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Abstract: Background: To study choroidal thickness (CT) in type 2 diabetes mellitus (DM2) patients
with moderate diabetic retinopathy (DR) and to correlate with changes in retinal thickness (RT) with
swept-source OCT (SS-OCT) compared to healthy subjects. Methods: Fifty-four DM2 patients with
moderate DR without diabetic macular edema (DME) and 73 age-matched healthy subjects were
evaluated using SS-OCT to measure changes in total RT and CT in the nine areas of the Early Treatment
Diabetic Retinopathy Study (ETDRS) macular grid. Results: The mean age was 64.06 + 11.98 years
and 60.79 + 8.62 years in the diabetic and control groups, respectively. Total RT showed statistically
significant differences in the temporal inner area, with higher values in the DM2 group (p = 0.010). CT
did not show differences between the groups. There was a significant negative correlation between
RT and age in all of the outer ETDRS areas and a positive significant correlation in the central area
for the DM2 group. There was also a negative significant correlation between CT and age in all of
the ETDRS areas except for the inferior inner area. In the DM2 group, a negative correlation was
observed between RT and CT in the central area (p = 0.039) and in both horizontal parafoveal areas
(temporal inner, p = 0.028; nasal inner, p = 0.003). Conclusion: DM2 patients with moderate DR have
no changes with regard to CT. Both CT and RT decreased with age in DM2, showing a negative
correlation between these factors in the central and horizontal parafoveal areas of the ETDRS grid.

Keywords: diabetic retinopathy; type 2 diabetes mellitus; swept-source optical coherence tomography;
choroidal thickness; retinal thickness

1. Introduction

Diabetic retinopathy (DR), a diabetes mellitus (DM) microvascular complication, is one
of the main causes of blindness worldwide. Its global prevalence is estimated to increase
by 51% by 2045 [1].

Retinal vascular changes and increased permeability in the blood-retina barrier, as
well as changes related to ischemia, are the main reasons for these findings in DR, including
microaneurysms, edema, exudation, lack of perfusion, or retinal neovascularization leading
to decreased visual acuity (VA). Not only the retina, but also the choroid, suffers from this
vascular impairment with changes in its thickness and volume [2-5].

For proper function of the retina, a healthy choroid is required to nourish the different
outer retinal layers, providing oxygen, nutrients, and thermoregulation [6]. Previously, the
method used to study choroidal vascularization was indocyanine green angiography. This
technique showed the blood flow and alterations in the choroidal vessels by injecting con-
trast dye into the bloodstream [7,8]. Recently, non-invasive techniques have been developed
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to assess both retinal and choroidal morphology and thickness, providing new insights into
choroidal vascularization. Optical coherence tomography (OCT) is capable of acquiring
high-resolution images of the different retinal and choroidal layers. Devices with longer
wavelength lasers (1050 nm), such as swept-source (S5)-OCT, manage to overcome the high
reflectivity of the RPE, increasing the visualization of choroidal vascularization, optimizing
tissue penetration, and obtaining greater resolution and exploration speed [9,10].

Changes in retinal thickness (RT) in DM have been described as the thinning of the
macular area before any sign of DR, mainly due to a decrease in the ganglion cell layer
(GCL) and in the inner plexiform layer (IPL), both comprising the ganglion cell complex
(GCCQ), and retinal nerve fiber layer (RNFL). Some studies show a significant decrease in
RNFL thinning, suggesting neuronal damage related to diabetes, with neurodegeneration
prior to the appearance of any retinal signs [11,12].

Choroidal changes are related to multiple ocular pathologies, such as age-related macular
degeneration (AMD), pachychoroidal diseases, myopia magna, central serous choroidopathy,
or inflammatory diseases, such as Harada’s disease [4,13-15]. CT increases or decreases
depending on the ocular pathology, with modification in the choriocapillaris thickness.

