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Abstract: The macula, as the central part of the retina, plays an important role in the reading process.
However, its morphology has not been previously studied in the context of dyslexia. In this research,
we compared the thickness of the fovea, parafovea and perifovea between dyslexic subjects and
normal controls, in 11 retinal segmentations obtained by optical coherence tomography (OCT). With
this aim, we considered the nine sectors of the Early Treatment Diabetic Retinopathy Study (ETDRS)
grid and also summarized data from sectors into inner ring subfield (parafovea) and outer ring
subfield (perifovea). The thickness in all the four parafoveal sectors was significantly thicker in the
complete retina, inner retina and middle retina of both eyes in the dyslexic group, as well as other
macular sectors (fovea and perifovea) in the inner nuclear layer (INL), inner plexiform layer (IPL),
IPL + INL and outer plexiform layer + outer nuclear layer (OPL + ONL). Additionally, the inner ring
subfield (parafovea), but not the outer ring subfield (perifovea), was thicker in the complete retina,
inner retina, middle retina (INL + OPL + ONL), OPL + ONL, IPL + INL and INL in the dyslexic
group for both eyes. In contrast, no differences were found between the groups in any of the sectors
or subfields of the outer retina, retinal nerve fiber layer, ganglion cell layer or ganglion cell complex
in any eye. Thus, we conclude from this exploratory research that the macular morphology differs
between dyslexic and normal control subjects, as measured by OCT, especially in the parafovea at
middle retinal segmentations.

Keywords: dyslexia; reading; retina; macula; fovea; parafovea; perifovea; optical coherence tomography;
thickness; segmentation

1. Introduction

Dyslexia has been defined as a neurodevelopmental disorder characterized by reading
difficulties in the absence of psychiatric, neurological, auditory or visual disabilities [1].
This disorder has been estimated to affect between 5 and 15% of children and around 4% of
adults in the general population [2].

The pathophysiology of dyslexia is still controversial and has been attributed to
phonological, auditory or visual alterations [3,4]. A number of neuroimaging investigations
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focused on the central nervous system (CNS) have been performed so far to study normal [5]
and abnormal reading process [2,6], and also reading interventions [7,8]. However, we have
to keep in mind that the first steps of a successful reading process are entirely visual and
are related to the retina, a part of the CNS located in the eye [9]. The retina is made up of a
complex cell circuitry of neurons (photoreceptors, bipolar cells, horizontal cells, amacrine
cells and ganglion cells) and glial cells (astrocytes, Miiller cells and microglial cells) that are
arranged into alternating layers of the nuclei and axons/synapses [9,10]. These layers can
be individually segmented in vivo in cross-sectional scans, and their thickness quantified
with a non-invasive and reproducible technology called optical coherence tomography
(OCT), that achieves a high resolution in cross-sectional images (Figure 1a), similar to that
obtained in histological sections [11]. OCT technology has been extensively used to study
biomarkers in other CNS disorders [12,13].

SEGMENTATIONS

Ea s TN Wi

COMPLETE RETINA

Figure 1. Cross-sectional and en face scans obtained by the means of optical coherence tomography
(OCT). (a) Automatic segmentation of the different intraretinal layers in a cross-sectional OCT image
of the macula from a right eye. The fovea is depicted in yellow, the parafoveal subfield in purple
and the perifoveal subfield in blue. See Figure 1b,c for the corresponding en face representation of
the fovea, parafovea and perifovea with the same color code as the one used in this figure. Dashed
green lines indicate the limits of the temporal perifovea, the temporal parafovea and the fovea in
relation to the en face image (see also Figure 1b). Segmentations are also shown. RNFL = retinal
nerve fiber layer, GCL = ganglion cell layer (GCL), IPL= inner plexiform layer, INL = inner nu-
clear layer, OPL = outer plexiform layer, ONL = outer nuclear layer, GCC = ganglion cell complex,
MIDDLE = middle retinal layers, INNER = inner retina, OUTER = outer retina. (b) Early Treatment
Diabetic Retinopathy Study (ETDRS) grid with concentric circles of 1, 3 and 6 mm diameters of the
right eye, showing nine sectors of the macula in an en face OCT image. The OCT device automatically
estimates the mean thickness in microns for each sector and for each segmentation (see also Figure 1a).
T = temporal, N = nasal, S = superior, I = inferior, CO = fovea. Number 1 and number 2 refer to the inner
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ring and the outer ring, respectively, and correspond to the parafovea (inner ring) and the perifovea
(outer ring). The macula is depicted with the same color code as in Figure 1a (the fovea in yellow, the
parafovea in purple and the perifovea in blue). The horizontal, solid, green line indicates the location
of the cross-sectional scan of Figure 1a in the en face image. Dashed green lines indicate the limits of
the temporal perifovea, the temporal parafovea and the fovea in relation to cross-sectional images
(see Figure 1a). (c) Early Treatment Diabetic Retinopathy Study (ETDRS) grid with concentric circles
of 1, 3 and 6 mm diameters of the left eye, showing nine sectors of the macula in an en face OCT
image. The OCT device automatically estimates the mean thickness in microns for each sector and for
each segmentation (see also Figure 1a). T = temporal, N = nasal, S = superior, I = inferior, CO = fovea.
Number 1 and number 2 refer to the inner ring and the outer ring, respectively, and correspond to
the parafovea (inner ring) and the perifovea (outer ring). The macula is depicted with the same color
code as in Figure la (the fovea in yellow, the parafovea in purple and the perifovea in blue).

Specifically, the reading process starts with the projection of a well-focused image of
the text onto the central part of the retina, called the macula. Then, this macular image is
encoded by photoreceptors in a process called phototransduction, and transmitted through
the chain of neurons of the visual pathway to the brain cortex to be interpreted [14]. The
macular region includes the fovea, the parafovea and the perifovea [10] (Figure 1a—c).

Despite the macula being such an important site for the reading process, no study
is available about the macular morphology in dyslexia as far as we know. Thus, the aim
of this research was to compare the thickness of different retinal segmentations between
dyslexic subjects and normal controls at the macula, by the means of OCT.

2. Materials and Methods
2.1. Recruitment

In this study, dyslexic and normal controls were prospectively recruited from the
patients attending the hospital for a routine ophthalmic review at the General University
Reina Sofia Hospital of Murcia, Spain.

The inclusion criteria for the dyslexic group were: (1) Caucasian race; (2) Spanish as
mother tongue; (3) aged under 25 years; (4) previous diagnosis of dyslexia confirmed by at
least two different specialists; (5) refraction less than 6 spherical diopters and 2.5 cylinder
diopters; (6) visual acuity of 20/25 or higher; (7) no history or findings of eye diseases or pre-
vious eye surgery; (8) no extraocular disease capable of modifying OCT measurements; (9) a
reliable OCT scan (see below); (10) no other sensory, neurological, psychiatric, emotional
or intellectual disorders; (11) no socio/economic significant disadvantage. Self-reported
normal reader controls had the same inclusion criteria, except for criterion number 4. Only
those participants not self-reporting reading difficulty and who correctly read aloud a
simple 5-line paragraph text, without making a mistake or awkward pauses, were recruited
in the control group.

2.2. Ophthalmic Examinations

All the patients underwent a complete ophthalmic examination in both eyes, including
visual acuity, autorefraction, air pneumatic tonometry, biomicroscopy and funduscopy. If
the candidates were eligible, they underwent posterior pole horizontal protocol with 768 A-
and 61 B-scans taken 30 x 25 degrees centered at the fovea, using a Spectralis OCT spectral
domain device with an eye-tracking system (software version 6.0; Heidelberg Engineering,
Heidelberg, Germany).

The OCT examinations were performed in the morning, between 8:30 and 12:30 h, with
pupil dilation. During this examination, the mean thickness of nine sectors was determined
for each considered segmentation using the 1, 3, 6 mm diameter Early Treatment Diabetic
Retinopathy Study protocol, that is one of the most used OCT en face patterns to study
the macula, which considers the fovea, parafovea and perifovea subfields (Figure 1b,c).
The position of the fovea was automatically determined by the device and checked by the
same ophthalmologist (J.].G.M.). Only reliable scans, with a signal strength over 20, were
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included. All the scans were performed by the same operator and inspected by the same
experienced ophthalmologist (J.J].G.M.), in order to exclude eyes with segmentation errors,
decentering or any other artifact. No manual corrections were made to the automatic seg-
mentation performed by the prototype software. The examinations with decentrations, or
with segmentation errors that could alter thickness estimation at any sector, were excluded.

Then, with a segmentation tool (Segmentation Technology; Heidelberg Engineering),
the thickness values of the following segmentations were automatically obtained: complete
retina, inner retina, outer retina, retinal nerve fiber layer (RNFL), ganglion cell layer (GCL),
inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer
nuclear layer (ONL). The thickness value of the other segmentations was also obtained
by summing up the thicknesses of the automatically obtained segmentations as follows:
ganglion cell complex (RNFL + GCL + IPL), middle retina (INL + OPL + ONL), IPL + INL
and OPL + ONL (Figure 1a). The thicknesses of OPL and ONL were not considered indi-
vidually and were summed up, as was performed in previous works regarding autism [15]
and glaucoma [16-18], because these two layers are hard to be conveniently separated
in OCT images due to their similar reflectivity. A three-dimensional video (Video S1) has
been made in order to better understand the integration of cross-sectional (Figure 1a) and en
face OCT images (Figure 1b,c). Considering that neurons and glia in the human retina are
organized in concentric rings around the fovea [19,20], we also summarized the thickness for all
the mentioned segmentations considering the inner ring subfield ((S1 + N1 +11 + T1)/4) and
the outer ring subfield ((S2 + N2 + 12 + T2)/4) that correspond to the parafovea (purple
ring in Figure 1b,c) and to the perifovea (blue ring in Figure 1b,c), respectively.

2.3. Statistical Analysis

The data analysis was conducted using SPSS version 22.0 (SPSS, Inc., Chicago, IL, USA).
As there were no previous similar studies, no sample size calculation was performed in this
investigation. The results of the right and left eyes were separately compared between the
groups. Gender was compared between the groups by a Fisher’s exact test. The quantitative
variables were assessed for normality distribution by inspecting histograms and using
the Shapiro-Wilk test. Normally distributed variables were expressed as the mean and
standard deviation, while non-normally distributed values were expressed as the median
and interquartile range. Comparisons between two normally distributed variables were
performed with the unpaired Student’s t-test. If at least one variable was non-normally
distributed, the comparison between the groups was made by the Mann-Whitney test.
A correction for multiple comparisons was not applied to this study in order to avoid the
false-negative results [21]. A p-value less than 0.05 was considered statistically significant.

3. Results

The OCT examinations of one right eye from the dyslexic group and two left eyes
from the control group were discarded due to segmentation errors at one or more sectors.
Finally, 89 reliable OCT scans from 46 participants were selected in this study: 24 right
eyes (7 men, 17 women) and 25 left eyes (8 men, 17 women) were selected from 25 normal
controls. Moreover, 21 right eyes (7 men, 14 women) and 19 left eyes (5 men, 14 women)
were included from 21 dyslexic subjects. The gender between the dyslexic and control
groups did not differ when considering the right (p = 1, Fisher’s exact test) or the left eyes
(p = 0.749, Fisher’s exact test).

Similarly, the mean age was not different between the groups for the right eyes
(15.83 +£ 3.81 years for dyslexics, with a range of 9 to 23 years, and 16.00 & 4.11 for normal
controls, with a range of 10 to 23 years, p = 0.889, unpaired Student’s t-test) or for the left
eyes (15.76 & 3.75 years for dyslexics, with a range of 10 to 23 years, and 16.26 + 3.97 for
normal controls, with a range of 10 to 23 years, p = 0.672, unpaired Student’s t-test).

The thicknesses in all four parafoveal sectors were significantly thicker in both the
right and left eyes of the dyslexic group in the following segmentations: complete retina
(Table S1), inner retina (Table S2), middle retina (INL + OPL + ONL) (Table S3) and OPL + ONL
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(Table S4). Several macular sectors were also thicker in IPL (Table S5), INL (Table S6) and
IPL + INL (Table S7) in dyslexia. Moreover, a foveal thickening was also observed in both
eyes for OPL + ONL (and also for INL + ONL + OPL in the right eye) (Figure 2).
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Figure 2. Schematic heatmaps of the statistically significant thickenings (expressed as microns) in the
dyslexic group compared to the normal control group for the right and left eyes (mean differences in
thickness) and for different segmentations. See also Figure 1la—c. White sectors indicate no significant
differences. IPL = inner plexiform layer, INL = inner nuclear layer, OPL = outer plexiform layer,
ONL = outer nuclear layer. See also Tables S1-54 and S7.
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In contrast, no thickness differences were observed between both the groups in any
of the sectors of the retinal nerve fiber layer (RNFL) (Table S8), ganglion cell layer (GCL)
(Table S9), ganglion cell complex (RNFL + GCL + IPL) (Table S10) or outer retina (Table S11)
in either eye.

When considering the inner ring subfield (parafovea), we found that the complete
retina, inner retina, middle retina (INL + OPL + ONL), OPL + ONL, IPL + INL and INL
showed a higher thickness in the dyslexic group for both eyes, with IPL showing this
difference only for the right eye (Table 1). The rest of the segmentations (outer retina, GCC,
RNFL, GCL) did not present any significant differences in either eye (Table 1).

Table 1. Thickness comparison between the groups for the inner ring subfield (parafovea) in the
ETDRS grid.

Thickness of the Inner ETDRS Ring Subfield (Parafovea)
Comparisons between Normal Controls and Dyslexic Subjects

Right Eyes (24 vs. 21) Left Eyes (25 vs. 19)
Mean 4 Mean 4

Group Mean Std. Dev. Dif. (UTT) Mean Std. Dev. Dif. (UTT)
. Control  330.63 10.25 330.33 10.36

Complete retina Dyslexia  338.79 1032 —8.16 0.011 338.96 11.04 -7.93 0.019

I . Control 251.08 8.72 8.49 i 250.50 9.11 8.8 e

nner retina Dyslexia  259.57 10.07 > ‘ 259.32 10.98 - :

. Control  79.48 212 79.87 246

Outer retina Dyslexia 7918 160 0.30 0.599 78.93 189 0.94 0.176
Control  114.38 552 113.29 4,60

- Dyslexia  113.80 7.97 Ui 0777 1518 6.82 ~189 e
Control 13731 6.73 137.38 651

INL + OPL + ONL —5 o577 7o —8.46 0.0002 —715= 770 —6.87 0.003

ONNL Control  98.19 573 666 98.45 5.63 18

Dyslexia _ 104.85 6.94 o 0.001 5363 7.07 - 0.010
Control  80.28 3.70 80.14 3.86

IPL + INL Dyslexia _ 82.83 im —255 0036 —g33g 392 —3.24 0.009

RNEL Control  21.01 259 " 20.24 1.33 . )

A Dyslexia _ 20.02 1.66 g0 & 20.07 145 & e

Control 5221 271 51.84 2.67

GCE Dyslexia 5187 i3 0.34 0758 —%336 371 —0.52 0-595
Control 41.16 1.67 41.21 1.76

IPL Dyslexia ~ 41.90 2.93 s 0310 —5 76 231 i poL
Control  39.13 261 38.93 2.62

INL Dyslexia40.93 531 —1.80 0.020 06 505 ~1.69 0.025

Right and left eyes were independently compared between the groups. The thickness results are expressed as
microns. Statistically significant results are depicted in bold. Std. Dev = standard deviation, Dif. = difference,
UTT = unpaired t-test, GCC = ganglion cell complex, RNFL = retinal nerve fiber layer, GCL = ganglion cell layer,
IPL = inner plexiform layer, INL = inner nuclear layer, OPL = outer plexiform layer, ONL = outer nuclear layer.

In contrast, when dealing with the outer ring subfield (perifovea), only INL + OPL +
ONL and INL showed a discrete increase of thickness in the dyslexia group, only when
comparing the right eyes (Table 2).
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Table 2. Thickness comparison between the groups for the outer ring subfield (perifovea) in the
ETDRS grid.

Thickness of the Outer ETDRS Ring Subfield (Perifovea)
Comparisons between Normal Controls and Dyslexic Subjects

Right Eyes (24 vs. 21) Left Eyes (25 vs. 19)
Mean 4 Mean P
Group Mean Std. Devw. Dif. (UTT) Mean Std. Dev. Dif. (UTT)
. Control ~ 294.82 1243 294.38 10.64
Complete retina Dyslexia  299.48 g7 —4.66 0.256 598.95 13.60 —4.57 0.218
i Control  217.85 11.48 135 0271 217.14 9.97 101 0173
Inner retina Dyslexia  222.20 14.62 = ‘ 222.05 13.54 = :
. Control 7691 1.73 77.20 1.67
Outer retina Dyslexia  77.33 146 —0.42 0.380 76.91 162 0.29 0.564
cce Control  100.31 6.96 058 0.808 100.31 6.96 058 0.804
Dyslexia  100.89 8.60 e : 100.89 8.60 e :
Control  117.07 5.84 117.30 5.81
INL + OPL+ONL 5 07 65 %90 —4.58 0.020 311 706 -3.81 0.057
ONP + ONL Control 83.07 5.03 331 0.051 83.27 497 203 0.083
* Dyslexia  86.38 6.02 > : 86.20 5.96 - :
Control  63.64 3.42 63.66 3.60
IPL + INL Dyslexia  65.46 155 -1.82 0.132 =37 AT -1.71 0.165
Control ~ 34.81 5.25 33.79 3.99
s Dyslexia 3351 323 e EE 324 Bt B
Control  36.98 2.95 36.89 2.75
GCL Dyslexia _ 36.92 138 0.06 0956  —3705 387 ~0.16 0871
L Control  29.64 1.97 055 0471 29.63 1.71 083 0258
Dyslexia  30.19 2.97 e ‘ 30.46 2.75 e :
Control 34.00 1.76 34.03 2.23
INL Dyslexia 3527 178 —127 0020 —3557 184 —088 0.171

Right and left eyes were independently compared between the groups. The thickness results are expressed as
microns. Statistically significant results are depicted in bold. Std. Dev. = standard deviation, Dif. = difference,
UTT = unpaired t-test, GCC = ganglion cell complex, RNFL = retinal nerve fiber layer, GCL = ganglion cell layer,
IPL = inner plexiform layer, INL = inner nuclear layer, OPL = outer plexiform layer, ONL = outer nuclear layer.

4. Discussion

This study found parafoveal thickenings in both eyes of the dyslexic group for the
middle retina, mainly the ONL-related segmentations, but also for the INL-related segmen-
tations (Table 1). Remarkably, no difference was noted in the GCL-related segmentations
or in the outer retina of right or left eyes. Furthermore, complete retina and inner retinal
thickenings found at the parafovea in this study seem to be due to the middle retinal
thickenings (Figure 1a; see also Table 1 and Tables S1-54 and S7). Additionally, a foveal
thickening was also observed in ONL + OPL (in both eyes) and INL + ONL + OPL (in the
right eye).

The ONL contains photoreceptor cell bodies and the INL bipolar, amacrine and
horizontal cells nuclei. OPL and IPL are made up of axons and synapses and connect
the neighboring nuclear layers (ONL-INL and INL-GCL, respectively) [9]. In fact, the
ONL and INL layers share a common embryological origin: the outer neuroblastic zone
differentiates into ONL and INL after fetal week 10. Then, first synapses appear in the
IPL and OPL by fetal week 12 [10]. ONL and INL the somata are displaced during normal
foveal development (from fetal week 22 to postpartum month 45): photoreceptor cell bodies
(ONL) present a centripetal displacement toward the foveal center with cellular packing
and elongation, while INL and GCL have centrifugal displacement to the foveal rim [10].
One possible explanation for the thickenings found in this study is a disorder in foveal
development due to a gap between these two movements in the opposite direction. In
this way, orientation of the somata and the axons of ONL- and INL-related cells could
result in more vertical increasing of the thickness of these layers. This mechanism has been
proposed to explain some similar retinal features found in the eyes of preterm patients with
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foveal immaturity [22]. Other alternative explanations for the found thickenings could be a
neuronal/glial population increase, cell size augmentation or an extracellular expansion in
the affected segmentations. More studies are warranted to elucidate this question.

A genetically determined disorder in foveal development could bring about the
findings of the present study. This hypothesis is consistent with the fact that dyslexia
presents a high degree of heritability (70% or even more), whereas the environment has
little effect [23-25].

As a matter of fact, some genetic polymorphisms have been detected to be much more
prevalent in dyslexia. These polymorphisms are in relation to abnormal axonal growth
and defective neural migration [26-28], and have been associated with alterations in the
development of cortico-cortical and cortico-thalamic circuits in dyslexia [2,29], so they may
similarly lead to the retinal differences detected in this study.

The highest thickenings found in this study were located at the parafovea, although al-
terations at the fovea, and even at some perifoveal sectors, were also present in OPL + ONL
and INL + OPL + ONL segmentations (Figure 2). The fovea captures the visual field one
degree around the fixation point, while the parafovea is surrounding the fovea up to five
degrees from the fixation point [30,31].

The fovea and the parafovea work together in the reading process, because, although
the fovea is oriented to the target word, the parafovea previews the next words to facilitate
further foveal processing [32,33]. In fact, parafoveal recognition of embedded letters and
words has been proven to be worse in dyslexic subjects than in normal controls [34-36].
Furthermore, reduced and delayed parafoveal preview benefits have been associated with
dyslexia [37-40].

Thus, the thickenings found in this study could constitute the morphological corre-
lation of parafoveal dysfunction in dyslexia. These thickenings may theoretically cause
a higher level of light scattering transmitted to the outer segments of photoreceptors,
where the phototransduction takes place, and potentially a subsequent loss of sensitiv-
ity [10]. The other possibility is that the found thickenings could be related to a change
in the arrangement of the photoreceptors and/or Miiller cells, as suggested above. An
incorrect arrangement of these cells may induce an incorrect angle of incidence of light
and a subsequent reduction of sensitivity due to the Stiles—-Crawford effect of the first
kind [41,42]. These, or other causes associated to these thickenings, may alter parafoveal
preview function. Further study is required in this sense.

It is also remarkable that the thickening in all four parafoveal sectors (360 degrees)
found herein is consistent with the fact that dyslexia is present in all languages, indepen-
dently of the reading direction going from left to right (English, Spanish, French, German),
from right to left (Hebrew or Arabic) or from top to bottom (Japanese, Chinese) [6].

This exploratory research also has its limitations. First, the sample size is small and the
outcomes should be studied in larger groups, but we found significant results. Moreover,
the facts that the comparisons have been calculated separately for the right and the left eyes
and that the found differences are so similar in both eyes, affecting the same segmentations
and with analogous disparities, reinforce the validity of our results (Figure 2). Second,
the participants included in this study are mainly adolescents and young adults, so we
cannot extrapolate our results to other age groups. Third, this study is cross-sectional, so
we cannot know whether the found differences are stable over time and whether reading
interventions are able to remodel retinal structures, similarly to what has been found in
other investigations on the CNS in dyslexia [7,8]. Fourth, the grouping of this study is based
on a diagnosis and not on specific reading measurements. Using a categorical method to
create the groups does not permit to explore a quantitative correlation between reading
measurements (for example, reading speed) and OCT parameters. However, we have to
keep in mind that this is an exploratory investigation. Further works should deal with these
relationships. Fifth, it should be pointed out that the nomenclature of the inner and outer
retina, as defined by the OCT device used in this study (Spectralis, Heidelberg Engineering),
is inexact (Figure 1). The inner and outer retina are major divisions in both neurobiology
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and vascular biology. The outer retina includes the OPL, ONL, photoreceptors and retinal
pigment epithelium, and receives blood supply from choroidal circulation, whereas the
inner retinal layers are dependent on retinal circulation [43]. However, this fact does not
affect the results of this study. Sixth, this study is limited in analyzing morphological results.
Further functional studies (i.e., mERG) in relation to morphological differences should be
investigated in further studies. Seventh, the OCT examinations were only analyzed by one
expert, so inter-variability agreement cannot be assessed. However, all the examinations
fulfilled the reliability criteria. Finally, this study is limited to describe morphological
differences in the macula of dyslexic subjects, so we cannot determine if these findings are
causes or consequences, or the parallel manifestations in the pathophysiology of dyslexia: if
these morphological findings were the cause, dyslexia could be primarily a retinal disorder,
as suggested above. If they were the consequence or a parallel manifestation, dyslexia
would be capable of remodeling retinal structures, as is done in other CNS structures [2,6,44].
Thus, the macula could be a privileged and accessible site to study dyslexia by using a
fast, inexpensive and non-invasive technique, such as OCT. Further studies are required in
this sense. Nevertheless, our significant results open a new horizon for the investigation
of dyslexia.

5. Conclusions

From this exploratory research, we conclude that the macular morphology differs in
dyslexic and normal controls, especially in the parafovea.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm12062356/s1, Video S1 and Tables S1-511 have been added
as supplementary material. Video S1. Three-dimensional (3D) video that dynamically combines
the cross-sectional and the en face OCT scans of the macula from a right eye. The cross-sectional
scans that configure the 3D surface of the macula progressively disappear, while the two-dimensional
image of the en face scan remains. See also Figure 1a,b.
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Abstract: The aim of this study was to use deep learning based on a deep convolutional neural
network (DCNN) for automated image classification of healthy optic discs (OD) and visible optic
disc drusen (ODD) on fundus autofluorescence (FAF) and color fundus photography (CFP). In this
study, a total of 400 FAF and CFP images of patients with ODD and healthy controls were used. A
pre-trained multi-layer Deep Convolutional Neural Network (DCNN) was trained and validated
independently on FAF and CFP images. Training and validation accuracy and cross-entropy were
recorded. Both generated DCNN classifiers were tested with 40 FAF and CFP images (20 ODD
and 20 controls). After the repetition of 1000 training cycles, the training accuracy was 100%, the
validation accuracy was 92% (CFP) and 96% (FAF), respectively. The cross-entropy was 0.04 (CFP)
and 0.15 (FAF). The sensitivity, specificity, and accuracy of the DCNN for classification of FAF images
was 100%. For the DCNN used to identify ODD on color fundus photographs, sensitivity was 85%,
specificity 100%, and accuracy 92.5%. Differentiation between healthy controls and ODD on CFP and
FAF images was possible with high specificity and sensitivity using a deep learning approach.

Keywords: deep learning; artificial intelligence; optic disc drusen; visible optic disc drusen; optic
disc drusen; deep convolutional neural network; DCNN; inceptionv3

1. Introduction

Optic disc drusen (ODD) are acellular deposits that are located in the optic nerve head
of 0.3% to 2.0% of the population [1,2].

