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PURPOSE. Diabetic retinopathy (DR) is usually diagnosed many years after diabetes onset.
Indeed, an early diagnosis of DR remains a notable challenge, and, thus, developing
novel approaches for earlier disease detection is of utmost importance. We aim to explore
the potential of texture analysis of optical coherence tomography (OCT) retinal images
in detecting retinal changes in streptozotocin (STZ)-induced diabetic animals at “silent”
disease stages when early retinal molecular and cellular changes that cannot be clinically
detectable are already occurring.

METHODS. Volume OCT scans and electroretinograms were acquired before and 1, 2, and
4 weeks after diabetes induction. Automated OCT image segmentation was performed,
followed by retinal thickness and texture analysis. Blood-retinal barrier breakdown, glial
reactivity, and neuroinflammation were also assessed.

RESULTS. Type 1 diabetes induced significant early changes in several texture metrics. At
week 4 of diabetes, autocorrelation, correlation, homogeneity, information measure of
correlation II (IMCII), inverse difference moment normalized (IDN), inverse difference
normalized (INN), and sum average texture metrics decreased in all retinal layers. Simi-
lar effects were observed for correlation, homogeneity, IMCII, IDN, and INN at week 2.
Moreover, the values of those seven-texture metrics described above decreased through-
out the disease progression. In diabetic animals, subtle retinal thinning and impaired
retinal function were detected, as well as an increase in the number of Iba1-positive cells
(microglia/macrophages) and a subtle decrease in the tight junction protein immunore-
activity, which did not induce any physiologically relevant effect on the blood-retinal
barrier.

CONCLUSIONS. The effects of diabetes on the retina can be spotted through retinal texture
analysis in the early stages of the disease. Changes in retinal texture are concomitant
with biological retinal changes, thus unlocking the potential of texture analysis for the
early diagnosis of DR. However, this requires to be proven in clinical studies.

Keywords: diabetic retinopathy (DR), early biomarkers, optical coherence tomography
(OCT), texture analysis
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Diabetic retinopathy (DR) is one of the most frequent
complications of diabetes mellitus (DM) and remains

the primary cause of vision loss in working-age adults.1 In
the last 2 decades, knowledge gathered from basic and clini-
cal research has changed our perspective on DR pathophys-
iology. The disease is increasingly recognized as a neurovas-
cular disease, affecting both retinal microvasculature and
neural cells, and as a low-grade chronic neuroinflammatory
disease.2–5 Despite advances in DR screening and treatment,
the diagnostic resources currently available in clinical prac-
tice (color fundus retinal photography, ultra-widefield color
fundus retinal photography, fluorescein angiography, ultra-
widefield fluorescein angiography, optical coherence tomog-
raphy (OCT), and angio-OCT) are not sensitive enough to
detect early molecular and cellular changes in the retina.
Early diagnosis of DR remains a major challenge due to
the large time gap between diabetes onset and the detec-
tion of the first clinical signs of DR,6 which is usually diag-
nosed when irreversible changes have already occurred in
the retina. Therefore, identifying strategies for an earlier
diagnosis is of utmost importance and useful for the timely
recognition and management of high-risk individuals, allow-
ing for closer follow-up and personalized screening.

The advent of OCT was a breakthrough in the field
of ophthalmology, providing noninvasive, rapid, high-
resolution, and real-time cross-sectional imaging of the
retina.7,8 In addition to its conventional use to assess
changes in retinal morphology and thickness, several
research groups have been presenting new applications of
OCT to extract more in-depth information,9–14 including our
group.15–21 Moreover, our team’s work also involved the
development of a new methodology based on texture anal-
ysis of OCT data.22–25 As a proof of concept, we carried
out a preclinical study with a transgenic mouse model of
Alzheimer’s disease and the corresponding wild-type mice.
We were able to identify significant differences in the retinal
texture at early stages of the pathology, as well as differences
throughout the disease’s progression.22 This methodology
was also applied in a clinical study in which it was possi-
ble, using classification models, to discriminate between
patients diagnosed with Alzheimer’s or Parkinson’s disease
and healthy controls.23 These findings opened new avenues
for identifying biomarkers, not only for brain neurodegen-
erative diseases but also for retinal degenerative diseases,
based on OCT retinal texture.

In the present study, texture analysis was applied for the
first time in the context of DR to assess early changes in
retinal texture, potentially at disease stages that would not
be clinically detectable, and to evaluate how retinal texture
changes throughout the disease. Moreover, this study also
sought to evaluate whether the changes in retinal texture
were concomitant, or not, with molecular, cellular, vascu-
lar, and physiological alterations in the retina. Therefore,
the main goal of this research study was to provide strong
evidence for developing a texture-based approach capable
of identifying retinal texture changes at very early “silent”
disease stages when early molecular and cellular retinal
changes that are not clinically detectable are already occur-
ring. For this purpose, we carried out a longitudinal study
using a widespread model of experimental type 1 diabetes,
streptozotocin (STZ)-induced diabetes in Wistar Han rats
(male and female rats), in which OCT acquisitions, elec-
troretinography (ERG), and molecular, cellular, and vascular
studies were performed. The gray-level co-occurrence matrix
(GLCM) provides a statistical distribution of gray levels in an

image and was used in this work to assess texture from OCT-
derived images of rat retinas.

