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ABSTRACT

INTRODUCTION: Our purpose was to develop an artificial intelligence system capable of
accurately predict choroidal vascular hyperpermeability (CVH) using swept-source optical coher-
ence tomography (SS-OCT).

METHODS: This was a retrospective observational study conducted in healthy and CSC
patients. All cases underwent ultra-widefield (UWF) indocyanine green angiography (ICGA) us-
ing a confocal scanning laser ophthalmoscopy (SLO) device and widefield (WF) SS-OCT. To seg-
ment the choroid in each individual B-scan, an automatic segmentation model was created and
its performance was evaluated. Thickness maps were generated. Then, to predict the presence of
choroidal hyperpermeability, based on the choroidal thickness maps, we developed an automatic
classification model. To evaluate this classification model a validation dataset was used, superim-
posing the generated thickness maps with ICGA scans.

RESULTS: A total of 26 eyes from 13 CSC patients and 14 eyes from 7 healthy patients were
included. In our analysis, the automatic segmentation model achieved a precision of 94.72%. The
automatic hyperpermeability classification model based on SS-OCT had a false-positive rate of
0%, but a false-negative rate of 18.75%.

CONCLUSION: In the presence of a high clinical suspicion of CVH, the automated clas-
sification model for hyperpermeability based on SS-OCT has proven to be a useful diagnostic
method. However, due to the rate of false negatives, in cases where clinical suspicion remains high
and the model yields a negative result, it may be worth considering performing an ICGA.

KEYWORDS: Central Serous Chorioretinopathy; Machine Learning; Tomography, Optical
Coherence.

RESUMO

INTRODUGCAO: Onosso objetivo foi desenvolver um sistema de inteligéncia artificial capaz
de prever com precisao a hiperpermeabilidade vascular coroideia (CVH) usando tomografia de
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coeréncia dtica swept-source de campo alargado (SS-OCT).

METODOS: Estudo observacional retrospetivo realizado em pacientes saudéveis e com
coriorretinopatia serosa central (CSC). Todos os casos foram submetidos a angiografia de verde
de indocianina de campo ultra-alargado (UWF ICGA) usando um dispositivo de oftalmoscopia
laser de varredura confocal (SLO) e SS-OCT. Para segmentar a coroide, em cada modo B, foi
desenvolvido um modelo de segmentacao automatica e a sua performance foi avaliada. Foram
gerados mapas de espessura. Em seguida, para prever a presenca de hiperpermeabilidade da
coroide, com base nesses mapas, foi desenvolvido um modelo automatico de classificagao. Para
avaliar este modelo de classifica¢do, foi utilizado um conjunto de dados de validagao, sobrepondo
os mapas de espessura gerados com as imagens de ICGA.

RESULTADOS: Um total de 26 olhos de 13 pacientes com CSC e 14 olhos de 7 pacientes
sauddveis foram incluidos neste estudo. O modelo de segmentagdo automatica atingiu uma
precisao de 94,72%. O modelo de classificacdo automatica de hiperpermeabilidade com base em
SS-OCT teve uma taxa de falsos positivos de 0%, mas uma taxa de falsos negativos de 18,75%.

CONCLUSAO: Na presenga de uma forte suspeita clinica de hiperpermeabilidade vascular
coroideia, 0 modelo de classificagdo automatica baseado em SS-OCT demonstrou ser um método
de diagnostico util. No entanto, devido a taxa de falsos negativos, em casos em que a suspeita
clinica permaneca alta e o modelo registe um resultado negativo, devemos considerar a realizagao
de uma IGCA.

PALAVRAS-CHAVE: Aprendizagem Automatica; Coriorretinopatia Serosa Central; Tomo-

grafia de Coeréncia Otica.

INTRODUCTION

Traditional classification schemes for pachychoroid
have often used subfoveal choroidal thickness to differ-
entiate eyes with pachychoroid disease." Eventually, the
absolute thickness value seemed nonspecific enough for
accurate classification, and other terms such as “pachyves-
sels,” “focal choroidal thickening”,” “thinning of the cho-
riocapillaris and Sattler layers,” and “RPE abnormalities
over the pachyvessels” emerged to differentiate pathologic
choroidal patterns in structural OCT.” However, the pres-
ence of these changes alone may not be sufficient to iden-
tify a diseased choroid, and identification of pachychoroid
and pachychoroid disease in practice usually follows Potter
Stweart’s dictum “I know it when I see it”.