In children and younger individuals, ODD are mostly buried deep in the optic nerve
head [3,4]. They can be diagnosed using various imaging techniques, such as B-scan
ultrasonography or, more recently, swept source (SS) or enhanced depth imaging (EDI)
optical coherence tomography (OCT) [5,6]. Most of these cases are asymptomatic [7].

Due to an increase in drusen number, drusen growth or age-related thinning of
the overlying retinal nerve fiber layer, ODD become visible with age and can, therefore,
be detected on color fundus photography (CFP), fundus autofluorescence (FAF), and
ophthalmoscopy [7]. Visible ODD are associated with visual field defects in up to 87% of
cases [2,8-10]. Consequently, they are associated with high clinical relevance for visual
function [11].

Because of the widespread use of multimodal imaging technologies as well as the
digital fundus cameras for eye screening programs, there is an increasing amount of data
to be analyzed by ophthalmologists, and therefore, a remarkable interest in the automated
screening for optic nerve pathologies, such as ODD.

Artificial intelligence using deep learning (DL), a subtype of machine learning (ML),
is used to solve complex and large-scale problems, such as speech and image recognition
and language processing. The three most popular DL models are recurrent neural networks
(RNNs), generative adversarial networks (GANs), and convolution neural networks (CNNs),
which are particularly well suited for different tasks depending on their architecture.
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RNNS are widely used in natural language processing and speech recognition tasks,
where the input data are sequential in nature, such as text or speech. They use feedback
connections that allow previous outputs to be used as inputs for subsequent processing,
enabling the network to persist information across multiple steps and analyze complex
dependencies in the data [12].

GAN:Ss have been applied to generative modeling tasks, such as image generation.
They consist of two parts, a generator and a discriminator, that compete with each other to
generate new data samples that are indistinguishable from real data [12].

CNNss are designed specifically for image classification tasks and are particularly well
suited for recognizing patterns and features in images and have revolutionized data pro-
cessing in medicine, especially in image-centric disciplines [12], such as Dermatology [13],
Radiology [14], Pathology [15], and Ophthalmology [12,16]. In this context, CNNs have
already been successfully used for automated image analysis using color fundus images
for a number of ophthalmologic diseases with high prevalence, including glaucoma [17],
diabetic retinopathy [18], and age-related macular degeneration [19].

ML and DL algorithms have several inherent limitations, including the need for very
large, accurate datasets for learning. To overcome this limitation, transfer learning, which
uses an already pre-trained deep learning algorithm can be used [19-21].

The aim of this study was to evaluate the use of a pre-trained CNN for the automated
classification of visible ODD and healthy optic discs on fundus autofluorescence (FAF) and
color fundus photography (CFP).

2. Materials and Methods

This study adhered to the tenets of the Declaration of Helsinki. Informed consent was
waived due to the retrospective nature of the study and the fully anonymized usage of
the database.

2.1. Patient and Image Selection

Patients with a clinical diagnosis of ODD and color fundus photography and fundus
autofluorescence image of the optic disc were included in this study. Patients with no
evidence of an optic disc pathology as determined by an ophthalmologist were defined
as controls.

Images were chosen from a database of the Eye Clinics of Muenster University Hospi-
tal, compiled between January 2015 and January 2020. A total of 480 CFP and FAF images
of the ODD and control group were used. All images were focused on the optic nerve
head and were obtained using the same fundus autofluorescence (Spectralis, Heidelberg
Engineering, Heidelberg, Germany) and color fundus photography (Visucam 500, Carl
Zeiss Meditec AG, Jena, Germany) device. FAF devices produce greyscale images, whereas
CFP devices produce Red-Green-Blue (RGB) images.

Inclusion criteria were selected in which drusen were visible in FAF as hyperfluores-
cent material. Images with buried optic disc drusen that were only visible in sonography
or OCT were excluded.

All images were saved as JPEG files and had an input size of 299 x 299 x 3 pixels.

2.2. Deep Learning

Training and validation of the DL model (InceptionV3) were performed using TensorFlow™
(Google Inc., Mountain View, CA, USA), which is an open-source software program de-
veloped by Google. It provides a high-level interface for designing and training DL
models [20,22-25]. InceptionV3 is a DCNN designed for image classification tasks that
was introduced by Szegedy et al. in 2015 [22]. It uses a modular architecture with mul-
tiple parallel convolutional paths and a concatenation layer that merges the result. This
allows the network to capture both global and local features in the input image. Each layer
takes an input and produces an output, which becomes an input to the next processing
layer, creating a deep architecture. In each successive layer, the data were represented in
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an increasingly more abstract way. All layers, with the exception of the last layer, were
pre-trained with an ImageNet [26] data set consisting of more than 14 million images of
different objects and scenes. InceptionV3 can be fine-tuned for specific image-classification
tasks with smaller datasets, which allows for faster and more accurate results. For this
study, the last layer was trained with our ophthalmic dataset [27,28].

Two deep learning models were independently trained and validated using 120 FAF
photos (ODD: 1 = 60; healthy: n = 60) and 120 CFP images (ODD: n = 60; healthy: n = 60)
over the course of 1000 training steps (Figure 1). The training and validation accuracy,
as well as the cross-entropy, were calculated in each of the training steps to evaluate the
effectiveness of both training strategies. Forty FAF and 40 CFP photos (OOD: n = 20,
healthy: n = 20) were used to assess the performance of both the developed DCNN models
once the pre-training was completed (FAF and CFP). The 40 FAF and 40 CFP images used
for testing were excluded from the dataset before training and validation of the algorithm
were performed. The algorithm, therefore, had no access to the test data set during training
and validation. Accordingly, the performance of the algorithm could be tested without bias.

Figure 1. Fundus autofluorescence (A,C) and color fundus photography images (B,D) were used
independently for training of the two different classifiers.

2.3. Statistics

SPSS was used to perform the statistics (IBM SPSS Statistics 23.0; IBM, Armonk, NY,
USA). For descriptive statistics, Prism was utilized (Prism 7, GraphPad Software, Inc. San
Diego, CA, USA). Data administration was carried out using Microsoft Excel (Microsoft®
Excel® for Mac 2011, 14.6.2; Microsoft®, Redmond, WA, USA).

Mean differences in the probability scores of the two classifiers were verified with
Mann-Whitney U-test for independent samples. The level of significance was defined as
p <0.05.

Using a 2 x 2 table, the sensitivity, specificity, and accuracy were computed. Both
the DL procedure and the testing were repeated with the same data set to enable the
evaluation of the precision of the repeatability of the ODD testing score. Coefficients of
variation were computed to evaluate the precision. Bland-Altman plots were employed to
evaluate repeatability.
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training accuracy

3. Results
3.1. Performance of the Training Process

Both classifiers for FAF and CFP images had a training accuracy of 100% after 1000 per-
formed training steps. The validation accuracy of the classifier for CFP and FAF images
was 92% and 96%, respectively. There were no notable differences in the course of the
curves of the training and the validation accuracy. The cross-entropy of both classifiers
constantly decreased and was 0.15 (CFP images) and 0.04 (FAF images) after completion of
the training process, as seen in Figure 2.
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Figure 2. The graphs show the development of the training accuracy, validation accuracy, and
cross-entropy of the two classifiers trained with color fundus photography (A-C) and fundus aut-
ofluorescence (D-F).

3.2. Testing of the Classifiers

All FAF images of both ODD and healthy test patients were correctly diagnosed by
the classifier trained on this image modality. Consequently, sensitivity, specificity, and
accuracy of this classifier were 100%, as shown in Table 1. The mean ODD testing scores for
the ODD testing group’s photos were 0.91 £ 0.15, and 0.05 =+ 0.07 for the healthy control
group’s images. The mean healthy testing scores for the ODD testing group’s images were
0.09 + 0.15, and for the healthy control group’s images, they were 0.95 £ 0.07.

Table 1. All fundus autofluorescence images of patients with ODD and normal optic discs were
correctly identified, therefore, the sensitivity and specificity of the classifier were 100%.

ODD Testing Group Healthy Testing Group
Positive n =20 n=0
Negative n=0 n =20

ODD = Optic Disc Drusen.

All CFP images of the healthy test group were correctly diagnosed by the classifier
whose last layer was trained with 120 CFP images. Three CFP images of patients with ODD
were misdiagnosed by this classifier. Therefore, this classifier had a sensitivity of 85%, a
specificity of 100% and an accuracy of 92.5%, as shown in Table 2.
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Table 2. All color fundus photography images from healthy patients were correctly identified,
whereas 3 CFP images from patients with ODD were misdiagnosed. Therefore, the sensitivity was
85%, and specificity was 100%.

ODD Testing Group Healthy Testing Group
Positive n=17 n=0
Negative n=3 n=20

ODD = Optic Disc Drusen.

The mean ODD testing scores were 0.79 £ 0.25 for the images in the ODD testing
group and 0.10 £ 0.12 in the healthy control group. The mean healthy testing scores
were 0.09 £ 0.15 for the images in the ODD testing group and 0.90 & 0.12 for the healthy
control group.

The difference between the mean testing scores for the differentiation of diseased and
healthy optic discs was statistically significant (p < 0.001) for both FAF and CFP images.

3.3. Repeatability and Precision

The initial computed testing scores and the scores of the repeated testing had a
mean coefficient of variation of 0.22 £ 0.59% (FAF) and 3.73 + 5.83% (CFP), respectively,
indicating both classifiers had good precision. Between the two tests, the mean difference
had absolute values of 0.001 + 0.005 (FAF) and 0.006 £ 0.07 (CFP).

The Bland—-Altman plots indicate high values of repeatability for both classifiers. The
results for the classifier using FAF images were even superior to that using CFP images, as
seen in Figure 3.
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Figure 3. To determine the degree of agreement between the test results from the initial and subse-
quent deep learning procedures using fundus autofluorescence (A) and color fundus photography
(B), Bland—Altman plots were used. The average difference in ODD score between the two treatments
is shown by the solid line. The ranges ([mean of the difference] + 1.96 [standard deviation of the
difference]) and ([mean of the difference] — 1.96 [standard deviation of the difference]) are shown by
the dashed lines.

4. Discussion

Machine learning (ML) and deep learning (DL) have increased the possibilities for au-
tomatic image analysis in ophthalmology. DL has been successfully used for the automatic
detection of diseases with high prevalence, such as diabetic retinopathy [18,29], age-related
macular degeneration [27,30], and glaucoma [17], using different image modalities. In this
context, it seems plausible to extend the use of DL to other, less frequent diseases, like optic
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disc drusen (ODD). Our results show that DL is a suitable approach to facilitate image
analysis in this rare diagnosis.

Many of the DL studies mentioned above achieved a sensitivity and specificity of
more than 90%, but in most of them, thousands of images were necessary to train the
algorithms [17,18,27]. Despite the small amount of data used due to the low prevalence of
ODD, especially when compared to widespread diseases, the classifiers used in this study
achieved an accuracy of 100% and 92.5%, respectively. Additionally, this approach has
already been successfully applied in pre-published work [27,28,31].

Shah et al. were able to show in a preliminary study that DL can be effectively
used with a small amount of data for training to classify normal OCT scans and those
from patients with Stargardt’s disease at different stages and, therefore, characteristic of
the disease [32]. Training and testing data were composed of 749 OCT B-scans of only
93 individuals. Similar to our study, a CNN architecture pre-trained with the ImageNet
dataset was used and achieved sensitivity and specificity levels of over 95% [26].

In our study, an even smaller amount of FAF and CFP images was used, achieving
similar results with a sensitivity of 100% for both classifiers and a specificity of 100% with
fundus autofluorescence and 85% with color fundus imaging.

Different aspects could explain why a similar performance of the algorithm was
achieved in this study although an even smaller data set was used.

First, the use of multiple images of a single eye potentially reduced the diversity
within the data set of Shah et al. [32]. In our study, only one image of a single eye was used.
Second, the use of data from one disease at various stages of Stargardt’s disease leads to
a limited ability of the classification model to differentiate images with a milder disease
phenotype. In contrast, our study only considered images with superficial drusen. This
makes it easier for the algorithm to learn specific aspects of this disease subgroup, although
its field of application is limited to a smaller patient collective.

In our study, we used FAF and CFP images to analyze ODD because first, superfi-
cial ODD visible in FAF have a higher risk of causing a visual field defect compared to
buried ODD [11], and second, CFP imaging is a widely used image modality in screening
examinations. Thus, the algorithm could be used as s screening tool for visible ODD on
color fundus photographs to then initiate further diagnostics, such as performing a visual
field examination.

Comparing the results of FAF and CFP image analysis, patterns of ODD seemed to
be easier to recognize on FAF images for the algorithm. This can be seen in the relatively
flatter training accuracy curve in Figure 2 and is an indicator of a higher learning rate.
Additionally, the DCNN is able to distinguish more clearly between healthy subjects and
ODD on FAF images. All ODD eyes were correctly identified on FAF images, whereas
three CFP images were misdiagnosed as being healthy (Figure 4). This may indicate that
FAF is superior to CFP in the identification of superficial optic disc drusen. This seems
plausible since visible drusen in FAF are clearly distinguishable by autofluorescence [7].

However, RGB images (CFP) are 3-channel color images, while greyscale images (FAF)
have only one channel that represents the intensity of the image. When using InceptionV3,
the model would expect an input image with the same number of channels as its pre-trained
weights. If a grayscale image is fed as an input, it would have to be first converted to an
RGP image by repeating the single channel across the three channels. Thus, it could be
expected that the DCNN might perform better when given RGB images as input compared
to grayscale images. However, if the FAF images contain sufficient information for the task,
they may even outperform RGB images, which is the case in our study [33].

Three CFB images were misdiagnosed by the classifier (Figure 4). Due to the black
box formation of DCNN the reasons for misdiagnosis of the images by the classifier
can only be suspected. However, one reason for this could be that in these three cases,
the drusen are not clearly delineated on fundus photographs despite their visibility in
fundus autofluorescence.
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Figure 4. Three ODD images were incorrectly identified as healthy optic discs. This might be due
to (A) low contrast according to the Juvenile reflexes and mostly buried optic discs drusen, (B) low
contrast due to low image quality, (C) unclear.

Even though the applicability for FAF images was better, the CFP images analysis
also showed promising results. Automated analysis of CFP images will probably play an
even more important role in everyday clinical routine. In contrast to FAF, CFP imaging is a
widespread procedure in screening, even without symptoms, in many in- and outpatient
settings. The increasing usefulness of fundus imaging offers a vast amount of data that
clinicians must thoroughly assess quickly. Similar to computer-assisted detection systems
created to help radiologists interpret medical pictures, DL methods, as applied in this
study, could help radiologists with the diagnosis and treatment of optic disc illnesses [14].
This could increase the usefulness of screening examinations in general and help to ensure
that the data collected are actually fully evaluated and a true benefit for the patient can
be derived.

In a recent study, Milea et al. used a deep learning system to detect papilledema on
color fundus photographs using a dataset of 14,341 images. They reached sensitivity levels
of 96.4% and specificity of 84.7% [34]. Here, ODD were analyzed as a part of a group of
“Disks with Other Abnormalities” and were, therefore, not discussed separately. However,
the performance results of the algorithms are comparable [34].

This study was limited by different aspects. First, by training the DCNNs exclusively
with visible ODD, the algorithms presented here have questionable relevance to everyday
clinical practice. For an ophthalmologist, detecting visible ODD, especially using FAF
images, is, in most cases, very simple. Therefore, the high specificity and sensitivity values
achieved here are not surprising. In contrast, the detection of buried optic disc drusen
and its differentiation from other optic disc pathologies, such as optic disc edema, is both
highly clinically significant and challenging. In order to support ophthalmologists in their
decision-making based on artificial intelligence in everyday clinical practice, further studies
are necessary, including buried optic disc drusen. In this pilot study, however, the primary
aim was to detect superficial drusen. The classification of deep ODD and its differentiation
from other optic nerve pathologies is planned in a follow-up study.

Second, each of our DL classifiers was trained and tested on FAF and CFP images
from a single device type. Therefore, the applicability to FAF and CFP images from other
devices is unknown. However, we believe that image data from different devices can be
used after prior alignment to uniform recording conditions.

Third, the image data set for this study was small compared to other Al studies in the
field of ophthalmology. However, as explained above, this can also be seen as a strength
of our approach since it can be difficult and time-consuming to build up large data pools,
especially for rare diseases. Therefore, algorithms that make reliable statements based on
smaller data sets offer an exciting perspective. Maybe, the results of our testing will even
improve with a higher amount of data.
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Finally, overfitting is a risk associated with using a small dataset to train a DCNN.
This can happen if the model is trained with only a few images or with a large number
of training steps. The risk is that the model corresponds too closely to the training data
and fails to make reliable predictions on new data. In other words, the model is learning
patterns that are unique to the training data but irrelevant to other data. The capacity of the
DCNN to detect unseen images decreases with subsequent training steps after an initial
improvement. Based on the training and validation accuracy curves, an increasing gap is
formed between the training and validation accuracy curves. There were no significant
differences in the course of the curves of training and validation accuracy in this study,
indicating that neither model is overfitting.

5. Conclusions

In conclusion, we were able to demonstrate that it is possible to use DL classification
models to differentiate between normal FAF and CFP images and those from patients with
superficial ODD using a transfer-learning-based DL algorithm.

FAF images seem to be superior to CFP images in the diagnostics using our DL
approach. However, the analysis of CFP images also showed promising results. Prospective
studies will be crucial for clinical translation and will hopefully confirm and improve
our results.

We hypothesize that the general principle demonstrated in this study can be applied
to other optic disc abnormalities with a lower prevalence.
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Abstract: The aim of this study was to evaluate the choroidal vascularity analyzing en face optical
coherence tomography (OCT) images in patients with unilateral central serous chorioretinopathy
(CSC). We retrospectively evaluated 40 eyes of 20 CSC patients and 20 eyes of 10 gender- and age-
matched healthy individuals. The sample consisted of: (1) CSC affected eyes; (2) unaffected fellow
eyes; (3) healthy eyes. Multiple cross-sectional enhanced depth imaging OCT scans were obtained to
create a volume scan. En face scans of the whole choroid were obtained at 5um intervals and were
binarized to calculate the choroidal vascularity index (CVI). The latter, defined as the proportion of
the luminal area to the total choroidal area, was calculated at the level of choriocapillaris, superficial,
medium and deep layers. No significant differences between choriocapillaris, superficial, medium
and deep CVI were found in both eyes of CSC patients, whereas a significant different trend of
changes was found in healthy eyes. Nevertheless, the en face CVI shows no difference between
affected fellow and healthy eyes. In conclusion, CSC-affected eyes and fellow eyes showed a similar
vascular architecture, with no statistical difference between all choroidal layers.

Keywords: central serous chorioretinopathy; pachychoroid; en face optical coherence tomography;
choroid; choroidal vascularity index

1. Introduction

Central serous chorioretinopathy (CSC) is characterized by localized serous detach-
ment of the neurosensory retina, with or without focal detachments or alterations of the
retinal pigment epithelium (RPE) [1,2]. This disorder, mostly seen in young and middle-
aged males, typically is self-limited, but it may recur or persist in the chronic form of
the disease [1]. Although CSC usually manifests in one eye, it may occur as a bilateral
condition. Under this light, in the literature, the incidence of bilateral CSC at the initial
visit is reported to be between 5% to 18% [3], whereas a bilateral involvement was found to
increase with a longer follow-up [3-6].

The alteration of the choroidal vasculature is a well-known factor in the pathogenesis
of CSC [7]. The choroidal involvement was firstly demonstrated by the features on an
indocyanine angiography (ICGA), such as hyperpermeable dilated choroidal vessels [8],
and this is considered a hallmark of the disease. However, while the ICGA is able to
better delineate the choroidal vessels, it does not allow to localize the vascular features in
their respective tissue layers [9-11]. Therefore the optical coherence tomography (OCT)
development and the introduction of novel imaging techniques, such as enhanced-depth
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imaging (EDI) and swept source (SS), have facilitated the detailed and depth-resolved
evaluation of the choroidal morphology in CSC patients [12-14].

Additionally, a choroidal vasculature evaluation in CSC patients was obtained using the
choroidal vascularity index (CVI), a new parameter defined as the ratio between the luminal
choroidal area (LCA) and the total choroidal area (TCA) on OCT B-scans [15-18]. In a recent
study, this parameter allowed to show an increased vascular component compared with
the stromal component in eyes affected by CSC. Indeed, an increased choroidal vascularity
index was demonstrated in affected eyes compared with fellow ones. However, fellow eyes
also showed a higher CVI in comparison with age-matched healthy subjects. As previously
reported, the CVI could then be a useful index for early diagnosis of CSC and the assessment
of the treatment response after photodynamic therapy [16,17].

Nevertheless, the CVI measured on the foveal cross-sectional B-scan cannot reveal the
overall picture of the choroidal status [19-21]. For this reason, the CVI has been recently
measured also on en face OCT scans to obtain a more real representation of the choroidal
vasculature in healthy or affected eyes [22,23]. The en face CVI evaluation at various levels
of the choroid showed a similar trend of changes in acute and chronic CSC patients [23].

The aim of the present study was to evaluate the CVI changes in both eyes of patients
with unilateral CSC by analyzing en face OCT images generated through volumetric maps.

2. Materials and Methods

A consecutive series of 20 patients with diagnoses of unilateral CSC were evaluated in
this retrospective study. All subjects were attended to at the Retina Center of the Eye Clinic,
University of Cagliari. The study adhered to the tenets of the Declaration of Helsinki and
the protocol used was approved by the local Institutional Review Board (NP/2022/3119).
A complete ophthalmic examination was performed for each patient, including Snellen
best-corrected visual acuity (BCVA), fundus autofluorescence, fluorescein angiography
(FA) and ICGA (Heidelberg Spectralis, Heidelberg Engineering), intraocular pressure (IOP)
measurement, anterior segment and fundus examination. Unilateral CSC was defined as
a prior or active unilateral manifestation of CSC. Thus, patients evidencing any presence
or evidence of previous subretinal fluid in the fellow eyes were excluded from the study.
The exclusion criteria were also refractive error >+3, macular pathologies other than CSC,
as well as the presence of MNV and any ocular surgery. Patients with a history of any
treatment in the previous 3 months and of any previous treatment that could affect CVI were
also excluded [24,25]. A history of any previous medications that could cause subretinal
fluid was also recorded. The patient group was compared with a gender- and age-matched
control group (20 eyes of 10 healthy individuals).

2.1. Spectral-Domain Optical Coherence Tomography Analysis

For each eye, a posterior pole volumetric scan containing multiple high density cross-
sectional scans (49B, 30 x 20°) was obtained using the spectral-domain (SD) OCT with
EDI mode. The scans were obtained for each patient in the afternoon at the set time
frame 2—4 pm. These data were exported from the Heidelberg device as images with a 1:1
pixel ratio.

Central macular thickness (CMT) was defined as the average thickness of a 1 mm di-
ameter circle centered on the foveal center, measuring from the internal limiting membrane
and the RPE. Subfoveal choroidal thickness (CT) was obtained by measuring the distance
between RPE-Bruch’s membrane complex and the choroidoscleral interface.

2.2. Choroidal En Face OCT Extraction

The algorithm involved in obtaining the en face CVI measurement included the
choroidal en face OCT extraction and the binarization of the en face OCT scans, following
an already tested procedure [22].

The choroid was firstly segmented from the OCT volume. In particular, each B-scan
of the volume scan was analyzed to segment choroid on a previously validated algorithm
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where the RPE-Bruch’s membrane complex and the CSI were identified using structural
similarity (S5IM), Hessian analysis and tensor voting [26]. Segmented choroidal sections
were subsequently stacked to obtain the choroid volume, and multiple 5 micron spacing en
face sections were generated for the CVI analysis.

2.3. En Face CVI estimation

Adaptive histogram equalization was employed (using a built in MATLAB v2018b
function) in order to increase the contrast between choroidal vessel lumen and the stroma.
Blood vessels were then separated using the block-based particle swarm optimization (PSO)
thresholding [22,27]. The binarized images were reviewed by two independent observers
blinded to each other to assess whether the images were correctly converted by comparing
with the original en face OCT images. This process was performed twice for each image by
each observer.

CVI was calculated for every en face image separated by 5 um within the choroid
volume. The layer of small choroidal vessels, including choriocapillaris, was defined as a
dense network of small vessels just 10 um beneath Bruch’s membrane.

The points of measurements were manually identified in each eye, focusing on major
anatomical locations (i.e., Bruch’s membrane, choriocapillaris and choroidoscleral interface)
and at various depths from RPE-Bruch’s membrane complex. The maximum choroidal
thickness across the volume cube was divided by three (superficial or inner layer, medium
and deep or outer layer) for both eyes. Hence, the mean CVI was calculated for the
choriocapillaris, the inner/superficial third, the middle/medium third and the outer/deep
third of the choroidal thickness. (Figures 1 and 2).

2.4. Statistical Analysis

The statistical analysis was conducted with R (version 4.0.0) and RStudio (version
1.2.5042) software. The Kolmogorov-Smirnov test was used to evaluate the normal distri-
bution for each variable. The CVI was compared between CSC eyes and fellow eyes by
using paired samples t-test or Wilcoxon test. A repeated measures ANOVA or Friedman
test was used to compare the choroidal vascularity of choriocapillaris, superficial, medium
and deep third of the choroid. A p value < 0.05 was considered statistically significant.

Figure 1. Cont.
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Figure 1. Original en face optical coherence tomography (OCT) scans and the software-processed
images of an affected eye of a patient with central serous chorioretinopathy. Original en face OCT
scan images of the superficial (a), medium (b) and deep (c) choroidal layer; binarized images of the
superficial (d), medium (e) and deep (f) choroidal layer; OCT B-scan across the foveal center (g).

Figure 2. Cont.
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Figure 2. Original en face optical coherence tomography (OCT) scans and the software-processed

images of the fellow eye of the same patient of Figure 1. Original en face OCT scan images of the
superficial (a), medium (b) and deep (c) choroidal layer; binarized images of the superficial (d),
medium (e) and deep (f) choroidal layer; OCT B-scan across the foveal center (g).

3. Results

A total of 20 patients (16 males and 4 females) were included. The average age was
50.7 + 9.96 years. The average BCVA was 0.28 & 0.35 logMAR for CSC eyes and 0.03 + 0.09
logMAR for fellow eyes. Previous treatments included only nonsteroidal anti-inflammatory
drugs (10 patients). The average time between the diagnosis and the evaluation was
2.42 + 2.47 years.