Animal models are fundamental for studying the retina
because they allow the assessment of biological parame-
ters that cannot be assessed in humans, thus providing
an indispensable tool for better understanding the patho-
physiology of retinal diseases and for the development
of new therapies and diagnostic strategies for eye disor-
ders. Although there are no animal models of diabetes
that completely recapitulate all characteristics of human DR,
studies conducted with the animal model used in this study
(STZ-induced diabetic rats) reported multiple DR features,
such as damaged/decreased pericytes and endothelial cells,
increased acellular capillaries, basement membrane thick-
ening, blood-retinal barrier breakdown, and loss of retinal
ganglion cells.26–29

The use of an animal model in this study was crucial
to clarify whether the potential changes in retinal texture
are concomitant, or not, with subtle molecular and cellu-
lar alterations in the retina that have been linked to DR.
Moreover, strong evidence from basic and clinical research
indicates the involvement of a neurodegenerative compo-
nent in the early stages of DR, which suggest the occurrence
of these alterations before the clinical detection of vascular
changes.30–33 Thus, using an animal model enabled us to
assess DR-related biological (molecular and cellular) alter-
ations at (very) early, “silent” stages of the disease, which
would be impossible to assess in humans with the diagnostic
resources that are currently used in clinical practice, because
they are not sensitive enough to detect such early biological
alterations.

Because multiple molecular and cellular biological
changes are occurring simultaneously in the diabetic retina,
we cannot directly associate the changes in retinal texture to
a specific biological alteration. However, biological changes
in the retina as a whole may lead to changes in the structural
arrangement of the retina, hence in retinal texture, which
may then reflect aspects of the disease’s pathophysiology
and serve as an indicator of a pathogenic process. Accord-
ingly, the present study hypothesizes that texture analysis
may be a reliable method for detecting retinal changes at
very early “silent” stages of DR.

MATERIALS AND METHODS

Animal Model and Ethics

All procedures involving animals were conducted in accor-
dance with the European Community directive guide-
lines (2010/63/EU) for the use of experimental animals,
transposed to the Portuguese law in 2013 (Decreto-lei
113/2023), and were approved by the Animal Welfare
Committee of the Coimbra Institute for Clinical and Biomed-
ical Research (iCBR), Faculty of Medicine, University of
Coimbra (ORBEA 02/2021), followed by the approval of
the Direção Geral de Alimentação e Veterinária (DGAV –
approval no. 0421/000/000/2021). Animal experimentation
was also adhered according to the Association for Research
in Vision and Ophthalmology (ARVO) Statement for the Use
of Animals in Ophthalmic and Vision Research.

Male and female Wistar Han rats (Charles River Labora-
tories, Lyon, France), aged 10 weeks, were housed in certi-
fied facilities (2 animals per cage), with a temperature- and
humidity-controlled environment, maintained under a 12-
hour light/12-hour dark cycle, with ad libitum access to
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water and food. Animals were randomly assigned to the
control (Ctrl) and diabetic (T1D) groups. Type 1 diabetes
was induced by an intraperitoneal (IP) injection of STZ (65
mg/kg in 10 mM sodium citrate buffer, pH 4.5) in fasting (6
hours) rats. Hyperglycemic status (glycaemia > 200 mg/dL)
was confirmed 1 week later (Supplementary Fig. S1A). Infor-
mation about the metabolic parameters monitored can be
found in the Supplementary Materials.

OCT Data Acquisition

Retinas from the right eye of 44 control and 40 diabetic
animals were imaged just before STZ injection (week 0) and
1, 2, and 4 weeks after diabetes onset (see the Supplemen-
tary Materials for details regarding the animal preparation).
Retinal OCT volumes were acquired using the Micron IV
OCT System (Phoenix Technology Group, Pleasanton, CA,
USA), consisting of 512 B-scans each (composed of 512
A-scans of 1024 pixels in length), imaged at a predefined
retinal region (horizontally aligned with the optic disc and
vertically above it). B-scans were saved as non-compressed
TIFF image files. The same operator performed all OCT data
acquisitions. A large number of animals was used to obtain
reliable results in the texture analysis. However, in the other
experiments, retinal samples from the same animal were
used to assess different parameters in order to minimize the
number of animals used.

Automatic Retinal Segmentation

The segmentation of the retinal layers was achieved using
a fully convolutional neural network, based on the ResNet
architecture.34,35 The network is composed of nine residual
blocks organized in three stages (with 32, 64, and 128 filters,
and strides of [2, 1], [2, 1], and [1, 1]). Each residual block
contains three convolutional layers, each with ReLU activa-
tion and batch normalization. The skip-through connection
bypasses the convolutional layers, enhancing the learning
capacity by maintaining gradient flow. Additionally, max-
pooling layers are incorporated to progressively reduce the
spatial dimensions of the feature maps. A custom loss func-
tion was used, combining an accuracy measure and the
mean absolute error. The accuracy component is calculated
as the proportion of predictions within a specified thresh-
old distance from the ground truth. The model was trained
using the Adam optimizer with a learning rate of 0.001.

A total of six layers/layer-aggregate of the neuroretina
were segmented: the retinal nerve fiber layer and ganglion
cell layer complex (NFL-GCL), the inner plexiform layer
(IPL), the inner nuclear layer (INL), the outer plexi-
form layer (OPL), the outer nuclear layer (ONL), and the
inner/outer photoreceptor segments (IS/OS). The segmen-
tation of the entire volume was achieved by combining the
512 segmented B-scans. The quality of the segmentation was
evaluated by an expert (author S.O.) in a masked fashion.

Retinal Thickness

Retinal thickness maps were computed from the volumetric
segmentation. The thickness of each retinal layer/conjugate,
as well as the thickness of the entire retina, were calculated
as the average distance between the respective segmented
boundaries. Average thickness values per layer/conjugate
and total retinal thickness were determined by averaging the
512 × 512 values, with one measurement per A-scan.