Central serous chorioretinopathy (CSC) is the most
prevalent clinical manifestation within the pachychoroid
disease spectrum and is recognized primarily by the de-
velopment of serous retinal detachment.” Identifying CSC
biomarkers has been challenging, but recent advances in
biomedical imaging techniques have led to breakthroughs.

Indocyanine green angiography (ICGA) is currently the
gold standard to evaluate the choroidal vasculature.’ ICGA
allows the identification of delayed choroidal filling, cho-
roidal vascular hyperpermeability and dilated choroidal
vessels in patients with CSC.* However, ICGA is an inva-
sive, time-consuming and expensive procedure, involving
intravenous dye injection. Due to these challenges, there
is growing interest in developing non-invasive and more
time-efficient alternatives.

The development of optical coherence tomography

(OCT) technology with the emergence of swept-source OCT
(85-OCT), improved depth imaging and enabled the acqui-
sition of high-resolution volumetric cubes of the choroid,
from which en face sections can be constructed.! Using SS-
OCT, the choroid-scleral interface (CSI) can be delineated
in most eyes, thus facilitating quantitative analysis of cho-
roidal thickness.” The area of maximal choroidal thickness
is likely to be of significance if it correlates spatially with
the distribution of pachyvessels and with the hotspot of the
disease.® Recently, Ramtohul et al have shown the ability of
ultra-widefield SS-OCT (UW-OCT) to replicate some of the
choroidal venous insufficiency features identified by ICGA.

OCT can generate en face scans and choroidal thickness
maps by processing the data from multiple B-scans. How-
ever, this process requires the segmentation of numerous
B-scans, making manual segmentation impractical. There-
fore, automatic image segmentation methods are essential
for efficiently transforming OCT scans into clinically in-
formative images.

Neural Networks (NNs) are potent tools in computer
vision, especially in tasks like semantic segmentation,
where they effectively emulate the neural behavior of the
human brain. SegResNet is a type of NNs, frequently em-
ployed in image segmentation tasks.

Detecting choroidal venous overload (CVO) through
imaging techniques can aid in the diagnosis of CVO-related
diseases and guide decision-making in daily practice. This
project aims to automatically classify generated thickness
maps based on the presence of hyperpermeability points.
The pipeline’s objective is to take in an OCT scan and out-
put a Boolean flag, indicating the suspected presence of
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CVH, thus aiding in medical diagnosis and analysis. We
aim to develop an artificial intelligence system capable of
accurately detecting CVH using SS-OCT.

METHODS

This was a retrospective observational study that included
healthy patients and patients diagnosed with CSC at Hospital
Garcia de Orta from the practice of one retina specialist (DC),
between June 2022 and September 2023. The study was con-
ducted by the principles of the Declaration of Helsinki, writ-
ten informed consent was obtained from each participant and
IRB approval was obtained from Comissio de Etica para a
Satide do Hospital Garcia de Orta (Almada, Portugal).

For all cases and controls, comprehensive ophthalmic
examination including best corrected visual acuity (BCVA)
assessment, slit lamp examination, Goldmann applanation
tonometry and fundus examination were performed.

CSC diagnosis was based on the clinical history, oph-
thalmoscopic examination, and retinal imaging using mul-
timodal imaging (presence of serous retinal detachment
on SS-OCT, typical dye leakage on FA, choroidal vascular
hyperpermeability (CVH) on mid- to late-phase ICGA, fo-
cal or diffuse increased choroidal thickness and absence of
macular neovascularization on SS-OCTA.”

We excluded patients with any ocular or systemic condi-
tion possibly affecting the diagnosis of CSC, including a his-
tory of ocular trauma, choroidal neovascularization, uveitis,
retinal surgery, glaucoma filtration surgery, extreme axial
lengths and/or refractive error inferior to - 6 or superior to +
3 diopters, pregnant women, and/or choroidal tumors.