Several authors have found that diabetic patients with DR experience a decrease in
CT. Studies also show that as DR progresses, and with poor glycemic control, there is a
greater decrease in CT. More research is needed to establish the degree of CT thinning in
the different DM types and DR stages.

The aim of this study was to assess and correlate changes in both choroidal and retinal
thicknesses in the macular area assessed by SS-OCT in type 2 DM (DM2) patients with
moderate DR and without diabetic macular edema (DME) compared with healthy subjects.

2. Materials and Methods
2.1. Study Design

We performed a single-center cross-sectional study at the Ophthalmology Department of
the Lozano Blesa University Hospital (Zaragoza, Spain) from February 2021 to December 2021,
including a total of 127 eyes divided into two groups. Group 1 included 54 eyes of
54 DM2 patients with moderate DR according to the early treatment diabetic retinopathy
study (ETDRS) classification (level 43 on the ETDRS retinopathy severity scale) [16] and
without DME or other ophthalmological pathology that could compromise best-corrected
VA (BCVA). Group 2 consisted of 73 eyes of 73 healthy subjects with no previous history of
ocular pathologies or systemic diseases affecting the eye. The present study was approved
by the local Ethics Committee for Clinical Research of Aragon (CEICA PI19/252), and the
evaluation was conducted in accordance with the principles of the Helsinki Declaration.
Detailed consent forms were obtained from each subject.

Exclusion criteria included amblyopia or BCVA less than 20/40 on the Snellen chart,
refractive error over 5.50 diopters (D) of spherical equivalent (SE) or 3.00 D of astigmatism,
intraocular pressure (IOP) higher than 20 mmHg, history of any ocular pathology affecting
central vision, ocular hypertension, or glaucoma with perimetric involvement or papillary
atrophy, or inability to perform good quality OCT (difficulty in layer segmentation, media
opacification, or lack of fixation or cooperation).

2.2. Study Protocol

All participants underwent a complete ophthalmological evaluation, including BCVA
expressed in logarithm of the minimum resolution angle (logMAR) measured with the
100% contrast to the ETDRS test, IOP measured by Goldmann tonometry, and axial length
(AL) using an Aladdin KR-1 W Series optical biometry system (Topcon Corporation, Tokyo,
Japan) as the mean of 5 measurements and expressed in mm. Clarus imaging was per-
formed (Clarus 700®, Carl Zeiss Meditec AG, Jena, Germany) to examine and picture the
eye fundus. In addition to the ophthalmological evaluation, a complete history was per-
formed in which all aspects related to the patient’s disease (DM2) were collected, including
current medication, time of diagnosis, glycosylated hemoglobin (HbA1lc) levels, lipid levels,



Biomedicines 2022, 10, 2314

30f10

glomerular filtration, and creatinine levels. Values were obtained within less than 6 months
of the examination.

SS-OCT was performed using deep range imaging (DRI)-Triton SS-OCT (Topcon Cor-
poration, Japan) by the same explorer (G.F.-E.). RT and CT were automatically segmented
with IMAGEnet 6 Version software 1.22.1.14101® 2014 (Topcon Corporation, Tokyo, Japan);
the segmentations were reviewed, and if any error was found, they were manually cor-
rected, retested, or discarded. The image quality scale, which ranges from 0 to 100, should
measure over 60. RT and CT values were measured in micrometers (um) in the nine areas of
the ETDRD grid with the 3D Macula protocol. The central (C) area was 1 mm in diameter;
the outer or perifoveal ring was 6 mm in diameter divided into 4 areas: superior external
(SE), temporal external (TE), nasal external (NE), and inferior external (IE); and the inner or
parafoveal ring was 3 mm in diameter divided into 4 areas: superior internal (SI), temporal
internal (T1I), nasal internal (NI), and inferior internal (II) (Figure 1).