Texture Analysis

Projection mean-value fundus (MVF) images17 were
computed for each retinal layer. These are 2-dimensional
(2D) images computed from volume OCT data, allowing
us to project the 3D information of each layer onto a 2D
plane, in which each pixel’s value is the average of each
A-scan values within the boundaries of the layer of interest,
mimicking a fundus photograph taken at the layer of inter-
est. After generating 20 × 20-pixel blocks cropped from the
MVF images, the GLCM was applied. The GLCM is a popular
method for texture-related feature extraction and is defined
as a 2D histogram by which the probability of finding
a transition from gray-level A to gray-level B along an
established direction and an established distance (typically
the next pixel, the distance of one pixel) is computed. How
frequently the possible different transitions occur conveys
information on the texture of the image being analyzed. In
total, GLCM was computed for each of the 24 × 24 blocks
per image, covering an area of 480 × 480 pixels centered
on the projection images. A diagram showing the texture
analysis workflow is provided in Supplementary Materials
(Supplementary Fig. S2).

GLCM was computed at four direction angles (0, 45,
90, and 135 degrees) using a one-pixel scale consider-
ing symmetry (i.e. at 180 degrees apart, the angles are
considered the same). For each resulting GLCM, 20 features
were extracted (Supplementary Table S1), specifically: the
inverse difference moment/energy, contrast/inertia, correla-
tion, angular second moment/uniformity/homogeneity, sum
average, sum of squares, sum variance, sum entropy, differ-
ence variance, difference entropy, information measure of
correlation I (IMCI), information measure of correlation II
(IMCII), and entropy were computed, as described by Haral-
ick et al.36; autocorrelation and maximum probability, as
described by Haralick et al.37; cluster prominence and clus-
ter shade, as described by Conners et al.38; inverse difference
normalized (INN) and inverse difference moment normal-
ized (IDN), as described by Clausi et al.39; and dissimilarity,
as described by Soh et al.40

Because distinct directions for the transitions between
gray-level intensities can be used and texture metrics were
computed in all possible directions, the maximum feature
value across the four directions averaged for all the blocks
was considered. This resulted in a total of 20 features per
layer.

Electroretinography

Electroretinograms were recorded before STZ injection
(week 0) and 1, 2, and 4 weeks after diabetes onset. The
scotopic threshold response (STR) was first recorded by
stimulating both eyes with a 0.000095 cd·s/m2 light stim-
ulus, followed by the stimulation with light flashes rang-
ing from 0.0095 to 9.49 cd·s/m2 to register the scotopic
and photopic luminance responses. For the photopic flicker
response, white light flashes (0.95, 3, and 9.49 cd·s/m2) were
delivered 10 times at 6.3 Hz. See the Supplementary Materi-
als for details.

Immunofluorescence

Retinal Wholemounts. After euthanizing the animals
by cervical dislocation while they were under anesthesia, the
retinas were dissected and immunostained with claudin-5,
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TABLE 1. List of Antibodies Used for Immunofluorescence of Retinal Wholemounts

Antibody Dilution Company Catalog Number

Mouse anti-occludin 1:100 Invitrogen 33–1500
Rabbit anti-claudin-5 1:100 Invitrogen 34–1600
Rabbit anti-ZO-1 1:100 Invitrogen 40–2200
Alexa Fluor 488 Goat Anti-Rabbit 1:200 Invitrogen A-11008
Alexa Fluor 568 Goat Anti-Mouse 1:200 Invitrogen A-11004

TABLE 2. List of Antibodies Used for Immunofluorescence of Retinal Sections

Antibody Dilution Company Catalog Number

Rabbit anti-Iba1 1:1,000 Wako 019-19741
Mouse anti-MHC class II (OX-6) 1:200 Bio-Rad MCA46A647
Chicken anti-GFAP 1:500 Millipore AB5541
Rabbit anti-vimentin 1:500 Abcam ab92547
Alexa Fluor 488 goat anti-rabbit 1:200 Invitrogen A-11008
Alexa Fluor 568 goat anti-chicken 1:200 Invitrogen A-11041
Alexa Fluor 568 goat anti-mouse 1:200 Invitrogen A-11004

TABLE 3. List of Antibodies Used for Western Blot

Antibody Dilution Company Catalog Number

Rabbit anti-occludin 1:200 Invitrogen 71–1500
Rabbit anti-claudin-5 1:200 Invitrogen 34–1600
Rabbit anti-ZO-1 1:200 Invitrogen 40–2200
Rabbit anti-IL-1β 1:200 Abcam ab9722
Rabbit anti-TNF 1:200 Abcam ab66579
Goat anti-calnexin 1:1,000 Sicgen AB0041-500
HRP goat anti-rabbit 1:10,000 Bio-Rad 1706515
HRP rabbit anti-goat 1:10,000 Invitrogen 61–1620

occludin, and zonula occludens-1 (ZO-1; Table 1). Detailed
information on the immunofluorescence protocol and image
analysis can be found in the Supplementary Material.

Retinal Cryosections. Retinal sections (14-μm thick)
were immunostained with Iba1, OX-6/MHC II, glial fibrillary
acidic protein (GFAP), and vimentin antibodies (Table 2),
following the protocol and analysis described in the Supple-
mentary Material.

Evans Blue Assay

Retinal vascular leakage was qualitatively assessed using the
Evans blue dye, which binds irreversibly to serum albumin
(see the Supplementary Material for information regarding
the Evans blue methodology).