All patients underwent UWF ICGA using a confocal
scanning laser ophthalmoscopy (SLO) platform coupled
with a widefield adapter of 163° (Mirante, Nidek Co. Ltd.,
Gamagori, Japan) or a SLO with Ultra-Widefield Angiog-
raphy Module (Spectralis, Heidelberg Engineering, Ger-
many). UWF ICGA images were acquired after intravenous
administration of 0.2 mg/kg of indocyanine green at the
early (up to 3 minutes after injection), middle (5 to 10 min-
utes), and late phases (10 to 20 minutes) of the angiogram.

SS-OCTA data was acquired using PLEX Elite 9000 SS-
OCTA (Carl Zeiss Meditec, Inc., Dublin, CA, USA) with a
scanning speed of 100 000 A-scans/s, lateral resolution of
20 um, axial resolution of 6.3 pm, with a near-infrared il-
lumination of 1040 - 1060 nm. Images with a quality index >
7 were selected. WF OCT scans of 15 x 15 mm using a scan-
ning speed of 200KHz were obtained.

WE OCT scans of 15 x 15 mm are composed of 834 indi-
vidual scans with a width of 834 pixels. Due to poor quality
of the scans at the edges, the first 75 and the last 75 images
were excluded, leaving 684 images. The images were also
cropped to a width of 684 pixels. Manual segmentation of
all the 684 images would be unpractical, therefore an au-
tomatic segmentation model was created Fig. 1. To train
the model, we used a dataset of 120 OCT B-scans that were
manually segmented by a retinal specialist (DC). The split
between validation/training was 80% - 20%. We compared
4 different architecture models (UNET, UNET++, DRUNET,
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SegResNet) with the ground truth (manual segmentation
by DC). Due to hardware limitations, model size was re-
stricted to a maximum of 3 layers.

All individual B-scans were then fed into the model. For
each B-scan, the thickness was measured along the y-axis of
the image. Each image produced an array with 684 thickness
values. By composing these arrays of all the 684 images, a 684
x 684 thickness map was generated. We then converted the
thickness value to a color gradient, with a maximum of 120
pixel, which corresponds to about 468 pm (~3.9 um per pixel).

To access the performance of the segmentation model,
we measured the Sorensen—Dice coefficient (more common-
ly referred as Dice), recall, pixel accuracy and precision, de-
scribed by the following formulas (TP: true positives, FP:
false positives, FN: false negatives, TN: true negatives):

ce = 2x TP
(TP + FP) + (TP + FN)
Recall =—IP__
TP + FN
Pixel Accuraccy = TP+ TN
TP+ TN +FN+FP+FN
Precision = —LL
TP + FP

To predict the presence of hyperpermeability spots
in the choroid, we developed an automatic classification
model, based on the ResNet-50 architecture, using the pre-
viously created choroidal thickness maps.

For training the model, individual thickness maps were
collected, half with the presence of CVH and the other half
without the presence of CVH. Data augmentation tech-
niques such as flipping the image along the x- and y-axes
and adding noise were used to augment the data set. The
generated thickness maps were automatically classified by
the model as having or not having CVH.
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Figure 1. Graphical representation of the two sections in the proposed ar-
chitecture.

To evaluate the classification model, a validation data-
set of individual scans was used, superimposing the gener-
ated thickness maps with ICGA scans. ICGA and generated
thickness maps were registered using the plugin landmark
correspondences for Fiji (U. S. National Institutes of Health,
Bethesda, Maryland) by selecting 6 corresponding points
for each pair of images and employing a similarity algo-
rithm. The areas of CVH on the ICGA were compared with
the generated thickness maps.
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RESULTS

A total of 26 eyes from 13 CSC patients and 14 eyes from
7 healthy patients, 12 men (60%) and 8 women (40%) were
enrolled. The mean age was 52 + 15 years (range, 36 to 83
years). All evaluated patients diagnosed with CSC had a
disease duration longer than 6 months.

Regarding the automatic segmentation model, the data-
set used to train the model was composed of 120 OCT B-
scans images that were manually segmented by a retinal
specialist. The validation/training split was 80% - 20%. The
comparison of the 4 models studied with the ground truth
(manual segmentation by DC) showed that SegResNet
marginally obtained the best results out of the four archi-
tectures. Table 1 details the results obtained by each model
in the previously mentioned metrics.