The gender- and age-matched control group included 20 eyes of 10 individuals (eight
males and two females) with a mean age of 48.8 & 3.5 years. The demographic data showed
no statistical difference with the study group (all p > 0.05).

The choroidal parameters in CSC, fellow and healthy eyes are reported in Table 1.

The subfoveal CT was significantly higher in eyes with CSC compared with fellow
eyes (489.8 = 13.4 vs. 433.7 £ 12.2; p = 0.047). The first third segment thickness resulted on
average 163.3 + 44.8 um and 144.6 + 41.6 pum for affected eyes and fellow eyes, respectively.
Consecutively, these values represented the average thicknesses of the choroidal segments.
For the average en face CVI, no significant difference between the CSC and fellow eyes was
observed (p = 0.681). Similarly, no significant differences in the choriocapillaris, superficial,
medium and deep CVI were found (respectively, p = 0.940, p = 0.685 and p = 0.411; p = 0.627)
(Table 1).
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Table 1. Choroidal parameters in eyes with CSC, fellow and healthy eyes.

Parameter CSC Eyes Fellow Eyes csce ‘és.ellellow Healthy Eyes csce VE' Z—Isealthy H::ﬂ;w]; S'es
(Mean + SD) 20) 20) i 20) » o
Subfoveal CT (um) 489.8 +13.4 433.7 £12.2 0.047 334 +£58.2 <0.01 <0.01
Whole CVI 0.494 £ 0.045 0.484 £ 0.044 0.681 0.488 £ 0.002 0.372 0.955
Choriocapillaris CVI 0.491 + 0,082 0.497 =+ 0.060 0.940 0.469 + 0.004 0.704 0.900
Superficial layer CVI 0.497 £ 0.020 0.500 £ 0.024 0.685 0.506 £ 0,001 0.690 0.273
Medium layer CVI 0.498 £ 0.027 0.490 £ 0.021 0.411 0.492 £ 0.004 0.088 0.370
Deep layer CVI 0.487 £ 0.107 0.463 + 0.103 0.627 0.506 + 0.010 0.448 0.081
Choroidal layer 073 016 <0.01

comparison (p)

CSC—central serous chorioretinopathy; CT—choroidal thickness; CVI—choroidal vascularity index.

There was a significant difference in subfoveal CT between healthy eyes and both eyes
of CSC patients. However, with regard to the CVIlayers’ comparison, no difference was
shown in the layer comparison between healthy and CSC or fellow eyes.

Although a different trend of changes between CSC eyes and fellow eyes, choriocap-
illaris, superficial, medium and deep CVI did not significantly differ for both (p = 0.73;
p = 0.16). On the contrary, healthy eyes showed a significant difference of CVI among the
various choroidal layers (p < 0.01).

4. Discussion

We studied the CVI changes across the entire depth of the choroid in both eyes of
patients affected by unilateral CSC. In the CSC eyes, the CVI increased as the distance from
RPE increased to reach a peak (0.500) in the medium depth of choroid and then reduced
towards the CSI (0.495). On the contrary, the mean CVI of fellow eyes tended to reduce
from RPE to the CSI (0.501; 0.493; 0.467). The control group showed a different trend, with
the lowest average vascular density in the medium layer (0.506; 0.492; 0.506).

Previous studies analyzed the CVI changes in healthy eyes, showing the highest
average vascular density in the outer level or Haller’s layer [19-22]. Sohrab et al. analyzed
only three choroidal sections of en face scans and calculated the vessel density on the basis
of a preselected threshold of red, green and blue (RGB) intensity. The authors showed a
different average vascular density in choriocapillaris (76.5%), Sattler’s layer (83.6%) and
Haller’s layer (87.2%) [19].

In another study with a cohort of 30 healthy eyes, the CVI values were 53.16%, 51.38%
and 55.69%, respectively, at the level of choriocapillaris, medium choroidal vessel and large
choroidal vessel layers [22].

The en face CVI of patients affected by acute or chronic CSC was noted to increase as the
distance from Bruch’s membrane increased. Patients with acute CSC had the point of maximum
vascularity (48.35% =+ 2.06%) at 75% depth of CT, while those with chronic CSC reached the
peak vascularity level at 50% of the choroidal depth, with a CVI of 48.70% =+ 1.32% [23].

In our cohort, the variation in CVI between choriocapillaris, superficial, medium and
deep level of the choroid were not significant for both eyes. These results are in contrast
to those previously reported [23]; a possible reason is the different choroidal segmentation
method applied. Indeed, Wong et al. compared choriocapillaris and various choroidal depths
of CVI (25%, 33%, 50%, and 75%). Moreover, we have observed no significant difference
between the whole and various CVI layers of CSC and fellow eyes, which suggests a similar
vascular architecture in both affected and fellow eyes. This could support the theory of a
bilateral involvement of CSC, previously revealed by many studies [3-6,8,28-31] and found
to increase with a longer follow-up [3-6].

Another aspect to consider is that CSC, as a pachychoroid condition [32], is charac-
terized by an increase in the size of Haller’s vessels, which may compress the inner layers
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and determine a similar vascularity throughout the CT [32,33]. In fact, in severe cases the
choriocapillaris and intermediate caliber vessels could be so attenuated that the Haller’s
layer would occupy a significant proportion of CT [32].

Choroidal thickness analysis suggests that choroidal thickness in eyes with CSC is
larger than that in age-matched control eyes and fellow eyes [30,31,34,35]. Considering the
multiple factors that could influence the choroidal thickness (age, axial length, refractive
error, blood pressure, time of the day), there is no definitive threshold for defining an eye
as having pachychoroid [32]. Nevertheless, according to a previous study that considered
395 um as a sensitive value to diagnose the “pachychoroid” disease, subfoveal CTs of
affected and fellow eyes were increased [36].

Interestingly, our study shows how the choroid plays an important role in the patho-
genesis of CSC but that it is not the only player. In fact, other than the similar vasculature
and the pathological choroidal thickness, there were no signs of CSC in the fellow eye
group. In this respect, it is recognized that other factors, such as the RPE, could play
defensive roles against high choroidal hydrostatic pressure [37].

The strength of our study is that we provided a measure in vivo of the vascularity
across the depth of the choroid, showing some similarities and differences between study
eyes and fellow eyes of patients affected by CSC. The study had several weaknesses. First,
was the small sample size; indeed, the strict criteria for unilaterality of the disease led to
the exclusion of many cases. Considering this limitation, the research should be considered
as just a preliminary study that could not provide any definite conclusion. Second, the
single time measuring of CVI does not take account of the choroidal variations based on
blood pressure and time of day [15]. Lastly, two further limitations arise from the arbitrary
cut-offs in identifying the choriocapillaris and the manual identification of the other points
of measurement.

5. Conclusions

In this preliminary study, the en face CVI of both eyes of patients affected by CSC
showed no difference between affected and fellow eyes. The trend of changes in CVI for
CSC and fellow eyes showed no statistical difference in the choroidal layer comparison.
On the contrary, healthy eyes showed a significant difference in CVI across the depth of
the choroid.
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Abstract: Background: To evaluate and compare the visual function and the quality of life (QoL)
in glaucomatous patients treated with topical medical therapy (TMT) alone, canaloplasty (CP),
or trabeculectomy (TB). Methods: A total of 291 eyes of 167 patients with primary open-angle
glaucoma or secondary pseudoexfoliative glaucoma in TMT or surgically treated with CP or TB
were included. Eligibility criteria for surgical patients included not needing TMT after surgery. Each
patient underwent a visual field assessment and peripapillary retinal nerve fiber layer (pRNFL)
optical coherence tomography and filled out the Glaucoma Symptoms Scale (GSS) questionnaire
and the 25-Item National Eye Institute Visual Functioning Questionnaire (25-NEI-VFQ). Comparison
between the QoL level of the three groups and its correlation with optic nerve’s anatomical and
functional status was the primary outcome. Results: CP patients reported the best general vision
(p =0.01), a lower incidence of eye burning (p = 0.03), and the lowest annoyance level of non-visual
symptoms (p = 0.006). QoL positively correlated with pRNFL thickness, whereas no correlation was
found with visual field damage. Conclusion: CP provides a better QoL when compared both to
TB and TMT, regardless of glaucoma stage. pRNFL seems to provide additional information for
predicting change in QoL.

Keywords: quality of life; canaloplasty; trabeculectomy; medical therapy

1. Introduction

Glaucoma is a neurodegenerative disease that causes a reduction of chromatic and
contrast sensitivity, early alteration of light adaption, and the progressive development
of characteristic visual field defects and optic disc damage [1-4]. This condition can lead
to difficulties in performing daily activities such as reading, walking, or driving, limiting
patients” independence [5,6]. Moreover, the psychological impact can be fairly relevant: the
loss of autonomy, together with the fear of going blind, may lead to depression, anxiety,
and loneliness [7-9].

The main goal of glaucoma management is to preserve visual function (VF) and quality
of life (QoL) [10]. QoL in glaucoma is assuming a leading role in healthcare, representing a
significant index of glaucoma impact on patients and of health interventions’ effectiveness.

Glaucoma therapeutic options include medical and surgical treatment. Topical medi-
cal therapy (TMT) is generally the first approach in reducing intraocular pressure (IOP).
However, it can lead to annoying local side effects such as irritation, burning, foreign body
sensation, fatigue, blurred vision, dryness, photophobia, dry eye syndrome, allergies, and
blepharitis [5,11]. Patients may also have difficulty applying eye drops and following
complex treatment regimens. These issues can undermine patients’ satisfaction and their
compliance with therapy [12,13]. Surgical therapy can reduce the incidence of these side ef-
fects; nevertheless, it is associated with specific unpleasant complications. Trabeculectomy
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(TB) represents the gold standard in glaucoma surgery, being the most effective surgical
procedure for reducing IOP [13]. However, since it implies the creation of a communication
between the anterior chamber and the subconjunctival space, it is burdened by numerous
intraoperative and postoperative problems such as hypotony, bleb leakage, cataract devel-
opment, choroidal hemorrhage, and infections [14-16]. Canaloplasty (CP) is a minimally
invasive procedure requiring visco-dilatation of the Schlemm’s canal and the placement of
an intracanalicular tension suture [17]. It has several advantages compared with TB, such
as the absence of the filtering bleb and its complications, easier postoperative management,
and faster recovery; however, a lower efficacy in reducing IOP was reported [15].

This study aimed to evaluate and compare the VF and the QoL in glaucoma patients
treated with TMT, CP, and TB and to correlate it with anatomical and functional optic
nerve alterations.

2. Materials and Methods

A cross-sectional study was conducted at the University Eye Clinic of Trieste between
October and December 2020. The study protocol adhered to the tenets of the Declaration
of Helsinki and was approved by the Institutional Review Board. The nature and the
purpose of the investigation were fully explained, and informed consent was obtained from
all participants.

Consecutive patients with a diagnosis of primary open angle glaucoma (POAG) or
secondary pseudoexfoliative glaucoma (PEXG) in TMT or surgically treated with TB or
CP by a single surgeon (DT) between January 2017 and July 2019 were included in the
study. Patients were approached by the glaucoma specialist during regular clinic visits and
screened for participation in this study. Glaucoma was diagnosed based on the presence
of typical glaucomatous optic nerve head damage with focal or generalized neuroretinal
rim thinning or cup/disc ratio asymmetry > 2 (in the absence of other neurodegenerative
conditions) and associated with repeated corresponding glaucomatous visual field defects.
Other eligibility criteria included age ranging between 55 and 80 years, previous cataract
surgery, and for surgical patients to have at least 18 months (range, 19-35 months) of
postoperative follow-up and no need for TMT after surgery.

Exclusion criteria were previous failed glaucoma surgery (cannulation failure dur-
ing CP, secondary glaucoma surgery, or IOP > 18 mmHg [18] without topical glaucoma
medication), previous eye intervention other than cataract surgery, and the presence of
psycho-physical conditions interfering with the comprehension and the compilation of
the questionnaires.

Enrolled patients underwent a complete ophthalmic examination and visual field as-
sessment (standard automated perimetry, SAP) taken with the Humphrey Field Analyzer 3
(Carl Zeiss Meditec, Dublin, CA, USA) using the central 24-2 Swedish Interactive Threshold
Algorithm strategy (SITA). Mean deviation (MD), pattern standard deviation (PSD), and
Glaucoma Staging System 2 (GSS2) classification were registered [4].

The global average thickness (G) of the peripapillary retinal nerve fiber layer (pRNFL)
was also registered via Heidelberg Spectralis II OCT (Software Version 6.15, Heidelberg
Engineering, Heidelberg, Germany).

The number of different antiglaucoma topical medications applied daily by TMT
patients was recorded.

At the end of the visit, the Italian versions of Glaucoma Symptoms Scale (GSS) [19-22]
questionnaire and the 25-Item National Eye Institute Visual Functioning Questionnaire
(25-NEI-VFQ) [23-25] were administered to each patient’s compilation according to the
questionnaires’ specific compilation guidelines. Each eye was analyzed separately.

The GSS [19-22] questionnaire consists of ten questions related to ten eye complaints
that are common in glaucoma patients; they are divided into two groups: six non-visual
symptoms (burning, tearing, dryness, itching, irritation, feeling of foreign body) and four
visual symptoms (blurred vision, difficulty seeing in daylight, difficulty seeing in darkness,
halos around lights). Each symptom is analyzed in terms of presence and annoyance using
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a scale from 0 to 100 (0 indicates an intense symptom, and 100 corresponds to its absence):
the higher the score, the greater the ocular wellbeing. Three scores are finally given: GEN
is the total GSS score (mean of the ten subscale scores), SYM is the non-visual symptoms
score (mean of the six subscales), and FUNC is the visual symptoms score (mean of the
four subscales).

The 25-NEI-VFQ [23-25] consists of 25 main questions and an appendix of 13 addi-
tional items grouped in 12 subscales which investigate different fields of the vision-related
QoL: general health, general vision, ocular pain, near activities, distance activities, social
functioning, mental health, role difficulties, dependency, driving, color vision, and periph-
eral vision. Patients are required to estimate the fatigue encountered in performing a given
daily activity, describing it as absent, small, moderate, severe, or so intense that they can’t
carry it out. Answers are then converted into a numerical score, then the average for each
subscale is calculated going from 0 to 100, where a higher score represents a better QoL.

Statistical Analysis

Group homogeneity was checked via analysis of variance (ANOVA, p > 0.05) and pro-
portion tests (p > 0.05). Quantitative variables were expressed in terms of mean =+ standard
deviations (SD). Regarding both questionnaires’ results, the comparison of CP and TB was
assessed with the Wilcoxon test, whereas the Kruskal-Wallis test and G-test were required
when analyzing CP, TB, and TMT. A p-value < 0.05 was considered statistically significant.
Pearson’s correlation coefficient (r) was analyzed to study the correlation between QoL and
the glaucoma stage (according to GSS2) and between QoL and G value; a corresponding
correlation test was used to check the statistical significance.

Statistical analyses were performed using R software 3.6.1 (R Foundation for Statistical
Computing, Vienna, Austria).

3. Results

A total of 291 eyes (145 right eyes, 146 left eyes) of 167 Caucasian patients (75 males
and 92 females) met the inclusion criteria; the mean age of the study subjects was 77 years
(SD, 8 years). Baseline characteristics of the three groups were similar in terms of age
and gender according to ANOVA (p > 0.05) and proportion tests (p > 0.05). Out of 291
included eyes, 92 eyes (31.7%) underwent CP, 56 (19.2%) underwent TB, and 143 (49.1%)
were treated with TMT. Regarding TMT patients, a mean number of 1.78 4 0.74 different
topical anti-hypertensive medications were instilled daily.

Visual field test results are reported in Table 1.

Table 1. Visual field test results in the three different treatment groups.

Parameters Canaloplasty Trabeculectomy Topical Medical Therapy
MD! —13.65 £9.01 —16.88 £8.90 —6.70 £ 8.21
PSD 2 8.21 £4.35 8.33 £3.53 4.96 +3.92
GSS23 3.36 = 1.79 395+ 145 1.84 +1.87

1 Mean Deviation. 2 Pattern Standard Deviation. ® Glaucoma Staging System 2. Values are reported as
mean = standard deviation.

The three groups were composed of patients affected by statistically significant differ-
ent stages of glaucomatous visual field defect according to GSS2 (p < 0.001, ANOVA test),
as shown in Figure 1. In addition, a statistically significant difference for MD, PSD, and
GSS2 between the CP and TB groups was found (p < 0.001, ANOVA test).

As regards pRNFL, for the CP group, mean G was 60.51 pm =+ 19 um, for the TB group,
mean G was 58.41 pm =+ 20.2 um, and for the TMT group, mean G was 75.71 pm =+ 22.5 um.

The difference among the G values of the three groups was statistically significant
(p < 0.001, ANOVA test), as shown in Figure 2.
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Figure 1. Visual field defect stages according to GSS2 in the three treatments groups.
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Figure 2. Global average thickness (G value) of the peripapillary retinal nerve fiber layer (pRNFL) in
the three treatments groups.

Visual field tests and pRNFL acquisitions images are shown in Figure 3.
GSS questionnaire results are reported in Figure 4, Tables 2 and 3.

Table 2. Glaucoma Symptoms Scale (GSS) questionnaire: a comparison between canaloplasty and
trabeculectomy through the Wilcoxon test.

Parameters Canaloplasty Trabeculectomy p-Value (Wilcoxon)
GEN'! 83.3 £16.7 80.3 £ 16 0.12
SYM 2 87.6 £15.1 852+ 13.4 0.09
FUNC? 762 £27.9 73.8 £26.2 0.36

1 Total GSS score. 2 Non visual symptoms GSS score. 3 Visual function GSS score. Values are reported as
mean -+ standard deviation.
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Figure 3. Peripapillary retinal nerve fiber layer and visual fields of patients with different glaucoma
stages according to Glaucoma Staging System 2. From left to right, top: stage 0, borderline, 1, 2. From
left to right, bottom: stage 3, 4, 5.
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Figure 4. Incidence of the 10 symptoms analyzed by Glaucoma Symptom Scale (GSS) questionnaire in
the three treatment groups. p-values resulting from the G-test are reported on the top of the columns.
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Table 3. Glaucoma Symptoms Scale (GSS) questionnaire: comparison between canaloplasty, tra-
beculectomy and topical medical therapy through the Kruskal-Wallis test.

Topical Medical p-Value
Parameters Canaloplasty ~ Trabeculectomy Therapy (Kruskal-Wallis)
GEN'! 833 £16.7 80.3 £ 16 78.4 4+ 20.7 0.18
SYM 2 87.6 £15.1 852+ 13.4 78.8 £22.7 0.006
FUNC?3 76.2 4279 73.8 £26.2 78.5 £24.5 0.41

! Total GSS score. 2 Non visual symptoms GSS score. ® Visual function GSS score. Values are reported as
mean = standard deviation. Statistically significant results are reported in bold text.

Firstly, the incidence of the 10 symptoms analyzed by the GSS questionnaire in the
three treatment groups was analyzed (Figure 3); a statistically significant difference was
noted in the incidence of “burning”, which was more frequently reported by TMT patients
(p=0.03, G test), whereas “blurred vision” was slightly correlated to TB treatment (p = 0.054,
G test).

Annoyance of symptoms was also studied. Table 2 shows the comparison between CP
and TB. CP patients referred a greater QoL: they reported higher (thus better) scores in SYM,
FUNC and GEN; however, no statistically significant difference was found (Wilcoxon test).

Table 3 illustrates the comparison among CP, TB, and TMT group; CP patients reported
a statistically significant lower annoyance of non-visual symptoms (p = 0.006).

The following parameters from the 25-NEI-VFQ were analyzed: general health, general
vision, near vision, distance vision, mental health, and peripheral vision. Table 4 shows the
comparison between CP and TB patients (Wilcoxon test).

Table 4. General health, general vision, near vision, distance vision, mental health, and peripheral vi-
sion parameters of the 25-Item National Eye Institute Visual Functioning Questionnaire (25-NEI-VFQ):
comparison between canaloplasty and trabeculectomy through the Wilcoxon test.

Parameters Canaloplasty Trabeculectomy p-Value (Wilcoxon)
General health 68.3 +19.5 66 +17.1 0.38
General vision 732+ 175 63 £21 0.005

Near vision 86.2 £21.9 86.1 £ 254 0.54
Distance vision 88.2 +£18.1 89.3 + 194 0.53
Mental health 78 +28.8 81.9 +23.3 0.73

Peripheral vision 88 4+ 20.8 92 +21.2 0.20

Values are reported as mean =+ standard deviation. Statistically significant results are reported in bold text.

CP patients reported higher and better scores in general vision than TB patients, and
the difference was statistically significant (p = 0.005).

The comparison among CP, TB, and the TMT group (Kruskal-Wallis) is reported in
Table 5.

Table 5. General health, general vision, near vision, distance vision, mental health and periph-
eral vision parameters of the 25-Item National Eye Institute Visual Functioning Questionnaire
(25-NEI-VFQ): comparison between canaloplasty, trabeculectomy and topical medical therapy
through the Kruskal-Wallis test.

Parameters Canaloplasty Trabeculectomy Topch;lr;;ilcal (Kru’sj l-(Z;—luWeallis)
General health 68.34+19.5 66 4171 67.2 £20.1 0.67
General vision 732+175 63 £ 21 68.1+19.2 0.01

Near vision 86.2 £21.9 86.1 £25.4 90.1 £19.6 0.29
Distance vision 8824181 89.3 +£19.4 9154152 0.46
Mental health 78 +28.8 81.9 £23.3 83.8 4239 0.37

Peripheral vision 88 £20.8 92 £21.2 93.7 £15.8 0.04

Values are reported as mean =+ standard deviation. Statistically significant results are reported in bold text.
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The best results in general vision and peripheral vision were achieved by CP patients,
whereas TB patients reported the lowest results; the differences were statistically significant
(p =0.01 and p = 0.04, respectively).

The Pearson correlation test was performed to assess the presence of a linear correlation
between the QoL and functional and anatomical glaucomatous damage. Patients were
considered as a single group, regardless of the type of treatment. No statistically significant
correlation was found between QoL and the GSS2 stage. A weak positive correlation
was found between pRNFL and the following subscales of the GSS questionnaire and
the 25-NEI-VFQ: FUNC (r = 0.213, p < 0.001), general vision (r = 0.165, p = 0.0067), near
activities (r = 0.244, p < 0.001), distance activities (r = 0.228, p < 0.001), mental health
(r=0.192, p = 0.0015), and peripheral vision (r = 0.27, p < 0.001).

Finally, a linear regression between general vision and MD, PSD, GSS2, and type of
surgery was checked. We found a statistically significant regression coefficient (p = 0.0016)
for type of surgery, with an improvement in the general vision of more than 10.3 points in
CP compared to TB group.

4. Discussion

European Glaucoma Society’s guidelines state that the aim of glaucoma therapeutic
management is the preservation of VF and of a good QoL [10]. According to the guidelines,
medical therapy should be the first therapeutic approach. If it fails, surgical treatment is
recommended. Currently, the gold standard of surgical therapy is represented by TB [10].
To avoid the above-mentioned complications, CP was developed; this surgical procedure
is associated with a lower complication rate and it could represent both an effective and
safe therapeutic strategy, which protects the surgeon from the burden of complications and
preserves the patient’s wellbeing. This was confirmed by Klink et al. [26], who compared
the 25-NEI-VFQ results of CP and TB patients, highlighting that VF was considerably better
after CP; this kind of surgery was associated with a more preserved ability to read, watch
television, see in the dark, and drive, having a lower impact on daily activities. Our study
is consistent with this result; we found that CP guarantees a statistically significant better
general vision score than TB (p = 0.005; Table 4). This is an encouraging outcome, since
VEF preservation constitutes the therapeutic goal to be achieved. CP does not require the
presence of a filtering bleb, avoiding problems associated with it coming in touch with
the cornea; this occurrence can cause keratopathy, tear film alterations, and eye surface
damage, which can result in a worsening of visual performance [27,28].

In our study, we also evaluated the impact of TMT on QoL and compared it to the
two above-mentioned surgical techniques. No available scientific study has provided a
contextual comparison of these three therapeutic approaches yet; however, this evaluation
could have important implications in clinical practice. Together with IOP reduction, surgery
aims to preserve patients” wellbeing and autonomy; it should lead to an improvement in
patient QoL, since it virtually reduces the impact of ocular and systemic side effects of TMT,
alleviating glaucoma interference in everyday life.

It has already been shown that TB surgery does not fulfill these purposes. In fact,
Guedes et al. [29] compared the QoL of TMT patients with those who had undergone
surgery (TB, laser iridotomy, and other techniques, but not CP), and those who required
mixed therapy. The first group reported significantly better scores on the 25-NEI-VFQ,
except for general health and driving, where the differences were not statistically significant.
In the CIGTS (The Collaborative Initial Glaucoma Treatment Study) [30], 607 newly diag-
nosed patients were randomized to TMT or TB surgery and then underwent a 60-month
follow-up, during which the impact on QoL of the two different therapies was assessed.
One year after surgery, both ocular symptoms and VF were worse in the TB group.

In our study, according to GSS2 results, TMT was associated with the highest incidence
of eye burning (p = 0.03), whereas blurred vision was more frequent in the TB group
(p = 0.054). Moreover, CP patients reported the lowest annoyance of non-visual symptoms
compared to TB and TMT patients, and the difference was statistically significant (p = 0.006).
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As far as vision-related QoL is concerned, the 25-NEI-VFQ results show that CP is
associated with greater values in the general vision parameter (p = 0.01) compared both to
the TB group and the TMT group.

It was expected that CP surgery could be associated with a greater QoL than TB.
Klink et al. [26] already showed that this minimally invasive and bleb-free procedure is
linked to lower eye discomfort and a lower complication rate than TB; moreover, this
technique does not require intraoperative and postoperative subconjunctival use of antipro-
liferative substances, whose application in TB surgery contributes to symptom development.
As is known, the postoperative course could be challenging for each surgery; however,
after CP, follow-up seems to be easier and most of the patients do not complain about eye
discomfort, whereas TB is associated with longer hospitalization and follow-up, a higher
chance of a second admission, and more frequent eye examinations (14.5% against 7.5% in
canaloplasty) [26-28,31,32].