Figure 1. Total retinal thickness is between the red lines (A), choroidal thickness is between the green
lines (B), and the nine areas of the ETDRS grid (C) measured by deep range imaging (DRI) Triton
swept source (SS)-OCT for a right eye. (Abbreviations C, Central; SE, Superior External; TE, Temporal
External; NE, Nasal External; IE, Inferior External; SI, Superior Internal; TI, Temporal Internal; NI,
Nasal Internal; II, Inferior Internal).

2.3. Statistical Analysis

Statistical analysis was performed using the Statistical Package for the Social Sciences
software (SPSS version 20, SPSS Inc., IBM Corporation, Armonk, NY, USA). First, a de-
scriptive and frequency-based analysis of the sample was carried out according to the
demographic variables and clinical characteristics. Normal distribution of the values was
studied with the Kolmogorov-Smirnov test, and subsequently, the Mann-Whitney U test
was performed for independent nonparametric samples to assess if there were statisti-
cally significant differences between the groups. For the correlation of the anatomical
results and the disease control parameters, a bivariate analysis was performed using Spear-
man’s rank correlation coefficient test. For all analyses, a value of p < 0.05 was considered
statistically significant.

3. Results

The mean age of the 54 DM2 patients was 64.06 + 11.98 years (range 42-86 years)
and 60.79 £ 8.62 years (range 42-83 years) for the 73 healthy controls. There were no age
differences between groups (p = 0.082, Mann—-Whitney U test). The gender distribution was
39.7% and 31.5% females and 60.3% and 68.5% males in the control and in the DM2 group,
respectively, and there were no gender differences between groups (p = 0.339, Chi-square
test). DM2 patients were well controlled, with a mean HbAlc of 7.58 &+ 1.29%; the mean
time since diagnosis was 2.50 &£ 2.88 years (range 0-11 years). Glycemic, lipid, and renal
function values are presented in Table 1.

There were no differences between groups in either AL (p = 0.075), SE (p = 0.110), or
IOP (p = 0.676). BCVA taken with the 100% contrast of the ETDRS test reached statistical
significance differences (p = 0.001), with lower VA in the DM2 group. Values are shown
in Table 2.
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Table 1. Metabolic characteristics of type 2 diabetic (DM2) patients related to the duration and
metabolic control of the disease. Abbreviations: HbAlc, glycosylated hemoglobin; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; TG, triglyceride levels; GF, glomerular filtration; SD,
standard deviation. HbAlc values are expressed in a percent, cholesterol, TG, and creatine values in
mg/dL and GF in mL/min.

DM2 Group Mean SD

Disease evolution time (years) 2.50 2.88
HbA1lc (%) 7.58 1.29
Cholesterol (mg/dL) 148.04 33.18
HDL (mg/dL) 47.83 15.21
LDL (mg/dL) 71.47 23.09
TG (mg/dL) 122.24 51.71
GF (mL/min) 73.57 20.52
Creatine (mg/dL) 1.05 0.49

Table 2. Mean, standard deviation (SD), and statistical significance (p-value) of best corrected visual
acuity (BCVA) in the LogMAR scale, spherical equivalent (SE) in diopters (D), axial length (AL) in
mm, and intraocular pressure (IOP) in mmHg between the control and type 2 diabetes mellitus (DM2)
groups. Differences that reached statistical significance (p < 0.05) are shown in bold.

Control Group DM2 Group
Mean SD Mean SD p
BCVA (LogMAR) 0.04 0.05 0.12 0.17 <0.001
SE (D) 0.03 1.58 0.37 1.70 0.110
AL (mm) 23.73 1.46 23.23 0.84 0.080
IOP (mmHg) 15.30 2.89 14.76 2.49 0.676

3.1. Retinal and Choroidal Thickness Assessment

Looking for RT changes, statistically significant differences were found in the TE area,
with thicker thickness in the DM2 group (260.70 £ 19.22 um vs. 271.90 £ 37.61 um with
p = 0.010, in the control and DM2 groups, respectively). We observed greater variation in
RT among the DM2 group, which had a higher SD. No statistically significant differences
were found between the DM2 group and the control group in any of the nine ETDRS areas
for CT. The values are presented in Figure 2.