Western Blot

The expression levels of the proteins claudin-5, occludin,
ZO-1, interleukin-1 beta (IL-1β), and tumor necrosis factor
(TNF; Table 3) were assessed by Western blot in reti-
nal homogenates. Detailed information is described in the
Supplementary Material.

Enzyme-Linked Immunosorbent Assay

To prepare tissue homogenates, one retina from each eye
was homogenized in lysis buffer (20 mM imidazole HCl, 100
mM KCl, 1 mM MgCl2, 1% [vol./vol.] Triton X-100, 1 mM
EGTA, 1 mM EDTA, 10 mM NaF, 1 mM Na3VO4 [activated]

supplemented with complete miniprotease inhibitor cocktail
tablets). Rat IL-1β and TNF enzyme-linked immunosorbent
assay (ELISA) kits (#RAB0478 and #RAB0480; Sigma-Aldrich,
St. Louis, MO, USA) were used to measure the levels of IL-1β
and TNF in retinal homogenates, respectively, following the
manufacturer’s instruction (see the Supplementary Material
for more details).

Statistical Analysis

Statistical analysis was performed using SPSS (version 27;
IBM Corp., Armonk, NY, USA). The ANCOVA test was used to
assess differences between groups for each individual time
point of the study (weeks 1, 2, and 4) after adjusting for
the baseline (week 0), which was used as a quantitative
covariate. Additionally, repeated measures 2-way ANOVA
was performed to test the effect of diabetes over time during
the study period (the control group was also analyzed to
check for any potential bias in the conclusions). Results
from metabolic parameters, Western blot, and immunoflu-
orescence were analyzed using unpaired Student’s t-test,
or by Mann-Whitney test in datasets that did not present
a Gaussian distribution, which was assessed with Shapiro-
Wilk normality test. We considered a statistical significance
of 5%. All results are presented as mean ± SEM, except
for the graphs of the retinal texture, in which the results
are expressed by box plots showing the median (horizon-
tal line), 25th and 75th percentiles (box), and minimum and
maximum (error bars).

RESULTS

Type 1 Diabetes Significantly Impacts Retinal
Texture Early After Disease Onset

According to data previously published by members of
our team, changes in retinal texture have been suggested
as an early diagnosis biomarker for brain and eye disor-
ders.22,23 In this context, this study sought to identify reti-
nal texture metrics for the early detection of DR, provid-
ing evidence for applying this methodology. Several GLCM-
based texture parameters were significantly affected in
diabetic rats, compared to the respective control animals.
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Four weeks after diabetes onset, all retinal layers presented
a decrease in autocorrelation (Fig. 1A(1–6)), correlation
(Fig. 1B(1–6)), homogeneity (Fig. 1C(1–6)), IMCII (Fig. 1D(1–
6)), IDN (Fig. 1E(1–6)), INN (Fig. 1F(1–6)), and sum aver-
age (Fig. 1G(1–6)). Similar effects in all retinal layers were
observed for correlation, homogeneity, IMCII, IDN, and INN
at week 2. Additionally, autocorrelation and sum average
also showed a decrease at 2 weeks of diabetes in the INL
(see Fig. 1A(3), 1G(3)), ONL (see Fig. 1A(5), 1G(5)), and
IS/OS (see Fig. 1A(6), 1G(6)). One week after inducing
diabetes, no changes were observed in most of the metrics
assessed for almost all retinal layers, apart from a few excep-
tions. Indeed, ONL texture experienced an increase at week
1 in correlation, homogeneity, IMCII, IDN, and INN texture
metrics (see Fig. 1B(5), 1C(5), 1D(5), 1E(5), 1F(5)). Although
these early changes in retinal texture were subtle, they were
statistically significant, suggesting that texture analysis has
the potential to detect early retinal changes. The mean values
± SEM and the corresponding significance P values are
provided in Supplementary Table S2.

Type 1 Diabetes Progression Enhances Changes
in Texture

The impact of diabetes duration on texture parameters was
also investigated (Table 4). Overall, the diabetic animals
showed a weekly reduction in the texture metrics through-
out the experimental period. Although no differences were
found in any texture parameter from week 0 to week 1,
significant changes were observed at week 2 compared
with the earlier weeks (0 and/or 1), specifically in the
texture metrics correlation, homogeneity, IMCII, IDN, and
INN, in all retinal layers, with the exception for the NFL-GCL
regarding the metrics correlation, IMCII, and IDN. Statisti-
cal differences in diabetic animals were also found at week
2 compared with weeks 0 and/or 1 in autocorrelation and
sum average, but only in NFL-GCL and IS/OS retinal layers.
Comparing week 4 to week 2, the autocorrelation and sum
average texture metrics presented a decrease in the NFL-
GCL, IPL, and OPL, whereas reductions in homogeneity,
IDN, and INN were observed exclusively in the NFL-GCL.
The mean values ± SEM are provided in Supplementary
Table S3. To check for potential bias in the conclusions,
a similar analysis of the time effect was also carried out
on control animals; however, no consistent effects were
observed (Supplementary Tables S4, S5).

Given the marked changes in retinal texture observed
in diabetic animals, which became more significant with
the duration of diabetes, we sought to evaluate struc-
tural, functional, molecular, and cellular changes associ-
ated with the pathophysiology of DR in order to deter-
mine whether changes in retinal texture might be concomi-
tant with disease-related alterations, even if not directly
attributed to texture itself.