It was not expected that any surgery could guarantee a significantly better QoL than
TMT; interestingly, in our study, CP seemed to achieve this goal. A likely reason for its
supremacy can be found in the relationship between eye drops and Ocular Surface Disease
(OSD). Pahljina et al. found that a reduction in the number of eye medications following
glaucoma surgery (namely, phacoemulsification combined with the Xen gel stent) had a
positive impact on patient QoL, according to the GSS questionnaire [33]. OSD affects 15%
of healthy people over 65 years of age and 59% of glaucomatous patients; besides aging,
one of the most important risk factors for its onset is eye drop instillation and years of
treatment [11,34]. The damage is caused both by the active principle and the preservative.
Benzalkonium chloride is the most widely used preservative; even at low concentrations, it
exerts a toxic effect on the corneal-conjunctival surface, as it accumulates in the eye surface
causing cell membrane lysis and altering corneal epithelial and Langerhans cell density;
moreover, it determines a poorer tear production and interferes with the integrity of the
superficial tear lipid layer, decreasing its stability, as demonstrated by the reduction in the
break-up time [5,35].

Rossi et al. analyzed the relation between OSD and QoL in glaucoma patients receiv-
ing eye drops containing benzalkonium chloride through the 25-NEI-VFQ and the GSS
questionnaires. Patients with OSD reached low mean total scores; the same results were
obtained when dry eye syndrome was valued [11,35,36]. These conditions reduce visual
performance and can limit daily activities such as reading, working on the computer, or
driving. According to Van Gestel et al. [37], OSD seems to have a greater impact on QoL
than the disease progression [36]; however, preservation of central and near vision, mobility,
and daily activities is considered more important than the absence of eye discomfort, even
by patients.

As regards peripheral vision, the TMT group gained the highest scores, and the
difference turned out to be statistically significant (p = 0.04); this could be expected, since
glaucoma visual field damage is typically centripetal, and this group was characterized by
earlier GSS2 stages.

The supremacy of CP over TMT represents an interesting finding, considering that
CP patients were affected by more advanced stages of anatomical and functional damage.
Previous studies reported a correlation between the 25-NEI-VFQ results and visual field
deterioration [7,20,38]. In our study, we found no correlation between the QoL and GSS2.
Patients” wellbeing seemed not to depend just on the progression of the perimetric defect; it
represents a wider concept, influenced by numerous variables, which should be considered
when evaluating the effectiveness of a given treatment. On the other hand, a linear positive
correlation between QoL and pRNLF emerged. The relationship between anatomical
changes and QoL is still not clear [39]. In a longitudinal study, Gracitelli et al. [40] already
described how progressive thinning of RNFL was associated with a decrease in QoL over
time. They reported that each 1-pm-per-year reduction in RNFL thickness corresponded to
a modification in the 25-NEI-VFQ scores of 1.1 units per year; the association was confirmed
even after accounting for visual field loss over time. This could partially explain why we
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found an anatomical correlation but not a functional one. Structural assessment seems to
provide additional information for predicting change in QoL beyond what SAP can reveal;
according to authors, there may be adjunctive visual changes that are relevant to QoL but
cannot be fully captured by SAP, such as motion perception.

We also performed a correlation between the GSS questionnaire results and pRNLF; it
is interesting to notice that a positive correlation was found for the visual symptoms (FUNC)
subscale but not for the non-visual symptoms (SYM) subscale. Floriani et al. reported
similar results when correlating GSS questionnaire’s results and GSS2 stages [7]. In our
study, the impact of ocular disturbances (such as burning) on QoL shows no correlation
with optic neuropathy, supporting our hypothesis that the type of treatment may have a
role in determining patients’” wellbeing.

Limitations of the present study are its retrospective design and the small sample
size. Moreover, as known, QoL can be affected by additional comorbidities, both ocular
and systemic; nevertheless, since the three groups were homogeneous by sex and age, it is
reasonable to assume that such pathologies also had a similar distribution. Future studies
should aim to include a larger number of patients, have a prospective design, and a longer
follow-up period.

5. Conclusions

CP seems to provide a better QoL when compared to both TB and TMT, guaranteeing
better general vision, fewer symptoms, and a lower rate of complications. pRNFL thinning
correlates with VR-QoL and seems to provide additional information on its changing
besides what visual field test can reveal. However, local symptoms seem not to depend
only on the structural damage, and the impact of treatment may be relevant. According
to our findings, CP helps to combine IOP control with the need to ensure the patient’s
wellbeing. Undergoing this kind of surgery, the patient will not have to instill topical
drugs, avoiding their side effects; on the other hand, they will not face bleb-related ocular
disorders, as in the case of TB. After a few weeks, the patient will be free from ocular
discomfort. These findings suggest that CP could represent a valid therapeutic alternative
in patients who poorly adhere to medical instruction or do not tolerate TMT; the lower rate
of complications suggests it should be proposed more confidently even to younger patients,
who will also benefit from the more delayed follow-ups.
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Abstract: Celiac disease is an immune-mediated, chronic, inflammatory, and systemic illness which
could affect the eye. The aim of this study is to look for possible signs of retinal involvement in
celiac disease that could be utilized as biomarkers for this disease. Sixty-six patients with celiac
disease and sixty-six sex-matched healthy subjects were enrolled in this observational case—control
study. A comprehensive ophthalmological evaluation, axial length measurements, and SD-OCT
evaluation were performed. The thickness of the retinal layers at the circle centered on the fovea
(1 mm in diameter) and the average of the foveal and parafoveal zones at 2 and 3 mm in diameter
were evaluated, together with retinal volume and the peripapillary retinal nerve fiber layer (RNFL).
Concerning the thicknesses of the retinal layers in each analyzed region, no statistically significant
differences were found. The same results were obtained for the total volume. Regarding peripapillary
RNFL, the celiac patients showed slightly thicker values than the healthy controls, except for temporal
and nasal-inferior quadrants, with no statistically significant differences. All the analyzed parameters
were similar for the celiac patients and the healthy individuals. This could be related either to
the non-involvement of the retinal layers in celiac disease pathophysiology or to the gluten-free
diet effect.

Keywords: celiac disease; OCT; optical coherence tomography; retinal layers; RNFL

1. Introduction

Celiac disease is an immune-mediated, chronic, inflammatory, and systemic illness [1]
characterized by the formation of autoantibodies against tissue transglutaminase, which
are triggered by gluten and gluten-like proteins in genetically susceptible subjects [2].

Classic celiac disease presents malabsorption, failure to thrive, and diarrhea. At
the same time, more subtle presentations such as latent, potential, oligosymptomatic,
and extraintestinal signs related to otologic, dental, neurological, dermatological, and
musculoskeletal symptoms may be less prevalent [3]. However, individuals are in danger of
long-term complications if undetected extraintestinal manifestations are not addressed [4,5].

Among these extraintestinal findings, ocular manifestations due to celiac disease are
of great concern because of the direct effect of visual function and ocular comfort on the
quality of life [6,7].

The presence of circulating immune complexes or autoantibodies in ocular tissues,
cross-reactivity of cell antigenic epitopes, vitamin deficiencies, and immunogenetic factors
might all play a role in ocular involvement, especially for all the vascularized components
of the eye [6].

In fact, the choroid of celiac patients appears thicker than healthy controls [8,9]. In
particular, De Bernardo et al. [9] not only confirmed a thicker choroid in celiac patients [8],
but analyzing the choroidal vascularity index in these patients, found no statistical differ-
ences between celiac patients and healthy controls. However, celiac patients showed all the
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choroidal areas to be larger in a significant way than the healthy group. Thus, De Bernardo
et al. supposed a proportional increase in both the vascular and stromal components, that
may be linked to the inflammatory and autoimmune responses related to celiac disease
pathophysiology [9]. On the other hand, anterior eye segment changes due to celiac disease
are still unclear [10-12].

To the best of our knowledge, no studies have been published examining all the retinal
layers concerning retinal involvement in celiac disease. Only a few studies evaluated
the peripapillary retinal nerve fiber layer (RNFL), showing no consensus in children and
adults [11-14]. In addition, one study also evaluated the ganglion cell complex (GCC) in a
pediatric population, finding no statistical difference between celiac patients and healthy
controls [14].

For these reasons, together with the disease’s autoimmune and inflammatory na-
ture and the presence of the superficial and deep capillary plexuses among the retinal
layers, this study aims to look for possible signs of retinal involvement, utilizing spectral-
domain optical coherence tomography (SD-OCT), that could be utilized as biomarkers for
this disease.

2. Materials and Methods
2.1. Patient Selection

Adult subjects with a diagnosis of celiac disease, evaluated at the Celiac Disease Center
at the Department of Medicine, Surgery, and Dentistry of the University of Salerno between
September 2019 and March 2020, and a control group of sex-matched healthy subjects were
included in this observational case—control study.

Diagnosis of celiac disease was confirmed by intestinal biopsy and serology, regardless
of the time of diagnosis. Following the diagnosis, all the celiac patients were placed on a
gluten-free diet. Regarding control subjects, they had at least one negative-specific serology
for celiac disease and no diagnosis of any gastrointestinal diseases.

Subjects younger than 18 years of age or with systemic and ocular diseases, or patients
who underwent other ophthalmic surgical procedures which could affect the eye [15-18],
were excluded from this study.

According to the Declaration of Helsinki’s ethical principles, all participants were
informed about the study’s purpose and written informed consent was acquired. Institu-
tional Review Board approval was also obtained from the ComEtico Campania Sud (CECS),
prot. n°16544.

2.2. Clinical Examination and OCT Analysis

A comprehensive ophthalmological evaluation, including clinical history to identify
possible exclusion criteria, slit-lamp examination, Snellen best-corrected visual acuity, axial
length (AL) measurements with IOLMaster (Carl Zeiss Meditec AG, Jena, Germany, ver-
sion 5.4.4.0006), and SD-OCT evaluation (Spectralis; Heidelberg Engineering; Heidelberg,
Germany, version 6.0), was performed.

All participants were examined between 2:00 p.m. and 3:00 p.m., without pupil
dilation. For each participant, only the right eye was evaluated [19].

A horizontal 30° volume OCT B-scan centered on the fovea was obtained for all
examined eyes. Using the device’s built-in software (Heidelberg Eye Explorer HEYEX;
Heidelberg Engineering), the segmentation of the retinal layers was obtained.

Poor-quality images with a signal-to-noise score lower than 20 decibels were excluded.

To study the 10 retinal layers, eleven optical interfaces were obtained (Figure 1) [20].

In addition, utilizing the standard Early Treatment Diabetic Retinopathy Study (ET-
DRS) grid, the thickness of the retinal layers at the circle centered on the fovea (1 mm in
diameter), the average of the 5 foveal and parafoveal zones (2 mm in diameter), and the
average of the 9 foveal and parafoveal zones (3 mm in diameter) were evaluated (Figure 2).
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Figure 1. Segmentation of the retinal layers using the instrument’s automatic algorithm. ILM: internal
limiting membrane; RNFL: retinal nerve fiber layer; GCL: ganglion cell layer; IPL: inner plexiform
layer; INL: inner nuclear layer; OPL: outer plexiform layer; ELM: external limiting membrane; PR:
photoreceptor layers; RPE: retinal pigment epithelium; BM: Bruch’s membrane.

Crche Diameters: 1,2, 3 mm

Figure 2. Early Treatment Diabetic Retinopathy Study grid utilized for the retinal analysis.

For all the analyzed regions (1, 2, and 3 mm diameter), the values of the total thickness
(total retina), photoreceptor (PHR) layer, retinal pigment epithelium (RPE), outer nuclear
layer (ONL), outer plexiform layer (OPL), the inner retinal layer (IRL), and the GCC
thickness were collected. IRL includes the sum of RNFL, GCL, IPL, and the inner nuclear
layer (INL), while GCC is composed of RNFL, GCL, and IPL. However, the thickness
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value for all these layers was also evaluated individually in each studied region of the
ETDRS grid.

Moreover, the device’s built-in software automatically calculated the total volume at
3 mm diameter for each retinal layer.

Concerning peripapillary RNFL, the optic nerve head protocol of the device generates
an RNFL thickness map from which RNFL thickness is measured along a circle 3.45 mm in
diameter centered on the optic disc. The average RNFL thickness of the seven quadrants
(global average, temporal, temporal-superior, nasal-superior, nasal, nasal-inferior, and
temporal-inferior) was measured for all patients.

2.3. Statistical Analysis

All data were analyzed with GraphPad Prism 8 (GraphPad Software, LLC, version 8.4.3).
Kolmogorov-Smirnov test was performed to assess normal distribution (p > 0.05) for
all data.

To compare the different parameters of the two groups, the two-tailed Mann- Whitney
U test for not normal-distributed data and the two-tailed independent samples Student
t-test for normal-distributed data were used. Furthermore, the correlation between the
years of gluten-free diet adherence and the total retinal thickness in each analyzed region
was also evaluated using the Spearman correlation test. p values less than 0.05 were
considered statistically significant.

The sample size was determined by maximizing the statistical power. The analysis
was performed using G*Power software (version 3.1.9.4) [21]. A difference between two
independent means (two groups) was computed. Input data were the following: « was set
at 0.05; 1-3 was set at 0.81; allocation ratio N2 /N1 was set at 1; and the effect size was set
as a medium at around 0.5. Results were the following: non-centrality parameter 6 = 2.872;
critical t = 1.978; Df = 130; sample size group 1 = 66; sample size group 2 = 66; actual
power = 0.814; and total sample size = 132.

3. Results

Sixty-six patients with celiac disease (nineteen males) and sixty-six sex-matched
healthy subjects were enrolled. The mean disease duration of the celiac patients was
9.1 £ 8.8 years (range: 0—41 years). None of the celiac patients included in this study
presented previous ocular complications due to celiac disease.

The mean age of the celiac patients was 40.3 = 11.6 years (range: 18-66 years), while the
mean age of the healthy subjects was 39.9 & 14.2 (range: 23-69 years), with no statistically
significant difference between the two groups (p = 0.75).

The mean AL of the celiac patients was 23.6 + 1.0 mm (range: 21.7-26.1 mm), while
the mean AL of the healthy subjects was 23.9 £ 1.2 mm (range: 20.7-27.5 mm), with no
statistically significant difference between the two groups (p = 0.15).

Concerning the thicknesses of the retinal layers at each analyzed region of the ETDRS
grid, no statistically significant differences were found between the celiac patients and the
healthy subjects, as shown in Tables 1-3. However, celiac patients showed slightly thicker
retinal layers than healthy subjects, except for INL at 1 mm diameter (Table 1); ONL, INL,
and GCL at 2 mm diameter (Table 2); and ONL, GCL, RNFL, and GCC at 3 mm diameter
(Table 3).

By comparing the total volume, no statistically significant differences were found as
well, as summarized in Table 4.

Regarding peripapillary RNFL, the celiac patients showed slightly thicker values than
the healthy controls, except for temporal and nasal-inferior quadrants. Nonetheless, no
statistically significant difference for these parameters was found, as shown in Table 5.

Considering the correlation between the years of gluten-free diet adherence and the
total retinal thickness, no statistically significant correlation was found at 1 mm (p = 0.07;
r=—0.23),at2mm (p = 0.15; r = —0.18), and at 3 mm (p = 0.53; r = —0.08).
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Table 1. Comparison of average retinal layer thicknesses (um) between celiac patients and healthy
subjects at 1 mm diameter of ETDRS grid on OCT.

Celiac Patients Healthy Controls Value
19 Males-47 Females 19 Males-47 Females P
Mean + SD Median Mean + SD Median
(Range) (IQ Range) (Range) (IQ Range)
882+ 33 88.0 87.9 + 3.4 87.0 R
PHR (um) (82.0-99.0) (86.0-90.0) (81.0-95.0) (85.8-90.3) 0.67
RL (um) 1826 + 17.7 1815 180.7 + 198 179.0 .
Hm (1480-2210)  (1718-1960)  (1370-2370)  (167.0-195.0) 0.57
RPE (km) (13.0-19.0)  (150-17.0)  (120-19.0)  (15.0-17.0) 0.72
ONL () 92.7+10.2 925 922+ 9.9 92.0 b7
GsIz @giey ety eegpe O
24 5. . 6+ 5. . .
UM grenn g0 gty agpe 07
345 . 145 . ,
THU gemn agmo  glemo  wgmo 0
T ey argme ey agmo 0V
S semg apro gowg a0
242, . 9%2. . .
oGS oy gebgcogpo
8+ 9. . 349, . .
GCC (um) (280-71.0)  (40.0-533)  (27.0-77.0)  (40.0-50.3) 0.37
TOTAL 2708 + 18.2 270.0 268.6 4 202 266.0 boso
RETINA (um)  (235.0-308.0)  (257.5-2843)  (228.0-328.0)  (254.5-283.3) :

@ Mann Whitney U test;  Student t-test unpaired. SD: Standard Deviation; IQ: Interquartile; PHR: Photoreceptors;
IRL: Inner Retinal Layer; RPE: Retinal Pigment Epithelium; ONL: Outer Nuclear Layer; OPL: Outer Plexiform
Layer; INL: Inner Nuclear Layer; IPL: Inner Plexiform Layer; GCL: Ganglion Cell Layer; RNFL: Retinal Nerve
Fiber Layer; GCC: Ganglion Cell Complex.

Table 2. Comparison of average retinal layer thicknesses (um) between celiac patients and healthy
subjects at 2 mm diameter of ETDRS grid on OCT.

Celiac Patients Healthy Controls Value
19 Males—47 Females 19 Males—47 Females P
Mean + SD Median Mean + SD Median
(Range) (IQ Range) (Range) (IQ Range)
84.0 £ 3.4 83.8 83.6 £2.8 83.8 .
PHR (pum) (77.6-95.6) (81.8-85.8) (77.4-89.6) (81.8-85.8) 0.48
RL (um) 2362 + 132 234.4 2353 + 16,5 234.8 207
W (211é.62—§71252) (226.1652645.6) (11953.':’{5;2617.56) (223.?52450.6) :
6+ 1. i 5+ 1. . .
TEE qaerny  oagies ety iz 0%
9+, . 0=+09. : .
o GEIRD mEwo gy egwe 0P
6+5. k 44£5. k .
OPL (um) (248-486)  (31.2-385)  (24.8460)  (29.3-37.8) 012
INL (e 34T +40 335 345+ 4.1 344 2061
K (24.8-44.8) (31.4-37.3) (27.8-44.2) (30.8-37.4) :
L (um) 35.7 £33 36.2 355 + 3.7 35.2 2076
™ gy eaye gLy egwe
3405 ) 4+£5. . .
SO et = S v B B
0=+0. ; 9+1. ) )
o GG wgEe (emp esgee Y
0=£8. . 8+9. . .
GCC (um) (744-1122)  (849-97.1)  (722-1102)  (84.3-97.6) 0.90
TOTAL 3203 + 146 318.9 3189 + 17.0 318.4 2062
RETINA (um)  (2984-358.6)  (308.2-330.9)  (272.0-354.8)  (307.9-329.9) :

2 Student f-test unpaired; b Mann Whitney U test. SD: Standard Deviation; IQ: Interquartile; PHR: Photoreceptors;
IRL: Inner Retinal Layer; RPE: Retinal Pigment Epithelium; ONL: Outer Nuclear Layer; OPL: Outer Plexiform
Layer; INL: Inner Nuclear Layer; IPL: Inner Plexiform Layer; GCL: Ganglion Cell Layer; RNFL: Retinal Nerve
Fiber Layer; GCC: Ganglion Cell Complex.
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Table 3. Comparison of average retinal layer thicknesses (um) between celiac patients and healthy
subjects at 3 mm diameter of ETDRS grid on OCT.

Celiac Patients Healthy Controls Value
19 Males—47 Females 19 Males—47 Females P
Mean + SD Median Mean + SD Median
(Range) (IQ Range) (Range) (IQ Range)
82.1+31 817 817 £25 817 .
PHR (um) (75.9-91.3) (80.5-84.3) (75.8-86.8) (80.2-83.6) 044
RL (um) 2487 + 124 2467 2483 + 14.2 2487 2 086
gy ehges iy e o
RPE (km) (122-19.1)  (138-160)  (114-17.6)  (13.6-15.6) 0-17
ONL (em) 727 +9.1 70.9 729 + 8.7 73.8 bos
B BT e B
844 . 144 . .
e DI s GEsg egzo
543, . 543, . R
INL (em) (304-463)  (353-39.8)  (319458)  (34.9-39.8) 0-98
L (m) 39.0 £2.7 393 389 +3.0 387 2088
"R U gemg cpgy
ey GETR eEbe Gy wgma
541, . 64 1. . .
oo legmA o ongwe gty ogme
07, . 1x8. . .
GEC (wm) (857-121.8)  (1002-110.6)  (87.0-124.3)  (99.1-112.6) 0-96
TOTAL 3309 + 13.8 329.7 330.0 & 147 330.6 2074

RETINA (um)  (303.3-369.3)  (318.9-341.1)  (289.0-362.1)  (319.7-338.7)

2 Student t-test unpaired; ® Mann Whitney U test. SD: Standard Deviation; IQ: Interquartile; PHR: Photoreceptors;
IRL: Inner Retinal Layer; RPE: Retinal Pigment Epithelium; ONL: Outer Nuclear Layer; OPL: Outer Plexiform
Layer; INL: Inner Nuclear Layer; IPL: Inner Plexiform Layer; GCL: Ganglion Cell Layer; RNFL: Retinal Nerve
Fiber Layer; GCC: Ganglion Cell Complex.

Table 4. Comparison of total volume (mm?) between celiac patients and healthy subjects of the

analyzed OCT scan.
Celiac Patients Healthy Controls Value
19 Males—-47 Females 19 Males—-47 Females P
Mean + SD Median Mean + SD Median
(Range) (IQ Range) (Range) (IQ Range)
0.58 + 0.02 0.58 0.58 + 0.02 0.58
3 a
S T
3 . X . . . . N
O - T o B
3 . . . . . . A
e geam opgn gmep oggw
3 . . . . X . a
ovemd i@ oepd  pgsg eggw
3 . . . . X . N
e gpom omgm mewm oagw 0
3 . X . . X . N
e Gpkm omgm  gpim eggm
3 . X . . . . N
mem gpmm omge opm om0
3 . . . . X . a
e ey ompe  gpam oggw Y
3 . . . . . . a
P o A v B -
3 . X . . X . a
GCC (mm”) (0.62-090)  (0.71-0.80)  (0.67-0.88)  (0.71-0.81) 0.98
TOTAL RETINA 2.35+0.10 2.34 2.34 +0.10 2.35 b (81
(mm?) (14-2.62)  (227-242)  (207-257)  (2.27-2.40) 0.8

2 Mann Whitney U test; b Student t-test unpaired. SD: Standard Deviation; IQ: Interquartile; PHR: Photoreceptors;
IRL: Inner Retinal Layer; RPE: Retinal Pigment Epithelium; ONL: Outer Nuclear Layer; OPL: Outer Plexiform
Layer; INL: Inner Nuclear Layer; IPL: Inner Plexiform Layer; GCL: Ganglion Cell Layer; RNFL: Retinal Nerve
Fiber Layer; GCC: Ganglion Cell Complex.
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Table 5. Comparison of peripapillary RNFL thicknesses (ium) between celiac patients and

healthy subjects.
Celiac Patients Healthy Controls Value
19 Males—47 Females 19 Males—47 Females P
Mean + SD Median Mean + SD Median
(Range) (IQ Range) (Range) (IQ Range)
G (um) 1003 +£11.5 102.0 99.5 + 10.1 99.0 a.0.69
K (62.0-127.0) (93.0-110.0) (72.0-127.0) (94.0-104.3) '
T (um) 76.2 +£13.1 75.5 79.4 +13.8 78.0 b 013
M (48.0-117.0) (67.0-82.0) (53.0-128.0) (69.8-90.0) ’
TS (um) 133.6 +24.3 137.5 1319 +17.8 133.0 2064
M (42.0-190.0)  (120.0-1455)  (96.0-170.0)  (117.0-144.3) '
112.6 4+ 23.0 113.0 105.7 +24.3 106.0 a
NS (um) (23.0-168.0) (102.8-126.5) (39.0-171.0) (93.8-119.0) 0.09
76.1 +£14.3 78.0 74.0 £15.3 70.5 b
N (hm) (430-1150)  (658-86.0)  (40.0-1230)  (63.8-83.3) 023
NI (m) 107.4 + 26.8 106.5 111.0 + 28.2 107.5 a0.46
W (48.0-187.0) (88.3-124.5) (53.0-198.0) (88.8-125.8) '
TI (i) 144.0 +20.9 142.5 140.9 + 20.9 140.0 2039

(84.0-185.0)  (134.0-159.5)  (88.0-186.0)  (129.0-157.0)

2 Student t-test unpaired; b Mann Whitney U test. SD: Standard Deviation; IQ: Interquartile; G: Global average; T:
Temporal; TS: Temporal-Superior; NS: Nasal-Superior; N: Nasal; NI: Nasal-Inferior; TI: Temporal-Inferior.

4. Discussion

Celiac disease is a systemic autoimmune disease that primarily affects the small intes-
tine, although it could also present extraintestinal symptoms [22]. The eye is undoubtedly
one of the disease’s target organs, with dry eye, cataracts, central retinal vein occlusion,
neuro-ophthalmic symptoms, night blindness, uveitis, and thyroid-associated orbitopathy
all possible [23].

Considering all these possible ocular complications, an in vivo OCT analysis of the
retinal layers and peripapillary RNFL trying to find possible diagnostic signs of ocular
involvement in celiac disease might be helpful and of interest.

To the best of our knowledge, the present study is the first one comparing all the
retinal layers and the largest one comparing peripapillary RNFL of celiac patients to a
healthy control group, to highlight potential differences between the two study groups that
could be explained by the underlying pathogenetic mechanisms of celiac disease.

In the present study, celiac patients showed slight diffuse thickening of almost all the
retinal layers and peripapillary RNFL, with no statistically significant differences in any of
the analyzed parameters.

Concerning the peripapillary RNFL, few previously published papers have addressed
this issue without reaching any agreement in the results [11-14]. Our results confirmed, in
adults, the findings obtained by Dereci et al. [14], who, when evaluating both peripapillary
RNFL and GCC in 86 eyes of 43 children, found no significant statistical differences between
celiac children and healthy controls.

On the other hand, Karatepe Hashas et al. [11] evaluated peripapillary RNFL of
31 celiac children and 34 healthy controls using SD-OCT imaging of both eyes, observ-
ing a significant overall thinning of the RNFL in celiac patients. The authors hypothe-
sized that this finding might be attributable to autoantibodies with an affinity to retinal
nerve tissue, and they also suggested further pathophysiological studies in order to verify
their hypothesis.