Thickness maps, Fig. 2, were generated using the best
segmentation model, SegResNet, as shown in Table 1.

Regarding choroidal thickness values, mean thickness
of the choroid in the group of CSC patients was 41.74 + 4.43
um and in the group of healthy patients was 45.09 + 9.43
um. There was no statistical difference between the two
groups (p=0.98).

Table 1. Choroidal segmentation results (%).

Model Layers Dice |Acc Rec Prec
512x256x128 |93.81 |99.04 |94.12 |93.77
UNET
512x256 90.11 [96.30 |91.78 |91.21
512x256x128 | 93.98 [99.05 |94.12 |94.07
UNET++
512x256 90.63 |96.47 |91.83 |91.37
DRUNET 512x256x128 |94.27 |99.11 |94.04 |94.66
SegResNet |512x256x128 |94.36 |99.14 |94.19 |94.72

dice, acc: pixel accuracy, rec: recall, prec: precision.

Figure 2. Swept-source optical coherence tomography B-scans segmented
manually (left) and by the SegResNet architecture (right).

The thickness maps dataset was enlarged to a total of 130
images using data augmentation techniques. In the acquired
dataset, approximately 70% of the scans with CVH showed af-
fected areas coincident with areas of extreme thickening. Fig.
3 exemplifies such cases, in which CVH coincided with areas
of abnormal thickening. On the other hand, Fig. 4 illustrates
two cases of CSC with confirmed CVH; the one on the left has
an abnormal thickness pattern but the one on the right shows
an even distribution of thickness, very similar to what would
be considered a healthy scan.

Figure 3. Thickness maps (top) and indocyanine green angiography (bot-
tom) with the areas of choroidal hyperpermeability highlighted.

Figure 4. Two thickness maps of patients with CSC, both with the presence
of choroidal vascular hyperpermeability confirmed by indocyanine green

angiography.

Regarding the automatic hyperpermeability classification
model, we used a validation dataset consisting of 30 individ-
ual thickness maps, 15 with CVH on ICGA (positive) and 15
without CVH on ICGA (negative). The model was able to pre-
dict 100% of negative scans as negative and 62.5% of positive
scans as positive. The overall accuracy was 81.25%, with 0% of
false positives (FP), but 18.75% of false negatives.

DISCUSSION

We herein describe Al-based algorithms for a three-di-
mensional segmentation of the choroid in widefield OCT
that achieved a precision of 94.72% and for an automatic
classification model for CVH that achieved a false-positive
rate of 0%. To the best of our knowledge, this is the first
study using Al that enables to infer choroidal changes typi-
cally observed using dye-contrast using non-invasive im-
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aging. We believe that the findings described here add new
information to our understanding of pachychoroid disease
and open a pathway for the clinical application of wide-
field OCT to detect non-invasively distinctive pathologic
features of pachycoroid disease.

The pathogenesis of pachychoroid disease itself remains
unknown.? Previous studies have reported CVH to be pre-
sent in >90% of eyes with CSC.* Eyes with CVH usually
have increased choroidal thickness, but not all eyes with
thick choroids exhibit CVH.” Although a complete under-
standing of choroidal vascular hyperpermeability remains
controversial, recent works support that choroidal venous
outflow abnormalities, i.e. choroidal venous overload, are
an intrinsic phenomenon in CSC."

Mid-late phase CVH in ICGA is a hallmark feature of
CSC and has been considered a surrogate marker of choroi-
dal venous congestion and a target for verteporfin photody-
namic therapy. However, ICGA is an invasive, expensive,
and time-consuming procedure that requires intravenous
dye injection. Due to these challenges, there is growing in-
terest in developing non-invasive and more time-efficient
alternatives useful in any clinical setting.

Recently, Ramtohul et al showed that the ultra-widefield
SS-OCT (UW-OCT) was able to replicate some of the cho-
roidal venous insufficiency features identified by ICGA.°
The authors used a semi-automated method based on pro-
prietary Canon software to generate en face UWF OCT and
thickness maps. The study demonstrated that SS-OCT is a
plausible noninvasive alternative to ICGA by showing the
correlation between CVH zones and increased choroidal
thickness. Our results are partially consistent with the hy-
pothesis put forward by Ramtohul et al® that the points of
CVH coincide with areas of abnormal thickening, as shown
in Fig. 3. However, we have also found cases with CVH on
ICGA without associated choroidal thickening.