Type 1 Diabetes Induces Retinal Thinning

OCT images were also used to assess the thickness of several
retinal layers (NFL-GCL, IPL, INL, OPL, ONL, and IS/OS) as
well as the total retinal thickness (Figs. 2A–H). Subtle reti-
nal thinning was found in diabetic rats since the first week,
specifically in IPL (2.59%, 2.80%, and 2.93% at weeks 1, 2,
and 4, respectively, P < 0.001; see Fig. 2B), INL (3.81%,
4.21%, and 1.91% at weeks 1, 2, and 4, respectively, P <

0.001; see Fig. 2C), and IS/OS (2.91%, P = 0.004, 4.98%, P

< 0.001, and 2.64%, P = 0.004 at weeks 1, 2, and 4, respec-
tively; see Fig. 2F), compared to the control animals. Regard-
ing the total retinal thickness (see Fig. 2G), a significant
thinning was observed in diabetic rats at weeks 1, 2, and 4
(1.84%, 2.43%, and 1.58% decrease, respectively, P < 0.001),
compared to aged-matched controls.

Type 1 Diabetes Affects Retinal Function Under
Scotopic Conditions

The impact of diabetes on retinal physiological activity was
assessed by ERG, a procedure that measures the electrical
response to light flashes. In diabetic rats, the positive STR
(pSTR) amplitude markedly decreased at weeks 2 and 4
(Ctrl; N = 25: 51.5 ± 5.8 μV and 48.9 ± 5.6 μV vs. T1D;
N = 25: 32.1 ± 3.8 μV [P = 0.023] and 29.4 ± 3.1 μV [P
= 0.013], respectively; Fig. 3A), whereas the negative STR
(nSTR) amplitude was significantly reduced only at week 1
(Ctrl; N = 25: 70.3 ± 7.5 μV vs. T1D; N = 25: 39.9 ± 2.7
μV, P = 0.038; Fig. 3C). Moreover, STZ-induced diabetic rats
displayed a significant delay in the a-wave response from
the first week of diabetes onward (Figs. 3M–P), as reflected
by increased area under the curve (AUC) values (Ctrl; N =
25: 111.2 ± 0.9, 112.5 ± 0.9, and 114.7 ± 1.0 vs. T1D; N
= 25: 116.3 ± 1.2 [P < 0.001], 117.8 ± 1.6 [P = 0.008],
and 122.0 ± 1.4 [P < 0.001] at weeks 1, 2, and 4, respec-
tively; see Fig. 3P). The b-wave latency remained unchanged
(Figs. 3Q–T).

Regarding the scotopic oscillatory potentials (OPs),
increased latencies were noted in OP1 at weeks 1, 2, and
4 in response to 3 cd·s/m2 (Ctrl; N = 25: 15.4 ± 0.2 ms,
15.5 ± 0.2 ms, and 15.7 ± 0.1 ms vs. T1D; N = 25: 16.0 ±
0.2 ms [P = 0.014], 16.3 ± 0.2 ms [P = 0.004], and 16.8 ±
0.2 ms [P < 0.001]; Fig. 4C) and 9.49 cd·s/m2 light stimuli
(Ctrl; N = 25: 14.9 ± 0.1 ms, 14.9 ± 0.1 ms, and 15.2 ±
0.2 ms vs. T1D; N = 25: 15.4 ± 0.2 ms [P = 0.043], 15.7 ±
0.2 ms [P < 0.001], and 15.9 ± 0.2 ms [P = 0.006], respec-
tively; Fig. 4D). This delay was consistent in OP2, OP3, and
OP4 from the first week of diabetes onward, under light
stimuli of 3 cd·s/m2 (Figs. 4G, 4K, 4O, respectively) and 9.49
cd·s/m2 (Figs. 4H, 4L, 4P, respectively).

Type 1 Diabetes Induces Subtle Changes in the
Tight Junction Proteins, Without Effect on the
Blood-Retinal Barrier Permeability

To investigate the effect of diabetes on tight junction
proteins, the immunoreactivity and the content of claudin-5,
occludin, and ZO-1 proteins were evaluated in retinal whole-
mounts and homogenates by immunofluorescence andWest-
ern blot, respectively. In diabetic animals, compared to
the respective controls, a qualitative analysis of the retinal
wholemounts revealed a decrease in claudin-5 immunore-
activity in the deep capillary plexus (DCP) at weeks 2
and 4 (Fig. 5A) and in the smaller vessels of the superfi-
cial vascular plexus (SVP) at week 4 (Supplementary Fig.
S4). Consistently, significantly lower claudin-5 protein levels
were detected in total retinal extracts at week 4 (5.61%
decrease; P = 0.050; Fig. 5E). Occludin immunoreactivity
also decreased in the DCP of diabetic animals at week 4
(Fig. 5B), although no differences in its protein content were
observed (Fig. 5F). Regarding ZO-1, diabetic animals showed
a slight tendency toward a decrease in the SVP at week
4 (Fig. 5C), compared to the respective controls, without
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FIGURE 1. Early changes triggered by diabetes in retinal texture extracted from OCT retinal images. Diabetic Wistar rats (induced by 65
mg/kg STZ, IP; T1D group; N = 40), presented changes in several GLCM-based textural parameters extracted from OCT retinal images in all
retinal layers, compared with age-matched controls (Ctrl group; N = 44), as follows: (A1-A6) autocorrelation; (B1–B6) correlation; (C1–C6)
homogeneity; (D1–D6) information measure of correlation II (IMCII); (E1–E6) inverse difference moment normalized (IDN); (F1–F6) inverse
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difference normalized (INN); (G1–G6) sum average. The results are expressed by box plots showing the median (horizontal line), 25th and
75th percentiles (box), and minimum and maximum (error bars) for each of the six defined retinal layers (NFL-GCL, retinal nerve fiber
layer and ganglion cell layer complex; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear
layer; and IS/OS, inner/outer photoreceptor segments) per texture parameter. Statistical analysis was performed using the ANCOVA test,
considering the baseline values (week 0) as a quantitative covariate. *P ≤ 0.05, **P < 0.01, ***P < 0.001, versus the age-matched Ctrl group.
STZ, streptozotocin; GLCM, gray-level co-occurrence matrix; OCT, optical coherence tomography; T1D, type 1 diabetes.