The same hypothesis was supported by Hazar et al. [12] who, appraising peripapillary
RNFL of 58 eyes of 31 celiac adults and 50 eyes of 25 healthy individuals using SD-OCT,
showed a significant thinning of superior RNFL, but a significant thickening of nasal
RNFL in celiac patients. Furthermore, the authors found a significant positive correlation
between tissue transglutaminase autoantibody levels and the thinning of the superior RNFL,
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supposing an autoantibody affinity to retinal nerve tissue, as Karatepe Hashas et al. [11]
found. However, no explanation on the nasal RNFL thickening was given [12].

On the other hand, Dénmez Giin et al. [13] analyzed 72 eyes of 36 celiac adults and
70 eyes of 35 age- and sex-matched healthy controls with a SD-OCT, showing an overall
thinning of peripapillary RNFL in celiac patients, but without statistically significant
differences between the two study groups.

Several explanations could be adduced to elucidate some differences between the
previous studies [11-14] and the present one.

First, the current study utilized the largest sample size, which was determined using a
power calculation assessment [21]. As a result, previous papers [11-14] may have yielded
different results that contradicted one another due to small and insignificant sample sizes.

Furthermore, the present study examined just one eye per participant, whereas all
prior studies [11-14] examined both eyes in some individuals and only one eye in others.
According to McAlinden et al. [24,25], this might lead to statistical bias, affecting the results.

However, in the present study, no significant modification in the thicknesses of all
retinal layers, especially for GCC layers, was found, confirming the findings by Dereci
et al. [14]. This could make neural tissue involvement a more complicated issue [26].

The GCC is the sum of the three innermost layers: the RNFL, the ganglion cell layer
(GCL), and the inner plexiform layer (IPL) [26]. The thickness of the GCC layers could be
measured using SD-OCT to assess early signs of systemic and autoimmune disorders [27,28].
The thickness of the GCC layers was demonstrated to be reduced in some pathological
conditions, such as systemic lupus erythematosus, Behget’s disease, obesity, and multiple
sclerosis due to the impact of autoinflammatory disorders and metabolic stress [29,30].

According to the assumptions by Karatepe Hashas et al. [11] and Hazar et al. [12], the
autoantibodies would cause a decrease in RNFL, GCL, and IPL, but these retinal layers seem
to not be reached by these antibodies [29], even if further pathophysiological studies are
needed to better understand this issue. Nevertheless, they can be affected by inflammatory
processes, as it happens in the case of systemic lupus erythematosus, Behget’s disease,
and multiple sclerosis. Several studies reported decreased thicknesses of the GCC layers,
demonstrating that the inflammatory effects of these diseases directly influence neural
tissue [29,30].

The present study’s results indicate that celiac disease’s inflammatory and autoim-
mune processes could not involve the retinal layers directly. However, this finding may
also be explained by the gluten-free diet adherence of all analyzed celiac patients, possibly
determining a remission of any retinal changes or a decrease in the inflammatory effects of
the disease [31].

The fact that the patients were on a gluten-free diet could represent a limitation of the
present study. Further studies in naive celiac patients, comparing the effects of a gluten-free
diet versus a regular diet, would be needed to understand better the retinal baseline status
of such subjects and its possible changes over time.

5. Conclusions

In conclusion, retinal layer thicknesses, volumes, and peripapillary RNFL were similar
in the celiac patients and the healthy individuals. The reason for these results could be
due to either the non-involvement of the retinal layers in celiac disease or the gluten-free
diet effect. However, the results of this study cannot omit a routine ophthalmological
examination for these patients due to the association between celiac disease and other
ocular disorders [4-7].
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Abstract: Anti-vascular endothelial growth factor nowdays represents the standard of care for diabetic
macular edema (DME). Nevertheless, the burden of injections worldwide has created tremendous
stress on the healthcare system during the COVID-19 pandemic. The aim of this study was to
investigate the effects of the oral administration of Curcuma longa and Boswellia serrata (Retimix®)
in patients with non-proliferative diabetic retinopathy (DR) and treatment-naive DME < 400 um,
managed during the COVID-19 pandemic. In this retrospective study, patients were enrolled and
divided into two groups, one undergoing observation (Group A, n 12) and one receiving one sachet a
day of Retimix® (Group B, n 49). Best-corrected visual acuity (BCVA) and central macular thickness
(CMT) measured by spectral-domain optical coherence tomography were performed at baseline, then
at one and six months. A mixed-design ANOVA was calculated to determine whether the change
in CMT and BCVA over time differed according to the consumption of Retimix®. The interaction
between time and treatment was significant, with F (1.032, 102.168) = 14.416; nz =0.127; p < 0.001,
indicating that the change in terms of CMT and BCVA over time among groups was significantly
different. In conclusion, our results show the efficacy of Curcuma longa and Boswellia serrata in
patients with non-proliferative DR and treatment-naive DME in maintaining baseline CMT and BCVA
values over time.

Keywords: Boswellia serrata; curcumin; diabetic macular edema

1. Introduction

Diabetic retinopathy (DR) is one of the main causes of working-age visual loss in
industrialized countries. It is a long-term manifestation of diabetic microangiopathy which
most commonly affects the eyes, the peripheral nerves, and the kidneys [1]. DR is caused
by damage to the retinal blood vessels that affects the macular region and the peripheral
retina, resulting in an overall reduction of visual function [1].

Diabetic macular edema (DME) is the result of intraretinal fluid accumulation in ex-
tracellular location, due to the breakdown of the blood-retinal barrier [2]. This process
is caused by the release of pro-inflammatory substances. Hyperglycemia stimulates a
hyper-activation of microglia with the consequent development of the inflammatory pro-
cess mediated by interleukin (IL)-1f, tumor necrosis factor (TNF)-«, IL-6, and vascular
endothelial growth factor (VEGF) [3]. In concomitance, the alteration of ion exchanges
between photoreceptors and Miiller cells creates a fluid overflow with the formation of
intracellular edema. The production of VEGF molecules contributes to increased vascular
permeability and thus vascular homeostasis loss [4].

J. Clin. Med. 2022, 11, 4451. https:/ /doi.org/10.3390/jcm11154451 https:/ /www.mdpi.com/journal /jcm
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DME formation can occur in both the proliferative and non-proliferative forms of DR
and its onset is typically associated with some characteristic symptoms, including visual
blurring and distorted vision. Fluorescein angiography (FA), through the detection of
macular capillary hyperpermeability, and optical coherence tomography (OCT), through
the detection of intra and subretinal fluid, represent the specific diagnostic investigations
currently used to detect DME [5,6].

According to the current literature, when DME is considered subclinical for its size
and localization and is associated with a good visual acuity, the patient can be monitored
over time with no treatment administered [7,8].

There are some natural substances, not considered to be medications, that have been
shown to help in the treatment of systemic and ocular pathological conditions [9-11].
Among these, the root of Curcuma longa, rich in polyphenols, is a potent anti-inflammatory
agent and prevents the formation of reactive oxygen species. The latter can lead to patho-
logical processes, like cell apoptosis, angiogenesis, and inflammation ending in retinal
pathologies [12].

Boswellic acids derived from the gum of the Boswellia serrata (a plant native to India)
also have anti-inflammatory and anti-arthritic activities [13,14]. Recent studies have shown
that the association of active ingredients derived from Curcuma longa and Boswellia serrata
acts synergistically to counteract the pathways of inflammation at multiple levels [15,16].

Retimix®, a combination of the two described substances, would allow for the ex-
ploitation of the combined and synergistic activity of its components in the control of the
inflammatory processes occurring in retinal disorders, including DR.

On this background, the aim of this study was to investigate the anatomical and functional
effects of the oral administration of Curcuma longa and Boswellia serrata in patients with
non-proliferative DR and treatment-naive DME, managed during the COVID-19 pandemic.

2. Methods

In this study, patients with treatment-naive DME managed during the COVID-19
pandemic were retrospectively evaluated at the Retina Unit of the University of Campania
“Luigi Vanvitelli”. Institutional review board approval was obtained for a retrospective
consecutive chart review by the Vanvitelli University Ethics Committee. The study adhered
to the guidelines of the Health Insurance Portability and Accountability Act and was
performed in accordance with the tenets of the Declaration of Helsinki.

Inclusion criteria were: patients with type 2 diabetes treated indifferently with an-
tidiabetic therapy based on metformin or insulin, having non-proliferative DR with DME
and central macular thickness (CMT) < 400 um. Diagnosis of DR and DME was based
on patients” history and multimodal imaging evaluation including fundus color picture,
FA and spectral-domain (SD)-OCT. All patients were treatment-naive and were enrolled
during the COVID-19 pandemic under public health restrictions, with limitations in terms
of operating rooms available and daily scheduled visits.

The exclusion criteria were: the presence of any other retinal disease or ocular disorder
that could be associated with the development of macular edema (e.g., recent history of cataract
and/or vitreoretinal surgery in the previous 6 months), hyperopia or myopia > 6 diopters, and
any other concomitant nutritional supplements therapy. Additionally, patients with media
opacities that could influence image quality were also excluded from the study.

Subjects who met all inclusion criteria were enrolled in the study and divided in two
groups, one undergoing observation (Group A) and one receiving Retimix® (Group B).
A detailed systemic and ocular history was obtained and patients underwent a complete
ocular examination at each visit, including Best-Corrected Visual Acuity (BCVA) testing
using 4-m ETDRS charts, slit-lamp biomicroscopy, intraocular pressure evaluation with
Goldmann applanation tonometry, and CMT measurement by SD-OCT (Cirrus 4000, Carl
Zeiss Meditec, Dublin, CA, USA). The overall treatment duration was 6 months and data
were collected at baseline (Tj), 1 month (T), and 6 months (T,). All OCT scans were
acquired with follow-up function.

56



J. Clin. Med. 2022, 11, 4451

Group B patients received one sachet a day of Retimix® formulation which con-
tains Casperiva®, EyePharma, corresponding to demethoxycurcumin and bisdemethoxy-
curcumin plus Boswellic acid in phosphatidylcholine phytosome for a total of 0.5 g
phospholipidic-complex; one single foil pouch of powder per day.

All patients were also followed by a diabetologist, to ascertain a good metabolic control.

Anatomical and functional changes, in terms of CMT reduction and BCVA improve-
ment, were evaluated over time and compared between the two groups. The percentage of
patients having systemic hypertension and dyslipidemia were also recorded.

Statistical Methods

Continuous variables are summarized as mean with standard, and categorical data
are expressed with frequency and percentage.

A mixed-design ANOVA was calculated to determine whether the change of CMT
and BCVA over time (from baseline to 1 month and 6 months) differed according to the
consumption of Retimix® formulation. In particular, the model included time as a within-
subject factor, and sex, CMT, and treatment group as a between-subject factor. Age and
BCVA at baseline were included in the analysis as covariates.

For data which violated the normal distribution, p-values were adjusted using the
Greenhouse-Geisser correction, and the adjusted p-values were reported.

Alpha for statistical test was set at 0.05.

3. Results

Sixty-one (61) patients, 31 females (50.8%) and 30 males (49.2%) with a mean age of
64.2 (£14.13) years old, were enrolled and divided in two groups: observation (Group A,
n = 12) and treatment (Group B, n = 49).

All baseline demographic and clinical ocular and systemic characteristics of the total
cohort are summarized in Table 1.

Table 1. Baseline demographic and clinical ocular and systemic characteristics of study patients.

Total Group A Group B
N =61 N=12 N =149 P
Age (years) 642 +1413  658+17.76 638 +13.23 0.44
Sex Female 31(50.8) 7 (58.3) 24 (49.0) 056
Male 30 (49.2) 5 (41.7) 25 (51.0)
CMT (um) at baseline 2763 +£72.80 291.6 £ 47.63  272.6 (77.67) 0.09
BCVA (ETDRS Letters) 52941460 517+£1878 532 (13.61) 0.82
hyi’;srttee‘:s‘fon 32 (52.5) 7 (58.3) 25 (51.0) 0.65
Dyslipidemia 8(13.1) 2(167) 6(12.2) 0.68
Pseudophakia 18 (29.5) 3(25.0) 15 (30.6) 0.70

BCVA = best-corrected visual acuity; CMT = central macular thickness.

There were no statistically significant differences in the two groups regarding de-
mographics, ocular (BCVA, CMT, pseudophakia), and systemic parameters (systemic
hypertension and dyslipidemia) at baseline evaluation. No patients received either pars
plana vitrectomy or retinal laser treatments before the inclusion or during the study.

The mixed-model ANOVA showed that time alone had a non-significant main effect:
the CMT at the end of the follow-ups was not significantly different in the two groups from
that at the beginning of the study in the total cohort, F (1.032,102.168) = 0.107; n? = 0.001
(p =0.75).

Likewise, the main effect of group on the size of CMT (regardless of the time) was not
significant, F (1,99) = 3.862; n?% =0.038; p =0.052.
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Conversely, the interaction between time and treatment was significant, with F
(1.032,102.168) = 14.416; % = 0.127 (p < 0.001), indicating that the change in CMT among
groups was significantly different (Table 2).

Table 2. Central macular thickness changes over time.

Baseline One Month Six Months Mixed-Model ANOVA
Group A 289.91 (14.79) 289.92 (14.78) 394.22 (14.66) F (1.032,102.168) = 14.416; 12 = 0.127;
Group B 263.50 (7.61) 263.89 (7.60) 260.30 (7.54) p <0.001

Results are expressed as estimated marginal mean with standard error. Covariates appearing in the model are
evaluated at the following values: Age, years = 63.697, Visus at baseline = 53.377.

Specifically, there was no overall natural change in CMT over time, but there was a
significant reduction of CMT in patients of Group B at six months (Figure 1).
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Figure 1. Central macular thickness changes over time. Covariates appearing in the model are
evaluated at the following values: Age, years = 63.697, Ty Visus = 53.377. Error bars: +/—1 SE.

After the first month of treatment both groups remained mostly stable. After six
months there was a significant difference between the groups: Group B in particular
remained unchanged compared to Group A, which showed a worsening in CMT dimension.

The interaction between time and treatment on BCVA was also significant, F (1.084,
108.386) = 12.514; 1% = 0.111; p < 0.001, indicating that the change in BCVA among groups
was significantly different (Table 3).
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Table 3. Best-corrected visual acuity changes over time.

Baseline One Month Six Months Mixed-Model ANOVA
Group A 53.14 (3.60) 53.14 (3.59) 50.50 (3.69) F (1.084, 108.386) = 12.514; 112 = 0.111;
Group B 53.75 (1.85) 53.70 (1.85) 54.44 (1.90) p <0.001

Results are expressed as estimated marginal mean with standard error. Covariates appearing in the model are
evaluated at the following values: Age, years = 63.697.

4. Discussion

DME is the most prevalent vision-threatening complication of DR, particularly among
adults with type 2 diabetes [17]. Although anti-VEFG nowadays represents the standard
of care, the burden of injections worldwide has posed a tremendous stress to the health-
care system.

During the COVID-19 pandemic, the postponement of appointments and treatments
in non-monocular patients with DME was proposed [18].

Recently, data from the DRCR Protocol V randomized clinical trial suggest that it
is safe to observe patients with centre-involved DME and good vision (20/25 or better).
Overall, a total of 702 patients were managed with either laser, aflibercept, or observation,
and at 2 years the mean BCVA was 20/20 in all three cohorts [7].

In a subanalysis of the RESTORE study, patients were stratified by baseline central
retinal thickness (CRT < 300 um, 300-400 pum, and >400 um). Among patients treated
with ranibizumab greater gains in BCVA were achieved in patients with a higher baseline
CRT [19].

Similarly, results from the Protocol I study, suggest that ranibizumab treated patients
with DME with higher baseline central subfield thickness (CST; >400 pum) achieved greater
visual gains.

On this background, the aim of our study was to investigate the anatomical and
functional effects of the oral administration of Curcuma longa and Boswellia serrata in
patients with treatment-naive DME, managed during COVID-19 pandemic.

Public restrictions limited the number of intravitreal injections performed and the
number of visits for all patients including diabetic patients. Following the published guide-
lines for intravitreal injections during the pandemic [18], we postponed non-urgent cases
and decided to treat with anti-VEGF injections only patients having DME > 400 um. Our
results showed that patients receiving one sachet of oral Retimix® did not show a significant
change in CMT at six months when compared to patients undergoing observation.

The specific characteristics of the Retimix® active ingredients, combined with the
actions described above, make them an ideal agent as a preventive treatment in many
pathologies due to inflammatory and vascular factors, as for DR.

The Casperiva (Retimix®) formula consists of curcuminoids, the main one being
curcumin, together with demethoxycurcumin and bisdemethoxycurcumin. Among the
active ingredients extracted for the formulation there are also several boswellic acids,
belonging to the triterpenoid family; AKBA (3-Acetyl-11-keto-beta-Boswellic Acid) is the
most documented and active [15].

Recent studies have shown that curcumin is implicated in the functions of natural
responses to inflammation, both with a direct action on metabolic pathways, and on the
enzymes expression level, transcription factors, and cytokines, through the suppression of
the activation of the nuclear inflammatory transcription factor NF-kB, which regulates the
expression of the genes of pro-inflammatory cytokines (IL-1, IL-6, TNF«x), and secondly
“downregulates” the expression of COX-2 (cyclooxygenase-2) [20].

One of the action mechanisms of the substance is its ability to induce peroxisome
proliferator-activetedreceptor gamma (PPAR-y) activation. PPARs play an important role
in lipid degeneration, immune regulation, the control of reactive oxygen species (ROS)
and VEGF, matrix metalloproteinases-9 (MMP-9), and docosahexaenoic acid (DHA). In
addition, PPAR gamma is expressed in RPE cells.
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Boswellic acids such as 11-keto-B-boswellic acid (KBA) and its acetylated counterpart
(AKBA) have been proposed as selective inhibitors of 5-lipoxygenase (5-LO) because
they regulate the inflammatory response function through the inhibition of leukotrienes.
Boswellic acids have an action on 5-LO, inhibiting leukotrienes, which increase vascular
permeability, as well as mast cells and histamine release and neutrophil recall [21]. In
particular, AKBA has been shown to have a proven direct inhibitory action on VEGF.

The action of curcuminoids on VEGE, therefore, is indirect, because it passes through
PPAR-y, whereas AKBA has a direct action on VEGF expression. This allows a dual action
both on VEGF and neo angiogenesis, and on the inflammation control to which the tissue
is subjected, with a control of the inflammatory process at multiple levels [22].

The limits of the bioavailability of natural extracts, and therefore of their therapeutic
efficacy, have been overcome thanks to the patented Phytosome® technology. This technol-
ogy encloses the active ingredients in a new phospholipidic complex (phosphaditilserine
and phosphaditilcholine) developed by Eye Pharma SpA—Genova, Italy, in collaboration
with Indena SpA—Milan, Italy that protects them from gastric degradation with a com-
plete absorption in the intestine [23-25]. All these molecular characteristics of these active
ingredients built the rationale for us to use Retimix® in the management of treatment-naive
diabetic patients with DME who could not receive intravitreal injections or laser treatment
due to COVID-19 pandemic restrictions. The main limitations of our study include its
retrospective nature and the relatively small number of patients included. Nevertheless,
this was not an impediment for the statistical analysis.

In conclusion, our results suggest the protective role of the oral administration of
Curcuma longa and Boswellia serrata in patients with non-proliferative DR and treatment-
naive DME in maintaining baseline CMT and BCVA values over time. Considering its
anti-inflammatory and anti-angiogenic properties, the Retimix® formulation could be also
considered as an adjuvant therapy for patients with DME receiving intravitreal injections,
but this awaits further prospective validation.
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Abstract: Background: In this study we aimed at investigating macular perfusion/anatomical
changes in eyes with early onset rhegmatogenous retinal detachment (RRD) after prompt surgery
within 24 hours, comparing a bisected macula and not bisected macula RRD. Methods: In this
prospective observational study, 14 eyes of 14 patients who underwent within-24 hours vitreoretinal
surgery for early onset RRD were enrolled. Patients were further divided into two subgroups: the
not bisected macula group (NBM group) and the bisected macula group (BM group). At baseline and
3-month follow up, macular architecture and vessel analysis were assessed using optical coherence
tomography angiography (OCTA) imaging. In detail, quantitative and qualitative analyses of the
macular area were performed to quantify topographical retinal perfusion changes after surgery,
calculating the foveal avascular zone (FAZ), vessel density (VD) and vessel length density (VLD) at
the superficial capillary plexus (SCP) and deep capillary plexus (DCP). Results: Most cases (43%) were
superotemporal RRD. Primary retinal reattachment was obtained in all cases, without recurrences
within 3-month follow up. After surgery, a significant FAZ enlargement was observed at both the
SCP and DCP level (p < 0.001; p < 0.05), with a significant effect of time noted between the two time
points in the NBM and BM subanalysis (F = 3.68; p < 0.017). An excellent functional outcome was
maintained for the whole follow-up. On the other hand, after surgery, perfusion parameters did not
change significantly apart from the vessel density of the inferior macular sector at the DCP level
(p = 0.03). Conclusions: Our findings suggest that the macular perfusion of eyes with RRD is still
preserved if the surgery is performed really promptly, thus highlighting the great importance of a
correct timing for surgery. OCTA analysis allows for a better understanding of the pathophysiological
mechanisms underneath early vascular microarchitecture modifications of the posterior pole in retinal
detachment, differentiating the two types of RRD not completely involving the fovea (BM and NBM).

Keywords: rhegmatogenous retinal detachment; optical coherence tomography angiography;
vitrectomy; foveal avascular zone; macular vessel density
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1. Introduction

Primary rhegmatogenous retinal detachment (RRD) is an acute threat to visual impair-
ment due to a retinal break that allows the passage of vitreous fluid into the subretinal space.
The result of this event is the separation of the neurosensory retina from the retinal pigment
epithelium (RPE), requiring early surgical management [1]. Considering the morphology of
the RRD, a high anatomical success rate of 82-95% has been detected following appropriate
surgery [2-7]. However, the anatomical success is not always linked to functional visual
recovery and involvement of the macula in the retinal detachment pathogenesis is one
of the most important prognostic factors for visual prognosis [8]. In clinical practice the
combination of optical coherence tomography (OCT) and optical coherence tomography
angiography (OCTA) has allowed a more detailed study of some suboptimal functional
recovery causes after surgery, including a refractory cystoid macular edema (CME), persis-
tent subretinal fluid (SRF) and epiretinal membrane (ERM) combined with alteration of the
inner segment/outer segment (IS/OS) [9-13], and a more accurate analysis of the patho-
physiological changes occurring in the macular microcirculation in retinal diseases, such as
diabetic retinopathy, age-related macular degeneration, retinal vein occlusions, uveitis and
macular telangiectasias [14]. Several studies have investigated retinal microvasculature
and its changes in ocular diseases after vitreoretinal surgery. Some studies based on fluo-
rescein angiography, found a lower retinal circulation time in the detached retina and an
increase in vascular resistance, leading to tissue hypoxia and to the release of inflammatory
mediators [15,16]. Afterwards, some OCTA-based studies reported an enlargement of the
FAZ area and a decrease in retinal vessel density, after vitrectomy, in macula-OFF RRD
in comparison to eyes with Macula-ON RRD and fellow eyes [17-19]. Some prospective
studies on perfusion and anatomical macular changes after surgery provided controversial
results depending on surgery timing and retinal detachment features.

In this study we aimed at investigating macular perfusion/architecture modifications
in eyes with early onset rhegmatogenous retinal detachment not completely involving the
fovea, comparing bisected macula (BM) and not bisected macula (NBM) detachment. We
aimed at highlighting the importance of a prompt surgery for visual acuity and macular
perfusion status preservation, as well.

2. Materials and Methods

This study was reviewed and approved by the Local Ethics Committee of the Univer-
sity of Modena (Prot. AOU 0029636/20; date 20 October 2020) and Reggio Emilia and was
conducted in accordance with the ethical standards of Declaration of Helsinki.

2.1. Study Subjects

In this prospective observational study, 14 eyes of 14 patients, who underwent vitre-
oretinal surgery for RRD, were enrolled between November 2020 and April 2021 at the
Department of Ophthalmology of University of Modena and Reggio Emilia, Italy.

Only patients who successfully underwent a single uncomplicated vitreoretinal surgery
for primary, recent onset (<24 h), macula-ON RRD were included. Exclusion criteria for
the study were: (a) history of eye surgery within 6 previous months, (b) retinal vascular
diseases, glaucoma and any other ocular diseases that may affect visual acuity or reti-
nal/choriocapillary perfusion, (c) highly myopic eyes with axial length > 26.5 mm, (d) poor
collaboration of patients during visits. All fellow eyes were healthy at the moment of data
recording, and were considered as controls.

For all patients, a complete ophthalmic evaluation, including best-corrected visual
acuity (BCVA, Snellen’s chart, reported in LogMAR scale), slit-lamp examination, lens
status (according to Lens Opacities Classification System III), applanation tonometry, axial
length (AL, Aladdin TOPCON, noncontact optical low-coherence interferometry), swept
source (SD)-OCT and OCTA acquisition, was performed at baseline and follow-up visits
in both eyes. Postoperative data collection was set at 3 months follow-up, after complete
intraocular gas reabsorption and media opacity resolutions.
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Patients were further divided into two subgroups: not bisected macula group (NBM
group), with retina completely attached in the area subtended by 2.5 mm diameter circle
around foveola, and bisected macula group (BM group), with subretinal fluid present
in that area but without causing a complete lifting. The bisected macula RD has been
considered to be a macula partially involving the fovea but not completely. Extension of
detachment was recorded by preoperative schematic drawing. The retina was divided
into 4 quadrants of 90 degrees amplitude (superior: S, nasal: N, inferior: I, temporal: T, as
reported in Table 1). A quadrant was considered involved in the detachment if it included
at least 1/3 of the area.

Table 1. Demographics, ocular characteristics and surgical techniques data.