The literature on CSC indicates that abnormal choroi-
dal thickness and abnormal choroidal patterns are potential
biomarkers for CSC and thus a potential indicator for CVH.
Therefore, the classification model in the proposed archi-
tecture intakes the output thickness map. Using the entire
SS-OCT scan would be the optimal solution but due to the
size of a scan (2 GB on average) and hardware limitations,
we chose to use the thickness maps as input to the auto-
matic classifier. The thickness maps produced were very
reliable and provided important information about the pat-
terns and overall areas of thickening.

In terms of choroidal segmentation, this study shows
that the SegResNet architecture performs the best in all
major evaluation metrics compared to other deep neural
semantic segmentation models. Kugelman et al also used
deep learning methods to determine the location of cho-
roidal boundaries in a population of healthy individuals."
The results of their deep-learning methods were compared
with manual boundary segmentation used as a ground-
truth. In our model, we included a population with cho-
roidal pathology and obtained similar results to Kugelman
et al." We consider this to be a strength of our study, as we
studied patients with pachychroid disease which choroid is
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typically more difficult to segment.

Another important finding in this study was the auto-
matic hyperpermeability classification model. The model
showed high overall accuracy in the validation set (0%
false positives) but it was only moderately able to identify
a choroid without hyperpermeability points (18.75% false
negatives). The moderately high number of FN seems to
indicate that CSC and the presence of CVH are not always
associated with an extremely abnormal pattern of choroidal
thickness. In these cases, the model had difficulty provid-
ing a sufficiently accurate classification.

This hypothesis is further corroborated by a direct com-
parison between the mean choroidal thickness between the
CSC group and the healthy group. The absence of a significant
difference suggests that the ability of our automatic classifica-
tion model for CVH is influenced by the pattern of choroidal
thickness rather than by absolute choroidal thickness values.

These results show that thickened choroid per se does not
necessarily mean pathologic consequences. In fact, the defini-
tion of pachychoroid-related disorders has shifted away from
simply an abnormally thick choroid toward the morphologi-
cal features of pathologic sequelae resulting from abnormally
dilated choroid.” Eyes with pachychoroid disease may have
normal subfoveal choroidal thickness, but exhibit an extrafo-
veal focus of increased choroidal thickness. The area of maxi-
mal choroidal thickness is likely to be of significance if it cor-
relates spatially with the distribution of pathologically dilated
vessels: pachyvessels and with the disease focus.?

In the presence of a high clinical suspicion of CVH, the au-
tomatic classification model for hyperpermeability based on
SS-OCT has proven to be a useful diagnostic method. How-
ever, due to the rate of false negatives, in cases where clinical
suspicion remains high and the model yields a negative result,
it may be worth considering performing an ICGA.

The main strengths of this study are the high overall
accuracy in the validation set (0% false positives) and the
development of a noninvasive artificial intelligence system
capable of accurately predicting choroidal vascular hyper-
permeability in healthy and pathological choroids, which
might be a putative game-changer application of Al-based
algorithms to daily clinical practice.

Finally, some limitations of our study must be consid-
ered. First, the retrospective nature and relatively small sam-
ple size. Second, the need for software validation in different
populations. Third, the ability of the algorithm to classify a
choroid without hyperpermeability points needs to be im-
proved, thus reducing the false-negative rate. Also, we ac-
knowledge that further research is needed to clarify several
areas of uncertainty, most notably why some eyes with thick
choroids, large vessels and CVH show no evidence of RPE
alterations or SRF (uncomplicated pachychoroid).?

In summary, we developed an automatic choroidal
segmentation model that achieved 94.72% precision. The
generated thickness maps were used to develop an auto-
matic classification model for CVH. This model showed
high overall accuracy in the validation set (0% false positive
results) but was only moderately able to identify choroid
without hyperpermeability points (18.75% false negative
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results). We hope that this work will open new avenues for
developments in artificial intelligence for ophthalmology
that will be useful for decision making in clinical practice.
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