, we considered not only the
choroidal thickness but also the choroidal volume over
a 6 mm diameter in the macula to obtain a better insight
into the characteristics of the choroid. According to Singh
et al, even an accurate estimate of choroidal thickness at
a few sampling points could be inadequate in assessing
choroidal involvement due to the irregularities in the chor-
oidal-scleral junction. Hence, volumetric analysis of the
choroid is preferable.® To evaluate the choroid even
further, we focused on its luminal and stromal components
too.

We are well aware of the potential limitations of this
study. Due to its retrospective design, the data on the type
of diabetes mellitus, duration of the disease, glycated
hemoglobin (HbA1C) and fasting blood glucose levels
were not available. However, according to Agrawal et al,
none of these parameters correlates with CVIL.'" Regarding
retinal imaging, OCT angiography would provide more
detailed information about the retinal circulation as it
visualizes both superficial and deep capillary plexus.
However, obtaining OCT angiographic images in patients
with DME could be technically challenging as the pre-
sence of cystic spaces might be detrimental to the image
quality. This problem does not refer to the fluorescein
angiograms, though. Additionally, OCT angiography and
FA provide comparable results in terms of the FAZ area
measurements.’ In the present study, we determined CVI
based on a single foveal scan; this is a relatively common
practice given that CVI is similar across all the ETDRS
subfields.”

FA visualizes the superficial capillary plexus. In future
studies involving OCT angiography, it would be interest-
ing to compare FAZ at the deep capillary plexus level with
the choroidal parameters. The deep capillary plexus seems
to be affected first in the course of diabetes.?®** However,
technical problems related to fluid accumulation that may
interfere with the imaging and segmentation capabilities of

OCT angiography in patients with DME would need to be
taken into account. Furthermore, the evaluation of choroi-
dal vasculature across all layers, not merely the chorioca-
pillaris, would contribute to a better understanding of the
pathogenesis of diabetic choroidopathy. Unfortunately,
none of the currently commercially available OCT angio-
graphy devices is suitable for this purpose. Another direc-
tion of future research could be the application of the
wide-field spectral-domain OCT. As suggested by Ferrara
et al, a standard cross-sectional OCT limited to the macu-
lar area may be insufficient to capture the full spectrum of
manifestations in diabetes, especially considering the topo-
graphical differences.*® Regarding future improvements of
CVI assessment, a fully automated CVI algorithm inte-
grated into the OCT device might help to standardize this
valuable parameter, as highlighted by Agrawal et al.*!

Conclusion
This study demonstrated that in patients with DR:

1. No relation exists between the FAZ outline/area and
choroidal characteristics, such as thickness and
volume (within the ETDRS subfields), LA, SA
and TCA, and CVI (based on foveal scan).

2. In patients without CSME, no association exists
between the FAZ area and the choroidal parameters.

3. In patients with CSME, the FAZ area does not
correlate with the choroidal characteristics except
for the CVL

To summarize, this study did not identify a link between
macular retinal and choroidal vasculature damage in
patients with DR. Hence, these two processes seem to
occur independently from one another.
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