Patients (n = 14)

Mean Age (Years) 52.6 +15.2
nNBM 48.13 +17.36
nBM 58.67 +10.01

Male: female (n) 8:6

RE: LE (n) 7:7

NBM 4:4

BM 3:3

PPV (SF6: C3F8) (n) 11:3

NBM: BM (n) 8:6
Diabetes mellitus * (n, %) 2 (14.3%)
nNBM (%) 1(12.5%)
nBM (%) 1(16.7%)
High blood pressure’ (n, %) 5(35.7%)
nNBM (%) 3(37.5%)
nBM (%) 2 (33.3%)

Axial length (mm) 248+ 1.1
nNBM 255 +1.0
nBM 243 +1.1

Phakic (n) 13
NBM: BM (n) 7:6
Pseudophakic (n) 1
NBM: BM (n) 1:0
PPV + PHACO + IOL % (n) 54.5% (6/11)
NBM: BM (n) 3:3
Surgery Duration (min) 85.36 + 24.40
NBM 93.75 + 24.07
BM 7417 £21.78
360° laser photocoagulation % (n) 21.43% (3/14)
NBM 25% (2/8)
BM 16.67% (1/6)
Detachment extension % (n)
S (only) 7% (1)
NBM/BM 1/0
S-N 7% (1)
NBM/BM 1/0
N (only) 0% (0)
N-I 0% (0)
T (only) 7% (1)
NBM/BM 1/0
I-T 21% (3)
NBM/BM 0/3
T (only) 14% (2)
NBM/BM 0/2
TS 43% (6)
NBM/BM 5/1

Abbreviations: n, number of patients; RE, right eye; LE, left eye; PPV, pars plana vitrectomy; SF6, sulfur
hexafluoride; C3F8 octafluoropropane; PHACO + IOL, phacoemulsification + intraocular lens implantation;
BCVA, best-corrected visual acuity; S, superior; N, nasal; I, inferior; T, temporal; NBM, not bisected macula; BM,
bisected macula. ¥ Defined as ongoing medical treatment at the time of investigation.

2.2. OCTA Imaging

The OCT and OCTA images were acquired using Canon OCT HS100 angiography
(Canon Inc., Tokyo, Japan), whose software aims, using an appropriate algorithm, to
generate a volumetric rendering of the blood flow from the internal limiting membrane
(ILM) to the choroid and to allow direct visualization of the macular microcirculation. The
machine performs 70,000 scans/s and the segmentation of the retinal layers is automatic
and performed by the software (RX Capture for OCT-HS100®) to generate front projection
images of the superficial capillary plexus (SCP) and the deep capillary plexus (DCP).

®
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Poor-quality images (signal strength index < 8) with either significant motion artifact
or extensive incorrect segmentation were excluded and repeated.

The superficial capillary plexus was analyzed considering the macular retinal section
ranging from 3 um under the ILM up to 15 pm under the internal plexiform layer (IPL).
The deep capillary plexus was the thickness between 15 and 70 um below the IPL.

Centered on the fovea, 3 x 3 mm OCTA scans were performed in both eyes. Image
review was performed by two vitreoretinal specialists (R.D.A and M.G.).

The same two ophthalmologists (R.D.A. and M.G.) performed FAZ area calculation
by automatically using OCTA integrated system software and by checking and manually
delineating the inner edge of the foveal capillaries if errors were detected (Figure 1).

N

Figure 1. Foveal avascular zone area analysis on optical coherence tomography angiography en-face
3 x 3 images and optical coherence tomography B-Scan in bisected macula rhegmatogenous reti-
nal detachment eye (A-F) and not bisected macula rhegmatogenous retinal detachment eye (G-L).
(A,G) Superficial capillary plexus at preoperative time; (B,H) deep capillary plexus at preoperative
time; (C,I) preoperative OCT B-scan of bisected and not bisected macula retinal detachment, re-
spectively. In the bisected macula group, the subretinal fluid (*) determines a separation of the
neurosensory retina (white arrowhead) from the retinal pigment epithelium that transects the fovea
(white arrow), despite that, the fovea remains morphologically intact. (D,J) Superficial capillary
plexus at postoperative time; (E,K) deep capillary plexus at postoperative time; (F,L) postoperative
OCT B-scan of bisected and not bisected macula retinal detachment. In the bisected macula group,
restoration of normal morphology has occurred following retinal detachment repair.

66



J. Clin. Med. 2022, 11, 3498

VD and vessel length density (VLD) were recorded for central area (fVD/fVLD,
the area under a circumference of 1 mm diameter around the fovea), parafoveal area
(pfVD/pfVLD, annular area extending between 1 and 2.5 mm diameter, centered on the
foveola) and whole macular area (WVD/wVLD, area under a circumference of 2.5 mm
diameter around the fovea). In addition, parafoveal area was segmented in four quadrants
(superior, nasal, inferior and temporal), then VD and VLD were recorded for each of them.
All these processes of segmentation of macular OCTA images were performed by integrated
images processing system software (Figure 2).

Preoperative

Figure 2. Optical coherence tomography angiography 3 x 3 density map images in macula ON
rhegmatogenous retinal detachment eyes. Preoperative vessel density and vessel length density of
superficial capillary plexus (A,B); vessel density and vessel length density of deep capillary plexus at
preoperative time (C,D). Postoperative vessel density and vessel length density of superficial capillary
plexus (E,F); Postoperative vessel density and vessel length density of deep capillary plexus (G,H).

VD and VLD values were calculated, automatically, by the same integrated system,
for each plexus.

In order to calculate VD, the software (OCT-HS100 Angio Expert AX®) creates a binary
image from an OCTA image and indicates the percentage of white pixels in the region by
percent (%). Then, for the calculation of VLD (skeletonization of the image), it transforms
the lines of a binary image, created from an OCTA image, into thin lines (1 pixel of thickness)
and indicates the value obtained by dividing the sum of the length of the thin lines in the
region by the area by “mm~1”. CMT was calculated using retinal thickness map of SS-OCT,
in Macula 3D mode. In the case of BM group RRDs, manual editing of the retinal thickness
boundary lines was performed to calculate the CMT value.

2.3. Surgical Procedure

All surgical procedures were performed by the same expert vitreoretinal surgeon
(R.M.) within 24 hours. All patients were treated with 25 gauge-pars plana vitrectomy, with
diluted gas as tamponade (SF6 (20%) or C3F8 (12%)), with final expansible gas injection.

In all cases, standard three-port-PPV was performed with Stellaris vitrectomy machine
(Bausch & Lomb Incorporated, Rochester, NY, USA). Central and peripheral vitrectomy
was performed, followed by fluid-air exchange and laser retinopexy. Combined cataract
surgery was performed in phakic eyes depending on lens status.
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2.4. Statistical Analysis

Statistical analysis was performed with STATA® software version 14 (StataCorp. 2015.
Stata Statistical Software: Release 14. College Station, TX, USA: StataCorp LP). The main
outcome parameters included the percentage of BM vs. NBM, and BCVA, CMT, FAZ
area of SCP and DCP, VD and VLD of SCP and DCP, expressed as mean + SD. The
normality of the sample distribution was confirmed using the Shapiro-Wilk test (p > 0.05).
Statistical differences for continuous variable for two groups were examined using paired
and unpaired Student’s t test. The homogeneity of variances was calculated by Levene
Test. The One-Way ANOVA test was used, with post hoc Bonferroni test, to analyze
the measurements in each area. Correlation analysis between the values in the different
locations were investigated by Pearson’s correlation test. Margins are statistic calculated
from predictions of a previously fit model at fixed values of some covariates and averaging.
The margins estimate the margins of responses for specified values of covariates and present
the results as a figure.

2.5. Box Plot Analysis

Box plots were used to visualize differences in the distribution of numerical data be-
tween different groups. The differences between two groups were analyzed by calculating
the fold change and p-value (Student’s t-test).

2.6. Scatter Plot Analysis

Scatter plots were used to display relationships between two numeric variables, and
the strength and direction of the linear relationships were assessed by Pearson’s correlation
coefficient. A p <0.05was considered statistically significant. p-value < 0.05 was considered
of statistical significance.

3. Results

A total of 14 eyes of 14 patients (eight men, six women) with a mean age of 52.6 & 15.2
years old were included in this study between November 2020 and April 2021. All patients
had a macula ON RRD (six RRD with bisected macula, BM group; eight with not bisected
macula, NBM group). The fellow eyes were considered as controls. Patients’” baseline
demographic parameters, ocular characteristics and surgical information are summarized
in Table 1.

Primary retinal reattachment was obtained in all cases, without recurrences within
3-month follow up. PPV with C3F8 (12%) tamponade was performed in three eyes, while
SF6 (20%) was used in 11 eyes. No intraoperative and postoperative complications were
observed. None of the eyes included in our study showed extension retinal detachment
involving more than two quadrants (Table 1). The retinal detachment mainly involved the
superior and temporal sectors (temporal: 78%; superior: 57%, inferior: 28%, nasal: 7%;
Table 1).

3.1. OCTA Findings

Overall, the mean FAZ area in the affected eyes showed a significant enlargement
postsurgery compared to preoperative values, both in the SCP and DCP (p = 0.0003 and
p = 0.0107, respectively) (Table 2).
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Table 2. Best-corrected visual acuity, optical coherence tomography and optical coherence tomogra-
phy angiography mean values.

p-Value
Preoperative Postoperative Fellow Eye Pre. vs. Post. Pre. vs. Fellow
BCVA (logMAR) 0.114 +£ 0.2 0.089 + 0.184 0.016 £ 0.059 0.3644 0.1144
(Snellen) 20/26 20/25 20/20
CMT (um) 307.50 £ 35.56 302.64 + 33.84 284.64 + 26.47 0.5914 0.0067
FAZ (mm?2)
Scp 0.24 £ 0.08 0.33 +£0.13 0.24 £+ 0.09 0.0003 0.8739
Dcp 0.35 £ 0.16 0.45 + 0.24 0.36 £ 0.15 0.0107 0.0941
Central Area
VD (%) Scp 32.24 + 455 29.54 +4.79 30.62 4+ 4.35 0.1298 0.0758
VD (%) Dcp 32.63 +9.81 30.70 £+ 6.77 29.63 + 6.83 0.4378 0.1486
VLD (mm™1) Scp 18.22 +3.11 16.29 £2.72 17.6 + 2.60 0.1074 0.3980
VLD (mm~') Dcp 19.67 + 6.35 18.44 +4.27 17.77 + 4.86 0.4443 0.1773
Quadrant I
VD (%) Scp 41.58 +3.93 42.01 £ 2.15 42.06 + 3.45 0.6224 0.7051
VD (%) Dcp 42.72 4+ 3.69 441 +242 4396 + 3.4 0.0357 0.2991
VLD (mm™1) Scp 2294 4+ 3.15 22.07 £+ 2.89 2299 +3.25 0.2841 0.9500
VLD (mm~') Dcp 26.82 £+ 3.12 2691 £ 2.76 26.47 +3.19 0.9294 0.6561
Quadrant N
VD (%) Scp 373 +7.07 37.34 +£3.77 39.27 £ 242 0.9838 0.3395
VD (%) Dcp 4151 +4.16 41.03 +3.70 43.06 4+ 2.44 0.7448 0.1063
VLD (mm™1) Scp 21.13 +4.89 20.54 £ 3.55 2195 +2.73 0.6137 0.4177
VLD (mm~') Dcp 25.63 £+ 3.26 2519 +£2.77 26.28 4+ 2.36 0.6562 0.3093
Quadrant S
VD (%) Scp 41.29 +3.90 39.04 +4.76 42.84 +£2.15 0.1884 0.2025
VD (%) Dcp 4459 4+ 2.68 41.88 +5.2 43.67 +2.53 0.0748 0.1279
VLD (mm™1) Scp 22.74 +3.22 2091 £ 3.92 23.34 +3.28 0.0779 0.2915
VLD (mm~') Dcp 27.93 +£2.92 25.84 +4.27 26.79 + 3.56 0.1959 0.2436
Quadrant T
VD (%) Scp 40.34 +4.13 37.78 £2.72 40.3 +1.78 0.0749 0.9774
VD (%) Dcp 42.96 +2.96 4224423 42.75 + 1.57 0.4299 0.8184
VLD (mm™1) Scp 22414278 20.69 £ 2.95 22.29 + 247 0.1130 0.8921
VLD (mm~!) Dcp 26.68 £+ 2.75 2591 + 3.05 25.89 + 2.65 0.5471 0.3824
Whole Macular Area
VD (%) Scp 38.55 4+ 3.50 37.14 £2.88 39.02 £ 2.10 0.2855 0.5915
VD (%) Dcp 40.89 £+ 4.00 39.99 + 3.47 40.61 +2.92 0.3868 0.7796
VLD (mm™1) Scp 21.49 £2.72 20.1 +2.88 21.63 £ 2.50 0.0980 0.7796
VLD (mm~') Dcp 25.35 +2.76 24.46 + 2.85 24.64 +2.98 0.3633 0.2758
Parafoveal Macular Area
VD (%) Scp 40.13 £+ 3.82 39.04 +2.88 4112 +1.81 0.3981 0.3580
VD (%) Dcp 4294 +2.77 4231 +291 43.36 +2.11 0.4068 0.5140
VLD (mm™1) Scp 22.31 +£2.92 21.05 £+ 3.19 22.64 +2.70 0.1231 0.5150
VLD (mm~!) Dcp 26.76 + 2.55 25.97 £+ 2.89 26.36 + 2.80 0.4472 0.5205

BCVA: Best-corrected visual acuity; CMT: central macular thickness; FAZ: foveal avascular zone; VD: vessel
density; VLD: vessel length density; SCP: superficial capillary plexus; DCP: deep capillary plexus.

In a subanalysis between the BM and NBM subgroups, postoperative SCP FAZ enlarge-
ment was significant in both groups (Table 3). In detail, for the BM group postoperative
SCP FAZ (mean 0.35 & 0.15 mm?) was significantly (p < 0.05) improved compared with the
preoperative (mean 0.24 + 0.09 mm?) and the fellow group (mean 0.25 + 0.11 mm?). The
postoperative SCP FAZ (mean 0.31 & 0.12 mm?) was the largest (p < 0.05) compared with
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the preoperative (mean 0.24 + 0.08 mm?) in NBM group. No significant difference was
observed between the preoperative and fellow group in the BM and NBM groups (Table 3).

Table 3. Best-corrected visual acuity and optical coherence tomography angiography mean values

for the BM and NBM groups.
BM NBM
Preoperative  Postoperative Fellow Eye Preoperative Postoperative Fellow Eye
BCVA (logMAR) 0.24 +£0.26 0.16 +0.27 0.04 = 0.08 0.01 £0.03% 0.03 £0.03 0.0+ 0.0
FAZ (mm?)
Scp 0.24 £ 0.09 035+£0.15% 0.25 £0.11 0.24 £ 0.08 031+012° 0.23 £ 0.07
Dcp 0.32 £0.18 042 +£029* 0.34 £0.16 0.36 £ 0.14 0.46 +0.22 0.37 £0.15
Whole Macular
Area
VD (%) Scp 40.21 £3.19 36.67 +3.43 3849 +£2.21 37.30 £ 3.36 3749 £ 2.58 39.41 £2.05
VD (%) Dcp 42.03 £3.78 40.26 £2.51 40.52 £ 3.38 40.02 +4.17 39.78 £4.20 40.67 £2.76
VLD (mm~') Scp 23.23 +1.62 20.66 +2.84 22.25 4+ 1.66 20.18 £2.70 19.67 £ 3.01 21.16 +3.01
VLD (mm~!) Dep 26.81 £ 2.46 25.14 £ 0.89 25.64 +1.40 24.24 +2.56 23.95 +£3.72 23.88 £ 2.63

* Statistically significant, p-value < 0.05 for Faz in BM group, pre vs. post; ° statistically significant, p-value < 0.05
for Faz in NBM group, pre vs. post; * statistically significant, p-value < 0.05 for BCVA in preoperative group, BM
vs. NBM.

Conversely, postoperative DCP FAZ significantly increased only in the BM subgroup
(Table 3).

A significant effect of time was also noted between the two time points (F = 3.68;
p < 0.017) for FAZ between BM and NBM (Figure 3).

Scp Dcp

FAZ (mean and SE)

—
FAZ (mean and SE)
°

—
o o
o B

Scp Pre Scp Post Dcp Pre Dep Post

EMB =NBM WMB = NBM

Figure 3. Estimated marginal means preoperative and postoperative described for each DCP and
SCP plexuses for the BM and NBM groups.

No statistically significant correlations were found between BCVA and FAZ in either
the SCP (p = 0.50) or DCP (p = 0.14). No significant correlations were found between the
final BCVA and CMT (p = 0.43). An inverse correlation was found between the SCP FAZ
and the CMT (p = 0.0078) but not for the DCP FAZ (p = 0.088).

Regarding perfusion parameters, a decreasing trend was observed in terms of whole
macular VD in both the DCP and SCP after surgery. In detail, the quantitative analysis of
the individual quadrants showed a trend of decreased perfusion in all sectors except for
the nasal one, but not significantly, and the inferior one, which was found to be statistically
significant higher in the DCP (p = 0.036, Figure 4) and slightly increased in the SCP layer.
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Figure 4. Boxplot showing distribution of VD (a) and VLD (b) in both DCP and SCP after, before
surgery and fellow eye results for the BM and NBM groups. Boxes represent interquartile range,
whiskers represent variability and horizontal bars represent the median value.

An inverse trend between the mean FAZ area, and the values of fVD and fVLD
were found both in the SCP and DCP. No correlation was found between the perfusion
parameters and final visual outcomes, in both plexuses.

No correlation between the surgery time and postoperative SCP FAZ (p = 0.59), DCP
FAZ (p = 0.69) and CMT (p = 0.72) was assessed.

3.2. Visual Acuity

No difference in terms of visual acuity was found between RRD eyes and the fellow
ones (Table 2). In diseased eyes, the mean BCVA was 0.11 £ 0.20 logMAR and 0.089 4 0.180
logMAR preoperatively and postoperatively, respectively, without statistical differences
(Table 2). The choice of the tamponade gas or the entity of laser photocoagulation (360° or
sectorial) had no statistically significant effect on the final visual outcome.

4. Discussion

In this prospective observational study, our sample showed changes in retinal architec-
ture and vascularization in patients with early onset macula-ON RRD treated with prompt
vitreoretinal surgery (within 24 hours). These early anatomical and perfusion modifications
were analyzed using OCTA, which nowadays has become a clinical practice tool able of
rapidly and non-invasively assessing macular perfusion and architecture.

At baseline, no significant difference was found between eyes with RRD and fellow
eyes in terms of FAZ area, thus suggesting that probably more time is required for anatomi-
cal microstructural changes to occur in early onset macula on RRD and that surgery itself
may be partially responsible for the structural modification. Indeed, similarly to previ-
ous studies, our findings described a statistically significant enlargement of the FAZ area
postoperatively, in comparison to preoperative values, in both of the two retinal capillary
plexuses (SCP and DCP), as an indirect sign of ischemic changes or retinal manipulation
during surgery [17-19].

Of note, in our subanalysis between BM and NBM subgroups, postoperative SCP
FAZ enlargement was significant in both BM and NBM, while postoperative DCP FAZ
enlargement was significant only in the BM subgroup. The maintenance of the foveal
microstructure has been strictly linked to the postsurgical visual outcome in macula off
retinal detachment. Our data, based on a relatively short follow-up time, reported an
excellent visual outcome preservation, given that the macula was not or only partially
involved. Nevertheless, in the macula ON RRD condition, some previous works did not
report any significant difference between pre and postoperative FAZ values in the eyes of
patients who underwent vitreoretinal surgery [17,20-24]. Barca et al. observed a reduction,
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not statistically significant, in the FAZ area of operated eyes, but this could probably be
explained by peeling of the ILM, performed for all patients in the study, which could be
responsible for a decrease in and/or distortion of the FAZ area [24,25]. Barca et al. also
reported that eyes with macula ON RRD showed significant preoperative lowering of VD
when compared with fellow eyes at the SCP level, recovering over time after 6 month follow-
up [20,21,24]. The authors explained the phenomenon assuming that peripheral retinal
vascular resistance during RRD could induce a detectable slowing of blood perfusion in the
SCP. Previous studies on eyes with macula OFF RRD, using fluorescein angiography, had
already identified how increased vascular resistance in the detached retina could lead to a
reduction in and slowing of blood flow [15,16,26,27]. By means of scanning laser Doppler
flowmetry, Eshita T. et al. reported the mechanical effect of scleral buckle indentation on
peripheral perfusion, which caused a blood flow decrease just two weeks after surgery in
patients with RRD without macular involvement; nevertheless, a complete reperfusion
was observed after 1-month follow up, reaching baseline values [27]. Chuaetal.,, in a
prospective study reporting 1-year follow-up findings, observed a FAZ area decrease,
explained as a likely physiological variability in the FAZ size; nevertheless, they considered
only macula OFF RRD patients [28].

Conversely, in our cohort of patients with RRD, at baseline, whole macular and
parafoveal VD and VLD of diseased eyes were slightly decreased when compared with the
fellow ones, but not significantly. After surgery, the whole macular and parafoveal VD and
VLD of our sample had a downward trend in both retinal plexuses. In detail, we noticed a
slight decrease in VD and VLD in all retinal layers analyzed (SCP and DCP) and a statistical
rise in VD at the deep level of the inferior quadrants of the posterior pole, likely due to
the main topographical involvement of retinal detachment in our cohort of patients (43%
superotemporal involvement). Yi et al. found that, in the case of hypoxia, an abnormal
oxygen metabolism could increase the metabolic demands of the retinal circulation, rather
than increasing the extraction of oxygen from the choriocapillaris. Therefore, in the case
of RRD, hypoxia would occur in the detached retina with a consequent increased oxygen
extraction starting from the retinal vascularization [29]. Moreover, blood flow changes after
surgery have been significantly correlated with the extent of RRD [27].

Our findings partially agree with previous publications, where they did not report
any changes in VD after vitreoretinal surgery [17,20-23]. Obviously, it should be taken
into consideration that a part of our sample consisted of eyes with macula bisected solved
within 24 hours from the onset of symptoms, allowing us to speculate that the retinal
perfusion might start to behave as a macula off retinal detachment unless an immediate
surgical correction is performed. We may further hypothesize that the retina attached
immediately adjacent to the detached retina is more sensitive to hypoxic damage related to
slowing blood flow. Despite the retinal flow decreased in retinal detachment pathogenesis,
we may assume that this was not sufficiently low or more time was needed from the onset
of the retinal detachment to induce microstructural changes detectable with OCTA on the
whole macular area in our study population.

Similarly to our results, Yoshikawa et al. reported no significant difference in macular
perfusion density between eyes with retinal detachment and the healthy fellow eyes, under-
lining that early onset retinal detachment keeps the retinal vasculature intact. Differently
to this, Bonfiglio et al. focused their attention on a retrospective cohort of patients with
an anatomically attached retina after at least 12 months from surgery, dividing them into
two subgroups, macula on and off. In the macula on group, no significant difference in
postoperative mean FMT, FAZ and SCP VD was found, while a lower mean DCP VD
in the parafoveal subfield was assessed. It is still debated as to which capillary plexus
is first involved in retinal detachment. Woo et al. hypothesized that the DCP is more
vulnerable to a lack of oxygen because of its different anatomical vascular supply and
different intraretinal location compared with the SCP, which is directly connected to the
retinal arterioles instead of the venous channels. Conversely, other works found that in
early onset retinal detachment, especially when the macula is spared, the most affected

72



J. Clin. Med. 2022, 11, 3498

capillary plexus seems to be the SCP, which is the first vascular layer involved in a fast
increase in vascular resistance induced by the RRD. The SCP may develop a stronger and
faster contraction than the DCP due to its greater density of arterioles and smooth muscle.
Conversely, the DCP, although more vulnerable to damage caused by hypoxia, could be
involved later [24].

Moreover, in the retinal detachment pathophysiology, Muller cells seem to be another
important factor in the mechanisms of vasoconstriction and hypoxia. Activated by the
release of Endothelin-1, they can cause alterations in the internal retinal flow, even in the
absence of structural alterations [30-32]. In addition, Endotelin-1, which was found to
be increased in the subretinal fluid in RRD eyes, has an intrinsic vasoconstrictive action,
leading to a reduction in microvascular blood flow [33,34]. Unfortunately, we did not
analyze Endothelin-1 or other cytokines’ levels in subretinal fluid.

The unique angle of this prospective work was the analysis of early microvascular
and microarchitectural alterations in patients with early onset macula ON retinal detach-
ment who underwent prompt vitreoretinal surgery within 24 hours, thus suggesting a
predictive role of such perfusion changes as potential biomarkers of final prognosis after
surgery and underlining the importance of a correct timing in macula ON DRR surgery. A
subanalysis between bisected and not bisected macula was reported as well, adding a new
understanding into the field.

It is still controversial if macular vessel changes could actually be related to visual
prognosis. In our study, no statistically significant differences were identified in terms of
mean BCVA either between preoperative and postoperative values. This is important given
that our study involved only patients with macula ON RRD. In the literature, macular
involvement is one of the main factors influencing postoperative visual acuity, especially
in relation to the duration of detachment [35,36]. As expected, our sample showed a
worse visual acuity in BM patients in comparison with the NBM group. Despite this, no
significant differences in final postsurgical BCVA were detected between the two subgroups.
This is in accordance with previous studies, where the progression of detachment to
macular involvement does not consistently influence visual functional recovery if surgery
is performed very quickly (within 24 hours) [26,37,38]. No significant correlation was found
between BCVA and FAZ in both the SCP and DCP as well.

In addition to this, in our sample, the inverse relationship between FAZ and CMT was
respected as previously reported in several studies, both in healthy and RRD macula ON
eyes [15,22,24,39].

5. Conclusions

In conclusion, our findings suggest that BM and NBM groups could behave differently
in terms of structural parameters such as FAZ. On the other hand, macular perfusion of
eyes with macula-on RRD, also with the macula not yet completely involved as in the
bisected one, is still preserved if the surgery is performed promptly; thus highlighting the
great importance of a correct timing for surgery, in both cases of BM and NBM.

Undoubtedly, our study has some limitations. First, the sample size of the study group
was relatively small with a relatively short follow-up period of 3 months. Second, some
surgical parameters that could influence the recovery of the capillary plexuses such as the
elevation of IOP during surgery were not considered in our study. Third, vitreous or SRF
chemokine/cytokines levels to be correlated with perfusion/architectural parameters were
not investigated.

Further investigations are needed with a wider sample of patients, with a longer
follow-up period and with a correlation between perfusion parameters and the extent of
detached retina, to better understand the pathophysiological mechanism underneath these
early vascular microarchitecture modifications of the posterior pole in retinal detachment
not completely involving the fovea. A prospective longer study would be warranted to
confirm and validate this preliminary results.
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Abstract: Optical coherence tomography angiography (OCT-A) is a valuable imaging technique,
allowing non-invasive, depth-resolved, motion-contrast, high-resolution images of both retinal and
choroidal vascular networks. The imaging capabilities of OCT-A have enhanced our understanding
of the retinal and choroidal alterations that occur in inherited retinal diseases (IRDs), a group of
clinically and genetically heterogeneous disorders that may be complicated by several vascular
conditions requiring a prompt diagnosis. In this review, we aimed to comprehensively summarize all
clinical applications of OCT-A in the diagnosis and management of IRDs, highlighting significant
vascular findings on retinitis pigmentosa, Stargardt disease, choroideremia, Best disease and other
less common forms of retinal dystrophies. All advantages and limitations of this novel imaging
modality will be also discussed.