any significant differences in the protein levels (Fig. 5G).
Despite the minor diabetes-induced changes in tight junc-
tion proteins, no vessel leakage was detected by the Evans
blue assay, after 4 weeks of diabetes, compared to the control
animals (Fig. 5D), suggesting that the blood-retinal barrier
function remained unaffected.

Type 1 Diabetes Early Increases the Cell Density
of Iba1-Positive Cells in the Retina

Much evidence suggests the involvement of neuroinflam-
mation in the pathogenesis of DR, with increased levels of
proinflammatory cytokines,28,41 along with the activation of
glial cells.42–44 In our type 1 diabetes animal model, 4 weeks
of diabetes did not result in alterations in IL-1β protein
levels (Figs. 6A, 6B), compared with age-matched controls,
as assessed by Western blot and ELISA, respectively. Simi-
larly, no changes were detected in the TNF protein content
(Fig. 6C) in retinal homogenates by Western blot. TNF levels
were also assessed by ELISA, but the protein could not
be detected. Moreover, since the first week of diabetes,
Iba1-positive cells (microglia/macrophages) significantly
increased in retinal cryosections from diabetic animals,
compared to age-matched controls (increase of 24.4%, P =
0.002, 28.9%, P = 0.008, and 25.6%, P = 0.004 at weeks 1, 2,
and 4, respectively; Figs. 6D, 6F). No OX-6/MHC II-positive
cells (reactive microglia/macrophages) were detected in the
retinas of both experimental groups (data not shown). Simi-
larly, no alterations were observed in the morphology and
activation of Müller cells (as assessed by vimentin and GFAP
immunoreactivity, respectively; Figs. 6E, 6G).

DISCUSSION

Current public health guidelines in developed countries
recommend screening patients with diabetes every 1 to
2 years, provided that blood glucose levels are under
control and there are no clinical signals of DR.45,46 Despite
the advances in the clinical management of DR, particu-
larly for the late stages, treatment success is still limited
due to delayed disease diagnosis when compared to the
diabetes onset, along with the lack of effective treat-
ments specifically targeting the early stages of DR. There-
fore, the discovery of novel diagnostic strategies target-
ing the very early detection of “silent” DR is of utmost
importance.

In the present work, carried out using an animal model
of STZ-induced type 1 diabetes, we evaluated the poten-
tial of texture analysis in assessing early changes in the
retina. Accordingly, this study sought to provide evidence
and proof of concept, as well as to lay the groundwork
for developing a texture-based approach for the early diag-
nosis of DR before retinal changes can be detected with
the diagnostic resources currently available in clinical prac-
tice (color fundus retinal photography, ultra-widefield color
fundus retinal photography, fluorescein angiography, ultra-

widefield fluorescein angiography, OCT, and angio-OCT).
Additionally, we aimed to associate the changes in retinal
texture with alterations typically linked to the pathophysiol-
ogy of DR, such as structural (layer thickness) and functional
(ERG) alterations, as well as molecular and cellular changes,
including glial and vascular alterations. Hence, using an
animal model of type 1 diabetes was crucial in this study,
enabling us to assess retinal changes at very early, “silent”
disease stages, as well as biological (molecular and cellu-
lar) parameters that cannot be assessed in vivo in humans,
because the technology currently used in the clinical diag-
nosis of DR cannot detect those molecular and cellular
alterations in the retina. Because patient data usually reflects
stages in which DR is already diagnosed, it is critical to
determine, before moving on with clinical studies, whether
texture analysis can identify retinal texture changes when
there is evidence of early and minor biological changes.
Indeed, setting up a human study just to test a potential
novel biomarker in the absence of any evidence linking reti-
nal texture changes to diabetes-related molecular and cellu-
lar alterations in the retina seems unreasonable from an ethi-
cal and clinical point of view. Nevertheless, further studies
using human OCT data are needed to verify the present
findings.

Although OCT is mainly used to visualize the retinal struc-
ture and assess its thickness, different methods for analyzing
OCT retinal images can be applied to extract more informa-
tion about the retinal status. In previous studies conducted
by some co-authors of this study, various approaches have
been developed and have yielded promising results,15,17,20

particularly in texture analysis of retinal OCT images.22–25

In the present study, a similar texture-based methodology,
adapted to the rat retina, was applied. Using this method-
ology for the first time in the context of diabetes, we were
able to identify early differences between the diabetic and
control animals in several retinal texture metrics (autocorre-
lation, correlation, homogeneity, IMCII, IDN, INN, and sum
average), with all retinal layers being significantly affected.
Moreover, the results obtained for the five most affected
texture metrics (correlation, homogeneity, IMCII, IDN, and
INN) were very consistent, meaning that retinal texture
was affected in the same retinal layers at the same weeks
after diabetes onset. Changes detected in autocorrelation
and sum average were also consistent, although these were
less pronounced compared with the other texture metrics.
In addition to comparisons between experimental groups,
the evaluation of the texture parameters over time allowed
for an in-depth analysis into the retinal texture progression
throughout the disease. Indeed, 7 texture metrics presented
a weekly reduction in diabetic animals from week 1 to week
4, in almost all retinal layers. Considering these results, our
methodology proved to be consistent in discriminating reti-
nal texture between diabetic and control animals and detect-
ing texture changes over the disease course.