CONTROL DM2 CONTROL VS DM2
(Media +SD) (Media * SD) (p)

266.55

+15.02

308.06 309.33
+40.80

< +17.55
< 260.70 [299.73 308.18| 280.27 271.90 255.65)302.10) 275.88
E +19.22 |+16.67 +19.04) 137.61 $61.00) +52.87| +47.02
o 306.10 305.69

+19.74 +61.47

259.49 263.81

+17.08 +54.09

265 2

+78.62 -

231.87 238.80
o 20630 [ 222.26(230.98\215.30| 17020 218.65 [ 9358524231 224.26| 18231
o) 47196 \+8137 5582/ +80.46 :31.88 +72.22 | 478338420 / +86.41| 283.11
I 224.80 221.65
(@] +8761 +80.35

208.87 205.83

18172 +73.56

Figure 2. Cont.
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Figure 2. Mean and standard deviation (SD) of retinal and choroidal thicknesses measured us-
ing DRI-Triton SS-OCT in patients with type 2 diabetes mellitus (DM2) and in healthy controls
and their comparison (p-value): (A) The measurements are represented in the nine areas of
the early treatment diabetic retinopathy study (ETDRS) grid. The left quadrants represent the
temporal quadrants, and the right quadrants represent the nasal quadrants. Differences that
reached statistical significance (p < 0.05) are shown in red with a grey background. (B) Reti-
nal and choroidal thicknesses are represented in a bar chart. Statistically significant differences
(p < 0.05) are marked with (*).

3.2. Retinal and Choroidal Thickness Correlations

We used Spearman’s rank correlation coefficient test to correlate RT and CT with age,
DM evolution time, and HbAlc levels (%) in all of the ETDRS areas (Figure 3). Studying
the correlation between age and RT, a negative significant correlation (p < 0.05) was found
in the four areas of the outer ETDRS ring, and a positive significant correlation (R = 0.327;
p = 0.018) was found in the central ring. According to age and CT, there was a significant
negative correlation (p < 0.05) in all of the ETDRS areas except in the Il area (R = —0.264;
p = 0.056). No significant correlations were found regarding the time of DM evolution and
HbAlc for either RT or CT.

AGE TIME EVOLUTION DM HbAlc (%)

Correlation coefficient (p)

Correlation coefficient (p)

-0.381**
(0.005)

Correlation coefficient (p)

0.105
(0.458)
0.068

-0.040

<Z( (©0.770) (0:630) (0.780)
— -0.293* 0.066 (0.327%\ 0.132 0.075 f0.036Y 0.111 0.085 -0.129 /5 178" 0.045
= | (0:035) | (0.644)\(0:028)) (0.349) ) (0.026) (0.343) | (0.597)\(0.802)) (0.434) | (0.551) (0.442) | (0.362)\0.208) (0.753)
E 0.006 0122 0.022

(0.968) (0.390) (0.878)

-0.378** 0.096 0.156

(0.006) (0.499) (0.270)
o I 0.106 I l l
6 (0.446)
o 0.094 0.046\-0.039 0.091 (0.161
o (0.498) (0739)(0.780)] (0.982) (0.646) \(0.511)\(0245)
-
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0.060 0.245
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Figure 3. Correlation coefficients and statistical significance (p-value) of retinal and choroidal thick-
nesses with age, time of DM evolution, and glycosylated hemoglobin (HbA1lc) levels (%) in DM2 pa-
tients. They are represented in the nine areas of the early treatment diabetic retinopathy study (ETDRS)
grid. The left areas represent the temporal quadrants, and the right areas represent the nasal quad-
rants, as if a right eye was represented. The values that reached statistical significance (p < 0.05) are
shown in red with a grey background and marked with (*) when p < 0.05 and with (**) when p < 0.01.
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We also found negative significant correlations between RT and CT in TI (p = 0.028), C
(p =0.039), and NI (p = 0.003) areas in the DM2 group; in these areas, any increase in total
RT was associated with a decreased CT (Figure 4).
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Figure 4. (A) Correlation coefficients and statistical significance (p-value) between choroidal thickness
and retinal thickness in DM2 patients in the nine areas of the early treatment diabetic retinopathy
study (ETDRS) grid. Left areas represent the temporal quadrants, and right areas represent the nasal
quadrants, as if the figure represents a right eye. The values that reached statistical significance
(p < 0.05) are shown in red with a purple background and marked with (*). (B) Scatter plot with
regression lines correlating retinal and choroidal thicknesses in temporal internal (TI), central (C),
and nasal internal (NI) areas.