Keywords: Best disease; choroideremia; inherited retinal diseases; optical coherence tomography
angiography; retinitis pigmentosa; Stargardt disease

1. Introduction

Optical coherence tomography angiography (OCT-A) is a novel imaging technique
that relies on the intrinsic movement of red blood cells (RBCs), allowing non-invasive,
motion-contrast, high-resolution images of both retinal and choroidal vascular networks [1].

The retina is supplied by up to 4 layers of vessels: (1) the radial peripapillary capillary
network, within the nerve fiber layer and located around the optic nerve head; (2) the
superficial vascular plexus, within the ganglion cells layer; (3) the deep capillary complex,
which comprises 2 capillary beds on both sides of the inner nuclear layer [2].

The choroid, conversely, consists of 3 layers of vessels: (1) the Haller layer, the outer,
large-caliber layer of vessels; (2) the Sattler layer, the middle, smaller-diameter layer of
vessels; (3) the choriocapillaris, which is the innermost and smallest layer of vessels [2].

OCT-A is able to clearly display several vascular alterations, including, among others,
areas of macular telangiectasia, impaired perfusion, microaneurysms, capillary remodeling
and neovascularization [3]. In contrast with conventional imaging modalities, the dye-free
image acquisition of this method avoids the onset of typical side effects of fluorescein and
indocyanine green angiography (FA and ICGA) [4,5].

More importantly, OCT-A allows depth-resolved analysis of retinal tissue that has
never been available before [3]. OCT-A has been adopted to investigate a broad spectrum of
retinal vascular diseases, ranging from diabetic retinopathy and retinal venous occlusion, up
to age-related macular degeneration, and inflammatory and ocular oncology disorders [3].
Over the past 15 years, the retinal and choroidal imaging capabilities of OCT-A have
been applied to further characterize primary and secondary alterations in inherited retinal
diseases (IRDs). In this review of the literature, we aim to analyze and summarize all
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clinical applications of OCT-A in the diagnosis and management of IRDs and to discuss
advantages and limitations of this imaging technique.

2. Optical Coherence Tomography Angiography Technical Aspects

OCT-A is an optical coherence tomography (OCT)-based imaging technique that
enables the visualization of blood vessels within the eye, and it is built on the principle
of OCT signal variation generated by the moving RBCs within the vessels [6-8]. Multiple
scans are performed at the same location and the subsequent temporal changes of the OCT
signal caused by the constant motion of the RBCs generate angiographic contrast, allowing
visualization of the microvasculature [3].

Barton et al., in 2005, laid the foundation for this relatively new technology, which has
only been commercially available since 2016 [9]. The authors adjusted analysis of speckles
to produce an amplitude-based angiogram [9]. The speckle pattern stays relatively constant
over time for static objects, while it changes for moving scatterers (i.e., erythrocytes) [9]. In
2009, Wang et al. introduced optical microangiography (OMAG), an imaging technique in
which spatial frequency analysis of time-varying spectral interferograms was used to dis-
tinguish the signals backscattered by particles in motion from those backscattered by static
objects, creating a high-resolution angiogram image [10]. Subsequently, in 2012, Jia et al.
developed a more refined signal processing algorithm, named split-spectrum amplitude-
decorrelation angiography (SSADA), which enhanced the signal-to-noise ratio of flow
detection while reducing the pulsatile bulk-motion noise [11].

OCT-A may be captured with spectral domain OCT (SD-OCT), which, in commercial
devices, employs a wavelength of ~840 nm, or with swept-source OCT (SS-OCT), which
uses a longer wavelength of ~1050 nm [12].

While OCT is considered a cross-sectional imaging modality, OCT-A images are mainly
studied with en face visualization. Currently, all commercially available OCT-A platforms
allow the segmentation of the volumetric scans at specific depths through the definition
of “slabs” [12].

FA and ICGA have been considered, so far, the gold standard for the evaluation of
retinal and choroidal vasculature in vivo. Nevertheless, although dye injection is generally
safe, serious allergic reactions may occur and these techniques are therefore considered
invasive [12]. Moreover, the use of dyes in pregnant or breastfeeding women appears to be
controversial [13,14].

OCT-A provides a non-invasive and fast analysis of choroidal and retinal microvas-
cular circulation without the need for any dye injection. Moreover, it has the additional
advantage of depth-resolution with better visualization of the deeper vascular layers [12].

3. Clinical Applications
3.1. OCT-A in Retinitis Pigmentosa

Most of the literature about the findings of OCT-A in retinitis pigmentosa (RP) con-
verged to a common demonstration of retinal and choroidal vascular impairment. A sum-
mary of the data collected is reported in Table 1.

The mean follow-up ranged between 2 months and 36 months [12-31]. Overall,
significant reductions in both the superficial capillary plexus (SCP) and deep capillary
plexus (DCP) were observed in all the affected patients of the evaluated cohorts over
time [12-31]. In addition, all the studies that explored the involvement of choriocapillaris
(CC) demonstrated its significant impairment in RP patients [12,15-17,21-23,25,30,31].
Several authors focused on the variation of the foveal avascular zone (FAZ) area in RP
patients, two-thirds of which described an increased avascular area [12,15,19,20,26,31],
while the remaining third demonstrated its significant reduction [16,17,29]. Nakajima et al.
and Alnawaiseh et al. explored an interesting association between the reduction in optic
nerve head (ONH) vessel density (VD) in RP patients and the deterioration of the visual
field mean deviation (MD) [15,27]. The authors demonstrated that the VD in both the radial
peripapillary capillary network and ONH layers was significantly lower in patients rather
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than controls, significantly correlating with the MD and the cup/disc area ratio [15,27].
Mastropasqua et al. investigated the mean microperimetry (MP) retinal sensitivity between
RP patients and healthy subjects and explored possible correlations with retinal perfusion
density [25]. The authors found a significant reduction in retinal sensitivity in RP patients,
compared to healthy controls, at 4°, 8° and 20° [25]. A significant positive correlation was
also observed in RP patients between the perfusion density of the central 1.5 mm retina
in either DCP and CC and microperimetry at 4° and 8°, meaning that a reduction in the
perfusion density would be associated with a retinal sensitivity decrease [25]. Toto et al.
demonstrated instead that parafoveal SCP and DCP VD were significantly correlated with
mfERG values, while parafoveal CC VD correlated directly with the P1R2 amplitude,
highlighting that vessel impairment may affect macular function [33].
A representative case of RP patient examined with OCT-A is shown in Figure 1.

Table 1. Optical coherence tomography angiography features in patients with retinitis pigmentosa.

Authors Study F-UP E;Ie.s SCP VD DCP VD CCVD CH VD ON‘I]_I]/)RPL FAZ Area
Alnawaiseh [15] P NA 20 Reduced Reduced Reduced / Reduced Increased
Arrigo [16] P 12 MO 68 Reduced Reduced / / / /
Atas [17] R NA 26 Reduced Reduced / / / /
Attaallah [18] P 3MO 24 Reduced Reduced Reduced / / Increased
Deutsch [19] R 24 MO 29 Reduced Reduced Reduced Reduced / Reduced
Giansanti [20] R 13 MO 52 Reduced Reduced Reduced Reduced / Reduced
Hagag [21] P NA 44 Reduced  Reduced / / / /
Jauregui [22] R 15 MO 28 Reduced Reduced / / / Increased
Koyanagi [23] R 24 MO 73 Re]il?lt?e d Re]?:l(ilt?e d / / / Increased
Liu [24] R 36 MO 53 / / Reduced Reduced / /
Mastropasqua [25] P 6 MO 20 Re]?:l?lt?ed Re]?:l(:lt?ed Re]?:l(ilt?ed / / /
Miyata [26] P 2 MO 43 / / Reduced / / /
Nakajima [27] R NA 38 / Reduced / / Reduced /
Nassisi [28] R 9 MO 28 Reduced Reduced Reduced / / /
Parodi [29] R 8 MO 32 Reduced Reduced / / / Increased
Shen [30] P 10 MO 34 Reduced Reduced / / / /
Sugahara [31] R NA 68 Reduced Reduced / / / /
Takagi [32] R 6 MO 50 Reduced Reduced / / / Reduced
Toto [33] R NA 28 Reduced Reduced Reduced / / /
Wang [34] P NA 40 Both Both Both Increased

Reduced Reduced Reduced

CC: choriocapillaris; CVI: choroidal vascularity index; CH: choroid; DCP: deep capillary plexus; F-UP: follow-
up; FAZ: foveal avascular zone; MO: months; NA: not applicable; N.: number of; ONH: optic nerve head;
P: prospective; R: retrospective; RPL: radial peripapillary layer; SCP: superficial capillary plexus; VD: vessel
density. Results were significant for p < 0.05.
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Figure 1. Multimodal imaging features in a patient with genetically confirmed retinitis pigmen-
tosa. (A) Color fundus image displays pallor of the optic disc, attenuation of retinal vessels, extensive
retinal atrophy, and pigmentary clumping in mid-periphery. (B) Blue-light autofluorescence (BAF)
shows a granular hypoautofluorescence extending from the perifoveal region to the midperiphery.
En face 6 x 6 optical coherence tomography angiography with corresponding B scan angio flow of
superficial capillary plexus (C), deep capillary plexus (D), and choriocapillaris (E) with automatic
segmentation. Flow voids areas are denoted in all retinal plexuses, and especially in the choriocapil-
laris, possibly related to either segmentation artifacts, outer retinal atrophy, or extremely reduced
blood flow which fails to produce a signal (see corresponding B scans angio flow).

3.2. OCT-A in Choroideremia

Following animal model-based studies confirming the primary degeneration of RPE,
photoreceptors and CC in choroideremia (CHM), Jain et al. showed, in a 6-month prospec-
tive study, that regional changes in CC density correlate with photoreceptor structural
alterations in CHM [35-37]. They stratified their cohort in 3 groups based on the diagnosis
of CHM, CHM carrier state, and healthy controls, demonstrating a significant difference
of mean (£SD) CC density among them (82.9% =+ 13.4%; 93.0% =+ 3.8%; 98.2% + 1.3%,
respectively) [37]. Interestingly, the mean (+SD) CC density in affected eyes was also
higher in regions with a preserved, rather than absent, ellipsoid zone (92.6% =+ 5.8% vs.
75.9% =+ 12.6%, mean difference, 16.7%; 95% CI, 12.1% to 21.3%; p < 0.001) [37]. En face
outer retinal imaging in these eyes revealed an interesting degeneration pattern with a
relatively unaffected central island of photoreceptors showing pseudopodial-like protru-
sions of surviving tissue, representing scrolled outer retina and outer retinal tubulations
(ORTs) at the degeneration margins [38]. The formation of these features suggested that
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the underlying CC/Retinal pigment epithelium (RPE) would not adequately support the
overlying retina, and that photoreceptor death could be a secondary process [37,38].

Abbouda et al. prospectively enrolled 26 eyes, 17 of which had a CHM diagnosis
and 9 with a carrier status, focusing on superficial retinal vessel network (SRVN) and CC
changes [39]. Both vascular networks appeared significantly reduced in CHM patients
if compared to carriers and controls (SRVN: 12.93 4 2.06 mm?, 15.36 =+ 0.60 mm?, and
15.30 + 1.35 mm?, respectively; CC: 6.97 4+ 526 mm?, 21.65 + 0.17 mm?, and
21.36 + 0.76 mm?, respectively) [39]. Since the presence of a functional CC flow area
was positively correlated to the SVRN, the authors postulated that a reduction in CC flow
caused a compensatory reduction in SVRN circulation to keep retinal and choroidal circu-
lations balanced [39]. In this regard, again, the missing step between the reduction in CC
and SVRN flow could be the expression of reduced metabolic demand of that area of retina,
due to the death of either RPE or photoreceptors [37,38].

Battaglia Parodi et al. prospectively examined a consecutive series of 12 eyes of
6 patients with a CHM diagnosis, and compared them with a group of healthy, age-matched
controls with no ocular nor systemic disease [40]. The authors found no differences in SCP
between cases and controls, both in terms of morphology and vessel density quantification,
even by analyzing the preserved central island and external affected area separately [40].
Conversely, a statistically significant impairment was found with regard to DCP and CC.
CHM patients displayed a reduced DCP vascular density in both the external macular area
(0.017 £ 0.02; p < 0.01) and central preserved island (0.037 % 0.02; p < 0.01) compared to
controls (0.43 & 0.03 and 0.43 & 0.03, respectively) [40]. With regard to CC vessel densities,
the peripheral macular area exhibited a significant reduction in patients (0.0 £ 0.0; p < 0.01)
versus controls (0.49 + 0.02) while no significant differences were demonstrated in the
central preserved island [40]. This finding highlights the coexistence of two CC vessel
density patterns, disclosing no changes in correspondence with preserved RPE islands, and
an almost undetectable CC vessel density in external regions of substantial RPE deficiency.
This supports the current belief that CC loss would occur secondary to RPE loss, not
independently [40].

Murro et al. consecutively enrolled 14 eyes of 7 patients with CHM and 14 eyes
of 7 healthy controls, demonstrating patients’ significantly smaller FAZ in SCP and DCP
(19,899 + 8368 and 24,398 + 86,11, respectively) when compared to controls (288,708 + 4505
and 32,016 + 4821, respectively) [41]. Quantitative analysis also disclosed statistically
significant decreased SCP, DCP, and CC vascular densities, comparing patients with the
age-matched control groups [41]. The same authors also explored OCT-A features of 6 CHM
carriers (12 eyes), comparing their findings with 8 age-matched controls (16 eyes) [42]. The
quantitative analysis of the inner retinal vasculature disclosed no significant differences in
both SCP and DCP vessel densities compared to the control group [42]. Only CC showed a
mild reduction in the vascular flow in the carrier versus control group (78.896 + 13.972 vs.
80.008 £ 10.862; p = 0.045) [42]. Of note, OCT allowed the identification of the impaired RPE
layer in the presence of a preserved central inner retinal and CC vascularization, suggesting
that vascular impairment would follow RPE loss in the natural history of the disease [42].

Arrigo et al. designed an observational, cross-sectional clinical series with 7 CHM
patients (14 eyes) and 7 age-matched controls (14 eyes), correlating retinal layer thickness
with OCT-A findings [43]. Patients displayed significant differences with respect to DCP
and CC vascular densities (F = 3941.3 and 655.9, respectively) [43]. Authors also stratified
the cohort, assessing the vascular network densities independently based on chorioretinal
atrophy areas and anatomically preserved islets [43]. They found that CHM patients
displayed significantly lower DCP vascular density in both the atrophic and healthy areas
when compared to healthy controls [43]. On the other hand, CC vascular density appeared
to be impaired only in the atrophic region (p < 0.001) and not in the apparently preserved
islet (p = 0.19), while SCP was found to be unaffected in both regions (p > 0.05) [43].
Interestingly, significant correlations were found between the reduction in DCP vascular

81



J. Clin. Med. 2023, 12, 3170

density and the thinning of outer plexiform layer, inner nuclear layer, and inner plexiform
layer [43].

The utility of OCT-A in the management of choroidal neovascularization (CNV) as
a later-stage complication of CHM was also investigated [44,45]. The authors described
evidence of a high-flow CC neovascular network in the context of a neighboring vascular
attenuation, which regressed to a small juxtafoveal subretinal hyper-reflective lesion after
prompt anti-VEGF treatment [44,45].

A representative case of a patient with CHM examined with OCT-A is shown in
Figure 2.

Figure 2. Multimodal imaging evaluation in a patient with genetically confirmed choroideremia.
(A) Color fundus photograph shows extensive retinal degeneration with chorioretinal atrophy.
(B) Blue light fundus autofluorescence shows typical patterns of a sharply demarcated macular
area of remaining tissue (hyper/iso-autofluorescent) against surrounding atrophic RPE (hypoautoflu-
orescent background). (C) En face 6 x 6 optical coherence tomography angiography (OCT-A) with
corresponding B scan angio flow of the superficial capillary plexus (SCP) shows a preserved macular
flow with some areas of flow reduction along the vascular arcade due to the underlying outer retinal
atrophy. (D) En face 6 x 6 OCT-A with corresponding B scan angio flow of the choroidal slab shows
a diffuse loss of vasculature with a relatively preserved island of flow in the foveal region.
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3.3. OCT-A in Best Disease

Best vitelliform macular dystrophy (BVMD), also known as Best disease, is an
autosomal-dominant inherited disorder caused by mutations in BEST1 gene [46].

Vascular impairment in Best disease is described in the literature as a later-stage
finding in the vitelliform and pseudohypopion stages; the subretinal deposits often cover
the CC, showing an OCT-A dark area and, as the deposits disappear and the atrophy
progresses, the CC would appear accordingly brighter and more granular [47]. This phase
would coincide with the onset of vascular alterations and morphological changes [47].
Likewise, the choroid will change in thickness depending on the stage of the disease,
generally appearing thicker in early stages and tending to get thinner in later phases [48].

In the literature, a reduction in vascular flow density is described in SCP and DCP lay-
ers, along with a significant FAZ enlargement [49]. Nevertheless, Mirshahi et al. described
the presence of a capillary plexus across the FAZ, which could be consequent to a rise in
the concentration of angiogenetic factors [50].

Vascular impairment was not only found in retinal vascular layers, but also in the CC.
In particular, the CC flow density has been shown to decrease as the disease progresses [48].

Rarely, in about 10% of cases, CNV may occur, leading to a significant loss of vision [51].
Parodi et al. hypothesized a distinct mechanism of neovascularization according to the
disease stage [52]. In particular, the early stages (stages 2 and 3) of BVMD are more likely to
present with exudative CNV, characterized by higher values of both vessel tortuosity (VT)
and vessel dispersion (VDisp) upon OCT-A examination [52]. On the contrary, late stages
mainly display non-exudative CNV, with lower perfusion, VT, and VDisp. This would sug-
gest that exudative CNV is associated with a faster growing neovascular network, whereas
the non-exudative CNV may develop more slowly [52]. This finding was also confirmed
by another study, which revealed the presence of two subgroups of neovascularization, not
only in BVMD but also in other retinal diseases, such as central serous chorioretinopathy
and age-related macular degeneration. Authors also found that the non-exudative CNV,
more stable than the exudative CNV, would seem to not require anti-VEGF injections, as
they would promote atrophy progression [53].

A recent study described that CNV onset may vary based on the disease stage, ranging
from nearly 30% of cases in early phases and up to almost all cases in the atrophic stage [52].

3.4. OCT-A in Stargardt Disease

Stargardt disease (STGD1) is one of the most frequent macular dystrophies in young
adults, commonly caused by mutations in the ABCA4 gene [54]. Its prevalence is about
1:8000-10,000 [54].

STGD1 is characterized by the loss of photoreceptors and CC, with or without the
presence of yellowish lipofuscin flecks extending beyond the vascular arcades to the
medium and extreme retinal periphery [55].

The clinical phenotype of STGD1 has been shown to be heterogeneous. Indeed, OCT-A
was used to classify the disease phenotypes representing the disease progression, based
on different choroidal patterns: pattern (1) normal choroidal thickness, few localized
foveal and perifoveal yellowish-whitish flecks; pattern (2) reduced Sattler or Haller layer,
numerous yellow-white fundus lesions throughout the posterior pole; pattern (3) reduced
Sattler and Haller layers + extensive atrophy area; pattern (4) pattern 3 features + choroidal
caverns [56].

Mastropasqua and co-authors reported, in a prospective study, the OCT-A features of
24 eyes of 12 consecutive STGD1 patients in comparison with a healthy control group [57].
A quantitative analysis was carried out, revealing a diffused vascular attenuation, especially
within the foveal and parafoveal SCP and DCP, in all patients of the STGD1 group [57]. In
addition, the perifoveal anastomotic arcade was interrupted in all cases to varying extents.
In 15 out of 20 eyes (75%), the CC displayed the presence of well-delineated black dots,
probably as an epiphenomenon of non-perfused areas [57]. The parafoveal VD of SCP was
significantly lower in the STGD1 group compared to the control group (46.34 + 4.04 vs.
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52.55 £ 2.94). Foveal and parafoveal VD of the DCP were significantly lower in the STGD1
group compared to the controls (37.52 £ 9.51 vs. 29.68 + 7.42 and 47.38 &+ 4.25 vs. 59.09 +
2.79, respectively) [57]. The same applies for foveal and parafoveal CC, both significantly
lower in the STGD1 group compared to healthy eyes (54.87 4 24.84 vs. 27.51 £ 5.37 and
60.63 + 6.46 vs. 67.11 £ 1.40, respectively) [57].

Della Volpe et al. focused their attention on evaluating, retrospectively, the metabolic
function of 107 eyes of 56 STGD1 patients, assessed with retinal oximetry, and the relation
with retinal microvascular changes [58]. The authors indeed demonstrated a significant
enlargement of superficial FAZ and reduced mean arterial and venular oxygen saturations
in their cohort [58].

Advanced stages of STGD1 often result in macular atrophy, frequently reported as
misdiagnosed in the literature [59]. An interesting study operated a comparison between
the OCT-A analysis of macular atrophy in patients with atrophic STGD1 and late-stage
atrophic AMD [60]. The authors reported an extensive loss of CC in the central area
with persisting tissue at its margins in STGD1 patients, whereas eyes with atrophic AMD
displayed an area of RPE loss with still persistent, yet rarefied CC. This finding would
suggest that CC breakdown might precede outer retinal degeneration in AMD, whereas RPE
and outer retinal degeneration would precede and affect CC degeneration in STGD1 [60].

3.5. OCT-A in Miscellaneous Diseases
3.5.1. OCT-A in Gyrate Atrophy

Gyrate atrophy (GA) is an autosomal recessive chorioretinal degeneration caused by a
mutation in the ornithine-5-amino transferase (OAT) gene which produces a B6 enzyme
that converts ornithine to glutamate [61]. GA is generally characterized by peripheral,
circumferential, sharply demarcated, round patches of chorioretinal atrophy, and commonly
associated with subcapsular cataract, cystoid macular edema, foveoschisis, and myopia [61].
OCT-A has been used to analyze microvascular abnormalities in patients with gyrate
atrophy and cystoid macular edema. Authors reported a central dark-grey area without
any evident vascular alteration attributed to a decreased signal due to the shadowing
effect [62].

3.5.2. OCT-A in Bietti Dystrophy

Bietti dystrophy is an autosomic recessive chorioretinal degeneration characterized by
CYP4V2 mutations, featuring yellow—white retinal and corneal crystals and progressive
degeneration and atrophy of the RPE [63]. OCT-A was described as an effective tool to allow
a thorough evaluation of the choroid in patients affected, as reported by Myjata et al. [63].
Indeed, authors have prospectively demonstrated CC blood flow deficit in 12 out of 13 eyes
included (92%) [63]. In addition, a significant decrease in DCP and SCP in patients with
Bietti disease was reported as well. [64].

3.5.3. OCT-A in Leber Hereditary Optic Neuropathy

Leber hereditary optic neuropathy (LHON) is a mitochondrial inherited disorder,
generally limited to the inner retina layers with characteristic loss of ganglion cells and their
axons, parapapillary telangiectasia, and vascular focal tortuosity [65-67]. In the subacute
stage of the disease, a characteristic reduction is reported in the radial peripapillary capillary
density of both SCP and DCP, primarily localized in temporal sector, which corresponds to
the papillomacular bundle [68-70]. Balducci et al., in a prospective observational study, first
reported that the abovementioned microvascular changes in the temporal sector evaluated
with OCT-A would be simultaneous to the GC-IPL thinning and would precede the retinal
nerve fiber layer (RNFL) impairment assessed with OCT [69]. An association between the
SCP and DCP vascular impairment and the RNFL reduction has also been investigated in
several other published papers, which confirmed a significant association between these
features, even more marked in late chronic stages [69-71].
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3.5.4. OCT-A in X-Linked Retinoschisis

X-linked juvenile retinoschisis (XLRS) is a macular degenerative disease that occurs
exclusively in males and is associated with mutations in the RS1 gene [72]. Most studies
report that the schisis is mainly localized at the inner nuclear layer (INL), followed by the
outer plexiform layer (OPL), the outer nuclear layer (ONL), and the ganglion cell layer
(CGL) in a smaller number of cases [73]. Several studies in the literature have examined
the vascular structure by the means of OCT-A, reporting a substantial enlargement and
thinning of the FAZ area, telangiectasias, and vascular abnormalities at the level of both
SCP and DCP, the latter of which was associated with a BCVA reduction [73-76]. Han et al.
hypothesize that vascular alterations could have a primary role in the pathogenesis or may
be the result of an artifact due to structural change [74].

4. Limitations

Imaging the retinal and choroidal layers by means of OCT-A may be challenging due
to several artifacts which may confound their evaluation. Among the various source of
artifacts associated with OCT-A imaging, the three that most dramatically and significantly
impact the flow analysis, especially of the CC layer, include: segmentation errors, projection
artifacts, and shadowing artifacts [12].

This is particularly evident in patients with IRDs due to atrophy of the outer retinal
layers and RPE and to the presence of CME. The CC presents a significant segmentation
challenge as it is extremely thin, and segmentation errors can cause regions of CC to be
displaced outside the boundaries of the en face slab [77].

Moreover, more significant retinal vessel projection artifacts may occur in the CC in
disorders with RPE disruption/atrophy.

5. Conclusions

OCT-A has progressively been recognized as a useful modality to evaluate retinal and
choroidal blood flow in patients with IRDs. A growing body of evidence highlights its
effectiveness in both diagnosis and management of these patients. Nevertheless, the role of
OCT-A in the clinical management of patients with IRDs is yet to be precisely determined.
Further randomized prospective studies with longer follow-ups and larger sample sizes are
warranted, as they may reveal further insights into the pathogenesis and natural history of
such diseases.