The texture analysis approach applied in the present
work conveys multivariate information on the spatial distri-
bution of image intensity, providing information on subtle
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FIGURE 2. Impact of diabetes on retinal thickness. Diabetes (induced by STZ; 65 mg/kg, IP; T1D group; N = 40) induced retinal thinning
in Wistar rats compared to the age-matched controls (Ctrl group; N = 44). The retinal thickness of control and diabetic rats was assessed
in the following retinal layers: (A) retinal nerve fiber layer and ganglion cell layer complex (NFL-GCL); (B) inner plexiform layer (IPL); (C)
inner nuclear layer (INL); (D) outer plexiform layer (OPL); (E) outer nuclear layer (ONL); (F) inner/outer photoreceptor segments (IS/OS).
(G) Total retinal thickness was calculated as the sum of the six retinal layers. (H) Representative OCT images for Ctrl and T1D groups at
week 4. Scale bar = 100 μm. Results are presented as mean ± SEM. Statistical analysis was performed using the ANCOVA test, considering
the baseline values (week 0) as a quantitative covariate. *P ≤ 0.05, **P < 0.01, ***P < 0.001, versus the aged-matched Ctrl group. STZ,
streptozotocin; T1D, type 1 diabetes.

structural differences of the distinct retinal layers. Texture
analysis allows expressing subtle changes in the retina well
before these can be capture by thickness, which may explain
the methodological performance achieved in this study.
Although retinal thickness measurements detected subtle
retinal thinning since the first week of diabetes, particularly
in the inner plexiform and nuclear layers and in the photore-
ceptor segments, the remaining retinal layers showed more
discrepant results, compared to retinal texture data. Because
the retinal thickness measurements are not disease-specific
and several eye conditions can have an impact on reti-
nal thickness, the use of thickness-based methodologies in
clinical practice is limited, particularly in the early stages
of the disease. Nevertheless, assessing retinal thickness is
undoubtedly indispensable in eye care currently. In the
future, combined with other methodologies, such as texture
analysis, it could provide the required tools for an early and
accurate diagnosis of DR.

Recognizing DR as a neurovascular and a low-grade
chronic neuroinflammatory disease,2,5,47,48 we assessed
several parameters related to potential physiological, molec-
ular, and cellular changes associated with neuronal, glial,
and vascular retinal cells, as well as changes related to
neuroinflammation. This helped us understand whether the
changes detected in retinal texture in several retinal layers

could be concomitant with functional and biological retinal
changes. Regarding retinal physiology, our results showed
delayed implicit times under scotopic conditions in diabetic
animals, which is in accordance with clinical49,50 and preclin-
ical51–53 studies performed in early-stage DR. In addition,
diabetic rats also exhibited compromised responses driven
by the RGCs and cones, although these changes were
subtler. In sum, ERG results indicate that diabetic retinas
develop impaired retinal function from very early stages
upon diabetes onset, which can eventually also support the
early alterations found in the texture metrics.

Previous studies from our group reported that type 1
diabetes induces changes in retinal vascular permeability,
which was appointed to be partially promoted by alter-
ations in tight junction proteins along with an exacerba-
tion of inflammatory and oxidative processes.28,29,54,55 Simi-
lar effects were found in the current study, as evidenced
by subtle changes in the tight junction proteins immunore-
activity, which did not induce any physiologically rele-
vant effect on the blood-retinal barrier, and markers
related to the immune response, namely increased Iba1-
positive cells (microglia/macrophages). These results high-
light the assumption of an early and low-grade retinal
injury, which might somehow be reflected in the texture
analysis.
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FIGURE 3. Impact of diabetes on retinal physiology. Scotopic retinal function was affected in diabetic Wistar rats (induced by STZ; 65 mg/kg,
IP; T1D group; N = 25) early after diabetes onset, compared to the age-matched controls (Ctrl group; N = 25). The pSTR and nSTR (A, C)
amplitudes and (B, D) latencies in response to a 0.000095 cd·s/m2 light stimulus. Scotopic a-wave and b-wave amplitudes in response to
0.0095 to 9.49 cd·s/m2 light stimuli recorded at (E, I) week 1, (F, J) week 2, and (G, K) week 4. Scotopic a-wave and b-wave latencies in
response to 0.0095 to 9.45 cd·s/m2 light stimuli recorded at (M, Q) week 1, (N, R) week 2, and (O, S) week 4. Area under the curve (AUC)
of scotopic a-wave and b-wave (H, L) amplitudes and (P, T) latencies. Representative traces of (U) STR and (V) scotopic waves of control
and diabetic animals recorded at week 4. Results are presented as mean ± SEM. Statistical analysis was performed using the ANCOVA test,
considering the baseline values (week 0) as a quantitative covariate. *P ≤ 0.05, **P < 0.01, ***P < 0.001, versus the aged-matched Ctrl group.
STZ, streptozotocin; T1D, type 1 diabetes.
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FIGURE 4. Diabetes affects OPs. Diabetes (induced by STZ; 65 mg/kg, IP; T1D group; N = 25) induced a marked delay in the scotopic OPs in
Wistar rats compared to the age-matched controls (Ctrl group; N = 25). OP1, OP2, OP3, and OP4 amplitudes recorded in response to (A, E,
I, and M, respectively) 3 cd·s/m2 and (B, F, J, and N, respectively) 9.49 cd·s/m2 light stimuli. Latencies of OP1, OP2, OP3, and OP4 recorded
in response to (C, G, K, and O, respectively) 3 cd·s/m2 and (D,H, L, and P, respectively) 9.49 cd·s/m2 light stimuli. (Q) Representative traces
of OPs of control and diabetic animals recorded at week 4 after applying an OFF-line digital filter (low frequency cutoff of 60 Hz). Results
are presented as mean ± SEM. Statistical analysis was performed using the ANCOVA test, considering the baseline values (week 0) as a
quantitative covariate. *P ≤ 0.05, **P < 0.01, ***P < 0.001, versus the aged-matched Ctrl group. OP, oscillatory potential; STZ, streptozotocin;
T1D, type 1 diabetes.