4. Discussion

Retinal and choroidal layers undergo changes due to DM progression, especially in
those patients with poor glycemic control and with longer evolution times. In addition to
retinal and choroidal changes, there are many other ophthalmic manifestations associated
with disease evolution, such as a diminution of BCVA as pathology progresses [17,18],
an increased risk of cataract development [19], corneal changes such as corneal epithelial
erosions, corneal endothelial cell damage, or endothelial decompensation with bullous
keratopathy [20,21]. In addition, DM may be a risk factor for dry eye syndrome, with a
disruption of the Meibomian gland function and other ocular surface manifestations [20,22].
Functional changes in diabetes related to neurodegeneration have also been found, such as
alterations in color perception, reduction in contrast sensitivity (CS), and diminished dark
adaptation, as DM progresses and is associated with diabetic neuropathy [23-25].

In our study, we analyzed a group of DM2 patients with moderate DR (level 43 on the
ETDRS scale) without any sign of DME to evaluate changes in their RT and CT. The study
was designed so that the groups were similar in terms of variables that could modify the
results, in special CT, such as sex, age, or AL, and we included patients with IOP within
the normal range, excluding glaucomatous patients.

Statistically significant differences were found in the 100% contrast BCVA measure-
ment between the DM2 group and the control group (p < 0.001), with lower VA in the
DM2 group (0.10 &= 0.12 LogMAR in the DM2 group vs. 0.04 £ 0.05 LogMAR in the control
group); although, no sign of DME was observed. Authors such as Tiepei et al. [26] and
Kim et al. [17] have found similar BCVA results (0.10 & 0.19 LogMAR and 0.10 £ 0.13 Log-
MAR, respectively) studying DM2 patients, but they found no differences from their control
groups. Wang et al. [18], in 2019, also found lower BCVA in DM2 patients than in the control
group, which was even lower with the progression of DR. Lee et al. [27] studied three dif-
ferent groups, including a control group, DM1 group, and DM2 group. The authors found
differences between all of them (p = 0.027), but these differences disappeared in post hoc
analyses (control vs. DM1 group, p = 0.056; control vs. DM2 group, p = 0.088; DM1 group
vs. DM2 group, p = 1). BCVA decreases with disease evolution time, probably due to the
retinal neurodegeneration theory, which generates worse generalized visual function [28].
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In our study, we did not find differences in RT between the DM2 group and the control
group except in the TE sector (260.70 £ 19.22 pm in the control group vs. 271.90 & 37.61 pm
in DM2 patients, p = 0.010). We observed that there was greater variability in the RT
measurements of the DM2 group, with a higher SD in the nine ETDRS areas than in the
control group. Jiang et al. [29] also found differences in the TE sector between healthy
subjects and DM2 without DR (326.0 £ 14.4 um vs. 319.9 &£ 16.7 um with p = 0.01, in the
control and DM2 groups, respectively); they found differences in other sectors, including
the TT area (p = 0.02) and the C sector (p = 0.04), with RT being thicker in the control group.
Other authors have found an increase in RT in DM patients, such as Orduna et al. [11],
who found a thicker RT in the DM1 group (253.11 £ 28.36 um vs. 239.77 £ 22.91 pym,
DM1 vs. control; p = 0.014). In addition, Lattanzio et al. found similar results, with an
increase in thickness measured by OCT in both DM1 and DM2 patients, being even thicker
as DR progresses [30].