6. Methods of Literature Search

We carried out a review of literature regarding the applications of OCT-A in inherited
retinal diseases using PubMed and Embase databases to November 2022 with the following
terms: OCT-A in inherited retinal diseases, OCT-A in retinitis pigmentosa, OCT-A in
choroideremia, OCT-A in Best disease, OCT-A in Stargardt disease, OCT-A in gyrate
atrophy, OCT-A in Bietti Dystrophy, OCT-A in Leber Hereditary Optic Neuropathy, OCT-A
in X-linked Retinoschisis, and combination of these. All relevant publications written
in English were sourced, including prospective and retrospective clinical studies, and
laboratory experimental studies. We included case reports only if they contributed new
and relevant information about applications of OCT-A in inherited retinal diseases.
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Abstract: The retina is a window to the human body. Oculomics is the study of the correlations
between ophthalmic biomarkers and systemic health or disease states. Deep learning (DL) is currently
the cutting-edge machine learning technique for medical image analysis, and in recent years, DL
techniques have been applied to analyze retinal images in oculomics studies. In this review, we
summarized oculomics studies that used DL models to analyze retinal images—most of the published
studies to date involved color fundus photographs, while others focused on optical coherence
tomography images. These studies showed that some systemic variables, such as age, sex and
cardiovascular disease events, could be consistently robustly predicted, while other variables, such
as thyroid function and blood cell count, could not be. DL-based oculomics has demonstrated
fascinating, “super-human” predictive capabilities in certain contexts, but it remains to be seen how
these models will be incorporated into clinical care and whether management decisions influenced
by these models will lead to improved clinical outcomes.

Keywords: oculomics; artificial intelligence; machine learning; deep learning; retinal imaging; color
fundus photograph; optical coherence tomography; systemic diseases; cardiovascular diseases;
neurodegenerative diseases

1. Introduction

The retina is considered a window to the human body [1-4], as many systemic con-
ditions have ocular manifestations, especially in the retina. The extensive correlations
between retinal findings and systemic conditions can be attributed to the facts that the
human retina is a direct extension of the central nervous system during embryonic de-
velopment [5], and the retina is one of the most vascularized and metabolically active
organs in the human body [6]. Characterization and quantification of retinal-systemic
correlations is particularly valuable for gaining new insights, especially since the retina
can be conveniently and readily imaged non-invasively using a variety of technologies.
The term “oculomics” is coined to describe the clinical insights provided by correlating
ophthalmic biomarkers with systemic health and diseases [1,7].

The most common retinal imaging modalities used in oculomics are color fundus pho-
tography and optical coherence tomography (OCT). Briefly, OCT performs high-resolution
cross-sectional imaging of tissue structures in situ and in real time by measuring the time
delay of light echoed from the tissue under examination [8,9]. The most common groups of
diseases studied in oculomics are cardiovascular diseases (CVD) and neurodegenerative
diseases (NDD) [1,10,11].

Oculomics studies concerning CVD typically involve color fundus photographs. For
example, prior studies have shown that retinal vascular morphologies, such as vessel
caliber and tortuosity, can help predict CVD risk factors [12], CVD mortality [13,14], and
various major CVD events [15-18]. Similarly, retinal microvascular changes have been
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linked to higher risks of other systemic vascular diseases, such as kidney diseases and
preeclampsia [19-21].

Oculomics studies concerning NDD typically involve OCTs. For example, retinal
thickness measurements based on OCT have been used to diagnose and monitor multiple
sclerosis (MS) [22-24]. Other studies have demonstrated an association between a thinner
retinal nerve fiber layer (RNFL) and the diagnosis of Alzheimer’s disease (AD) [25-29],
which accounts for more than 60% of clinical dementia. A major area of OCT-based
oculomics is the early detection of pre-clinical NDDs.

Historically, retinal image annotation and feature labeling were performed either
manually by humans or semi-automatically in oculomics. The process is time-consuming,
labor-intensive and limited by intra/inter-reader imprecision. Recently, the advent of deep
learning (DL) has revolutionized the field of oculomics. Briefly, DL, a subtype of machine
learning (ML), is a representation learning method that uses multilayered neural networks
(NN) to reiteratively adjust parameters and enhance performance [30-33]. DL is superior
to classical ML techniques in image analysis, and has emerged as the leading ML technique
for medical image classification.

Medical subspecialities such as ophthalmology, with access to a large amount of
imaging data, have been at the forefront of the DL revolution. Notably, DL has been shown
to be on par with human experts in classifying various retinal diseases such as age-related
macular degeneration and diabetic retinopathy [33-39], and the first FDA-approved fully
autonomous system in any medical field is a DL-based system to detect diabetic retinopathy
from color fundus photographs [40].

The retinal-systemic associations in oculomics were traditionally established using
conventional statistical models or classical ML techniques. Given that oculomics primarily
involves correlating ophthalmic biomarkers captured in retinal imaging with systemic
conditions and that DL is the leading ML technique to analyze retinal images, the goal
of this review is to summarize the latest literature in DL-based oculomics involving color
fundus photography and OCT.

2. Literature Search Methods

The PubMed and Google Scholar databases were searched for published studies through
July 2022, using individual and combinative search terms relevant to the this review. Major

a7

key words used included: (1) Deep learning-associated: “deep learning”, “machine learning”,

”ou

and “neural network”; (2) Retinal imaging-associated: “ocular biomarkers”, “oculomics”,

i s

“ocular imaging”, “retinal imaging”, “fundus photographs”, “optical coherence tomography”;

A i

(3) Systemic disease/health-associated: “age”, “sex”, “demographic”, “systemic disease”,

i A

“systemic biomarkers”, “cardiovascular disease”, “neurodegenerative disease”, “stroke”,

i 7o i

“multiple sclerosis”, “atherosclerosis”, “blood pressure”, “myocardial ischemia”, “dementia”,
“Alzheimers disease”, “diabetes”, “renal disease”, “kidney disease”, etc.

No filter for publication year, language, or study type was applied. Reference of iden-
tified records were also checked. Studies applying DL on retinal-image-based oculomics
to assess, predict, or diagnose systemic diseases and health biomarkers were considered
relevant to the current review. Abstracts of non-English articles with relevant information

were also included.

3. Results and Discussion

The following text is organized based on the imaging modality (fundus photography
first, then OCT), and each sub-section is organized by the systemic parameter considered,
with CVDs and their risk factors being the major focus.

3.1. Retinal Fundus Photography

Using retinal color fundus photographs from the UK Biobank and EyePACS, Poplin
et al. published one of the first oculomics studies that demonstrated the ability of DL to
predict systemic disease states and biomarkers [41]. In their study, a deep neural network
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(NN) showed reasonably robust performance in predicting major CVD events with an
area-under-the curve (AUC) of the operating characteristic curve of 0.70. For reference,
an AUC of 1.0 indicates perfect predictions, while an AUC of 0.5 indicates predictions
no better than random chance. The deep NN was also capable of robust prediction of
age (mean absolute error [MAE] < 3.3 years), sex (AUC = 0.97), and smoking status
(AUC = 0.71), etc. Regions of the color fundus photographs most activated during decision
making by the deep NN were highlighted using attention maps [41]. For example, strong
activation centered on the retinal blood vessels was seen during prediction for age and
smoking status, while strong activation at the optic disc, retinal blood vessels and macula
was seen during prediction for gender.

3.1.1. Risk Assessment of CVD

Chang et al. presented a model that could generate a fundus atherosclerosis score (FAS)
using DL-based retinal image analysis. The DL-generated FAS was then compared to the
ground truth: a physician-graded score based on carotid ultrasonographic images. The DL
model achieved an AUC of 0.71 in predicting the presence of carotid atherosclerosis [42].
Furthermore, by using the FAS to risk stratify patients, the authors found that cases in the top
tertile (FAS > 0.66) had a significantly increased risk (hazard ratio = 8.33) of CVD mortality as
compared to cases in the bottom tertile (FAS < 0.33). A similar CVD risk stratification study
was performed by Son et al. [43]. They presented a model that could generate a coronary
artery calcium score (CACS), by using DL-based retinal image analysis. The DL-generated
CACS was compared to the cardiac computed tomography-derived CACS, and the model
achieved an AUC > 0.82 in identifying cases with high CACS (CACS > 100).

Khan et al., the DL model was trained to predict the presence of cardiac diseases
from fundus photographs. With the electronic health record (EHR) as the ground truth,
their model reached an AUC of 0.7 [44]. In another study, Cheung et al. used convolu-
tional neural network (CNN) to segment the retinal vessels from fundus photographs
and measured the vessel calibers [45]. They correlated the vessel calibers generated from
DL-based segmentation with incident CVD events (defined as newly diagnosed clinical
stroke, myocardial infarction or CVD mortality in EHR), and found that narrower calibers
at certain vascular zones were associated with increased incident CVD risk. Lastly, a recent
Chinese study trained a DL model to predict 10-year ischemic CVD risk using retinal image
analysis [46]. Their estimation was compared with the calculation by a previously validated
10-year Chinese CVD risk prediction model, and an AUC of 0.86 and 0.88 was reported for
predicting 10-year ischemic CVD risk >5% and >7.5%, respectively.

3.1.2. Blood Pressure and Hypertension

In the study by Poplin et al., the DL model predicted diastolic BP (DBP) and systolic
BP (SBP) with an MAE of 6.42 mmHg and 11.23 mmHg, respectively [41]. Subsequent
studies published by different groups of authors showed similar results in that, in general,
MAE of DBP (range: 6-9 mmHg) was smaller than that of SBP (range: 9-15 mmHg) [47,48].
Of note, a weak-to-moderate R? ranged from 0.20 to 0.50 was observed for most DL models
for BP prediction. Other studies attempted to train DL models to identify patients with
hypertension [44,49,50]. The best result was reported by Zhang and colleagues using a
cross-sectional Chinese dataset and neural network (NN) model [49]. Their model achieved
an AUC of 0.77 in classifying patients with self-reported hypertension.

3.1.3. Hyperglycemia and Dyslipidemia

The overall performance of DL models in estimating outcomes associated with hy-
perglycemia and dyslipidemia using retinal images was not robust. For the fundus-based
prediction of HbAlc, the MAE reported in different studies ranged between 0.33-1.39%,
with a low R? of <0.10 in most studies [41,47,48]. Similar poor model performance and
low R? were observed for most DL models trained to predict blood glucose level and lipid
profile [47,48]. An exception was a model developed by Zhang et al., which was able to
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discriminate patients with self-reported hyperglycemia and dyslipidemia from normal
controls with an AUC of 0.88 and 0.70, respectively [49].

3.1.4. Sex

Most DL studies predicting sex only performed internal validation, and in these studies,
the models typically achieved an AUC of >0.95 during internal validation [41,47,48,51]. A
notable exception was the study by Rim et al., in which the model was trained to predict
multiple biomarkers, including sex. During external validation with 4 datasets obtained from
patients of different ethnicities, this particular model predicting sex achieved an AUC ranging
from 0.80 to 0.91 [47]. In the study by Korot et al., external validation was also performed
using another local dataset, and their model achieved an accuracy of 78.6% [51].

3.1.5. Age

For retinal-image-based prediction of age, most studies reported similar MAEs in
internal validation, ranging from 2.43 to 3.55 years [41,47,48,52]. Khan et al. also trained
the DL model to predict age > 70 years and reported an AUC of 0.90 for this task [44].
Interestingly, Zu et al. further calculated the retinal age gap, which was the difference
between chronological age and the age predicted by DL [52]. Using mortality data in the
national EHR, they found that each 1-year increase in the retinal age gap was associated
with a 2% risk increase (hazard ratio [HR] = 1.02, p = 0.020) in all-cause mortality. This
novel finding suggests DL-based retinal “age” may be a better marker for senescence on a
tissue level than chronological age.

3.1.6. Other Systemic Biomarkers and Disease Status

Other systemic biomarkers examined in DL-based oculomics included ethnicity, medica-
tion use, body composition, systemic organ functions, hematological parameters, and smok-
ing status. Khan et al.’s model predicted ethnicity (Hispanic/Latino, non-Hispanic/Latino,
others) based on fundus photographs using EHR as the ground truth, and reached an AUC
of 0.93 [44]. Their model also showed a modest ability (AUC = 0.78-0.82) in identifying
patients who take specific class of medications, such as angiotensin II receptor blockers and
angiotensin-converting enzyme (ACE) inhibitors. In the study by Mitani et al., the DL model
was trained to predict hemoglobin (Hb) and anemia, defined as Hb < 12 g/dL for women
and <13 g/dL for men based on guidelines from the World Health Organization (WHO),
using three types of data: retinal fundus images, participant metadata (race/ethnicity, age,
sex and BP), and the combination of retinal images and metadata (multimodal data) [53].
The multimodal training data yielded the best model performance, with an AUC of 0.88
for anemia prediction and an MAE of 0.63 g/dL for Hb estimation. In contrast, the model
trained only with retinal images yielded an AUC of 0.74 for anemia prediction and an MAE
of 0.73 g/dL for Hb estimation. For the prediction of self-reported smoking status using
fundus photographs, past studies [41,44,48,49,54] have reported models with AUC ranging
from 0.70 to 0.86. As for the prediction of body mass index (BMI), most studies reported an
MAE within 2-4 kg/m? and a low R? < 0.30 [41,4748].

Of note, Rim et al. reported an ambitious study that trained NN models to predict a
total of 47 systemic biomarkers using retinal fundus photographs [47]. Although satisfactory
results were achieved for sex (AUC = 0.96 in internal validation, AUC = 0.80-0.91 in external
validation) and age (MAEs = 2.43 years in internal validation, MAEs = 3.4-4.5 years in external
validation) prediction, the height prediction (MAEs = 5.5-7.1 cm), weight (MAEs = 8.3—
11.8 kg), BMI (MAEs = 2.4-3.5 kg/ m?), and creatinine (MAEs = 0.11-0.17 mg/dL) showed
limited accuracy and generalizability in external validation with datasets of other ethnicities
(R2 < 0.30 for all). Other biomarkers, such as C-reactive protein, thyroid functions, and
blood cell counts, could not be predicted from retinal fundus images using DL in this study.

For chronic kidney disease (CKD) prediction, Sabanayagam et al. presented DL
models that predicted the presence of CKD, defined as an estimated glomerular filtration
rate (eGFR) < 60 mL/min per 1.73 m?, via retinal image analysis [55]. In their study,
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3 model variations were trained: using only retinal fundus images, using only selected
clinical data, and using both retinal images and clinical data (multimodal data). An AUC
ranging from 0.73-0.84 and 0.81-0.86 was achieved for the retinal-image-only model and
the multimodal data model, respectively, in external validation. Zhang et al. [56] presented
a similar study that used 3 DL model variations to predict CKD. In external validation, an
AUC ranging from 0.87-0.89 and 0.88-0.90 was reported for the retinal-image-only model
and the multimodal data model, respectively. Additional analysis was performed to predict
the eGFR values based on fundus photographs, and the DL models achieved an MAE
ranging from 11-13 mL/min per 1.73 m? (R%: 0.33-0.48) in external validation [56].

Tian et al. used retinal fundus images and DL techniques to predict the presence of
Alzheimer’s Disease (AD) [57]. Patients diagnosed with AD were identified based on ICD
codes in the EHR. The authors used DL techniques to segment retinal vessels, and then the
segmentation maps were used for classification via a support vector machine (SVM). An
overall accuracy of 82% (sensitivity: 0.79%, specificity: 0.85%) for discriminating normal
subjects from subjects with AD was achieved. Saliency map analysis demonstrated that
small retinal vessels were more prominently activated than large retinal vessels during
decision making.

3.2. Optical Coherence Tomography
3.2.1. Multiple Sclerosis (MS)

Compare to color fundus photographs, OCT is less commonly used in DL-based
oculomics. Of the DL-based oculomics studies involving OCT, MS is the most studied
systemic condition. In the study by Montolio et al., the performances of different ML
algorithms, including linear regression, SVM, decision tree, k-nearest neighbors, Naive
Bayes, ensemble classifier and long short-term memory recurrent NN, in diagnosing MS
and predicting the long-term disability course of MS were compared [58]. The diagnosis
of MS was extracted from EHR and based on standard clinical and neuroimaging criteria
(the McDonald criteria), [59] and the long-term disability ground truth was based on the
expanded disability status scale (EDSS) scoring. All the ML models were trained with
both clinical data and OCT-measured retinal nerve fiber layer (RNFL) thickness. The
ensemble classifier, which performs prediction based on the weighted votes by various
individual classifiers, [60] showed the best results for diagnosing MS (accuracy = 88%,
AUC = 0.88), while the recurrent NN model showed the best prediction of long-term disabil-
ity (accuracy = 82%, AUC = 0.82). In another study by Lépez-Dorado et al., an NN model
was also trained to diagnose MS using OCT images, with the ground truth determined
by a neurologist based on the McDonald criteria [61]. Their model achieved a diagnostic
accuracy of >90%. Additionally, they found the OCT-measured ganglion cell layer and
whole retinal thicknesses to be the most discriminative features for diagnosing MS.

3.2.2. Age and Sex

Using OCT images centered on the optic nerve head and fovea, the MAE of DL-
based age prediction ranged between 3.3-6 years, [62—65] with the best result reported
by Hassan et al. [65]. Notably, in the study by Shigueoka et al., the CNN model revealed
different correlations between the different retinal layers and age, [62] but this finding
was not replicated in the study by Chueh et al. [64]. As for the OCT-based prediction of
sex, accuracies and AUC ranged from 68% to 86% [63-65]. One study further compared
the performances of DL models predicting sex using OCT foveal contour, OCT macular
thickness, and infrared fundus photography, and showed the OCT foveal contour was
most predictive [64].

Generally, as compared to color fundus photograph studies, OCT studies produced
less robust DL models in predicting systemic biomarkers. Furthermore, most published
OCT studies lacked external, independent validations.
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4. Conclusions and Future Direction

Most of the published studies to date only used a single imaging modality, e.g., either
color fundus photograph or OCT, for model training. Ideally, multiple imaging modalities
should be used simultaneously for model training. For example, in a recent study published
in 2022 by Wisely et al., multimodal retinal imaging consisting of OCT, OCT angiography,
and ultra-widefield pseudo-color and ultra-widefield autofluorescence images were used
to train a CNN model in predicting symptomatic AD [66]. In addition to multimodal
retinal imaging, tabular clinical data can also be incorporated into model training. For
example, in the studies by Sabanayagam et al. and Zhang et al., incorporating relevant
demographic data such as age, gender, ethnicity, etc. were found to improve the prediction
of CKD from color fundus photographs [55,56]. However, the incorporation of multimodal
retinal imaging and different data types into model training will inevitably increase the
technical complexity from a machine learning point of view. “Detailed analysis of salient
retinal regions/features associated with DL predictability will provide further insights into
ocular-systemic relationships. Such information was only provided by a limited number
of studies included in this review, most of which used DL to predict age, sex and CVD
via color fundus images (Table 1). For future directions, it remains to be seen how these
deep learning-based oculomics models will be incorporated into clinical care and whether
management decisions influenced by these models will lead to improved clinical outcomes.

Table 1. Salient retinal fundus regions/features associated with deep learning predictions.

Study, Publication Year Salient Regions/Features

Prediction Targets

(Country) Identified
Cardiovascular diseases (CVD) and CVD risk factors

Poplin et al. 2018 [41] (United ~ 5-year major adverse Retinal vessels (for major
States of America [USA]) cardiovascular events CVD risk factors)

Chang et al., 2020 [42] (Korea) — Carotid artery atherosclerosis ~ Optic disc and retinal vessels

Son et al., 2020 [43] (Korea) iizﬁﬂi;i:f; of coronary Ereanntz}alle;nain retinal vessel
Age
Retinal vessels

Age Optic disc and retinal vessels
Zhu et al. 2022 [53] (China) Peri-vascular regions
Sex
Poplin et al. 2018 [41] (USA) Optic disc and retinal vessels
(I{Siir:gitpa;l;;(no 471 Sex Optic disc and retinal vessels
Korot et al. 2021 [51] (United Fovea, optic nerve and
Kingdom) vascular arcades
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Abstract: Purpose: We report a case of a patient with a bilateral branch retinal vein occlusion (BRVO)
24 h after a booster vaccination with the mRNA-1237 vaccine. Observations: Fluorescein angiography,
performed at three weeks follow-up, showed vascular leakage and blockage, corresponding to
hemorrhage areas associated with ischemic areas in the macula and along the arcades involved in the
occlusion. Conclusions: The patient was scheduled for urgent injections of intravitreal ranibizumab
and laser photocoagulation of the ischemic areas. To the best of our knowledge, this is the first case
described of concomitant bilateral RVO after COVID-19 vaccination. The rapid onset of the side effects
in a patient with multiple risk factors for thrombotic events suggests that vulnerable microvascular
conditions require detailed investigations before administration of a COVID-19 vaccine.

Keywords: COVID; SARS-CoV-2; retinal vein occlusion; RVO; vaccination; branch retinal vein occlusion

1. Introduction

Vaccines are essential to limit the social impact of the COVID-19 pandemic. By January
2022, more than 9.5 billion doses of COVID-19 vaccines were administered worldwide.

Vaccine-related serious side effects reported in the literature have varied and have
included cerebral venous sinus thrombosis and immune thrombotic thrombocytopenia [1].
Several types of ocular manifestations have also been reported [2].

To the best of our knowledge, no report on simultaneous bilateral retinal vein occlusion
(RVO) consequent to vaccination has been described until now. Here, we report a case
of a bilateral branch retinal vein occlusion (BRVO) after a booster vaccination with the
mRNA-1237 vaccine (Moderna).

2. Case Report

A 50-year-old Caucasian man was referred to our Ophthalmological Emergency Ser-
vice for painless sudden vision loss in both eyes, onset 24 h after a booster dose with
the mRNA-1237 vaccine. He had received the mRNA-vaccine BNT162b2 for the first two
vaccination doses, without side effects. No previous infection of SARS-CoV-2 was reported.
Past medical history included an emergency hospitalization in 2020 for mild acute heart
failure (NYHA II) in newly diagnosed dilated cardiomyopathy and arterial hypertension.
At discharge, a multi-pharmacological antihypertensive treatment was set. A family history
of heart attack was reported (father died at 50 of myocardial infarction). The patient is a
non-smoker with mild obesity (BMI = 33.4).

During the ophthalmological evaluation, the patient was in treatment with Valproate
and Lurasidone for psychotic syndrome. The latest previous blood tests did not show
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pathologically altered values, while the ECG revealed a modest alteration due to ventricu-
lar overload.

The ophthalmic evaluation revealed a best-corrected visual acuity of 20/200 in the
right eye and 20/28 in the left eye. Intraocular pressure and anterior segment exams were
normal in both eyes. A fundus examination showed congested tortuous veins associated
with flame hemorrhages and cotton wool spots of superior-temporal arcade in the right eye
and inferior-temporal arcade in the left eye. Pathological signs were more extensive in the
right eye than in the left eye. (Figure 1A,B). High-resolution optical coherence tomography,
performed at presentation, revealed significant macular edema in both eyes, as shows
Figure 1.
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Figure 1. Baseline posterior pole multicolor image and optical coherence tomography of both eyes:
(top) Fundus photographs showing widespread hemorrhages and axonal congestion upstream of
the venous occlusion of superotemporal branch vein in the right eye (A) and inferotemporal branch
vein in the left eye (B); (bottom) OCT macula (Macula 3D mode) shows a significant cystoid macular
edema and intraretinal fluid (O), associated with subfoveal neuroretinal detachment (*) in both eyes,
with a central macular thickness of 863 um for the right eye (C) and 496 pm for the left eye (D).

The last previous eye examination was 6 months before vaccination, and it reported a
retinal vascular tree within the age range, with no other relevant alterations.

Extensive screening blood examinations, including full blood cell counts and differen-
tial with peripheral blood smear, platelet count, electrolytes, lipid profile, fasting glycemia,
iron tests, liver enzymes, serum protein, lipid profile, serum bilirubin, and serum creatinine,
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revealed only a mild alteration of liver functionalities. C-reactive protein was 0.3 mg/L
(range 0-0.7) and erythrocyte sedimentation rate was 3 mm/h (range 2-28). Other screen-
ing blood examinations were performed, including thyroid hormones, vitamin B12, folate,
serum homocysteine, glycated hemoglobin (HbA1lc), anti-cardiolipin antibodies, throm-
bophilia screen, treponema pallidum screening, cytomegalovirus IgM-IgG, and serum HIV,
which were all unremarkable.

Fluorescein angiography, performed at three weeks follow-up, showed vascular leak-
age and blockage, corresponding to the hemorrhage areas associated with ischemic areas
in the macula and along the arcades involved in the occlusion (Figure 2).

Figure 2. Fundus autofluorescence (FAF) and fluorescein angiography (FA) of both eyes at three
weeks follow-up. FAF of the right (A) and left (D) eyes hyper-autofluorescence corresponding
to intraretinal fluid near the fovea and hypo-autofluorescence as a result of blockage intraretinal
hemorrhage. FA shows ischemic branch retinal vein occlusion with blockage corresponding to the
retinal hemorrhage in early phases ((B), right and (E), left). Late phases showed extensive leakage in
the area of branch retinal vein occlusion and clinically significant macular edema ((C), right and (F),
left). Arm-retina time, 16 s; Right eye arteriovenous transit time, 42 s; Left eye arteriovenous transit
time, 32 s.

The patient was scheduled for urgent injections of intravitreal ranibizumab and laser
photocoagulation of ischemic areas.

3. Discussion

BRVO is the second most common retinal vascular disease. Despite this, the occurrence
of concurrent bilateral BRVO is uncommon.

Here, we reported a case of bilateral BRVO likely due to booster dose vaccination. To
the best of our knowledge, this is the first case described of concomitant bilateral RVO after
COVID-19 vaccination.

Undoubtedly, our patient presented underlying conditions that moderately exacer-
bated thrombogenicity, such as hypertension and obesity, even if his blood cell counts and
hemostasis tests were unremarkable [3].
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In the literature, a few case reports of unilateral RVO after COVID-19 vaccination have
been reported [2-5]. Nonetheless, one of these depicted a concomitant central retinal artery
and vein occlusion after the second dose [6].

Recently, two case series on ocular complications after SARS-CoV-2 vaccination have
shown that more than 50% of eyes who developed RVO had received an mRNA vaccine.
The median time between vaccination and symptom exacerbation was 2 days [2,4]. No
bilateral cases were identified in these series.

A case report of bilateral branch retinal vein occlusions secondary to sodium valproate
therapy has been reported in the literature [7]. Sodium valproate can induce increased
levels of serum homocysteine (HC), which is an independent factor for vascular events [8].
Despite this, the HC levels detected in the patient were within the range of normality
(9 pmol/L).

Although the pathogenesis mechanism requires further study, possible hypotheses on
such an adverse event are focusing on spike proteins as triggering an atypical procoagu-
lant and proinflammatory response, especially in eyes more vulnerable to microvascular
dysfunction [4].

4. Conclusions

In conclusion, here, we report a case where a drug-related vascular event relationship
is very strong, because of concomitant manifestation in both eyes. The rapid onset of
the side effects in a patient with multiple risk factors for thrombotic events suggests that

vulnerable microvascular conditions require detailed investigations before administration
of a COVID-19 vaccine.
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