Based on these findings, our texture-based methodology,
applied for the first time in the context of diabetes/DR,
conveys distinct information on the impact of diabetes on
the retina, very early after diabetes onset. Because we cannot
directly associate changes in retinal texture to a specific
molecular or cellular alteration, our approach would not
fully match the definition of a biomarker outlined by the
National Institutes of Health Biomarkers Definitions Work-
ing Group. Nevertheless, the multiple molecular and cellu-
lar biological alterations that occur in the diabetic retina
may lead to changes in the structural arrangement of
the retina, hence in retinal texture, that may then reflect
aspects of the disease pathophysiology. Moreover, focus-
ing only on indicators/biomarkers with a direct relation
to a particular retinal biological process limits the oppor-

tunity to implement more innovative and powerful meth-
ods, such as texture analysis, thereby hampering scientific
progress.

The molecular and cellular alterations in the retina
described here cannot be assessed with the diagnostic
resources currently available in ophthalmological practice,
contributing to delayed diagnosis of DR. By combining
several of the texture features, it was possible to extract
patterns of significant differences between the diabetic and
control groups, with very significant and consistent texture
changes spreading across all six layers of the diabetic
neuroretina. In contrast, the structural, functional, cellular,
and molecular results were not always coherent throughout
the study, with subtle differences, which further underlies
the potential value of texture-based approaches. In conclu-
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FIGURE 5. Diabetes induces subtle changes in tight junction proteins immunoreactivity, although without alterations in retinal vascular
permeability. Diabetic Wistar rats (induced by STZ; 65 mg/kg, IP; T1D group) presented a decrease in claudin-5 and occludin immunostaining
and a slight tendency to a decrease in ZO-1 immunostaining, assessed in retinal wholemounts, along with decreased protein levels of
claudin-5 in retinal extracts, assessed by Western blot, compared to the age-matched controls (Ctrl group). Retinal vascular permeability was
assessed by the Evans blue assay, but no vascular leakage was detected in diabetic animals. Representative images of retinal wholemounts
immunostained for (A) claudin-5, (B) occludin, and (C) ZO-1. (D) Representative images showing Evans blue fluorescence in the retina. (E)
Claudin-5, (F) occludin, and (G) ZO-1 protein levels assessed by Western blot, normalized to the loading control (calnexin), and expressed
as percentage of the respective control. Representative images of protein immunoreactive bands are presented above the graphs, with the
respective loading control (calnexin). Data are presented as mean ± SEM. Statistical analysis was performed using the unpaired Student’s
t-test. *P ≤ 0.05, versus the aged-matched Ctrl group. STZ, streptozotocin; T1D, type 1 diabetes; ZO-1, zonula occludens-1.

sion, our study highlights the potential of texture analysis
to provide powerful quantitative information on the retinal
status, allowing us to spot differences under diabetic condi-

tions. In order to implement this texture-based strategy in
humans, an extensive clinical study is mandatory to properly
identify and accurately validate which texture metrics best
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FIGURE 6. Diabetes triggers an increase in the number of Iba1-positive cells (microglia/macrophages) in the retina. Retinas from diabetic
Wistar rats (induced by STZ; 65 mg/kg, IP; T1D group) presented an increased Iba1-positive cells density, compared to the age-matched
controls (Ctrl group). Müller glial cell reactivity and the protein levels of pro-inflammatory cytokines remained unchanged. (A) IL-1β and
(C) TNF protein levels were assessed by Western blot, normalized to the loading control (calnexin), and expressed as a percentage of
the respective control. Representative images of protein immunoreactive bands are presented above the graphs, with the respective loading
control (calnexin). (B) IL-1β protein levels assessed by ELISA. Representative images of retinal cryosections immunoassayed for (D) Iba1 and
(E) vimentin and GFAP. The quantification of Iba1-positive cell counting (microglia/macrophages) and GFAP immunolabeling are presented
below (F and G, respectively). Data are presented as mean ± SEM. Statistical analysis was performed using the unpaired Student’s t-test, or
by Mann-Whitney test in datasets that did not present a Gaussian distribution. **P < 0.01, versus the aged-matched Ctrl group. GFAP, glial
fibrillary acidic protein; IL-1β, interleukin-1 beta; STZ, streptozotocin; T1D, type 1 diabetes; TNF, tumor necrosis factor.

fit an effective biomarker for early DR. As a result, this study
does not replace a clinical study, but it is crucial to provide
evidence for the potential of texture analysis in identify-
ing retinal alterations when early diabetes-related biological
changes that would not be clinically detectable are occurring
in the retina. Further work on this subject in other diabetic
animal models, and particularly in humans, might enhance
the discriminative capability of OCT image analysis, thereby

helping to diagnose subclinical disease stages, in order
to provide a closer follow-up of patients with early-grade
DR.
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