Studying CT, no statistically significant differences were found between groups in
any of the nine ETDRS areas, but we can appreciate that CT is thicker in the DM2 group.
Authors such as Orduna et al. [4] have also studied CT in DM1 patients with no DR
and healthy subjects and found differences in some of the areas, including C (p = 0.025),
SE (p = 0.040), IE (p = 0.036), SI (p = 0.014), and II (p = 0.016), with a thicker CT in the
DM1 group. Wang et al. [31] found that CT increased in the early DR stage and further
decreased with DR progression, especially in proliferative severe DR. Lains et al. [32] also
found a thicker CT in DM2 patients in the early stages of DR than in the control group,
and they found that CT decreased in advanced stages of DR. Horvath et al. [33] also found
a thinner choroid in patients with proliferative DR, suggesting that DM itself and DR
progression significantly affect CT. In 2018, Abadia et al. [5] also found that DM2 patients
presented a thinner CT than healthy participants.

We found a significant negative correlation between RT and the age of DM2 patients in
the external ETDRS ring; older patients showed a decrease in their RT. On the other hand,
we found a significant positive correlation between RT and the age of DM2 patients in the
C ETDRS area, which increased with age. Looking for correlations with CT and age, we
found a significant negative correlation between them; as age increases, CT decreases in all
of the ETDRS areas except in II, where there was also a negative correlation close to being
significant (—0.264; p = 0.056). Other authors, such as Abbey et al. [34], have studied the
correlation between CT and age in a healthy group, finding a strong negative correlation
between CT and age (p <0.001) in a group of patients between 22 and 89 years old.

A negative correlation was also found between RT and CT in the TE area (—0.305;
p =0.028), the C area (—0.287; p = 0.039), and the NI area (—0.405; p = 0.003), suggesting
that if the retina increases its thickness, CT diminishes. There are studies, both clinical and
experimental, as well as histopathological, which suggest a relationship between choroidal
involvement and DR progression. Choroidal abnormalities have been described in DM,
including the presence of microaneurysms, dilatations, closures, or capillary modification
at the choriocapillaris level with increased vascular tortuosity, capillary loss, areas of non-
perfusion, and choroidal neovascularization [17,35-37]. In diabetic patients with different
degrees of DR, studies have shown a thinning in CT in subjects with proliferative DR or
DME and fewer changes in nonproliferative DR stages or in the absence of DR signs. Alter-
ation in the retinal vascular integrity, breakage of the blood-retinal barrier, or hemodynamic
anomalies cause changes in CT in murine DM rodents [38,39]. The relationship between
DR and diabetic choroidopathy is not clearly defined [40]. However, it is well known that
the choroid supplies oxygen and nutrients to the outer retina, and any change or damage
in its structure or a diminution in its vascularization could affect RT, causing hypoxia with
the onset of retinal lesions or progression of existing DR to DME. However, it is not well
known whether CT decrease occurs prior to the appearance of DR signs or whether DR
lesions are associated with reduced CT.

Future prospective and longitudinal studies will be required to confirm these findings
with a larger sample of diabetic patients, with different DR stages and with both DM1 and
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DM2, since they can behave in a different manner related to age, time of DM evolution,
and other factors. Therefore, understanding the retina—choroid interactions as diabetes
progresses and the physiopathological mechanisms involved in DR progression could help
to optimize the management of this disease with adapted interventions depending on the
degree or DR course.

5. Conclusions

In conclusion, DM2 patients with moderate DR have no changes with regard to CT.
CT and RT decrease with age in DM2 patients and show a negative correlation between
them in the central and horizontal parafoveal areas of the ETDRS grid, thereby indicating
the thinning of CT and the thickening of RT.
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